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Complementary corrosion protection of
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conversion and polyacrylic/siloxane-silica
multilayer coatings
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Aluminium cast alloy AlSi7Mg0.3 is a lightweight metal commonly used in automotive, aeronautical
and mechanical applications. It has good corrosion resistance but, under harsh operative conditions,
would benefit from additional protection. In this study, a corrosion-protective multilayer coating
system for AlSi7Mg0.3 based on hexafluoro-zirconated trivalent chromium coating (Zr-CrCC) and
polyacrylic/siloxane-silica (PEHA-SS) coatingwasdeveloped. TheZr-CrCCwas formedby immersion
of the substrate in a commercial conversion bath (SurTec® 650). PEHA-SS synthesis was based on
organic precursors (2-ethylhexyl acrylate and [3-(methacryloyloxy)propyl]trimethoxysilane) and an
inorganic precursor, tetraethyl orthosilicate. After deposition on AlSi7Mg0.3, each coating was first
characterised individually, followed by the analysis of the multilayer using scanning electron
microscopy and energy-dispersive X-ray spectroscopy. The adhesion of the coatings was evaluated
with a cross-hatch cut test. The corrosion studies in sodium chloride solution using electrochemical
impedance spectroscopy and salt spray testing showed that the multilayer system is superior to
individual Zr-CrCC and PEHA-SS coatings. After 4 months in 0.1 M NaCl, the multilayer-coated
samples exhibited the impedance at 10mHz in the range of GΩ cm2, while scribed samples withstood
the corrosion attack in a salt spray chamber for oneweek. Thus, albeit only about 100 nm thick, the Zr-
CrCC deposited between the substrate and a 9-micrometre thick barrier sol-gel PEHA-SS coating
acts as an active corrosion protection interlayer and contributes to the overall protectiveness of the
multilayer system.

The relevant casting characteristics of alloys 3xx.x series are the main rea-
sons that almost 90% of all cast aluminium alloys produced belong to this
series1. These alloys contain silicon, copper and/or magnesium as alloying
elements1. Alloys containing silicon have improved castability, wear resis-
tance, and reduced melting point. Silicon and magnesium form the Mg2Si
intermetallics (IMs), contributing to better strength2, but alloys with a
greater proportion of copper and magnesium have lower corrosion
resistance2–4. Themost common cast alloyAlSi7Mg0.3 (also classified as EN
AC-42100)2 is used in industry for various parts of engines, automobile
wheels, aircraft parts, housings, compressors and pumps.

Over the last few decades, many research studies in corrosion pro-
tection have focused on developing effective coatings to replace envir-
onmentally hazardous chromate conversion coatings containing

chromium(VI)5–8. In the last twenty years, various environmentally accep-
table and efficient corrosion protective conversion coating systems based on
manganese9,10, titanium11,12, cerium13–16, trivalent chromium process
(TCP)17–20, and zirconium12,21–30 have been investigated. The zirconium-
based coatings (ZrCCs) are already commercialised12. When analysing the
literature data and commercial products, it should be distinguished that
someZrCCs contain onlyZr-bearing components,while others also contain
trivalent chromium salt. ZrCC conversion baths most often contain hexa-
fluoro zirconic acid (H2ZrF6)

12,21,22,25,27–29, but in some studies, potassium
fluorozirconate (K2ZrF6)

26, andH2ZrF6 andhexafluorotitanic acid (H2TiF6)
were used29,31. Some products also contain a small amount of cupric ions27,28

for stimulating the precipitation of the coating, phosphate26 or borate ions21.
TCP baths contain, usually in addition to the Zr-bearing component, a
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trivalent chromium salt ( ≤ 5 wt.%) to form a Zr-Cr-rich oxide coating on
themetal substrate17–20. The terminology in the literature is not very strict, so
the term ZrCC has often been used when the coating contained Zr and Cr-
bearing components, and the term TCP has often been used albeit the
coating contained not only Cr(III) but also Zr-bearing component. The
terms ZrCCs and TCP are thus used generically, often not specifying the
actual coating composition, which can sometimes be misleading.

The formation of the conversion coating can be generally divided into
the following steps: (i) degreasing using an alkaline cleaner to remove
organic contaminants and part of a naturally grown oxide layer on the
aluminium surface, (ii) desmutting of the smut layer formed during alkaline
cleaning to remove some of the insoluble intermetallic particles, and at the
same time, topassivatealuminiumsurface in thepresenceofHNO3, and (iii)
coating formation in the conversion bath24–26,32,33. The deposition of con-
version coating is a pH-dependent process. Metal substrate dipped into a
conversion bath containing Zr-bearing species becomes covered by Zr-
hydrated oxide precipitated on the metal surface once the pH reaches the
value required for precipitation (usually around pH ≈ 4). This process is the
most pronounced at the cathodic sites where, due to oxygen reduction
reactionandconcomitantOH− formation, thepHrises to the values suitable
for the precipitation of Zr(IV) hydroxide (ZrO2 × 2H2O), which is then
stable up to highly alkaline pH values12,21,25,30,34,35. In the case of conversion
baths containing both zirconium and trivalent chromium, the precipitation
of Cr(III) hydroxide proceeds at similar pH values35.

The ZrCCs deposited on the aluminium alloys enhance the corrosion
properties24,25 and adhesion of the upper organic layer10,36–38. Namely, the
role of the conversion coating is not solely corrosion protection but also
adhesion to the upper organic layer, as in industrial applications, the coating
system consists of the primer, organic and/or top layers. For that reason,
several studies have focused on the effect of adhesion of ZrCCs as an
interlayer betweenmetal and organic coatings. The variety of combinations
investigated is very broad. As substrates, mainly steels, galvanised steels and
wrought Al alloys were used. The general conclusion is that the ZrCC
interlayer coating, albeit being only 50−150 nm thick, improves the adhe-
sion strength of the several tens ofmicrometres thick upper organic coating
to the underlying metal substrate; this finding was ascribed to conversion
coating providing stronger bonding, increasing the surface roughness and
reducing the cathodic disbondment of the organic coating by inhibiting the
formation of large water aggregates. The adhesion is improved under both
dry andwet conditions. These issueswere reported formild steel36,39,40, cold-
rolled steel41, carbon steel42 and galvanised steel31 using ZrCC coatings
prepared fromH2ZrF6 andH2TiF6

31, JiuheZr solution41 andMAVOM1742
coating42. As organic layers, epoxy coatings39–42, epoxy-containing ZnAl
polyphosphate pigments36 and polyester-based resins31 were used. As
additives to ZrCC, Zn sulphate40 or various organic components were
used31. The former acted as anti-corrosion pigments, whereas the latter
initially improved the interfacial stability of conversion coating-treated
substrates; however, in the long term, organic additives were shown to be
detrimental to polyester coil coat adhesion.

The combination of conversion and organic coatings was investigated
on various wrought Al alloys: AA105043, AA106044, AA601645, AA606046,47,
AA606348,49 and AA7A5238. As Zr-based interlayers, conversion coatings
prepared from H2ZrF6

43, H2ZrF6 and H2TiF6
45, H2ZrF6, H2TiF6, sodium

vanadate and phosphoric acid44,48, potassium hexafluoro zirconate, hexa-
fluorotitanate and amino trimethylene phosphonic acid (ATMP)38 and
commercial Zr/TiAlodine 5200® (Henkel)49were used. In addition, cerium-
based conversion layers combined with organic layers were also studied46,47.
As organic layers, polyester coating47, water-based polyurethane resin44,
epoxy26,48, polyvinylidene fluoride (PVDF) and acrylic resin49, acrylic resin45

and epoxy/polyamide43wereused. Inone study, a thinZrO2 sol-gel layerwas
applied above the Ce-based conversion coating46.

The presence of ZrCC as an interlayer between the substrate and
organic coatings also improves the corrosionproperties. Ifwe focusmore on
theAl-basedsubstrates, itwas reported thatwhenpreparedwith theTi/Zr/V
conversion interlayer, polyurethane coating exhibited excellent corrosion

resistance and eliminated the post-film washing step, thus simplifying the
process44. Ti/Zr interlayer between theAA7A52 substrate and epoxy coating
demonstrated very good results in the salt spray chamber, ascribed to the
conversion layer’s barrier properties38. Another study reported that the
conversion coating (Alodine 5200®) achieved poor results in the salt spray
chamber because of its small thickness of only 20 nm,which is insufficient to
produce a barrier effect49. However, when combined with a PVDF/acrylic
resin, the corrosion resistance of the system as a whole improved49. Similar
results were published also for ZrCC/epoxy-polyamide-coated AA105043.

