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Abstract
In this study, a lamellar corrosion protection coating filled with zinc,
zinc‒magnesium, and aluminum flakes using the polymer-derived ceramic route
is developed. The goal is to investigate the potential of polysilazanes as matrix
material for zinc-filled base coats providing enhanced temperature stability.
Therefore, emphasis is placed on the investigation of the influence of the treat-
ment temperature on the microstructure of the coating using scanning electron
microscopy and X-ray diffraction as well as on the mechanical properties using
scratch tests. Additionally, the effect of different filler compositions on the pro-
tection properties is studied. The best corrosion protection in 5 wt.% sodium
chloride solution is attained with a zinc content of 37.5 vol.%, a magnesium con-
tent of 30 vol.%, and an aluminum content of 12.5 vol.%. The coating system
exhibits improved temperature stability up to 400◦C. At higher temperatures the
oxidation of the zinc and the zinc‒magnesium fillers leads to a severe reduc-
tion in corrosion protection. The scratch resistance is not affected by the thermal
treatment.

KEYWORDS
corrosion protection, lamellar Zn‒Mg‒Al coatings, preceramic polymer-derived coatings,
saltwater corrosion

1 INTRODUCTION

Corrosion protection of alloys is a topic of constantly
growing importance. In addition to the monetary aspect
of having less material damage and longer service life,
which is in the range of billions of dollars per country and
year,1,2 corrosion protection enhances the reliability of
components and systems preventing damages to humans
and the environment. One of the most effective and
common strategies to protect metals from the corrosion
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original work is properly cited.
© 2025 The Author(s). Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

in salt water are coatings on the basis of zinc. Such
coatings offer a cathodic protection to steel components
due to the ignoble character of zinc in comparison to
iron. This is accompanied by the advantage that zinc
is able to provide its protection over a certain local dis-
tance, so even regions where the coating is damaged
or scratched are still protected. Zinc coatings are often
applied as metallic coatings via galvanization. These
corrosion protection coatings are widely investigated
in many studies. The protection performance of such
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coatings can be enhanced by the addition of several
alloying elements such as magnesium,3–9
aluminum,3,4,8–12 or nickel.13–15 An extension of the
lifetime of more than 300% depending on the corro-
sion setup and the composition of the alloy has been
reported.6,7,9,16 Disadvantages of such an application
process are the emergence of harmful gases and the pos-
sibility of hydrogen embrittlement of steel substrates.17–21
An alternative to the galvanization process is the appli-
cation of coatings, in which zinc is present as a filler
embedded in an organic or inorganic matrix,22–28 so-called
zinc-rich coatings. Especially lamellar coatings are favored
due to the barrier effect of the flakes,29–31 which slows
down diffusion of electrolyte through the coating and
hence provides improved protection. Zinc-rich coatings
are applied by spraying or dipping processes where no
hydrogen is formed and impairment of the steel by
hydrogen embrittlement is avoided. Further advantages of
zinc-rich coatings are the simple control of the application
process, the possibility to repair the coatings and that
the duration of protection can be easily tailored by the
thickness and composition. In the field of automotive
components, lamellar zinc coatings are used to protect
springs, brake, and chassis components as well as fasten-
ing elements.32–35 Moreover, the agricultural, aviation, and
renewable energy sectors are further fields of application
with increasing importance.
Themost commonmatrixmaterial for zinc-rich coatings

are epoxy resins.30,31,36–38 They offer a very good adhesion
tometals and are stable in corrosive environments,38,39 but
limit the application temperature of the coatings to a max-
imum of 250◦C due to thermal decomposition of the epoxy
matrix.40 Furthermore, high extents of fillers are necessary
to ensure electroconductivity between the filler particles
and with the substrate.26,31 In general, a high amount of
fillers in an organic polymer matrix makes such zinc-filled
coatings susceptible to mechanical loads like scratching or
abrasion.25,27,31,41
To overcome these problems polysilazanes could be a

suitable alternative matrix material. Polysilazanes are pre-
ceramic polymers that also offer high chemical stability,
which is necessary to withstand the corrosive environ-
ments over long periods of time.42–45 Additionally, they
have excellent adhesion tometal surfaces due to the forma-
tion of covalent bonds.46,47 Polymer and ceramic coatings
based on polysilazanes can be prepared of up to 100 µm in
thickness by spraying using the polymer-derived ceramic
technique.48,49 The properties of the coatings can easily be
modified by the addition of a variety of fillers.49,50 During
a thermal treatment usually at temperatures higher than
500◦C in a furnace, the silazanes are transformed into a
ceramic material leading to an increase in the mechani-
cal properties.51 Therefore, unlike epoxy resins, elevated
temperatures do not cause a loss of mechanical proper-

