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Abstract

The properties of hot‐dip galvanised and electroplated zinc coatings on steel have

been widely studied, but the corrosion mechanisms of zinc flake coatings have

not yet been investigated in similar detail. Here, we investigate the protective

effect of inorganic lamellar zinc coatings, comparing the metallic dissolution rates

of different zinc, aluminium and alloyed flakes using an inductively coupled

plasma mass spectrometry (ICP‐MS) flow cell. These experiments were carried

out on both intact and predamaged coatings with different electrolytes. Data were

also compared to accelerated laboratory corrosion tests and outdoor weathering

results. The chloride concentration, and its effect on the passive oxide film,

appears to be a key aspect moderating the dissolution rate and hence sacrificial

zinc dissolution under various conditions. The complementary use of accelerated

tests and ICP‐MS flow cell analysis provides new insights into both the influence

of the corrosive environment and the impact of the zinc flake (alloy) used. Based

on this approach, tailored coating solutions using zinc flake coatings can be

developed.
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1 | INTRODUCTION

Zinc is widely used for corrosion protection for steel in
many fields. Frequently the application methods used are
hot dip galvanising of the steel with molten zinc or
electrolytic deposition of zinc and its alloys. In addition
to these technologies, zinc flake coatings are increasingly
being used in several markets including automotive,
renewable energy and construction industries.[1–4]

A striking feature of zinc flake systems is the very low
coating thickness (4–20 μm)[5,6] combined with remark-
able corrosion protective properties. Due to these thin
layers and the associated low demand for raw materials,

a high level of material efficiency and sustainable
corrosion protection can be realised.[7,8]

Zinc flake technology has many uses in the field of
corrosion protection. It is ideal for components for which
the standards require high demands on accuracy of fit
without rework, like bolts and nuts.[1,9]

Furthermore, this technology is suitable for coating
high‐strength steels, because the application process does
not produce hydrogen, which prevents application‐
related hydrogen embrittlement of strength classes 10.9
and higher.[10,11]

Figure 1 illustrates the typical structure of a zinc flake
coating. They are mainly applied as a modular system
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consisting of a basecoat which contains the flakes of zinc,
aluminium, ZnAl or ZnAlMg and a further topcoat which
has multifunctional aspects such as a defined coefficient of
friction, UV‐ and chemical resistance and colour.[6] In
Figure 1a,b, the topcoat is shown to illustrate a typical
system. For the later experiments, however, no topcoat was
applied to concentrate on the properties of the basecoat.
Since zinc performs as a sacrificial anode and actively
protects the steel substrate from corrosive attacks, these
coatings offer a high level of cathodic protection, which is
ensured by the contact network of the single flakes, which
are embedded in an inorganic binder matrix. Additional
corrosion protection is provided by a passive barrier effect of
the coating, therefore, these systems offer a double protection
mechanism, which consists of cathodic protection and a
barrier function.[12]

Besides the zinc flake systems which are used in this
paper, it is also possible to incorporate zinc particles that
have spherical or lamellar shapes in organic binder systems
(e.g., epoxy systems). These so‐called zinc rich primers, of
which the above‐mentioned zinc flake systems are a
subgroup, similarly offer both cathodic protection and a
barrier function. Many studies have been published with the
scope of finding the best compromise of the cathodic/barrier
protection mechanism. Zubielewicz et al. summarise differ-
ent influences on the performance of zinc‐rich primers.[12]

To achieve a sacrificial behaviour, it is necessary to have a
high amount of active zinc or zinc alloy pigments inside the
coating, which is typically at 80 wt%, to guarantee electrical
contact between the incorporated zinc pigments. These high
pigmentation concentrations over the critical pigment

volume concentration (CPVC) can lead, on the other hand,
to insufficient mechanical properties of the coating, such as
poor adhesion and blister resistance. Further influences on
the corrosion resistance of zinc‐rich primers are the size and
shape (spherical or lamellar) of the pigments, the porosity of
the binder, the composition of the used pigments (pure zinc
or zinc alloys) and the presence and nature of a further
topcoat.[12]

