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Abstract

Protective ceramic-based coatings are frequently the most suitable solutions for
problems like corrosion and wear. It has been shown that the precursor technol-
ogy is suitable for the preparation of ceramic coatings by pyrolysis in a furnace.
However, the required high temperature for the preparation of the ceramic coat-
ings limits this approach to high temperature-resistant substrates. A very innova-
tive approach to overcome this restriction is the use of laser radiation as a thermal
source for the pyrolysis of the preceramic polymer. In this paper, we report on
a coating system, for steel substrates, consisting of a polysilazane (Durazane
2250) bond coat and a hard and dense top-coat composed of an organosilazane
(Durazane 1800) with tetragonal ZrO, particles and aluminum flakes as fillers
pyrolyzed using Nd:YVO, laser. The aluminum fillers led to a significant
increase in absorption of the laser energy leading to the formation of a dense
coating with a thickness up to 20 um and a mainly cellular/columnar-dendritic
microstructure. The microstructure, mechanical, and tribological behaviors of
these composite coatings are reported and compared to those of laser pyrolyzed
glass/ZrO,-filled polysilazane-based coatings reported in the literature.

KEYWORDS
environmental barrier coating, laser pyrolysis, mechanical properties, polymer-derived
ceramic

and oxidation of metals. Moreover, ceramic coatings are
characterized by their high hardness and wear resistance.

Coatings are the most suitable and cost-effective solutions
to improve the surface properties of metals and to protect
them against oxidation, corrosion, and wear. As a result,
functional coatings improve the performance and lifetime
of components. Specifically, ceramic coatings have been
developed to improve the resistance against corrosion
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Established methods to manufacture ceramic coatings
are chemical vapor deposition (CVD), physical vapor
deposition (PVD), sol-gel process, or thermal spraying.
However, in part, the vapor phase processes have some
limitations. PVD deposition, for example, involves a
complex vacuum process and the deposition rates are
comparatively low. Compared to slurry-based processes,
this coating method is associated with higher costs. In
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addition, during CVD and thermal spraying, the substrate
is subjected to mechanical and thermal stresses.

An alternative method is the PDC technology (PDC-
polymer-derived ceramic).!”® The wused precursors
are mostly silicon-based polymers like polysiloxane,”
polysilazane,'’ or polycarbosilane.!” They are converted
into an amorphous ceramic by pyrolysis between 500
and 1000°C in a furnace.” The polymers may be applied
by conventional coating techniques like dip-, spray-, or
spin-coating. The various processing approaches of these
polymeric systems and the ability to develop customized
material properties are the distinguishing characteristics
of the PDC technology.

A drawback is the high shrinkage of the polymer dur-
ing pyrolysis, which can be higher than 50% by volume.'?
This is associated with the formation of cracks, pores, and
defects due to degassing of organic components and con-
strained pyrolysis. As a result, only thin ceramic coatings
can be made from pure polymers.'* To overcome this lim-
itation active, passive or meltable fillers can be added. By
the specific selection of polymers and fillers, novel ceramic
composition with unique properties with respect to chem-
istry and properties can be realized.

However, the high temperature required to convert the
precursors to ceramics limits the use of PDC coatings
on high-melting substrate materials, such as superalloys,
high-temperature steels, or ceramics, since the substrate is
also thermally stressed during pyrolysis of the coating in
a furnace. Moreover, the fillers are only embedded in the
precursor matrix, leading to a composite coating that has
inhomogeneous properties.

A possible solution to overcome these restrictions is the
use of laser radiation as energy source for the pyrolysis
of preceramic polymers and to melt the fillers in order
to obtain a ceramic coating with homogeneous composi-
tion, structure, and properties. The focusing ability of the
laser beam allows the application of a defined amount of
heat into the green-coating, which is limited to the coat-
ing without long duration thermal stress on the substrate.
Magee et al."” and Gonsalves et al.' were among the first
to demonstrate the crosslinking of a silazane by the inter-
action between an organosilazane and a laser. Colombo
et al.”” produced thin SiC coatings (70-100 nm) on sili-
con wafers and SiO, substrates by irradiating a polycar-
bosilane with a pulsed Nd:YAG laser. They also figured
out that by adding graphite particles or applying a thin
carbon top layer, the absorption of the laser radiation in
the polymeric polycarbosilane film can be increased. As
a result, ceramic SiC films could be generated without
damaging the substrate materials. Krau3'® investigated the
laser pyrolysis behavior of polycarbosilazane coatings on
steel and alumina substrates using a Nd:YAG and a CO,
laser. It was determined that the radiation of the CO, laser
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is mainly absorbed at the surface of the polysilazane film,
so that only the surface was converted to the ceramic.
In contrast, using the Nd:YAG laser, volume absorption
resulted leading to complete conversion of the coating.
Adding fine Al,O3-particles further increased the absorp-
tion of the laser radiation in the polymer leading to the
ability to prepare 5-10 um thick amorphous Si-C-O-N
coatings.