It was reported in previous publications that ZrCCs prepared from
H2ZrF6 on wrought aluminium alloy AA3005 have the ability of so-called
self-sealing, i.e. improvement of protective properties of the coatings with
prolonged immersion in sodium chloride solution24,25. The self-sealing was
explained by the transformation of ZrF4/ZrOxFy to ZrO2·1.2H2O(s), i.e.
progressive loss of fluoride from the coating and densification of the Zr-
oxide layer24,25. Similar properties were noted for the commercial
hexafluoro-zirconate trivalent chromium coating SurTec 650® in sodium
chloride solution and simulated acid rain24. Compared to wrought alumi-
niumalloys, relatively little is knownabout the electrochemical performance
of conversion coatings on cast alloys14,50.

Given these considerations and the overview of the literature studies
given in the above text, it can be stated that corrosion and adhesion research
study based on ZrCCs on cast aluminium alloys would bring novel results,
not only for the individual coating but also in combination with organic
overlayer, i.e. in a multilayer system. As Zr-based conversion coating, the
commercial hexafluoro-zirconate trivalent chromium coating SurTec 650®
was used (denoted as Zr-CrCC). Instead of commonly used organic coat-
ings, usually several tens of micrometres thick, we explored a much thinner
hybrid sol-gel coating. In our previous study, a polyacrylic/siloxane-silica
coating (abbreviatedPEHA-SS)was developedusing tetraethyl orthosilicate
(TEOS) as an inorganic precursor, and organically modified silane pre-
cursor [3-(methacryloyloxy)propyl]trimethoxysilane (MAPTMS) and an
organic monomer 2-ethylhexyl acrylate (2-EHA)51. The nine micrometres
thick PEHA-SS coating achieved durable corrosion (barrier) protection for
the cast AlSi7Mg0.3 alloy in 0.1M NaCl during the first four months of
immersion or under accelerated corrosion conditions in a Machu chamber
containingNaCl, acetic acid, and hydrogen peroxide at 37 °C51. The coating
synthesis andcharacterisationdetails are given inourpreviouspublication51.

This study aimed to research the individual coatings (Zr-CrCC and
PEHA-SS) and a combination of both on cast aluminium alloy AlSi7Mg0.3
(Supplementary Figure 1). This particular combination has not been
investigated in the literature, mainly focusing on combining various ZrCCs
and organic coatings on steels or wrought Al alloys. The study’s rationale
and experimental approach is thus to combine two methodologies on cast
AlSi7Mg0.3 alloy and obtain a protective system with improved interfacial
properties gained through SurTec 650® Zr-CrCC and efficient barrier
properties gained through environmentally suitable sol-gel PEHA-SS
coating. The coatings’ characterisationwas assessed using scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS), adhesion evaluation and corrosion testing in 0.1M NaCl and salt
spray chamber.

Results and discussion
Preparation of Zr-Cr conversion coating
The deposition of the Zr-Cr conversion coating consists of three steps: i)
degreasing by immersion of the samples in an alkaline cleaning solution, ii)
desmutting in an acidic solution and iii) surface passivation using the zir-
conium conversion process. After each step, the samples were rinsed with
deionised water and dried. A detailed procedure of individual steps of Zr-
CrCC deposition is given in the Methods section.

Figure 1a shows the SEM image of the ground alloy surface recorded
using a secondary electrons (SE) detector. Cast AlSi7Mg0.3 alloy has high
hardness (Brinell hardness ~ 55HBW)3; therefore, themechanical grinding
with SiC paper left longitudinal marks on the surface. The EDS analysis is
given in Table 1, revealing that x1 belongs to the α-Al matrix consisting
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mainly of Al with a small amount of Si (1.9 at.%). Site x2 refers to the
intermetallic particle (IMP)containingMg (0.9 at.%) andapproximately ten
times more Si than at the matrix (14.5 at.%) (Table 1). In contrast to the SE
SEM image on the ground surface given in Fig. 1a, the image in Fig. 1b was
recorded on the polished surface using a circular scattered electrons (CBS)
detector. The heterogeneity of the surface is more pronounced than in
Fig. 1a. A typical microstructure of AlSi7Mg0.3 alloy consists of an α-Al
matrix, eutectic phase and intermetallic particles. The patterned area is a
eutectic phase containing more than 60 at.% of Si and the rest of Al and C4.
Bright intermetallic particles refer toAl-Si-based IMPs. InAlSi7Mg0.3 alloy,
there are several types of IMPs: Al-Si-Mg, Ali-Si-Mg(Fe), Al-Si-Fe-Mn and
Al-Si-Fe-Mn(Mg)4,25. The presence ofMg-rich intermetallics can reduce the
corrosion resistance of the alloy compared to aluminium matrix3,16,25,52,53.

Figure 2a–c present the SEM images of the groundAliSi7Mg0.3 sample
coated with Zr-CrCC; images were recorded in CBS mode using different
magnifications. The coverage of the Zr-CrCC was not homogeneous
(Fig. 2a). Three regions are recognised, differing in the composition and
thickness of the coating (detailed in Fig. 2b). The first characteristic regions
are several micrometres broad areas of irregular shape (exampled by x3
and x6). When analysed using 10 kV acceleration voltage and higher mag-
nification (Fig. 2a), it seems that no coating was formed since only the
longitudinal grinding marks of the underlying substrate were visible.

EDS analysis (Table 1) of areas x3 and x6 (coated sample, Fig. 2) and x1
(non-coated sample, Fig. 1a) confirmed the similar compositions comprised
mainly ofAl and a small amount of Si andO.Highermagnification (Fig. 2b)
revealed the presence of a thin layer in these areas (exampled by x6), which
could not be observed when imaged at smaller magnification (Fig. 2a).
However, EDS analysis at 10 kV (area x6) still did not detect any element
originating from the coating.

In contrast, when using the smaller voltage of 5 kV, Zr and F were
detected also in these areas (area x9, Fig. 2c, Table 1). This discrepancy in the
identification of coating elements is due to different analysis depths at 5 kV
and 10 kV. Namely, the analysis depths are 300 and 1000 nm, respectively.

The analysis depth was assessed using a Monte Carlo-based simulation;
details are given in Supplementary Figure 2. The second observation is that
only Zr and F, not Cr, were detected at 5 kV. Cr cannot be unambiguously
identified under these conditions because, in contrast to Zr, its most intense
peak is above 5 kV. Kα and Lα peaks for Zr are at 15.7 keV and 2.0 keV,
respectively. Kα and Lα peaks for Cr are at 5.4 keV and 0.57 keV, respec-
tively, whichmeans that chromium’smost intense peak cannot be identified
when using an acceleration voltage of 5 kV (Cr Lα peak at 0.57 keV is
partially overlappingwith theKα peak ofO at 0.525 keV). Therefore, Cr can
be detected reliably onlywhen the EDS analysis is performedat 10 kV,while
Zr canbedetected at 5 kV.Notably, the concentrationofAl originating from
the underlying substrate is high (Table 1) due to a nanometric-size Zr-CrCC
thickness and a micrometre-deep EDS analysis depth.

The second characteristic region refers to the rest of the surface visibly
coveredby the coating (areas x4 and x7, Fig. 2a, b). EDS analysis of these sites
detectedZr,Cr, F, andhigherOconcentrations (Table 1).The concentration
of Zr doubled that of Cr, and the concentrations of Cr and F in the coating
were similar. The concentration ofOwasmore prominent than on the non-
coated sample, and the concentration of Al was reduced to about 80 at.%.
The coating formation suppressed the detection of Al from the substrate.
Another important issue concerned the concentration of Si, which is at an
area of x4 considerable (5 at.%). The origin of Si is from the IMPs of the
underlying substrate (Fig. 1); this result indicates that the coating formed
above the Al-Si containing IMPs (areas x4 and x7) was much thicker than
when formed above the α-matrix (areas x3 and x6).