Depending on the respective part geometry, one can
choose between different application methods. Bulk
goods, such as bolts or nuts, are coated using the dip‐
spin method, in which a basket containing the parts to be
coated is immersed in the coating tank and later
centrifuged in a defined manner. Larger parts can also
be applied as rack goods in the dip‐spin process, by dip‐
drain or by spraying. After the application, the coating is
cured at temperatures between ∘180 C and ∘340 C for
20–30min, which leads to a cross‐linking of the titanate‐
based binding agent.[13,14]

In the automotive industry, accelerated corrosion
tests are required to assess the corrosion protection
capability of different metals or coatings. These tests are
specified in different norms. We can distinguish between
constant and cyclical atmospheres which differ from
each other concerning the temperature, humidity and
the used electrolyte. Accelerated corrosion tests try to
simulate corrosion processes in nature in a short time.
Hence, materials or components are exposed to test
chambers of a corrosive environment (e.g., salt spray) for
a certain time and are evaluated afterwards in terms of
corrosion protection. It is generally accepted today that

FIGURE 1 (a) Light microscope image (200x) of a zinc flake coating system on a steel sheet with a black topcoat, (b) schematic
representation of a typical zinc flake coating system with basecoat and topcoat, and (c) Close up of the base coat schematic, (d) Scanning
electron microscope (SEM) picture (20,000x) of a mixed flake system containing zinc and aluminium flakes, (e) SEM picture (20,000x) of a
coating containing mainly ZnAlMg flakes and additional zinc flakes and aluminium flakes.
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the salt spray test (SST) according to DIN EN ISO 9227
can be used for quality controls. In spite of
this, the SST is not capable of simulating the corrosive
environment in real life, which is much more
complex.[15–17]

Due to the limitations of constant corrosion tests,
many automotive companies require a cyclical corrosion
test with alternating climate. Compared to the constant
climate tests, the environmental conditions change
periodically within these tests. These tests are typically
recognised as a better approach to the real environment
compared to simple constant tests.[15] Table 1 lists
various constant corrosion tests and cyclic ageing tests
from different original equipment manufactur-
ers (OEMs).

All the aforementioned industrial laboratory corro-
sion tests accelerate corrosion processes and attempt to
predict the real‐world corrosion behaviour of metallic
components. However, in the case of zinc‐coated
samples, the complete mechanism of corrosion changes,
in accelerated tests, due to the usually high humidity and
salt content.[17] Passive layers like zinc carbonates, which
build up in the real world[27] and lead to a drastic
reduction in the corrosion rate, can no longer form. In
the case of hot‐dip galvanised samples, for example, the
often poor results in salt spray tests can lead to potential
misjudgements of the expected performance in outdoor
weathering conditions.[28]

Therefore, whether these accelerated tests are able to
simulate field exposure conditions has been the focus of
research for some time. As an empirical phenomenon,

differences in the corrosion protection performance have
been observed repeatedly when accelerated tests are
compared with outdoor exposure experiments.[29,30]

Hence, currently, outdoor weathering tests are necessary
to test the actual behaviour of components and coatings,
even if they are significantly more expensive and time‐
consuming than accelerated tests. Field exposure with zinc‐
coated steel has been widely investigated over the last
decade. To the best of our knowledge, those studies have
focused on hot‐dip‐galvanised and electroplated samples in
terms of zinc and its alloys.[31,32] There are hardly any
systematic studies in the literature on the correlation of
outdoor weathering tests and accelerated corrosion tests of
zinc flake systems.

The amount of dissolved zinc allows us to explain the
different corrosion results in standardised corrosion tests
with different corrosive environments. Higher zinc dissolu-
tion measured during inductively coupled plasma mass
spectrometry (ICP‐MS) experiments may therefore be an
indicator of cathodically active behaviour, enabling coating
systems to protect steel from corroding in outdoor exposure
tests even after applying defined damage to the coating.

In this context, the aim of this paper is to further
extend the current knowledge of the performance of zinc
flake systems. By using an ICP‐MS flow cell, we present
an interesting solution to provide new insights into the
corrosion mechanism of zinc flake coatings, which will
explore the deviating results through methodical electro-
lyte change in ICP‐MS. This will be measured against our
hypothesis on the mechanism behind the differing
corrosion protection performance.

TABLE 1 Commonly used accelerated corrosion tests in automotive industries with used electrolytes and ranges for temperature (T)
and relative humidity (RH).