ties or decomposition of the matrix, but could enhance
the mechanical properties of the coatings. Furthermore,
polysilazanes can reduce the oxidation of the zinc particles
at elevated temperatures.
However, the usage of polysilazanes as matrix mate-

rial could cause some problems. One problem could arise
through the electrically insulating character of the poly-
mers. Due to the high affinity of polysilazanes to metals,
zinc particles might be coated leading to an impairment of
the electrical contacts between them, which are essential
for the cathodic protection.
In this study, the development of lamellar zinc-based

corrosion protection coatings with polysilazanes as matrix
material is presented. The goal was to figure out the
potential of the coatings regarding temperature stability,
mechanical properties, and corrosion protection of the
steel substrates. The study focused on the influence of the
thermal treatment on the microstructure and the corro-
sion protection of the coatings. Additionally, in order to
improve the protective properties, the effect of different
fillers (Al and Mg) and their contents was investigated.

2 MATERIALS ANDMETHODS

All used materials are commercially available. The steel
1.7335 (13CrMo4-5, HSM Stahl- und Metallhandel GmbH)
was chosen as substrate due to its widely industrial use, for
example, for apparatus construction and its comparatively
low intrinsic corrosion resistance. Sheets with a thickness
of 2 mmwere cut in the dimensions of 70mm × 30mm. To
remove the oxide layer on the surface of the sheets, sand-
blasting was used followed by cleaning with acetone in an
ultrasonic bath for 20 min and drying. The composition of
the steel is given in Table 1.
For all coating systems the silazane precursor Durazane

1800 (Merck KGaA) was selected because of its high
chemical resistance, its good adhesion to metals, and its
commercial availability. As anticorrosive fillers zinc flakes
ProFLAKE Zn 1400, zinc‒magnesium flakes STAPA 15
ZnMg26 with 26 wt.% of magnesium (both from ECKART
GmbH) and aluminum flakes APS 11 micron (Alfa Aesar
GmbH & Co. KG) were used. The particle size distribu-
tion of the filler materials was analyzed with a particle
size analyzer (PSA 1190, Anton Paar GmbH). The prepara-
tion of the coating slurry started with the dissolution of the
dispersant (DISPERBYK2151, Byk-ChemieGmbH) in di-n-
butylether (>99%, Acros Organics) before the zinc flakes,
zinc‒magnesium flakes, and aluminum flakes were added.
Afterwards a mixture of Durazane 1800 and 3 wt.% of the
crosslinking initiator dicumyl peroxide (Sigma‒Aldrich
GmbH) was added.
The coatingswere applied on both sides of the substrates

with a semiautomatic spraying device equipped with a
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TABLE 1 Chemical composition of the steel 1.7335.

Element C Si Mn P S N Cu Cr Mo Fe
Min (wt.%) 0.08 – 0.40 – – – – 0.70 0.40 Bal.
Max (wt.%) 0.18 0.35 1.00 0.025 0.010 0.012 0.30 1.15 0.60 Bal.

spray nozzle (model 780S, Nordson EFD) followed by a
temperature treatment in a chamber furnace (N 60-HR,
Nabertherm GmbH) at 250◦C for 1 h in air with a heat-
ing rate of 3 K/min. This treatment was chosen to ensure
a sufficient crosslinking of the precursor49,52 and to avoid
thermal stressing of the fillers and the substrate mate-
rial. To test the high temperature stability of the coatings,
further treatments were carried out up to 500◦C.
To evaluate the microstructure of the coatings, a scan-

ning electron microscope (Gemini Sigma 300VP, Carl
Zeiss AG) equipped with an energy-dispersive X-ray spec-
troscopy (EDS) detector (Octane Super, EDAX, AMETEK
GmbH) was used. The acceleration voltage was 10‒15 keV
and the working distance 8.5 mm. Scratch resistance tests
were performed with a scratch hardness tester (Lineart-
ester Model 249, ERICHSEN GmbH & Co. KG) with a
moving stylus according to DIN ISO 1518 (Ø 1 mm, scratch
speed 35 mm/s) at constant loads. The scratches were eval-
uated with a digital microscope (DSX 1000, EVIDENT
Europe GmbH).
During the development of the coating system an easy