The third characteristic area refers to agglomerated grain-like products
formed on the coating (exampled by areas x5 and x8, Fig. 2a, b). The grains
are several hundred nanometres up to micrometre-sized. The coating
thickness further increased in this area since the grains were much brighter
in the CBS image than the underlying coating (i.e. areas x4 and x7). Indeed,
EDS analysis detected higher amounts of Zr, Cr and F (Table 1). In addition,
Mg was detected, along with a high Si concentration of 23 and 27 at.%, i.e.
more than five times larger than in the homogeneous coating (areas x4 and
x7). Considering the high Si contents detected, the parts of the coating
growing above the area rich in Si (and Mg) are thicker and more abundant
than those growing above areas with less Si or α-Al matrix. Notably, the
concentration of Al was decreasing in the order x3, x6 > x4, x7 > x5, x8. The
thickness of theZr-CrCCcoating increased in the reverse order. The coating
thickness determined at the interface between the first and the second layer
is around 100 nm (Fig. 2d). Above the matrix (x3), the coating is probably a
few tens of nanometres thick, reaching above 100 nm in agglomerated parts
(x5). Due to the small thickness of Zr-CrCC on the alloy surface, the
adhesion cannot be evaluated with a cross-cut test according to the ASTM
D3359–23 standard (see below).

During coating formation and growth, some micro-cracks appeared
(arrows in Fig. 2a). This observation is quite common for conversion
coatings; the shrinkage in volume induced by tensile stresses was particu-
larly pronounced at thicker coatings, leading to cracking25,37.Another reason
formicro-crackingmay be dehydration during drying in the SEMchamber.

The inhomogeneity of the coating coverage indicates that its formation
proceeded laterally across the surface, being thicker at some sites at the alloy

Table 1 | The composition (at.%) of the marked areas noted in
Fig. 1a and Fig. 2 obtained by the EDS analysis

Spot Composition (at. %)

Al O Si Mg Zr Cr F

X1 91.1 7.0 1.9 - - - -

X2 76.4 8.2 14.5 0.9 - - -

X3 96.4 2.3 1.3 - - - -

X4 78.9 11.2 5.0 - 2.3 1.2 1.4

X5 47.3 17.3 27.0 0.3 4.0 1.9 2.2

X6 96.4 2.2 1.4 - - - -

X7 82.8 11.2 1.5 - 2.1 1.1 1.3

X8 47.5 19.2 23.0 - 5.1 2.7 2.5

X9 87.4 7.4 1.6 - 2.2 - 1.4

Fig. 1 | SEM images of ground AlSi7Mg0.3. SEM
images of ground non-coated AlSi7Mg0.3 surface
recorded using (a) 10 kV and secondary electrons
(SE) detector and (b) 15 kV and circular backscatter
detector (CBS). In the SE image, x1 denotes the
matrix, and x2 is the intermetallic particle. EDS
results of the marked areas are given in Table 1. The
heterogeneous structure is better visible in the CBS
image, where different phases are noted. More
details are given in ref. 4.
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surface. As described above, the inhomogeneity of the coating thickness and
composition are related to the inhomogeneity of the underlying substrate
(Figs. 1, 2); it is the thinnest above the α-matrix (x3), increases above the Al-
Si-IMPs (x4) and is the largest above Al-Si-Mg-containing IMPs (x5). These
regions differ in their electrochemical activity as well. In heterogeneous
alloys like Al alloys, IMPs represent sites of increased anodic or cathodic
activity; notably, due to the ongoing selective dissolution of individual ele-
ments from the IMP, the activity can change fromanodic to cathodic during
immersion in chloride solution54. InAl-Si-Mg alloys, IMPs containingAl, Si
andMgare subject to selective dissolution of the less noblemetal (MgorAl).
This process depends on the pH; Al and Mg are selectively dissolved in
acidic (Al, Mg) and near-neutral solutions (Mg), leaving behind Si-rich
remnants, which then serve as a cathode54,55. The surrounding α-Al matrix
acts as an anodic site.

Cathodic reaction at the local cathodic sites, in this case Si-containing
IMPs, is represented by reaction (1):

2H2OþO2 þ 4e� ! 4OH� ð1Þ

Considering the formation of areas of different thicknesses and
morphologies (Fig. 2), it is reasonable to assume that IMPs containingmore
silicon act as a stronger cathode, readily leading to increased pH (reaction 1)
and faster precipitation of Zr- and Cr-(hydr)oxides. Namely, locally
increased pH on the micro-cathodic sites results in the hydrolysis of the
solublefluorometalate precursor species in the conversionbath34.According
to thermodynamic data, the pH values at which the conditions for the
precipitation of hydrated metal oxide coating (e.g., ZrO2 × 2H2O) are
established are still in the acidic range, i.e., between 2 and 4−4.5, depending
on the concentration of Zr-bearing species34. Using the SurTec® ST650
conversion bathwith pH=3.9, the pHconditions atwhich the deposition of
the coating at the metal surface are readily achieved. In general, the
deposition of Zr(IV) hydroxide from the hexafluorozirconic acid bath
proceeds according to reaction (2)34.

ZrF2�6 þ 4OH� ! ZrO2 × 2H2Oþ 6F� ð2Þ

Once deposited, Zr(IV) hydrated oxide is the most Zr-stable species at
higher pHs34. In addition to the Zr-bearing component, the SurTec® ST650
also contains trivalent Cr salt, resulting in incorporating both Zr and Cr in
the conversion coating, as shown by EDS analysis (Table 1). The deposition

of Cr(III) hydroxide is feasible at the pH of the conversion bath. The for-
mation of trivalent Cr hydr(oxide) along Zr(IV) hydr(oxide) was identified
previously by X-ray photoelectron spectroscopy (XPS)17–20,24,56,57. At pH
around 4, the deposition of Ce3+ ions proceeds according to the reaction (3):

Cr3þ þ 3OH� ! CrðOHÞ3 ð3Þ

As shown by EDS analysis, the Zr-CrCC also contains fluoride (Table
1), as observed in previous studies24,25. The coating can be, therefore,
described by a Zr-Cr-(hydro)oxide or Zr-Cr-(hydro)oxyfluoride.

The corrosion behaviour of bare and Zr-CrCC-coated alloy was
investigated by measuring electrochemical impedance after one hour of
immersion. The selected representative Bode plots shown in Fig. 3 con-
firmed the differences in the corrosion resistance between ground non-
coated and Zr-CrCC-coated samples in a corrosive medium of 0.1MNaCl.

The Bode plot of impedance magnitude (Fig. 3a) showed the typical
behaviour of a ground non-coated AlSi7Mg0.3 sample. For comparative
purposes, the generalmeasure of corrosion resistance can be represented by
the value of |Z10mHz| in the low-frequency (0.01Hz) region (Fig. 3a). After
1 h of immersion, the |Z10 mHz| was ~22 kΩ cm2, reflecting relatively low
corrosion resistance. The phase angle plot showed the maximum phase
angle of −79° at 23Hz (Fig. 3b). This phenomenon is attributed to the
forming of an aluminium oxide/hydroxide layer on the surface with some
pores and defects allowing diffusion paths for corrosive species. These also
can be reflected as a minimum phase angle at low frequencies (0.1 Hz),
forming a tail related to the local corrosion process4,58. However, after one
weekof immersion, the corrosion resistance slightly improved,which canbe
ascribed to the densification of the aluminium oxide/hydroxide layer; the |
Z10 mHz| increased to ~36 kΩ cm2. The tail at low frequencies disappeared,
indicating that the degree of the local corrosion attack did not increase with
extended immersion time.

The Bode plots of Zr-CrCC coated alloy are also shown in Fig. 3. At
high and middle frequencies, the impedance and phase angle plots did not
differ considerably from the non-coated sample, but a more significant
difference occurred at low frequencies in the phase angle plot. After 1 h of
immersion, the |Z10 mHz| for the Zr-CrCC-coated sample was 36 kΩ cm2

(Fig. 3a). The coated sample also showed a broader phase angle plot in the
middle frequencieswith amaximumphase angle of−81° at 22 Hz (Fig. 3b).
More importantly, nominimum at low frequencies appeared, reflecting the
protective nature of the Zr-CrCC. When extending the immersion time to

Fig. 2 | Circular backscatter electron (CBS) SEM
images of AlSi7Mg0.3 surface coated with Zr-
CrCC. a, b Three characteristic regions of coating
formation are recognized: above matrix (x3 and x6),
above Al-Si IMPs (x4 and x7) andAl-Si-Mg IMPs (x5
and x8). b details area in (a) where all three regions
are presented. Squares x3-x9 indicate the areas where
EDS analyses were performed with composition in
atomic percentages (at.%). The results of EDS ana-
lysis are given in Table 1. Green arrows in (a) show
cracks in the coating. d The coating thickness was
determined between regions x3 and x5 at the inter-
face area. SEM/EDS analyses were conducted at
a, b 10 kV, c 5 kV and d 2 kV.
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one week, the corrosion protection by the Zr-CrCC was still efficient, as
evidenced by the |Z10 mHz| of 72 kΩ cm2 and broadening of the frequency
region where the coating shows a capacitive character.