Standard T (°C) RH (%) Electrolyte

Constant climate tests

DIN EN ISO 9227 (SST)[16] 35± 2 − 5% NaCl (pH= 6.5–7.2)

DIN EN ISO 6270‐2[18] 40± 3 100 Demineralised water

Cyclical tests

VDA 233‐102[19] −15 to 50 50 to 95 1% NaCl (pH = 6.5–7.2)

VW PV 1210[20] 23 to 43 50 to 100 5% NaCl (pH = 6.5–7.2)

VW PV 1200[21] −40 to 80 30 to 80 −

VW PV 1209[22] −40 to 80 30 to 80 40 g NaCl+ 10 g CaCl2/l

ACT I[23] 35 to 45 50 to 95 1% NaCl (pH = 4.2)

VCS 1027,1449 (ACT II)[24] 25 to 50 70 to 95 0.5% NaCl

BMW AA‐0224[25] 35 to 40 100 5% NaCl (pH = 6.5–7.2)

GMW 14872[26] 20 to 60 ≤30 to 100 0.9% NaCl + 0.1% CaCl2 + 0.075% NaHCO3

Note: The specifications highlighted in bold are used in this study.
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2 | MATERIALS AND METHODS

2.1 | Chemicals and materials

The chemicals were sourced as follows: sodium chloride
from Carl Roth (assay: ≥ 99%); ethanol ≥ 99.9% pure from
VWR; technical sodium hydroxide from VWR (assay: 97%);
hydrochloric acid from VWR (5N); HNO3 from VWR; Milli‐
Q water for electrolyte solutions (total organic carbon
≤ 4 ppb, resistivity ≥ 18MΩ).

For all measurements, S235JR sheets (150 × 75 ×
3mm) were used, which were spray‐coated with the
different types of zinc flake systems. These sheets were
then cured for 30min at an object temperature of ∘240 C.
The basecoat layers (including the flakes) applied in this
way have a thickness of 9–11 μm, which is typical for
zinc flake systems. To evaluate the cathodic corrosion
protection and to simulate damage to the surface, a
scratch was applied to the sheets which goes down to the
base metal using a scribe (Erichsen Model 463) with a
width of 1 mm. To focus on the behaviour of the zinc
flake systems themselves, we have not applied a topcoat
for the following experiments.

2.2 | Accelerated corrosion tests

All accelerated corrosion tests have been performed at
the facilities of Dörken Coatings GmbH & Co. KG in
Germany. As highlighted in Table 1, we executed the salt
spray tests (SST) according to DIN EN ISO 9227 (5%
NaCl) in a VLM SAL 1000‐TL chamber and checked the
state of corrosion at the scratched area after 1000 h. The
condensed water test, according to DIN EN ISO 6270‐2,
was carried out in a VLM CON 400‐FL and was also
checked after 1000 h. For the cyclical corrosion test, we
chose the ACT II test according to Volvo VCS 1027,1449
in a VLM CC 1000‐FL corrosion chamber. This test
consists of (A) a wet phase at room temperature for 6 h
with intermittent exposure to 0.5% NaCl solution, (B) a
transition phase for 2.5 h with drying under climate
control and (C) a 15.5 h phase with constant temperature
and humidity at ∘50 C and 70% RH. These three test
phases are repeated from Mondays to Fridays and are
followed by a 48‐h weekend phase under continued
constant climate control ( ∘50 C; 70% RH).[24]

2.3 | Outdoor exposure tests

Outdoor exposure tests were performed in two different
locations with varying climates. The chosen places are a
rural climate in Herdecke, Germany and an urban

climate on a rooftop in Vienna, Austria. For each tested
coating system, we have assembled four coated S235JR
panels (150 × 75 × 3mm) onto a PVC rack. One out of
those four panels had an ideal and nondamaged coating
system while the other three panels had scratches with
1mm width. The PVC racks are safely fixed to the
ground by a steel scaffold and are facing south, tilted at a
∘45 angle. To avoid water accumulation in the crevices,

all scaffolds have holes at the corner of the contact
regions with the panels.