Tangermann et al.” generated 20 um thick polysilazane-
based coatings on steel substrates. They used the commer-
cially available polycarbosilazane Durazane 1800 as pre-
cursor. To increase the layer thickness, monoclinic ZrO,
and glass fillers were added to the polysilazane-based
coating suspension. The pyrolysis was performed with a
Nd:YAG laser. During the laser pyrolysis, the fillers com-
pletely melted and a dense uniform coating was formed.
A more detailed characterization of the mechanical prop-
erties and corrosion behavior of this coating system was
carried out by Horcher et al.”’ They compared the laser
pyrolyzed coatings with furnace pyrolyzed coatings of the
same composition. The comparative investigation showed
that laser pyrolysis produces significantly denser and
crack-free coatings. Due to the absence of pores, these lay-
ers also exhibited significantly higher adhesion to the sub-
strate. In pull-off testing, adhesive failure was observed,
which indicates a good bonding between the pyrolyzed
coating and the substrate. It was also ascertained that
the laser pyrolyzed coatings have a higher hardness due
to the absence of defects, which was reflected in their
significantly improved wear resistance, compared to fur-
nace pyrolyzed coatings. Finally, due to the dense uniform
microstructure, the laser pyrolyzed samples showed sig-
nificantly better corrosion protection properties than the
porous furnace pyrolyzed samples.

However, the high glass content of 43 vol.% in the coat-
ing reduces the hardness and causes an inhomogeneous
hardness distribution compared to a predominantly
ceramic ZrO, coating."” To overcome the hardness
reducing effect of the glassy phase, in the research
reported in this paper, the glass fillers were substituted
with aluminum flakes. A coating system composed of a
commercial polyorganosilazane, 3 mol% yttria-stabilized
zirconia, and aluminum fillers was investigated. ZrO,
was added as a passive filler to reduce the shrinkage,
leading to thicker coatings, and to generate a ceramic-like
coating with good mechanical properties. The aluminum
fillers were added to increase the absorption of the laser
radiation and as low-melting component in order to
reduce stresses during solidification of the coating system.
This publication includes a comparison of the glass/ZrO,-
filled coatings described by Tangermann et al.'” and the
new Al/ZrO,-filled composite coatings. The coatings
have been characterized and compared with regard to
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Simplified chemical structure of the selected

their microstructure and mechanical properties, such as
hardness, adhesive strength, and abrasion behavior.

This paper reports on a coating system consisting of a
polysilazane (Durazane 2250) bond coat and a hard and
dense top-coat composed of an organosilazane (Durazane
1800) with tetragonal ZrO, particles and aluminum flakes
as fillers. The green top-coating was sprayed on the pre-
treated steel substrate and subsequently pyrolyzed using
Nd:YVO, laser. The microstructure of the laser pyrolyzed
ceramic coatings was evaluated using scanning electron
microscopy (SEM) with energy dispersive X-ray spec-
troscopy (EDS). Finally, the mechanical properties of the
coatings, specifically adhesive strength, hardness, and slid-
ing friction, were investigated.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials and coating mixture

Two different commercially available polysilazanes,
Durazane 2250 (perhydropolysilazane, 20 wt.% in di-n-
butylether, previously known as PHPS NN120.20) and
the liquid (organo)silazane Durazane 1800, previously
known as HTT 1800 (both from Merck KGaA, Germany),
were used as precursor materials for the bond-coat and
as matrix for the top-coat, respectively. The simplified
chemical structure of the polysilazanes used is shown in
Figure 1.

In order to improve the crosslinking behavior of
Durazane 1800, 3 wt.% DCP (dicumyl peroxide, Sigma-
Aldrich Chemie GmbH, Germany) was added to the lig-
uid polymer. Tetragonal ZrO, powder (3 mol.% Yttria Stabi-
lized Zirconia, 3YSZ) (ZirPro CY3Z-RS, Saint-Gobain) with
a mean particle size ds; = .3 um and a coefficient of ther-
mal expansion (CTE) 0f10.5 X 10~ K~! was used as passive
filler to increase the overall CTE, to reduce the pyrolysis
shrinkage, and to improve the surface hardness and wear
resistance of the coating. To reduce the melt viscosity and
thermal stresses during solidification as well as to improve
the absorption of the laser irradiation, aluminum flakes
(Alfa Aesar) with an aerodynamic particle size d, = 11 um
were used.