Based on performed electrochemical measurements, it can be stated
that theZr-CrCC,despite being around100nanometres thick, enhanced the
corrosion protection of the AlSi7Mg0.3 cast alloy in the tested corrosive
medium after short (1 week) immersion.

Polyacrylic/siloxane-silica coating
The sols at various preparation steps and the final coating were detailed in
our separate paper51. The polyacrylic siloxane-silica sol (abbreviated as
PEHA-SS) was prepared from two separate sols (Fig. 4). Briefly, Sol 1
consists of organic precursor MAPTMS copolymerise with 2-EHA in the
presence of butyl acetate (BA) and benzoyl peroxide (BPO) to start radical
copolymerisation between MAPTMS and 2-EHA51. Inorganic precursor
TEOSmixedwith ethanol is themain component of Sol 2. The hydrolysis of
TEOS was initiated by acidified water. The final hybrid sol-gel solution was
obtained by combining Sol 1 and Sol 2. A detailed procedure is given in the
Methods section.

The polyacrylic/siloxane-silica coating was evaluated using SEM/EDS
(Fig. 5a). The surface of the coating was very smooth, without cracks or
visible pores, which confirmed that the coating evenly covered the alloy
surface. SEM analysis of the scribed sample showing the coating interior
showed that the coating contained small, randomly arranged silicon-based
domains of a few tens of nanometres in size seen as bright spots (Fig. 5b).
Differences in the compositionof the coatingmatrix and silica-rich domains

were checked by spot EDS analysis. At point x10, i.e., at the bulk of the
coating, the composition of the coating in weight percentage refers to Si
(16.9 at.%) and O (83.1 at.%) (Fig. 5a). These are (in addition to carbon,
which EDS cannot quantitatively evaluate due to the deposition of carbon
layer prior the analysis), the main elements in an organosilane coating
consisting of 2-EHA, MAPTMS and TEOS. Since only these two elements
are in the spectrum, it can be concluded that the thickness of the coating is in
the rangeof a fewmicrometreswhere the beamdidnot reach the aluminium
alloy substrate. The estimated thickness of the coating along the coating
cross-section is around ~9 µm, which is at least 90 × times thicker than
Zr-CrCC (Fig. 2d).

At the x11 site located on the nano-domain, the composition differed
frompoint x10 (Fig. 5). Greater amounts of Si andOwere detected at site x11
than at site x10, i.e. Si (22.9 at.%) and O (77.1 at.%) referring to the silica
(Si−O−Si) rich domain based on TEOS, as has already been noticed for
similar polyacrylate siloxane-silica coatings51,59,60. The presence of these
domains confirmed highly condensed coating, which presents the efficient
barrier corrosion protection between corrosion medium and aluminium
surface51,59,60.

Figure 6 a, b show SE-SEM images along the artificially made scribe of
the AlSi7Mg0.3 surface coated with a PEHA-SS. The coating was removed
with a sharp razor. The coating did not crack, but the peeling occurred in
certain areas due to scribing, confirmed by SEM/EDS analysis, as the
spectrumx12 had a slightly higher proportion of Si andO (coating residues).
The composition of the alloy at x13 was identical to the ground non-coated
surface (Fig. 1a).

The adhesion of the PEHA-SS coating was evaluated with an
X-cross incision adhesion test (Fig. 6c, d, Supplementary Figure 3).
PEHA-SS coating did not visibly peel or form flakes during the test,
which confirmed that the coating adhered firmly to the surface. After
deposition, the PEHA-SS coating formed a strong covalent bond Si−O
−Al between Si−OHandAl(OH)3, which provides good adhesion to the
alloy surface61. The adhesion of both coatings on the surface was assessed
by designation 5B, the best assessment according to standard
D3359–2262.

After adhesion testing, the sample surface was characterised with a
confocal microscope at the site where the intersection between the incisions
occurred (Fig. 6c). Therewere only small signs of peeling on themicroscopic
scale for the alloy coated with the PEHA-SS coating (Fig. 6d).

Fig. 3 | EIS results for non-coated and Zr-CrCC-coated AlSi7Mg0.3 samples.
Bode plots (a) of impedance magnitude and (b) phase angle of the ground (green
symbols) AlSi7Mg0.3 sample and Zr-CrCC-coated AlSi7Mg0.3, measured after
immersion in 0.1 M NaCl for 1 h (triangles) and a week (squares).

Fig. 4 | Flow chart of the polyethylhexyl acrylate siloxane-silica (PEHA-SS)
preparation.
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Figure 7a shows the results of electrochemical impedance spectroscopy
(EIS) measurements for alloy coated with PEHA-SS as a function of fre-
quency after 1 h, 1 week, and 4months. In the Bode diagram, characteristics
of the curves at low and medium-high frequencies record the events at the
phase boundary between the coating and the substrate59. In contrast,

measurements at high frequencies describe the behaviour of the interface
between the coating and the solution after the sample is exposed to an
aggressive corrosive medium.

The |Z10mHz| values for PEHA-SS are significantly higher (6 GΩ cm2,
formore thanfiveorders ofmagnitude) than for the groundnon-coated and

Fig. 5 | SEM images of PEHA-SS-coated
AlSi7Mg0.3 samples. a Secondary electron (SE) and
(b) circular backscatter detector (CBS) SEM images
of the (a) surface of the polyacrylic/siloxane-silica-
coated AlSi7Mg0.3 sample and (b) along an artificial
scribe. The estimated coating thickness is about
9 μm. The arrow shows the silica-based domains.
The x10 and x11 mark the areas where the EDS
analyses were performed with the composition in
atomic percentages (at.%). SEM analysis was con-
ducted at (a) 0.5 kV and (b) 5 kV. EDS analysis was
conducted at 5 kV.

Fig. 6 | SEM images and adhesion test of PEHA-
SS-coated AlSi7Mg0.3 samples. a, b Circular
backscatter electron (CBS) SEM images of the scribe
made at the polyacrylic/siloxane-silica coated-
AlSi7Mg0.3 sample. The squares x12 and x13 indicate
the areas where the EDS analysis was performed
with the composition in atomic percentages (at.%).
c, d Confocal microscope images after performing
the cross-cut test according to the standard ASTM
3359–2362. SEM/EDS analyses were conducted
at 5 kV.

Fig. 7 | EIS results for PEHA-SS-coated
AlSi7Mg0.3 samples. Bode plots of (a) impedance
magnitude and (b) phase angle of AlSi7Mg0.3
coated with polyacrylic/siloxane-silica after
immersion in 0.1 M NaCl for up to 4 months.
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Zr-CrCC-coated samples (Fig. 3), confirming efficient barrier protection of
the alloy surface. These values are comparable with other polyacrylate
siloxane-silica coatings59,60,63. The phase angle valueswere above−80° over a
wide frequency range (over 4–5 decades in the mid- and high-frequency
range), showing behaviour close to that known for a quasi-ideal capacitor
(Fig. 7b). Values are related to the capability of the coating to completely
blocks the entrance of a corrosive medium confirming that the preparation
of hybrid PEHA-SS coating was adequate to achieve appropriate barrier
protection51.

The coating was also characterised as a function of immersion time to
evaluate its durability. A significant drop in impedance at the lowest fre-
quencies of about 1.5 decades was observed after 1 week of immersion (Fig.
7a). The changeswere also noticed in the phase angle plot because the values
above −80° appeared in a much narrower frequency range (Fig. 7b). At
longer times (4 months), the decrease was slighter. Despite the decreasing
trend, the impedance value at these frequencies remained high (42MΩ
cm2). Thus, the lifespan of the coating is limited, but the impedance values
remained above 1 MΩ cm2, indicating durable (barrier) corrosion protec-
tion during testing time. The limited durability is probably relatedmainly to
the swelling effect of the organic phase in contact with a corrosive medium
(aqueous chloride solution).