and quickly applicable corrosion test was used to charac-
terize the corrosion protection performance of the coatings
with different filler compositions (according to standard
DIN 50905-4). Therefore, a 35 mm long artificial scratch
was applied to the coated samples and they were subse-
quently exposed to a non-stirring aqueous 5 wt.% sodium
chloride (NaCl) solution for 840 h at room temperature.
The samples were placed in a 50◦ angle to the horizontal
and the solution was renewed every 168 h (1 week).
After studying the compositions, a selected coating sys-

tem was investigated regarding its corrosion protection
performance by the neutral salt spray (NSS) test and the
continuous condensation test (CCT) performed according
to the standards DIN EN ISO 922753 and DIN EN ISO 6270-
154 by Dörken Coatings GmbH & Co. KG. For these tests,
coated samples in the size of 100 mm × 100 mm were cov-
ered at the backside as well as at the cut edges with a
protective adhesive tape and epoxy resin, respectively. A
perpendicular scratch of 1 mm width and 50 mm length
was applied on the coating before the test. The salt spray
test was performed at a temperature of 35◦C and contin-
uous spraying of an aqueous 5% NaCl solution, whereas
the CCT was conducted at 40◦C at 100% relative humidity.
Three samples were analyzed in each test.
To identify the corrosion products on the surface of

the samples and to analyze the coatings phase composi-

tions, X-ray diffraction (XRD)measurements (D8Discover,
Bruker Corporation) in Bragg-Brentano geometry with Cu
Kα radiation in the 2θ range of 10◦–90◦ were performed. A
step size of 0.02◦ and a time per step of 0.4 s were chosen.

3 RESULTS AND DISCUSSION

3.1 Characterization of the filler
materials

As mentioned before, the coatings contain zinc, mag-
nesium, and aluminum as active anticorrosion fillers.
It is well known that the different fillers and their
amount have an effect on the corrosion protection behav-
ior. Zinc is the main component because of its ability
to cathodically protect iron. Magnesium and aluminum
enhance the corrosion protection of the coating system
in chloride containing environments.55–57 All metal fillers
are ignoble and have a low electrochemical potential.
When magnesium and aluminum are used in combi-
nation with zinc, the formation of non-soluble corro-
sion products like Simonkolleite58–62 or layered double
hydroxides (LDHs)5,60,63–65 (such as zinc aluminum car-
bonate hydroxides) is observed. These corrosion products
can form dense and protective layers on the surface
of the samples. The exact mechanism of action has
not been fully explained. There are various assump-
tions given in the literature.6,9,59,66 From electrochemical
impedance spectroscopy measurements, it was concluded
that Simonkolleite suppresses the oxygen reduction reac-
tion by blocking the cathodic reaction sites.63,67 Further-
more, it was suggested that Simonkolleite is stabilized in
the presence ofmagnesium.6,9,63,67 In general, it can inhibit
diffusion by forming dense and non-soluble layers. LDHs
also form very stable and dense layers that shield the cor-
rosivemedium and inhibit diffusion.60,68–71 However,most
authors agree that these layers of corrosion products are
the reason for the improved corrosion protection.
The metallic fillers were examined with regard to their

particle size distribution (Table 2) and crystal phase com-
position (Figure 1).
The zinc and the zinc‒magnesium flakes had similar

particle size distribution while the aluminum flakes were
slightly smaller. The XRD analysis of all fillers showed
only peaks corresponding to their respective crystal
phases. The pattern of the zinc‒magnesium flakes showed
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TABLE 2 Particle size distribution of the metallic fillers.

Distribution
value

Zn flakes
(ProFLAKE
Zn 1400)

ZnMg flakes
(STAPA 15
ZnMg26)

Al flakes (APS
11 micron)

D10 (µm) 8.9 6.6 2.1
D50 (µm) 16.4 14.3 7.5
D90 (µm) 24.6 25.1 18.3

F IGURE 1 X-ray diffraction (XRD) analysis of the metallic
fillers Zn, ZnMg, and Al.

predominantly the presence of the MgZn2 phase. Some
less intense peaks were attributed to Zn, Mg, and Mg7Zn3.
The MgZn2 phase is known to provide a good corrosion
protection performance.66

3.2 Investigation of the coating
composition

To obtain a sacrificial corrosion protection, the metallic
fillers need to form an electrically conductive intercon-
nected network and an electrically conductive connection
to the substrate. Therefore, the total volume fraction of
fillers needs to be sufficiently high to prevent an insula-
tion of the filler particles by the non-conductive matrix
material. However, as the filler content increases, the cohe-
sion of the coating components decreases due to reduced
availability of binder tomaintain the cohesion among filler
particles. Therefore, it was first necessary to determine
the optimal filler/Durazane 1800 ratio. As a result, the
cohesion of the coating cannot be maintained with a filler
content of more than 85 vol.% relative to the total coating
volume, while a content of less than 50 vol.% avoids the
formation of an electrically conductive network. There-
fore, a total amount of 80 vol.% of all fillers was used for
all coatings prepared in this study to ensure mechanical

TABLE 3 Compositions of the Zn‒Mg‒Al‒Durazane 1800
corrosion protection coatings with varying magnesium content.