2.4 | Scanning electron
microscopy (SEM)

We carried out the SEM analyses using facilities at the
University Service Centre for Transmission Electron
Microscopy, Vienna University of Technology, Austria.
The SEM was a field emission gun scanning electron
microscope (FEG‐SEM) Quanta 200F. 1 × 1 cm pieces of
zinc flake‐coated steel panels were cut and then cleaned
in ethanol to remove dust or residues from the surface.
Before the measurements, we glued those samples with
conductive silver (G302 from Plano) onto a sample
carrier. The SEM worked in a fine vacuum of 0.3 mbar.
Acceleration voltage was set to 15 kV and the working
distance was at circa 7mm.

2.5 | ICP‐MS

ICP‐MS measurements were performed using an Agilent
7900 ICP‐MS from Agilent Technologies. The calibration
was performed with a multielement standard 2A from
Agilent Technologies. Before each measurement, the
electrolyte was purged with compressed and filtered air
for 30min to assure a constant concentration of dissolved
oxygen. The ICP‐MS uses an argon plasma and a
collision cell with helium as a cell gas and a flow of
5mL/min. The electrolyte (MilliQ water, 1 mM NaCl or
80mM NaCl solution) which flows through the electro-
chemical cell is mixed afterwards with a standard
solution. The selfbuilt electrochemical cell, out of PEEK
and PTFE, is based on the Ogle‐ and Mayrhofer
designs[33–35] and can also be found in the work of
Dworschak et al.[36]. At the beginning of each measure-
ment, the electrolyte flows through a bypass and is
diverted after about 2min through the ICP‐MS flow cell
with the coated sample to investigate the first seconds of
corrosion. The electrolyte is pumped via compressed
nitrogen to establish a stable and laminar flow, across the
surface of the working electrode in a circular area which
is sealed by an O‐ring with a diameter of 3 mm. The flow
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rate was checked by weighing the collected waste
electrolyte and additionally checking the pressure with
an in‐flow pressure sensor. The samples used were cut
panels (1 × 1 cm) of the coated S235JR sheets described
earlier. The results and conclusions from the ICP‐MS
experiments presented in this paper are confirmed by six
additional experiments, which were performed in a
slightly modified form.

3 | RESULTS AND DISCUSSION

For a visual overview of the morphology of the coating,
we first performed scanning electron microscopy of two
different test recipes of zinc flake coatings, namely the
mixed flake and alloyed flake systems (Table 2a,b).

To understand the corrosion protection performance
of the different zinc flake coatings, we have also carried
out and compared different accelerated corrosion tests
and outdoor weathering studies.

These findings are combined with different ICP‐MS
tests, for an elemental insight into corrosion with
different electrolytes, using a flow cell. Damaged and
undamaged steel sheets with different zinc flake systems
are measured thus probing local corrosion.

In the following discussion, we will compare four
different test recipes of zinc flake systems. The metallic
contents of the specific coatings are listed in Table 2. All
the listed zinc flake coatings are embedded into an
inorganic titanate‐based binding matrix as illustrated in
Figure 1a–c. Several patents show typical compositions of
these titanate‐based binder systems.[37,38]

Typical zinc flake systems in the automotive industry
often consist of a mix of different flakes (zinc and
aluminium).[6] Hence, we start with the mixed and
alloyed flake systems (Table 2a,b). In Figure 1d,e, SEM
images indicate that the individual flakes in both systems
are typically 1–5 μm across and lay on top of each other
like scales. The typical thickness of an individual flake is
below 1 μm with an aspect ratio (diameter: thickness) of
circa 40:1.[39] The contrast in the used flakes is also
clearly visible. While the alloyed system shows the
alloying elements and different phases, which we see as
small dots in the flakes, nothing like this can be seen in
the mixed flake system. Due to the inherent size
constraints of the zinc flakes and the system they are
embedded into, that is surrounded by binder, it is
difficult to compare the exact microstructure and the
occurring phases within the ZnAlMg flake with other
studies,[40,41] to our knowledge these studies are limited
to hot‐dip galvanised samples. However, the above‐
mentioned size of the flakes used is in a range where
we can assume a high activity, which is also in agreement

with other literature that have shown that finer micro-
structures in ZnAlMg alloys lead to better corrosion
protection.[40,41] The following results contribute to our
understanding of the working mechanisms of the two
different zinc flake systems named in Table 2a,b.