Multilayer Zr-Cr based and polyacrylic/siloxane-silica coating
The multilayer Zr-CrCC+PEHA-SS coating was prepared by combining
Zr-CrCC and PEHA-SS coatings (Supplementary Figure 1). The scribe
made on this multilayer system (Fig. 8) exhibits somewhat different
behaviour than observed for only PEHA-SS-coated alloy (Fig. 6). The
multilayer coating did not crack (Fig. 8a). Some cracks were noted but
probably causedbydehydration in lowvacuum, and electronbeamduring
SEM imaging (Fig. 8b). Again, the peeling of the coating occurred at
certain spots along the scribe, but Zr-CrCC remained on the surface,
observed as bright spots along the scribe (areamarkedwith the blue arrow
in Fig. 8b). The squared areas were additionally analysed with EDS. The
spectrum x14 was recorded underneath the PEHA-SS coating with the
interface with Zr-CrCC.Here, a high content of Si from the PEHA-SSwas
detected (57.7 at.%) along with Zr (9.1 at.%) and F (0.8 at.%) from the
Zr-CrCC. Notably, Cr was not detected at 5 kV for reasons explained in
the above text. The Zr-CrCC remained firmly adhered to the surface and
enhanced the adhesion of the PEHA-SS coating to the substrate. The

composition of the scribe (x15) refers to the underlying substrate surface
(Fig. 1a).

The adhesion of the Zr-CrCC+PEHA-SS coating on the alloy surface
was evaluated with an X-cross incision adhesion test (Fig. 8c, d, Supple-
mentary Fig. 4). The coating multilayer system did not peel or form flakes,
which confirms that the coatings adheredfirmly to the surface.TheZr-CrCC
yielded greater surface area than ground alloy due to its more rough surface
(see Fig. 1a). The Zr-CrCC contains OH− groups64, which can form a strong
covalent bond with the Al alloy surface (Zr−O−Al, Cr−O−Al) and at the
same time with polyacrylic/siloxane-silica coating (Zr−O−Si, Cr−O−Si).
Hence, increased adhesion results from more surface interactions and
bonding between the pretreated alloy surface and coating due to higher
surface area and the chance of bond formation. Therefore, the Zr-CrCC on
the AlSi7Mg0.3 surface is a good promotor of adhesion of the sol-gel
coating36,39.

The adhesion of the multilayer coating system on the surface was
assessed by designation 5B (Fig. 8c, d). Confocalmicroscope images showed
no cracking or peeling on the microscopic scale. Some differences in the
adhesion between the PEHA-SS and Zr-CrCC+PEHA-SS were observed
(Fig. 6c, d, Fig. 8c, d andSupplementaryFigs. 3, 4). The coatingpeeling along
the scribe occurred only for the PEHA-SS-coated sample (Fig. 6c, d). In
addition, the scribe edges were sharper for the alloy coated with ZrCC
+PEHA-SS coating (Fig. 8). This can be related to the enhanced adhesion of
the PEHA-SS coating to the Zr-CrCC pretreated aluminium surface.

The corrosion properties of multilayer Zr-CrCC+PEHA-SS coating
were evaluated using EIS measurements as a function of immersion time.
The results are presented as Bode plots (a) impedance magnitude and (b)
phase angle (Fig. 9).

After 1 h of immersion, the Zr-CrCC+PEHA-SS coating exhibited an
impedance magnitude value of |Z10 mHz | = 11.3 GΩ cm2 (Fig. 9a, c), one
order ofmagnitude higher thanPEHA-SS coating (Fig. 7a). Figure 9b shows
the negative phase angle as a function of frequency. A Zr-CrCC+PEHA-SS
coating has a constant phase angle of almost −90° at an even broader
frequency range than PEHA-SS, reflecting the insulating properties of the
multilayer coating.

EIS measurements were performed for an extended period to evaluate
the corrosion protection of the polyacrylic/siloxane-silica coating and the
Zr-CrCC+PEHA-SS coating (1 hour, 1 week and 4 months). At prolonged
immersion, a decrease in impedance values was again noticed at lower

Fig. 8 | SEM images and adhesion test of
Zr-CrCC+PEHA-SS-coated AlSi7Mg0.3
samples. a, b Circular backscatter electron (CBS)
SEM images of the scribe made at the multilayer
Zr-CrCC+polyacrylic/siloxane-silica-coated
AlSi7Mg0.3 sample. The squares x14 and x15 indicate
the areas where the EDS analysis was performed
with the composition in atomic percentages (at.%).
c, d Confocal microscope images after performing
the cross-cut test according to the standard ASTM
3359. SEM/EDS analyses were conducted at 5 kV.
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frequencies, but the drop at low frequencies was much lower than for
PEHA-SS (Figs. 7 and 9). Impedance values remained at almost 0.9 GΩ cm2

(Fig. 9c). The durability of the coating could also be confirmed by the phase
angle curves, which remained unchanged (Fig. 9b). This is related to the
presence of theZr-CrCC inner layer, which contributes an additional degree
of protection and promotes the adhesion of the upper PEHA-SS coating on
the surface. Their behaviour is similar to other multilayer systems on other
metals consisting of conversion coating and polymer coating36,42,46,48,49,65–67,
despite the multilayer Zr-CrCC+PEHA-SS coating being much thinner
compared to systems including polymer coatings. This result represents a
good starting point for further improvements in coating deposition.

The corrosion protection of metals used for various industrial appli-
cations typically requires a salt-spray corrosion test following the standard
ASTM B117. Figure 9 shows the test results after selected periods (1 day,
2 days, 4 days, and 1 week) for the uncoated sample (Fig. 10a), Zr-CrCC-
coated sample (Fig. 10b), PEHA-SS-coated sample (Fig. 10c), and Zr-CrCC
+PEHA-SS-coated sample (Fig. 10d). After just one day, the first corrosion
products appeared on the non-coated AlSi7Mg0.3 sample (Fig. 10a). The
surface colour changed from light grey to dark grey, probably related to
oxidation and the formation of hydrolysed aluminium oxide layer con-
taining some chloride (see below). White spots of corrosion products
(presumably Al(OH)2Cl) were observed at localised sites. The amount of
these corrosion products increased rapidly with the exposure time, and at
the same time, the number of white spots increased. After one week, the
surfacewas completely coveredwith a thick layer of corrosionproductswith
many white dots distributed over the entire surface.

The Zr-CrCC-coated sample showed better corrosion resistance than
the uncoated (Fig. 10b). In individual spots, corrosion products appeared on
the surface after 2 days, while most of the surface remained protected.More
corrosion products were observed after 4 days, but corrosion progressed
slowly and remained localised.

The PEHA-SS-coated sample expressed more durable barrier protec-
tion during the testing period. The corrosion occurredmainly in the scribed
area, where dark corrosion products were observed after 1 day (Fig. 10c).
Two common compounds of a dark layer of corrosion products on the
AlSi7Mg0.3 surface (magnesium-containing alloy) are magnesium hydro-
xide (Mg(OH)2) and magnesium oxide (MgO). Both of these compounds

can contribute to the darkening of surfaces over time during exposure to
moisture in the air. Additionally, magnesium can form other corrosion
products depending on the specific environmental conditions it is exposed
to, such as (MgCO3) or magnesium chloride (MgCl2) when exposed to
carbon dioxide or chloride ions, respectively. The amount of corrosion
products then increased further after a more extended testing period.

The multilayer protection (Zr-CrCC+PEHA-SS) achieved the most
efficient corrosion protection. Corrosion products were only visible along
with the scribe. At the same time, they were not detected on the coated area
of the sample (Fig. 10d). The corrosion along the scribe was significantly
reduced compared to the alloy coated with only a PEHA-SS (Fig. 10c). The
Zr-CrCC thus acts as a source of complementary protection12,36 and, toge-
ther with barrier protection ensured by the polyacrylic/siloxane-silica
coating, results in long-lasting protection of the underlying substrate.

After salt spray testing for two days, the parts of the scribed areas
(Supplementary Figure 5) were evaluated by SEM and point and mapping
EDS analyses to assess the complementary protection of the Zr-CrCC
coating.

The scribed area of the PEHA-SS-coated AlSi7Mg0.3 sample showed
areas exposing the underlying substrate and areas covered by corrosion
products (Fig. 11 and EDS mapping in Supplementary Fig. 6). The layer of
corrosion products was relatively thick and rather voluminous, containing
Al, Si, O and some Cl (S is probably the impurity from the solution) (site
x17). The area not covered by corrosion products (site x18) contained more
Al and Si originating from the substrate. Once exposed to salt spraying, the
substrate within the scribe underwent selective anodic dissolution of more
active metals (e.g. Mg and Al), resulting in a more voluminous corrosion
product, which may redeposit at the surface. The PEHA-SS coating along
the scribe (site x16) showed a composition similar to that given inFig. 8b, site
x12. The slight difference is due to the presence of Al and Na related to the
non-soluble salts, such as aluminium oxides/hydroxides formed at the
surface when exposed to a corrosive medium (NaCl).