Coating system Z1 Z2 Z3
Zinc content (vol.%) 45 37.5 30
Magnesium content (vol.%) 20 30 40
Aluminum content (vol.%) 15 12.5 10
Durazane 1800 (vol.%) 20 20 20

cohesion of the coatings and to provide sufficient electrical
connection between the filler particles.
In order to optimize the corrosion protection properties

and to study the influence of the individual proportions of
fillers, the content of the respective filler was varied. Sam-
ples coatedwith three different compositions of 20, 30, and
40 vol.% ofmagnesium and constant volume ratio between
zinc and aluminum of about 3:1 (Table 3) were prepared
(according to the procedure described above) and exposed
to 5 wt.% NaCl solution for 840 h. Images of the corroded
samples are shown in Figure 2. The samples were qual-
itatively evaluated with regard to the following criteria:
formation of red rust and white rust at the surface, protec-
tion of the sample edges, and protection of the scratched
region.
As shown in Figure 2, the corrosion protection perfor-

mance of the coatings differed with varying magnesium
content. For the magnesium content of 20 vol.% (system
Z1), only a small amount of red rust was noted, while white
rust was observed throughout the entire surface. White
rust is a typical corrosion product of zinc. At the edges no
corrosion damagewas visible, but the formation of red rust
started in the scratch.With increasingmagnesium content
(systems Z2 and Z3), the formation of white rust was pre-
vented so almost no corrosion damage was visible at the
surface. However, the protection of the edges decreased
and the resulting amount of red rust increased with the
magnesium content. It is noteworthy to mention that the
origin of a corrosion site appeared preferentially at the edge
of the samples and grew further toward the middle of the
sample. In the sample with 30 vol.% ofmagnesium (system
Z2), the scratch was free of red rust whereas some red rust
was detected in the 40 vol.% sample (system Z3).
The lack of white rust at higher magnesium contents

than 20 vol.% shows that a certain amount of magne-
sium is necessary to suppress the formation of white rust.
The increase in magnesium content was correlated with a
decrease in zinc content with zinc being the filler responsi-
ble for long-distance protection. Therefore, the protection
of the edges was negatively affected because these regions
were under particular corrosion attack. This led to an
increased formation of red rust at higher magnesium con-
tents starting from the edges of the samples. On the basis
of these results, a magnesium content of 30 vol.% (coating
system Z2 with 37.5 vol.% zinc, 30 vol.% magnesium, and
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F IGURE 2 Optical images of the scratched Zn‒Mg‒Al‒Durazane 1800 coated steel 1.7335 samples with varying magnesium content
treated at 250◦C for 1 h in air and corroded in 5 wt.% aqueous NaCl solution for 840 h as well as a qualitative evaluation of the samples.

F IGURE 3 Optical images of the scratched Zn‒Mg‒Al‒Durazane 1800 coated steel 1.7335 samples with varying aluminum content
treated at 250◦C for 1 h in air and corroded in 5 wt.% aqueous NaCl solution for 840 h as well as a qualitative evaluation of the samples.

TABLE 4 Compositions of the Zn‒Mg‒Al‒Durazane 1800
corrosion protection coatings with varying aluminum content.

Coating system Z4 Z2 Z5
Zinc content (vol.%) 45 37.5 30
Magnesium content (vol.%) 30 30 30
Aluminum content (vol.%) 5 12.5 20
Durazane 1800 (vol.%) 20 20 20

12.5 vol.% aluminum)was the best composition to avoid the
formation of red and white rust and therefore selected for
further investigations.
To understand the effect of the aluminum content on

the corrosion protection properties of the coating system
based on Z2, the volume fraction of aluminum was varied
between 5 and 20 vol.%. The compositions of the coatings
are given in Table 4. The samples were tested under the
same conditions as described before. Figure 3 shows the
optical images of the corroded samples.