3.1 | Accelerated laboratory and
real‐life corrosion tests

Figure 2 shows the results of three different accelerated
laboratory corrosion tests, which are (a) SST, (b) constant
humidity test and (c) ACT II. Further, in (d and e) two
outdoor exposure tests (countryside and city climate)
with scratched panels are compared.

Panels a1 and a2 show that especially in the salt spray
test, the mixed and alloyed system (Table 2a,b) behaves
completely differently. On the one hand, we see in a1 white
rust formation on the complete panel with the mixed
coating system. In contrast to this, the alloyed zinc flake

TABLE 2 Metallic contents of the dry zinc flake coatings used
in this paper.

Component

Zn
content
(%)

Al
content
(%)

Mg
content
(%)

(a) Mixed flake
system

Zinc flake 70.1 – –

Aluminium flake – 7.7 –

ZnAlMg flake 0 0 0

(b) Alloyed flake
system

Zinc flake 14.8 – –

Aluminium flake – 4.3 –

ZnAlMg flake 51,4 3,5 3,5

(c) Single flake
system (Zn)

Zinc flake 80.9 – –

Aluminium flake – 0 –

ZnAlMg flake 0 0 0

(d) Single flake
system (ZnAlMg)

Zinc flake 0 – –

Aluminium flake – 0 –

ZnAlMg flake 71.4 5.4 5.4

Note: The remainder not mentioned in the table consists of inorganic binder
(titanates and silicates) and additives (rheological and dispersing).
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system in a2, with mainly ZnAlMg alloy flakes, shows a
more passive behaviour without building up visible corro-
sion products at the intact area and only very slight white
rust in the scratch. This white rust resistance is often
required by the automotive industry. We only observe a
slight change in colour towards a darker appearance.

Panels b1 and b2 display a second test in a constant
climate according to DIN EN ISO 6270‐2, which creates
an atmosphere of 100% relative humidity at ∘40 C. Due to
the lack of salt in the electrolyte and the corresponding
low conductivity, we are facing a completely different
appearance of both coating systems after 1000 h inside
the corrosion chamber. We cannot see white rust in the
intact area, independent of the coating system. In b1, the
mixed system only shows minor zinc corrosion products
in the scratch.

Panels c1 and c2 are the results for an exemplary
cyclical corrosion test which is required in the automo-
tive industry from Volvo Cars (VCS 1027,1449). Cyclical
tests are characterised by changing environmental
conditions. Inside the applied scratch, we can observe
in c1 white rust for the mixed zinc flake but no white rust
for the alloyed zinc flake sample in c2.

Panels d1, d2, e1 and e2 compare the previously
mentioned results with 6 months of outdoor exposure in
an urban climate in Vienna (d1 and d2) and rural climate
in Herdecke (e1 and e2). It is fundamental to note that
we see critical distinctions in the cathodic corrosion
protection of the scratched areas. The mixed coating
system with pure zinc and aluminium flakes is still able
to protect the scratch (d1 and e1) while the alloyed
system with mainly ZnAlMg‐flakes is not able to build up
a sacrificial protection of the damaged region, which
results in the formation of red rust (d2 and e2). The
comparison between the corrosion results in the SST (1.5
months) and outdoor exposure trials emphasises once
again that there is no correlation between the results in a
very active atmosphere like SST and a more passive
atmosphere like outdoor exposure. While we see red rust
in the scratch after 6 months of outdoor exposure which
is below typical corrosion requirements, we do not see
any red rust in the SST after 1000 h (1.5 months) which is
a relatively high requirement from typical automotive
specifications.

Therefore, while it is well known that the environment
has a direct impact on the corrosion protection mechanism,
fulfilling corrosion requirements from short‐term simulation
tests, as required in various industries, is no guarantee for
long‐lasting corrosion protection during outdoor weathering.
The planning and interpretation of accelerated tests and
natural exposure results are thus crucial.

3.2 | ICP‐MS results

Using an ICP‐MS flow cell approach on steel panels
coated with zinc flake systems, we now provide further
insight into the corrosion mechanism for explaining the
differences in the various standardised corrosion tests
described above. We are able to study different dissolu-
tion rates of the included metals.