Local corrosion attack was not observed in the scribed areas on the
sample coated with Zr-CrCC+PEHA-SS coating (Fig. 12 and
Supplementary Fig. 7). In contrast to the PEHA-SS-coated sample
(Fig. 11), no voluminous corrosion products were observed. The
scribed area (site x21) showed only 6 at.% of oxygen compared to up to

Fig. 9 | EIS results for Zr-CrCC+PEHA-SS-coated
AlSi7Mg0.3 samples. Bode plots of (a) impedance
magnitude and (b) phase angle of AlSi7Mg0.3
coated with Zr-CrCC+polyacrylic/siloxane-silica
coating measured during immersion in 0.1 M NaCl
for up to 4months. cpresents the impedance value at
0.01 Hz of bare AlSi7Mg0.3 sample, Zr-CrCC-
coated, PEHA-SS-coated and Zr-CrCC+PEHA-SS-
coated samples at selected immersion times 1 h,
1 week and 4 months).
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55 at.% for the PEHA-SS, sites x17 in Fig. 11. Furthermore, some Mg
was detected, indicating that the selective dissolution of Mg was
inhibited, which was not the case for the PEHA-SS-coated sample
(Fig. 11). EDS maps in Supplementary Figures 6 and 7 show the
difference in contents of Al and O within the scribe.

The scribed area was additionally analysed at higher magnification
(x22 and x23). No elements related to corrosion (Na, Cl) were detected. A
notable finding is that in addition to substrate elements, those origi-
nating fromZr-CrCCwere detected: Zr, Cr and F (area x22). Thismeans
that the scribed area was recovered after exposure to salt spray by
spreading the Zr-CrCC within the scribe. In addition to Zr, Cr was
identified. The spreading of the Zr-CrCC by the self-release of Zr andCr
resulted in the prevention or mitigation of corrosion of the underlying
substrate, as proven by the salt spray test (Fig. 10d). At the area along the
scribe x20, Zr, F and Cr related to Zr-CrCC coating were also detected,
whereas the upper layer consisted of PEHA-SS (spot x19). The presence
of Cr and Zr within the scribe is evidenced by the EDS mapping
(Supplementary Fig. 7).

Contribution of individual coatings to the protection mechanism
of multilayer coating
The experimental observations confirmed that the multilayer Zr-CrCC
+PEHA-SS deposited on AlSi7Mg0.3 was less susceptible to corrosion
attack, evidenced by the absence of corrosion products in the scribed
area. Evidence also showed that the Zr-CrCC contributed to active
corrosion protection since the elements originating from the conver-
sion coating (Zr, Cr) were identified within the scribe. This process
supposedly involves the release of Zr and Cr species and their transfer

and formation of related (hydro)oxides at the sites within the scribe.
Although the exactmechanism cannot be postulated based solely on the
results presented in this study, some premises can be proposed, sup-
ported by the literature data on similar systems. The protection
mechanisms of the scribed PEHA-SS and Zr-CrCC+PEHA-SS coatings
are schematically proposed in Fig. 13.

During Zr-CrCC coating formation in an acidic conversion bath
(pH ≈ 3.9), less noble metals such as Mg and Al are dissolved, additionally
supported by the action of fluoride ions to attack the thin native oxide layer,
thus facilitating access of ZrF6

2 − species to the metal substrate (reaction 2).
In the absence of F-containing species in the solution, the favourable
reaction is the formation of Zr hydroxide through the chemical reaction of
hydrolysis34:

mZr4þ þ qH2O"ZrmðOHÞð4m�qÞþ
q þ qHþ ð4Þ

The role of fluoride in the conversion baths is dual: (i) thinning of the
oxide layer formed spontaneously on the metal surface and (ii) shift the pH
at which Zr hydroxide precipitates to higher pH values (between 3 and 6
depending on the concentration of Zr species) due to the formation of stable
ZrFq

4-q complexes34; the increase of precipitation pH has an important
practical meaning since it is beneficial for aluminium substrate tending to
corrode at acidic pH12,30,34.

The concomitant cathodic reaction (1) of oxygen reduction pro-
vides the conditions for the deposition of Zr and Cr (hydr)oxides
formed through reactions (2) and (3) once the pH reaches values
around 434. The Zr-CrCC layer, around 100 nanometres thick (Fig. 2),
acts as a first line of defence, preventing further oxidation of the alloy in

Fig. 10 | Salt-spray chamber testing. The surface
appearance of (a) ground AlSi7Mg0.3 sample and
AlSi7Mg0.3 samples coated (b) with Zr-CrCC, (c)
PEHA-SS and (d) Zr-CrCC+PEHA-SS at various
exposure times in the salt-spray chamber test carried
out according to standard ASTM B117. Before
testing, the PEHA-SS and Zr-CrCC+PEHA-SS
coated samples were scribed. The arrows mark the
spots where corrosion started.
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a corrosivemedium for the first days of testing (Fig. 10b). Similar Zr/Cr-
containing coatings were investigated in the literature. Li et al. reported
that the Alodine® T5900 (Henkel) comprised a biphasic structure of
hydrated zirconia (ZrO2·2H2O) mixed with Cr(III) (hydr)oxides
(Cr(OH)3, CrOOH and Cr2O3) precipitated above the fluoroaluminate
interlayer on AA202468,69. The distribution of Cr was not uniform
throughout the coating but was elevated around the pits. The coating
provided both anodic and cathodic protection by physically blocking
Al-rich sites and Cu-rich IMPs68. Guo and Frenkel found that the Cr
content in the Alodine®T5900 (Henkel) coating was only one-fourth of
the Zr content. The coating thickness was 40−120 nm, considerably
thicker than the conversion coating without Cr species70. Qi et al.
reported17,18 that SurTec® ST650 (SurTec) contained ZrO2, ZrF4,
Cr(OH)3, Cr2(SO4)3, CrF3, CrO3, and CrO4

2 − , similar to our previous
study24.

Nine micrometres thick PEHA-SS sol-gel forms a smooth, uniform
coating that acts as a barrier to the dissolution of the underlying substrate
(Fig. 7). However, the locally damaged, scribed PEHA-SS surface represents
the startingpoint for the exposure of underlyingAlSi7Mg0.3 substrate to the
corrosive environment (Fig. 10c), schematically presented in Fig. 13c. As a
result, the aluminiumandmagnesium ions are dissolved, forming corrosion
products consisting mainly of hydrated aluminium oxide containing
chloride (Al(OH)2Cl). Due to the absence of any active protection, the area
freely corrodes in the corrosion medium (Fig. 13c).

A multilayer coating system (Fig. 13b) consisting of a thin Zr-CrCC
and micrometre-thick hybrid sol-gel (PEHA-SS) coating provides (i) less
coating peeling and (ii) durable active corrosion protection once damaged
(Fig. 13d, f). These experimental findings can be substantiated as follows.

(i) Due to the presence of Zr-CrCC, better adhesion of PEHA-SS to the
alloy surface is achieved, resulting in less peeling along the scribe (Fig. 8).
PEHA-SS coating offers a dense polymerised Si−O−Si structure (Fig. 13e)
due to the combined benefits of organic and inorganic components.With a
Zr-CrCC as an interlayer, strong covalent bonds Al−O−Zr, Al−O−Cr, Cr
−O−Si, and Zr−O−Si are formed34,36, and the coating firmly adhering to
the alloy surface, preventing the coating from peeling (Figs. 8, 10d, 12). The
beneficial effect on the conversion coating as an interlayer between the
substrate and outer organic-based coating are in line with the results pub-
lished for similar systems36,38,43,48.

(ii) Zr-CrCC redeposition at the scribed surface acts as an active
inhibition and repassivates the damaged area along the scribe (Fig. 12). In
fact, the ability of active inhibition of conversion coatings containing tri-
valent chromiumwas already reported70 and connected to the possibility of
transient formation of Cr(VI) species during more extended immersion in
the electrolyte, as shown by Raman spectroscopy68,69. The latter process
would be enabled by the locally produced H2O2 as a product of oxygen
reduction at the cathodic sites according to:

2H2OþO2 þ 2e� ! H2O2 þ 2OH� ð5Þ

Hydrogen peroxide would then act as an oxidation agent for
Cr(III) species69 through reaction (6); chromate species formed are then
reduced, resulting in the formation of passivating Cr(III) hydroxide
through reaction (7):

2CrðOHÞ3 þ 3H2O2 þ 4OH� ! 2CrO2�
4 þ 8H2O ð6Þ

Alþ CrO2�
4 þ 4OH� þ 4H2O ! ½AlðOHÞ6�3� þ ½CrðOHÞ6�3� ð7Þ

It was proposed that Cr(VI) species aremobile and thus be involved in
repairing damaged sites69, similar to themechanismof chromate conversion
coatings butwith amuch smaller concentration of Cr(VI) species. Using the
artificial scratchcell70,Guo andFrankel proved thatCr species, in contrast to
Zr, were detected in the exposed electrolyte and could thus be released and
transferred to distant sites. As shown by XPS, the amount of Cr(VI) species
is small, i.e. less than 3%of the total chromium17 and 0.1 to 1%of the coating
weight18.