The reduction of the aluminum content (system Z4)
compared to coating system Z2 went along with an
increase of zinc content. This led to the formation of white
rust at the surface of the sample. Furthermore, red rust
appeared at the edge of the sample. In the scratch, white
rust was observed as the main corrosion product. The
overall protection behavior of the coating was compara-
ble to the protection effect of system Z2. An increase of
the aluminum content to 20 vol.% (system Z5) led to a very
strong formation of red rust at the sample edge and in the
scratch. The increase went along with a reduction of the
total amount of zinc in the coating. Therefore, the protec-
tion of the edges and the overall performance of the coating
decreased significantly. Obviously, no white rust formed in
this system.
Due to the formation of white rust in coating system

Z4 and the strong formation of red rust in system Z5
an aluminum content of 13 vol.% (system Z2) seemed to
be an optimum to provide a good corrosion protection.
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F IGURE 4 Scanning electron microscopy (SEM) cross-sectional images of steel 1.7335 samples coated with composition Z2 treated at (A)
250◦C, (B) 300◦C, (C) 400◦C, and (D) 500◦C for 1 h in air.

Therefore, no further modifications of coating system Z2
were necessary.

3.3 Effects of the thermal treatment on
the coating system Z2

The silazane was used as matrix material to increase the
temperature stability of the coating system. The treat-
ment temperature influences the coating system in several
aspects such as coating thickness, porosity, and formed
phases. Initially, the influence of the treatment temper-
ature on the microstructure of coating system Z2 after
curing in air between 250◦C and 500◦C was investigated.
Figure 4 shows the SEM cross-sectional images of the
microstructure of the respective samples.
The micrographs show a homogeneous distribu-

tion of zinc flakes (bright), aluminum flakes (dark),
and magnesium flakes (bright with dark spots). At
400◦C and more pronounced at 500◦C, the zinc and
zinc‒magnesium flakes began to lose their shape, as zinc
has a melting point of 419◦C. However, the aluminum
flakes with a melting point of 660◦C retained their shape

F IGURE 5 Coating thickness and porosity of the coating
system Z2 at different treatment temperatures in air.

and stabilized the coating. EDS analyses of the coating
surfaces (Table 5) indicated a strong oxidation of the
zinc particles, which was confirmed by XRD analysis
(Figure 6). As depicted in Figure 5, the coating thick-
ness did not significantly change with the treatment
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TABLE 5 Energy-dispersive X-ray spectroscopy analyses of the coating surface (system Z2) after treatment at 250◦C and 500◦C for 1 h in
air as well as of the thermally grown oxide (TGO) layer formed during treatment at 500◦C for 1 h in air.

Analyzed area

Element (shell)
O K Mg K Al K Si K Fe K Zn K

Coating surface treated at 250◦C
Atomic % 16.9 19.1 23.7 3.7 – 36.7
Error (%) 9.4 9.1 8.0 10.3 – 4.8

Coating surface treated at 500◦C
Atomic % 34.8 18.1 17.8 3.1 – 26.3
Error (%) 7.7 8.6 7.6 9.3 – 4.5

TGO layer (treated at 500◦C)
Atomic % 35.1 – 2.8 2.3 59.8 –
Error (%) 6.4 – 11.1 10.3 2.9 –

temperature, but the porosity decreased continuously
from about 31% at 250◦C to 10% at 500◦C. The change
in the porosity as a function of the treatment tempera-
ture was investigated by the evaluation of several SEM
images with the software ImageJ and the trainable Weka
segmentation tool. The porosity of about 31% is related
to the high content of fillers of 80 vol.%. The decrease
of the porosity can be explained by the oxidation of zinc
causing an increase in volume. This effect predominates
the shrinkage of the precursor with increasing treatment
temperature, resulting in a constant layer thickness.
Moreover, the formation of a thermally grown oxide

(TGO) layer between the substrate and the coating was
detected at 400◦C and 500◦C. The TGO layer formed by
the oxidation of the surface of the steel substrate and,
according to the EDS analysis (Table 5), consisted mainly
of iron oxide. The layer can disrupt the electrically con-
ductive connection between the coating and the substrate
and therefore inhibit the protection of the substrate in the
event of a corrosive attack, which has a negative effect on
the corrosion protection performance.
To gain information about the changes in phase compo-

sition related to the melting of the zinc containing fillers,
XRD analyses at all curing temperatures were performed
(Figure 6). After treatments at 250◦C and 300◦C the peaks
related to zinc and aluminum and two different Mg‒Zn
phases (MgZn2 and Mg21Zn25) were detected. The latter
was not found in the initial analysis of the magnesium
flakes (Figure 1). After a treatment at 400◦C the peaks of
the Mg21Zn25 phase disappeared because of its thermal
stability up to about 350◦C.72,73 The formation of zinc
oxide and zinc magnesium oxide, whose peak positions
are similar, was proven. At 500◦C, the peaks of the MgZn2
phase also disappeared while the peaks of zinc oxide and
zinc magnesium oxide occurred with increased intensity.
Additionally, magnesium oxide was detected. The afore-
mentioned results were in accordance with the findings