When using mixed and alloyed zinc flake systems
(Table 2a,b), there can be overlapping effects of the
individual flakes on corrosion rates. Therefore, to
decouple the contributions of the different flakes we
now use single zinc and single ZnAlMg flake systems
(Table 2c,d).

First, Figure 3 shows the results of the dissolution
rates of single flake systems. We have conducted a 40min

FIGURE 2 Corrosion results with a mixed zinc flake system
(left column a1–e1) and an alloyed zinc flake system (right column
a2–e2) after different corrosive loads. a1/a2: after 1000 h salt spray
test according DIN EN ISO 9227; b1/b2: After 1000 h humidity test
according DIN EN ISO 6270‐2; c1/c2: after six cycles (6 weeks) ACT
II test according VCS 1027,1449; d1/d2: after 6 months of outdoor
exposure in Vienna (Austria); e1/e2: after 6 months of outdoor
exposure in Herdecke (Germany).
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open circuit potential (OCP) measurement coupled to the
ICP‐MS with a 1mM NaCl electrolyte at a pH‐value of 7.
Further, the activity during corrosion protection can be
obtained by comparing (a and c) undamaged coating
systems and (b and d) samples with a 1mm scratch
which goes through to the base metal.

Even though the NaCl concentration used is much
lower than, for example, in SST, we assume that the basic
corrosion reactions occur in a similar way on the surface,
which can be easily detected due to the very high
sensitivity of ICP‐MS. The ICP‐MS setup is not suitable
for high salt concentrations as in SST (800mM), which is
why we worked with a maximum concentration of 80
mM in the further experiments, which corresponds to the
NaCl content from the ACT II test (Table 1).

In terms of the zinc corrosion, two effects can clearly
be derived from Figure 3. First, the pure zinc flake
coating (a and b) shows a higher zinc dissolution current
in both sample conditions compared to the ZnAlMg
system (c and d). In panel a, we see that the current
density at the intact surfaces for the pure zinc (24 μA/
cm2) is twice as high as the rate of dissolution for the
ZnAlMg alloy in c (12 μA/cm2). For the scratched
samples, in b, the surface with pure zinc (70 μA/cm2)
shows almost three times the current density of the

alloyed system in d (27 μA/cm2). Even considering the
slightly lower zinc contents in the single ZnAlMg system
compared to the single zinc system, once normalised to
the same equivalent zinc content in Figure 3c,d, the
current density increases only marginally (to 14 and
30 μA/cm2, respectively).

Second, though a significant area of the analysed surface
is the blank steel in b and d, we observe higher current
densities of zinc dissolution after applying a 1mm scratch.
Here the zinc is cathodically active and protects the steel
sacrificially from corroding (i.e., no Fe dissolution detected).
This effect is much more pronounced on the samples with
pure zinc, which indicates that this system more actively
dissolves compared to the ZnAlMg system.

In contrast to the cathodically protective surfaces,
Figure 4 shows that we can observe Fe‐dissolution when
using a passive coating system like an epoxy‐based
cathodic dip coating with a 1mm scratch or using
uncoated S235JR steel panels. This proves that we can
detect elements with the ICP‐MS method, which are
deposited on the surface as insoluble corrosion products
such as red rust or white rust. This is further supported
by the fact that the scribed sample with the passive
cathodic dip coating shows red rust in the scribed area
after the 30min OCP test (Figure 4).

FIGURE 3 Inductively coupled plasma mass spectrometry (ICP‐MS) measurements (40 min OCP) with 1mM NaCl electrolyte with
different flake coatings with and without defects. (a) Pure zinc flake coating (intact); (b) Pure zinc flake coating (1 mm scratch); (c) pure
ZnAlMg alloy flake coating (intact); (d) pure ZnAlMg alloy flake coating (1 mm scratch). The Zn normalised line in c and d is normalised to
the equivalent zinc content of the single zinc flake system.
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In addition, in Figure 3c,d, a magnesium dissolution can
be observed from the alloyed flake in the initial seconds,
which, however, drops to a significantly lower level within
10min. Aluminium does not dissolve, which is consistent
with the Pourbaix diagram, as it is passive at pH 7.