Whether the transient formation of Cr(VI) species is responsible for
the active protection by Zr-CrCC observed in this study cannot be stated
since speciation is impossible using only EDS. In our previous study on
SurTec® ST650 coating, XPS could not identify chromate species unam-
biguously due to the overlapping with CrF3 peaks

24. If present, their con-
centration would be minimal. However, the results presented in this study
prove that the active corrosion protectionmechanism is operative. Another
possible mechanism, not necessarily involving the formation of chromate
species, can be suggested. Namely, the Zr-CrCC can be regarded as con-
densed sol going through olation (reaction 8) and oxolation (reaction 9),
resulting inpolymerisation accompaniedby the release ofwatermolecules34:

M� OHþM� OH2 ! M� OH�MþH2O ð8Þ

M� OHþHO�M ! M�O�MþH2O ð9Þ

whereM is Zr or Cr (Fig. 13f). Both Zr and Cr belong to classes of elements
which formpolycations involved in the condensation ofmetal complexes in
solution, in which the cations are linked by hydroxo (HO−) or oxo (O2−)
bridges. The condensation is initiated by hydroxylation71.

½MðOH2Þ6�3þ þH2O ! ½MðOHÞðOH2Þ5�2þ þH3O
þ
solv ð10Þ

Fig. 11 | Circular backscatter electron (CBS) SEM image of the scribe made at the
polyacrylic/siloxane-silica-coated AlSi7Mg0.3 sample taken after two days of
exposure in the salt spray chamber. The squares x16, x17, and x18 indicate the area
where the EDS analysis was performed with compositions in atomic percentages
(at.%). SEM/EDS analyses were conducted at 10 kV.
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Fig. 12 | Circular backscatter electron (CBS) SEM
images of the scribe made at the Zr-CrCC+poly-
acrylic/siloxane-silica-coated AlSi7Mg0.3 sample
taken after two days of exposure in the salt spray
chamber. The squares x19 – x23 indicate the area
where the EDS analysis was performed with com-
positions in atomic percentages (at.%). SEM/EDS
analyses were conducted at 10 kV.

Fig. 13 | a, b The schematic presentation of the as-prepared PEHA-SS coating and
Zr-CrCC+PEHA-SS coating deposited on the Al-Si7-Mg0.3 surface.
c, d Schematical presentation of the corrosion along the scribe of the PEHA-SS-
coated sample and Zr-CrCC+PEHA-SS-coated sample after prolonged exposure in
the salt spray chamber. While the scribe on the PEHA-SS coating was filled with
corrosion products, the Zr-CrCC coating redeposited within the scribe, and no
corrosion attack was observed. e Schematical presentation of the chemical compo-
sition of the PEHA-SS and the interface with the substrate showing the formation of

the corrosion products within the scribe. f Schematical presentation of the Zr-Cr-
CC+ PEHA-SS multilayer chemical composition and interface with the substrate
showing the mechanism of enhanced adhesion, redeposition of Zr-CrCC and
consequent repassivation along the scribed area. For the sake of simplicity, the
heterogeneity of the substrate comprising matrix with eutectic phase with IMPs was
not considered here since it was already described in section Deposition and char-
acterisation of Zr-Cr conversion coating.
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In the case of Zr, a general hydrolysis model for mononuclear and
polynuclear Zr-species can be presented as reaction (11)71:

ZrðH2OÞ4þN þ qH2O$ZrðOHÞqðH2OÞð4�qÞþ
N�q þ qHþ ð11Þ

Tetrameric species, Zr4(OH)8
8+
(aq), or more precisely

[Zr4(OH)8(OH2)16]
8+, were shown to be the main building block of

ZrCC34,72. In the case of Cr, dimer [Cr2(OH)2(OH2)8]
4+, trimer

[Cr3(OH)4(OH2)9]
5+ and tetramer [Cr4(OH)6(OH2)10]

6+may form among
which is the trimer stable and most chemically inert of all Cr polycations71.
The distribution, however, depends on the Cr species concentration and
pH71. Entities of polycations are linked by [H3O2]

− double bridges ligands.
Since the Cr polycations are inert towards ligand substitution, the structure,
by ageing, is transformed into characteristic amorphous chromiumgels and
oxyhydroxide. It has already been proposed that the formation of chromate
conversion coatings is consistent with sol-gel chemistry principles73, so
similar consideration of hydrolisation and condensation may also be viable
for trivalent chromium coatings without necessarily forming chromate
species17,74.

The released water molecules, reactions (8) and (9), facilitate the dif-
fusion of Zr and also Cr species within the coating, filling the gaps and
defects in the damaged regions caused by the dissolution of aluminium
exposed to the chloride medium (Fig. 13f). Zr and Cr species react with
atmospheric oxygen and moisture to form a new layer of Zr/Cr hydroxide,
effectively sealing the damaged region. Further polymerisation of the Zr and
Cr species results in forming new bonds and creating a network of Zr
−O− Zr34,61 and Cr−O−Cr57,74,75, which gradually regenerates the Zr/
Cr-based protective layer, effectively healing the damaged region23,29 (Fig.
13f). This regeneration can occur over a certain period, and the coating can
regain its protective properties. The mechanism of active corrosion pre-
vention along the scribe can be thus explained as a combination of chemical
reactions and physical processes (Fig. 13f). These findings are consistent
with previous studies of self-healing coatings23,69,70,73,76 and were confirmed
with EDS analysis along the scribe (e.g., during salt spray testing) presented
in Figs. 8, 10, 12 and Supplementary Fig. 7.

Overall, the active properties of Zr-CrCC contribute to the long-term,
four-months long corrosion protection of multilayer Zr-CrCC+PEHA-SS
by continuously repairing andmaintaining the integrity of the coating, thus
prolonging the service life of the coated aluminium alloy. It is noteworthy,
however, that the active corrosion properties of Zr-CrCC are generally
effective forminor damages, such as a scribe or other small defects. Severe or
extensive damage may exceed the self-healing capabilities of the coating.

The specific rate and effectiveness of self-healing can vary depending on
factors such as the coating formulation, environmental conditions, and the
extent of damage.

In summary, this study showed that the two modes of corrosion
protection of AlSi7Mg0.3 using hexafluoro-zirconated trivalent chromium
coating Zr-CrCC (as primary active corrosion protection) and polyacrylic/
siloxane-silica coating PEHA-SS (as barrier protection) achieved a com-
plementary effect when deposited as amultilayer system. Albeit differing in
thickness,morphology and composition, individual layers achieved synergy
when used as a multilayer. The novelty of the study lies in developing the
multilayer corrosion protection comprising a thin Zr-CrCC and several
micrometres thick sol-gel coatings, in contrast to commonly used organic
coatings several tens ofmicrometres thick. Further, themajority of previous
studies have been performed on wrought Al alloys; the possibility to effec-
tively protect cast Al alloys is of importance to their increasing use in
industry due to their economic advantages in terms of shorter processing
cycles and assembly costs. These promising results offer an insight into the
interfacial process of the multilayer and represent a good basis for further
studies focusing on combining several types of coatings to achieve the
optimal multilayer system mutually supplying each other advantageous
properties. It was postulated that the sol-gel nature of zirconium and
chromium oxyhydroxides is related to the self-healing ability of Zr-Cr
conversion coatings.

Methods
Metal substrate
The study was performed on the aluminium alloy AlSi7Mg0.3 (EN AC-
42100) distributed by Talum d. d., Slovenia. The alloy composition is given
in weight percentage in Table 2.

The bulk plate was cut into cuboids sized 6 cm × 4 cm× 1 cm. The
sample surface was ground with a LaboPol-6 grinding machine (Struers)
with SiC emery papers of grades 320, 500, 800, 1000, 1200, and 2400 dis-
tributed by Struers. Grinding was carried out in tap water to remove
grinding residues and prevent local overheating of thematerial. The process
was carried out until the oxide layer and other impurities were removed
from the surface to obtain an evenly ground surface. After grinding, the
samples were rinsed with deionised water, followed by a two-minute
cleaning by immersion in ethanol (99%, Carlo Erba) in an ultrasonic bath.