F IGURE 6 X-ray diffraction (XRD) analyses of the coating
system Z2 after thermal treatment up to 500◦C for 1 h in air.

from the microstructure analysis. In Figure 4d, a melting
of the zinc and zinc magnesium phases was observed as
well as the formation of zinc oxide indicated by the EDS
analysis. The latter is favored by the high reactivity of
zinc with oxygen at elevated temperatures74 whereby the
porosity of the coating enabled the oxygen access. The
formation of zinc oxide is accompanied by an increase in
volume, which contributed to the reduction in porosity.
The formed zinc oxide cannot participate in the cathodic
protection of the substrate leading to a decreased corrosion
protection of the coating system. This was subsequently
validated by the immersion corrosion test conducted in
aqueous 5 wt.% NaCl solution for 504 h. In Figure 7b,
the sample treated at 400◦C showed white rust at the
scratch and across the surface, which was not seen at
lower treatment temperatures. The corrosion protection of
the sample treated at 500◦C (Figure 7c) was significantly
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F IGURE 7 Optical images of scratched samples coated with system Z2 on steel 1.7335 treated at (A) 300◦C, (B) 400◦C, and (C) 500◦C for
1 h in air and corroded in 5 wt.% NaCl solution for 504 h.

F IGURE 8 Digital microscopy images of scratched samples with coating system Z2 on steel 1.7335 treated at 250◦C for 1 h in air.

reduced. Red rust covered the scratch and zinc oxide
was visually visible as white patina on the surface. This
result demonstrates that the coating system retains a good
corrosion resistance for curing temperatures up to 400◦C.

3.4 Scratch resistance

For the mechanical characterization of the coating system
Z2, scratch tests were performed with forces up to 5 N after
treatment at 250◦C (Figure 8) and 500◦C (Figure 9).
As is clearly visible, the coating system treated at 250◦C

(Figure 8) was already scratched at 2 N. With increasing
force, the width of the scratches increased, which means
a deeper penetration of the stylus into the coating. At 5 N,
parts of the substrate were revealed (Figure 8: exposed area
of the substrate is marked with an arrow). The low scratch
resistance resulted from the porosity of the coating which
is related to the high content of lamellar fillers. Addition-
ally, the fillers and the polymeric precursor themselves are
soft contributing to a low scratch resistance. After the treat-
ment at 500◦C (Figure 9), the scratch width also increased
with the force but in contrast to Figure 8 fragments of the

coating were visible next to the scratch indicating a more
brittle behavior. While some substrate area was revealed
at 4 N, even less area was exposed at 5 N compared to
the treatment at 250◦C. The brittle behavior was a conse-
quence of the beginning transformation of the silazane into
a ceramic material and the reduced porosity of the coat-
ing. Therefore, higher treatment temperatures resulted in
a shift from ductile to brittle behavior, but did not lead
to a significant improvement of the mechanical proper-
ties. It is not possible to compare these values with other
lamellar zinc-based coating systems because of a lack of
information in literature. No studies addressing the scratch
resistance of lamellar zinc coatings are published yet to the
best of our knowledge. Nevertheless, these results demon-
strated the vulnerability of the Zn‒Mg‒Al coating against
scratching.

3.5 Evaluation of the corrosion
protection

The corrosion protection of the coating system Z2 was
evaluated by the NSS test and CCT according to the
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F IGURE 9 Digital microscopy images of scratched samples with coating system Z2 on steel 1.7335 treated at 500◦C for 1 h in air.

F IGURE 10 Representative optical images of coating system Z2 on steel 1.7335 substrates after corrosion for 24, 96, and 240 h in the
neutral salt spray test.

standards DIN EN ISO 9227 and DIN EN ISO 6270-
1. For the tests, the coating system treated at 250◦C
was chosen because it showed the best corrosion pro-
tection in the immersion test conducted in 5 wt.% NaCl
(Figures 2 and 3). The images of corroded samples dur-
ing the NSS test are given in Figure 10. White rust was
formed in the scratch after 96 h. Subsequently, red rust
covered the entire scratch after 192 h, and the test was
stopped after 240 h. No red rust formed on the surface
of the samples. The XRD analysis of the corrosion prod-
ucts (Figure 11) revealed the formation of Simonkolleite
(Zn5(OH)8Cl2⋅H2O, zinc chloride hydroxide hydrate) and a
zinc aluminumcarbonate hydroxide hydrate from the class
of LDHs (Zn0.65Al0.35(CO3)0.175(OH)2⋅(H2O)0.69). The exact