These data suggest that the surface oxides formed
moderate the dissolution rate. Regarding the different
surface oxide species, the zinc oxide retards the dissolu-
tion to a lesser extent compared to the magnesium and
aluminium oxides, which appear to slow down the
dissolution kinetics of the sacrificial zinc corrosion more
effectively.

Regarding the stability of the coating and its
continued cathodic protection, there is a further interface
that should be considered between the newly formed
oxides and the binder matrix. Hausbrand et al. found that
the interface between the metal oxides and a polymer
binder is highly relevant to cathodic delamination. Due
to the negative potential of polymer‐coated MgZn2,
which is a main phase in ZnAlMg, cathodic delamination
is completely inhibited in these coatings, thus influen-
cing also the cathodic corrosion protection.[42] The
system used here, with an inorganic matrix is more
porous than the polymer systems, contains a high
concentration of metallic flakes (Table 2) to maximise
the contact between them. Although we have not
explored the direct influence of the interface between
the binder and oxide specifically in these experiments,
and do not see macroscopic delamination as a result of
the changes oxide growth causes at this interface, it
should be considered that it could also influence the
dissolution kinetics.

In this wet and saline environment, the two tested
substrates show no Fe dissolution which proves that the
base metal in the scratched area is protected, irrespective

of the zinc dissolution kinetics. These findings are in line
with the results from Figure 2a1,a2. Both the mixed
system and the alloyed system can therefore provide
cathodic protection in this salt‐rich environment, as the
zinc flakes are actively dissolving. Also, the more passive
behaviour of the alloyed system fits to the outdoor
exposure results from Figure 2d2,e2. Here, the alloyed
system with the ZnAlMg flakes embedded in the binder
matrix is probably not activated sufficiently to provide
cathodic protection.

Due to the predominant role of zinc for corrosion
protection, we have further analysed the cathodic corrosion
behaviour in Figure 5. In addition to the pure zinc flake, we
have further included the two test recipes of zinc flake
coatings which are already described previously (Table 2a,b).
Figure 5a shows that for undamaged coatings the zinc
current densities are almost equal for the mixed system and
the pure zinc flake system. The dissolution rate of the pure
ZnAlMg system is equal to the alloyed system, owing to the
predominant flake type in the test recipe.

In the event of damage being applied, the Zn‐current
densities in Figure 5b split up and again confirm the
different zinc dissolution activities of the coating
systems. The single flake system made from pure
ZnAlMg forms the lower extreme, whereas the other
coating systems increase their Zn current densities
according to the content of pure zinc flake. Hence the
single flake system with pure zinc and the mixed system
show the highest Zn current densities.

Figure 2 already indicates the influence of different
corrosive atmospheres on the corrosion mechanism of
zinc flake systems. Thus we subsequently conducted ICP‐
MS measurements with different electrolytes to further
assess the impact of salinity on the zinc dissolution rates.
The findings are plotted in Figure 5c for the electrolytes
MilliQ water, 1 mM NaCl and 80mM NaCl. One can
directly see that the nonconductive environment with
MilliQ water leads to the same zinc dissolution rate,
irrespective of whether there is damage or not. The
presence of a 1mm scratch does not result in any
significantly elevated zinc dissolution.

In contrast, in 1mM NaCl electrolyte, a clear
difference is visible between the scratched and the ideal
state. When damaged, the zinc dissolves much faster,
which leads to the cathodic protection of the steel.
Higher concentrations at 80mM NaCl solutions further
increase the zinc current density.

In general, these findings confirm the results of the
corresponding corrosion tests (Figure 2), where the
mixed zinc flake system with mainly zinc flakes shows
an active behaviour and tends to form white rust in a
saline environment like the salt spray test. The alloyed
system shows higher passivity which can be seen in the

FIGURE 4 Fe current densities on an S235JR sample coated
with a passive epoxy‐based cathodic dip coating with a 1mm
scratch and Fe current densities on uncoated steel panels (S235JR)
with two different electrolyte concentrations.
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lower zinc dissolution and also in the results of the
corrosion tests with a clear tendency to form less white
rust. Further, with all tested electrolytes no Fe‐
dissolution can be detected which proves the cathodic
corrosion protection capability of zinc flake systems.