The preparation of the suspension started with the dis-
solution of the dispersant DISPERBYK-2150 (BYK-Chemie
GmbH, German) in di-n-butylether (purity > 99%, Acros
Organics BVBA, Belgium), followed by the addition of the
fillers. Finally, the precursor Durazane 1800 was added to
the mixture and the suspension was mixed by magnetic
stirring. The influence of the precursor content and the
fillers on the mechanical properties was investigated. The
most promising properties were achieved in a system with
45 vol.% Durazane 1800, 45 vol.% ZrO,, and 10 vol.% alu-
minum flakes, which is described in more detail below.

2.2 | Coating preparation

Flat substrates of 1.5 mm thickness of stainless steel 1.4301,
which is a frequently used steel grade in many industrial
sectors, were used. The in-plane dimensions of the samples
were 75 X 30 mm. The samples were cleaned in acetone by
ultrasonic treatment and dried. Subsequently, a bond-coat
of polysilazane Durazane 2250 was applied by dip-coating
using a hoisting apparatus (RDC 15, Bungard Elektronik
GmbH & Co.KG, Germany) operated with hoisting speed
of .5 m/min. The bond-coat was cured in a conventional
furnace (N41/H, Nabertherm, Germany) in air at 110°C for
1 h. The resulting layer thickness is about 1 um.’ The bond-
coat prevents the oxidation of the steel substrate during the
cross-linking step and pyrolysis and increases the adhesion
of the top-coat to the substrate.®’

The silazane-based coating suspension containing the
Al/ZrO, fillers was deposited on the bond-coat by using
a spray coater (model 780S-SS Nordson EFD, USA). The
spray parameters were adjusted to obtain a green coating
thickness of approximately 40 um.

Following deposition, the coatings were dried in air at
110°C for 24 h to evaporate the solvent and to crosslink the
coating. The crosslinking step stabilizes the green-coating
for the laser pyrolysis. The laser pyrolysis was conducted
using a Nd:YVO, laser (1 = 1064 nm) with a power range
up to 10 W (EasyMark 10E, ROFIN-BAASEL Lasertech
GmbH Co.KG, Germany) and a focus diameter of the laser
beam of about 40 um. The laser was operated in a con-
tinuous wave (cw) mode. The laser power (P) was varied
between 5 and 10 W. The scanning velocity (v) ranged from
6 to 30 mm/s. The laser pyrolysis was conducted in air at
room temperature. All experiments were carried out with
the coating in focal plane of the laser beam.

2.3 | Coating characterization

The optical absorption behavior of the crosslinked coating
was evaluated by UV-VIS-NIR-spectrophotometry (UV-
3600, Shimadzu Corporation, Japan) equipped with an
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integrating sphere, which allows the measurement of
the total and diffuse transmittance and reflectance spec-
tra. The surface and microstructure of the coatings and
substrates were examined by light microscope (Axiotech
HAL 100, Carl Zeiss Microscopy GmbH, Germany) and
SEM (Zeiss Sigma 300 VP, Carl Zeiss AG, Germany).
The elemental composition was determined by using an
EDS (EDAX Octane Super, EDAX AMETEK GmbH, Ger-
many). The crystalline phases were investigated using X-
ray diffraction (Advance D8, Bruker AXS Advanced X-ray
Solutions GmbH, Germany). The X-ray diffraction (XRD)
pattern of the laser pyrolyzed coating was compared with
the furnace pyrolyzed coating in order to determine the
influence of the pyrolysis method on the crystalline phases.