composition of the LDH was not verified, as the diffrac-
tograms of zinc aluminum carbonate hydroxide hydrates
with slight differences in stoichiometry hardly differ from
each other. Additionally, iron(III) oxide hydroxide was
found in the scratch, which is a typical component of red
rust. Simonkolleite and the LDH corrosion product are
found in serval publications addressing zinc-based coat-
ings in salt spray tests.9,56,59,60,75,76 Both are insoluble in
water and therefore are able to form protective layers on
the surface of the coating system which slow down or
inhibit further corrosion.5,58–64 Such a layer is clearly visi-
ble in the SEM image (Figure 11). Therefore, the formation
of an insoluble layer composed of the corrosion products is
proposed to be an important protection mechanism of the
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F IGURE 11 X-ray diffraction (XRD) analysis of the corrosion products and scanning electron microscopy (SEM) image of the
microstructure of corroded coating system Z2 on steel 1.7335 substrates in the neutral salt spray test after 240 h.

coating system. The fact that Simonkolleite and LDH are
the only corrosion products detected, supports the thesis
that these corrosion products are stabilized in the presence
of magnesium.9,63,69,77
Feldmann et al.27 investigated the corrosion behavior

of lamellar zinc coatings on S235JR metal sheets in salt
spray tests according to DIN EN ISO 9227. The coatings
with a thickness of 9‒11 µmcontained zinc, aluminum, and
zinc‒aluminum‒magnesium flakes, filled to an amount of
about 80 wt.% in an inorganic titanate and silicate matrix.
They reported that after a duration of 1000 h in the NSS,
the scratched coating system, composed of a mixture of all
three types of flakes, exhibited slight white rust formation
in the scratch but neither white rust nor red rust formed
on the surface. A detailed investigation of the corrosion
products on the surface was not carried out. However, this
coating system exhibits obviously better corrosion protec-
tion in NSS compared to the Z2 coating system developed
in this study. There are various reasons for the difference
in the protection behavior. As Zubielewicz et al.31 and
Sørensen et al.39 stated, the corrosion protection behavior
is influenced by the amount, size, shape, and composi-
tion of the fillers as well as the porosity of the coating.
While Feldmann et al. used zinc‒aluminum‒magnesium
flakes, in this work zinc‒magnesium flakes were cho-
sen. Other important parameters include the influence of
the matrix material and the porosity of the coatings. The
silazane-basedmatrix used in this study is electrically insu-
lating, which could impair the formation of the electrically
conductive network between the filler particles. This net-
work is necessary for a cathodic protection mechanism.
Additionally, the relatively high porosity of about 30%
might have negatively affected the conductive network and
the formation of a protective corrosion product layer on
the surface, leading to a reduction in corrosion protec-
tion. A direct comparison with other organic or inorganic

zinc-filled coating systems is difficult because most of
the published systems have a significantly higher coating
thickness. Kakaei et al.78 and Zhang et al.79 prepared inor-
ganic coatingswith spherical zinc particles of 70 and 90 µm
thickness, respectively, and achieved protection for 1000 h
in salt spray test. Zhang et al.80 studied an epoxy-based
coating system with zinc‒aluminum‒magnesium flakes,
which had a thickness of 120 ± 10 µm. They observed red
rust after 336 h of salt spray testing. Jagtap et al.81 reported
an epoxy-based lamellar zinc coating system with a thick-
ness of about 70 µm that lasted 1500 h before first signs of
corrosion appeared. Vilche et al.30 also published findings
on epoxy-based lamellar coating systems with thicknesses
varying from 40 to 80 µm. After 2500 h of salt spray test-
ing, they achieved the best results with minimal corrosion
(according to ASTM D 1654-92) using the thickest system.
An epoxy-based coating system with spherical zinc parti-
cleswas investigated byHayatdavoudi andRahsepar.82 The
110 µm thick coating showed red rust in the scratch and
on the surface after 1000 h of salt spray testing, though
the timing of the first occurrence was not mentioned. Qi
et al.83 reported about an epoxy-based coating with a thick-
ness of 80 ± 10 µm, which showed red rust after 25 days of
exposure.
The behavior of the coating system Z2 in a corrosive

environment without salt was additionally investigated
using the CCT. After 240 h of treatment, first signs of corro-
sion were visible as small white rust spots on the surface of
the samples. No additional corrosion occurred until 696 h.
The test was stopped after 1008 h where only a few red rust
spots appeared near the edges of the samples (indicated
by an arrow in Figure 12). These spots resulted proba-
bly from the imperfect semiautomatic spraying process,
which deposited less suspension near the side edges than
in the center, leading to poorer corrosion protection due
to the reduced coating thickness. Magnesium hydroxide
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F IGURE 1 2 Representative optical images of coating system Z2 on steel 1.7335 substrates after corrosion for 240, 696, and 1008 h in the
continuous condensation test.