When comparing ICP‐MS results and outdoor ex-
posures (experiments d/e in Figure 2), the data seems to
suggest that a certain level of dissolution of the
transiently forming passive film is necessary to ensure
cathodic protection via zinc dissolution across the oxide
which is also in line with our expectations. In particular,
the more passive alloyed system shows red rust forma-
tion under mild outdoor exposure, while the more
actively dissolving mixed system prevents red rust
formation during outdoor exposure, which is also
indicated in other studies on ZnAl coatings.[43]

Hence, the assumed formation of the oxides within
the coating moderates the rate of zinc dissolution,
making the alloy more resistant to the aggressive salt‐
rich environments and the mixed system, with its higher
Zn‐dissolution rates, ideally protects the underlying steel
well in milder conditions. Therefore, it is necessary to
tune the coating composition to the environment in
which protection is required.

At this point, it should be mentioned that the specific
situation of zinc flakes embedded in a binder system
(here: relatively porous titanates) can influence the
activity of the flakes present. Several studies have shown
that the cathodic protection in inorganic binders is
significantly greater than in organic epoxy systems,
which is presumably due to the fact that the porous
structure of the titanates allows better contacting of the
flakes with each other and the easier penetration of water
to provide better overall conductivity and thus better
cathodic protection.[12,44,45] Further development of
customised zinc flake coatings and alloy systems for
specific environments will enable tailored coatings with
superior performance.

4 | CONCLUSIONS

In summary, the presented data indicate that the
environment and in particular how salt affects the
sacrificial zinc dissolution rate is a key moderator for
performance of zinc flake coatings. Our data indicate that
the native oxide stability of the various alloys controls the
zinc dissolution.

FIGURE 5 Inductively coupled plasma mass spectrometry (ICP‐MS) measurements (40 min OCP) with (a) intact zinc flake coatings
and (b) predamaged zinc flake coatings with 1mm scratch with a 1mM NaCl electrolyte. (c) Average Zn‐current density from OCP
measurements with different electrolytes with increasing salt concentrations (normalised to zinc content from single zinc flake system).
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Although accelerated laboratory corrosion tests
like salt spray tests and cyclical corrosion tests are
commonly used to predict the behaviour of coatings in
real‐life conditions, we observed discrepancies
between all laboratory corrosion tests and the outdoor
exposure tests. The chloride concentration of the
media under these various conditions appears to be a
key aspect moderating the dissolution rate and hence
sacrificial zinc dissolution. ICP‐MS flow cell experi-
ments further support the specific zinc dissolution of
current densities under different electrolytes and
sample conditions.

The detailed findings of this study can be summarised
as follows:

• Accelerated corrosion tests have limitations in predict-
ing the general corrosion behaviour of cathodically
protective surfaces such as zinc flake coatings.
However, with a careful interpretation of accelerated
laboratory tests, in terms of expected chloride exposure
in the field, various situations can be predicted.

• The mixed flake system which consists of zinc and
aluminium flakes shows a higher zinc dissolution rate
compared to the alloyed flake system. This agrees with
the increased formation of white rust of the mixed zinc
flake system in laboratory tests.

• Higher zinc dissolution rates are necessary to build up
a good corrosion protection in outdoor exposures with
typically low salt concentrations.

• The alloyed system, with ZnAlMg, shows a more
pronounced passive behaviour, with a factor of 2–3
lower passive zinc dissolution currents. In salt‐rich
environmental conditions (e.g., SST and ACT II test)
this has the advantage of suppressing the formation of
visible white rust, while still delivering cathodic
corrosion protection.

• Conversely, mild environments without salt lead to
less zinc dissolution, and hence lower cathodic
corrosion protection, which results in a corrosive
attack of the base metal (red rust).

Where the ZnAlMg is present, the suppressed zinc
dissolution rate appears to derive from the passivation of
the alloy by an effective oxide barrier. Although we
believe the oxide to have the greatest influence, its
interaction with the binder at the flake‐binder interface
could also change the dissolution kinetics for different
alloys. Future research must focus on how oxide growth
mediates zinc dissolution and cathodic corrosion protec-
tion in different environmental conditions. Furthermore,
the influence of the binder and the impact of topcoats on
the corrosion mechanism should be integrated into
future studies.
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