Coating deposition
Ground metal samples were subject to the three-step process: degreasing
with alkaline cleaner, acid desmutting and passivation (Table 3). Com-
mercial reagents supplied by SurTec® (SurTec International GmbH) were
used; their concentrations and related parameters (immersion times and
bath temperatures), as recommended by the producer, are summarised in
Table 3. Following standard procedure, the degreasing, desmutting and
formation of conversion coating (passivation) were performed in a 250-mL
polyethylene cup.

Table 2 | AlSi7Mg0.3 (ENAC 42100) alloy composition certified
by the producer

Element Fe Si Mn Ti Cu Mg Zn

Weight percentage (%) 0.15 6.5–7.5 0.10 0.18 0.03 0.30–0.45 0.07

Table 3 | The three-step process of deposition of Zr-CrCC using SurTec® procedure (including rinsing with deionised water of
room temperature between each step) with appropriate reagents, their concentrations, defined immersion times and bath
temperatures given by the producer

Steps Reagents Concentrations (vol. %) Immersion time (min) Temperature (°C)

1. step – degreasing, pH≈8.3 ST061 and ST089 5% and 0.5% 10 50

rinsing deionised water 1

2. step – desmutting, pH≈1.5 ST496 20 % 5 23

rinsing deionised water 1

3. step – passivation, pH≈3.9 ST650 20 % 5 35

rinsing deionised water 1

Passivation denotes the deposition of the Zr-CrCC using ST650 reagent.
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ST061® is multi-metal degreasing for light metals, SurTec® ST089 is a
recyclable soak detergent SurTec® 089 contains non-ionic surfactant alco-
hols such as amines, coco alkyl, and ethoxylated fatty alcohol. SurTec®
ST496 is a standard desmutter for aerospace, electronics, and automotive
applications, applicable for desmutting Si-, Zn-, and Cu- containing alu-
minium alloys. SurTec® ST650, a hexafluoro-zirconate conversion bath
with trivalent chromium Cr(III), was used to prepare the final coating
according to the conditions in Table 2. The commercial conversion coating
SurTec® ST650 in the text was denoted as Zr-CrCC.

For SEM analysis of the microstructure (Fig. 1b), non-coated
AlSi7Mg0.7 samples were water-ground successively using SiC-paper up
to 4000 grit and then diamond-polished using polishing cloth (MD-Nap,
Struers), non-water polishing using 1 μm diamond paste (DP-Paste P,
Struers) and alcohol-based lubricant (DP-Lubricant Blue, Struers).

The polyacrylic/siloxane-silica (hybrid sol-gel) sols were synthe-
sised from51: acrylate monomer 2-ethylhexyl acrylate (2-EHA; > 99%,
Sigma-Aldrich), initiator benzoyl peroxide (BPO, > 99%, Aldrich),
solvent butyl acetate (BA; > 99%, Sigma-Aldrich), the organically
modified precursor [3-(methacryloyloxy)propyl]trimethoxysilane (also
known as 3-(trimethoxysilyl)propyl methacrylate or silane A174)
(MAPTMS, > 98%, Sigma-Aldrich), and the inorganic precursor tet-
raethyl orthosilicate (TEOS, 99.9%, Aldrich), HNO3 ( > 70%, Sigma-
Aldrich), deionised water prepared with a Milli-Q direct instrument,
with an electrical resistivity of water of 18.2 MΩ cm at 25 °C (Millipore)
and anhydrous ethanol (99%, Carlo Erba).

The synthesis steps of the sol-gel are shown inFig. 4. Sol 1wasprepared
from 0.128 g of BPO, 14mL of BA, 1.888mL of MAPTMS and 10.5mL of
2-EHA while stirring. The reaction mixture (Sol 1) was heated at reflux
(at∼ 130 °C) for one hour. In themeantime, the inorganic sol was prepared
(Sol 2) from 4.2mL of TEOS in a 25mL reactor and 9.3mL of ethanol. The
flask was placed on a magnetic stirrer, and 0.7mL of H2O/HNO3 solution
(pH 1.0) was added dropwise with constant stirring. The mixture was then
stirred for 15minutes at room temperature. After 1 h of refluxing Sol 1, the
reactionmixturewas cooled to ambient temperature.Then, thepreparedSol
2 was added dropwise at constant stirring in Sol 1. After combining, the
mixture was stirred for another hour at room temperature.

Thepreparedpolyacrylic/siloxane-silica coatingwas applied to thepre-
prepared surface of the alloys by dippingmethod with a dip-coater RDC 15
(Bungard). The one-step deposition of the coating was performed with a
dip- and pull-rate speed of 14 cm/min. The sample was immersed in the sol
for 3 s. The deposited coatings on alloys were thermally cured in the oven,
where the temperature was slowly increased (heating rate 5 °C/min) to a
final temperature of 180 °C. The curing lasted 1 h.

Surface and coating characterisation
The morphology of the ground alloy AlSi7Mg0.3 samples and samples
coated with Zr-CrCC, PEHA-SS and Zr-CrCC+PEHA-SS was analysed
with afield emission electronmicroscope (FESEM)FEIHeliosNanolab 650
Dual beam associated with energy dispersive X-ray spectrometer (EDS)
Oxford Instruments X-max SDD (50mm2), using Aztec software. Before
analysis, the sol-gel coatings were scribed with a diamond tip; the thickness
of the coating was determined at the scribe. The samples were coated with a
thin carbon layer with BAL-TEC SCD 005. Samples’ surface imaging was
performedwith secondary electrons (SE) and a circular backscatter detector
(CBS) at acceleration voltages of 0.5 kV, 2 kV, 5 kV, 10 kV or 15 kV. The
chemical compositionof the selected areas on the surfacewas analysedusing
EDS at 5 and 10 kV in point and mapping modes.

The cross-hatch tester kit (brand Cgoldenwall) was used to test the
adhesion of AlSi7Mg0.3 samples coated with PEHA-SS and Zr-CrCC
+PEHA-SS. Coatings were cross-hatched with the specified tool (diamond
razors) to produce a net-patterned surface (Supplementary Fig. 4a). Finally,
the patterned surface was covered with # 810 ScotchMagicTM tape, which
was pressed firmly against the surface and slowly peeled off. Based on the
fragments removed from the coating, the degree of adhesion was assessed
according toASTM standard D3359–23 (ISO-2409)62 on a scale from 0B to

5B. After the adhesion test, the selected crossed area was additionally
characterised with the confocal microscope at 10× and 20× magnification
(Axio, CSM 700, Zeiss, Göttingen, Germany and Axio CSM 700 3D
software).

Electrochemical measurements were performed in a three-electrode
system in a 250mL corrosion cell at room temperature. The samples were
fixed to the cell with a holder, and the exposed sample surface (1 cm2) served
as the working electrode. The reference electrode was a saturated silver/
silver chloride electrode (Ag/AgCl) with E = 0.197 V vs. standard hydrogen
electrode, and a graphite rod with a diameter of 5mm acted as a counter
electrode.

Measurements were performed with a potentiostat/galvanostat Auto-
lab 204M (Metrohm Autolab) with Nova 2.1 software to control the
measurement and analyse the obtained data. A corrosive medium solution
(0.1M NaCl) was prepared using sodium chloride ( > 99.5%, Fisher) and
deionised water (Milli-Q Direct).

Electrochemical impedance spectroscopy was performed in the fre-
quency range between 10mHz and 100 kHz. For ground and ZrCC-
coated samples, the EIS measurements were conducted after 1 h of
immersion in 0.1MNaCl. For the samples coated with PEHA-SS and Zr-
CrCC+PEHA-SS coatings, measurements were also performed after
1 week and 4 months of immersion in the tested medium. The mea-
surements were performed at least in triplicate, and the representative one
was presented in graphs.

The corrosion testing in a salt-spray chamberwas conductedaccording
to the international standard ASTM B11777. The test was performed in a
controlled atmosphere in a chamber with a volume of 0.17m3 (ASCOTT).
NaCl solution (γ = 58.5 g/L) was pumped into the chamber through the
filter columns. The temperature in the chamber was 35 °C ± 2 °C.

Before testing, the edges of the samples were protected with adhesive
tape tominimise the corrosion of unprotected parts. The X-cross wasmade
with a sharp diamond cutter on the sample coated with the PEHA-SS
coating. The sampleswere placed into a plastic holder at an angle of 45°. The
sample surface was photographed at the selected time up to 168 h (7 days).
After 2 days of exposure, the samples were also analysed along with the
scribe using SEM/EDS.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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