F IGURE 13 X-ray diffraction (XRD) analysis of the corrosion products and scanning electron microscopy (SEM) image of the
microstructure of corroded coating system Z2 on steel 1.7335 substrates in the continuous condensation test after 1008 h.

(Mg(OH)2) and hydromagnesite (Mg5(CO3)4(OH)2⋅4H2O,
hydrated magnesium hydroxy carbonate) were identified
as corrosion products by XRD and SEM/EDS analysis
(Figure 13). Magnesium hydroxide is a typical corro-
sion product of magnesium and zinc containing coatings
attributed to the higher reactivity of magnesium com-
pared to zinc, which causes the zinc‒magnesium phases
to be preferentially attacked.5,26,63,84,85 Hydromagnesite is
formed frommagnesium hydroxide in the presence of car-
bon dioxide.86–89 Lindström et al.86 studied the corrosion
of magnesium alloys in environments with and without
chloride and carbon dioxide and reported lower corro-
sion rates in the presence of the carbonates compared to
pure magnesium hydroxide, concluding higher protective
effect. Feliu et al.89 investigated the corrosion of magne-
sium alloys in continuous condensation conditions and
ascribed the reduced corrosion to the blocking of active
corrosion sites by carbonates. The protective properties of
magnesium corrosion products are affirmed by the results
of this study. In contrast to the NSS test, the LDH and
Simonkolleite were not detected, which can be attributed
to the absence of chloride ions as previously confirmed by
Diler et al.90 and Rodriguez et al.88 Feldmann et al.27 tested

their aforementioned coating system composed of a mix-
ture of zinc, aluminum, and zinc‒aluminum‒magnesium
flakes in 100% humid atmosphere (according to DIN EN
ISO 6270-2) and obtained no visible formation of white rust
neither in the scratch nor on the surface after 1000 h of
CCT.
The result of our investigations indicate that the forma-

tion of protective corrosion products is an importantmech-
anism against corrosion in humid environments. In the
presence of chloride, protective LDH and Simonkolleite
are formed, while in absence of chloride, magnesium
hydroxide and hydromagnesite are the preferred corrosion
products.

4 CONCLUSION

In the present study, a base coat system for the corro-
sion protection of steel in humid and salt water envi-
ronments using zinc, zinc‒magnesium, and aluminum
flakes in combination with a silazane (Durazane 1800) as
preceramic polymer matrix was developed. The silazane
precursorwas selected to increase the temperature stability
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of the coating system and the metal flakes were responsi-
ble for an active corrosion protection. It was shown that
silazanes are suitable matrix materials for the fabrication
of zinc-based anticorrosion coatings. The best composi-
tion regarding corrosion protection was achieved with
37.5 vol.% zinc, 30 vol.% magnesium, 12.5 vol.% aluminum,
and 20 vol.% Durazane 1800 (coating system Z2). The
investigation of the influence of the treatment temperature
on the microstructure demonstrated that at temperatures
exceeding 400◦C, the base coat was compromised due
to the melting of the zinc containing phases. This along
with the oxidation of the zinc and zinc‒magnesium fillers
led to a reduction in corrosion protection. However, an
increase in temperature stability was achieved compared
to epoxy resin-based coating systems. Scratch tests exhib-
ited a scratch resistance of about 5 N independent of the
treatment temperature.
Corrosion tests under salt spray (240 h) and continuous

condensation (1008 h) conditions revealed that the for-
mation of protective corrosion products is an important
mechanism enhancing the performance of the coating.
The duration of protection in the salt spray test was shorter
in comparison to comparable organic or inorganic zinc-
filled coatings reported in literature. However, it must be
considered that these coatings had a significantly greater
thickness. Nevertheless, in the CCT, the protection perfor-
mance was very good and comparable with other lamellar
zinc coatings.
Summarizing, the coating system possessed an

increased temperature stability up to 400◦C but still
suffered from mechanical vulnerability and oxidation
especially of the zinc fillers at elevated temperatures.
These issues could be solved by the application of an
additional top coat protecting the base coat from oxidation
and mechanical load.
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