The adhesion strength of coatings was evaluated by
using pull-off test (ASTM D4541). An aluminum dolly with
adiameter of 10 mm was glued onto the surface of the layer.
After the adhesive had cured, the assembly was attached
to an automatic pull-off tester (PosiTest AT-A, DeFelsko
Corp., Ogdensburg, NY, USA). The test device pulls the
dolly perpendicular to the plane of the coating and mea-
sures the force necessary to detach it from the surface. The
applied pulling rate was 1 MPa/s. The microhardness of the
coatings was measured by using a hardness tester accord-
ing to DIN EN ISO 14577 (Fischerscope HM2000, Hel-
mut Fischer GmbH, Germany). A symmetrical pyramidal-
shaped diamond indenter is pressed with a force of .098
N into the surface of the sample and the Vickers hard-
ness HV .01 (load 98 mN) is calculated from the mean
value of the two diagonals of the intender. In order to
avoid the influence of surface roughness on the results, the
measurements were conducted on polished cross-sections.
The wear and sliding friction behavior of the coatings was
investigated by a testing procedure based on the pin-on-
disc method, which enables a fast and efficient realization
of friction tests. For the test, hardened and polished steel
pins (DIN 1.2367, hardness 580 HV) were used. A surface
pressure of 10 MPa and a sliding speed of 10 mm/s have
been applied. The tests were conducted at room tempera-
ture in linear motions without any coolants or lubricants.
The coefficient of friction (COF), which is a dimensionless
scalar value and describes the ratio of friction between two
bodies, was determined. Before and after the wear tests, the
surface roughness of the coatings was evaluated by using a
laser-scanning-microscope (LSM, LEXT OLS4000, Olym-
pus Europa SE & Co. KG, Germany).

3 | RESULTS AND DISCUSSION

The laser pyrolysis of the glass/ZrO,-filled organosilazane-
based composite coating has been described in detail by
Tangermann et al.'” In order to define a process window for

the laser pyrolysis of the Al/ZrO,-composite coating, pro-
cess parameters, including laser power (p), scanning veloc-
ity (v), and distance between adjacent laser tracks (hatch-
ing distance h), were systematically varied. The lower
range of process window is defined by a parameter combi-
nation, which still enables an absorption of laser radiation
on the top of green coating. This is a threshold value for the
laser energy, above which the interaction of the laser radi-
ation with the green coatings starts. The criterion for an
optimum process window was the formation of a homoge-
neous coating without defects, such as cracks, spalling, or
melt agglomerates. In addition, the adhesion of the coating
to the substrate was evaluated. Cross-sectional microstruc-
ture analysis was used to assess the extent of pyrolysis in
the thickness direction.

Green coatings with a thickness of 40-50 um were suc-
cessfully pyrolyzed using laser power of 7 W and a scan
speed between 10 and 14 mm/s resulting in homogeneous
coatings. Compared to the glass/ZrO,-coatings, the laser
power was reduced and the scan velocity was increased.
This means that the energy required for layer pyrolysis
of the Al/ZrO,-composite coating is lower than that for
the glass-ZrO,-filled layers and is attributed to the differ-
ent absorption capacity of the coating systems. Therefore,
the reflection and transmission behavior of the Al/ZrO,-
composite coating was measured in order to determine
the absorptivity of the coating and compared with the
glass containing coating system as described by Tanger-
mann et al.' For the 50 um thick glass/ZrO,-containing
coating, the transmission through the thickness was 31%
at 1064 nm--the used wavelength of the laser. The total
reflection was measured to be 65%. Hence, Tangermann
et al.”” concluded that the absorption was approximately
4%. Figure 2 shows the reflection and transmission spec-
trum of the Al/ZrO,-filled organosilazane-based compos-
ite coating.

The reflection and transmission of the Al/ZrO,-
composite coating is shown in Figure 2. The reflection
behavior was measured in a wavelength range between
200 and 1800 nm. At the wavelength used (4 = 1064 nm),
the reflection is about 23% (Figure 2A). The peak at 880 nm
is a noise signal attributed to the change of the detector
during the measurement. The total transmission through
the 40 um thick green Al/ZrO,-composite coating is
almost zero over the entire measuring range (Figure 2B).
Accounting for the total reflection of 23%, it may be
concluded that the absorption in the coating was 77%,
implying that a significantly higher proportion of the laser
energy is absorbed in the Al-containing coating compared
to the glass/ZrO, composite coating. This in turn explains
the lower energies required for the pyrolysis of the Al/ZrO,
composite coating. The significantly increased absorption
of laser radiation by this coating system could be mainly
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of a 40 um thick green organosilazane-based coating with 3YSZ and
aluminum flakes on a 1 mm thick fused silica substrate: (A): total
reflection; (B): total transmission

embedding resin

ZrO,-rich phase
glass-rich phase

composite coating

steel substrate

FIGURE 3 Cross-section SEM micrograph of the laser
pyrolyzed glass/ZrO,-filled organosilazane composite coating on
stainless steel

attributed to the aluminum flakes. Moreover, the opaque
nature of the coating prevents the interaction between the
laser radiation and the substrate. Consequently, thermal
load on the substrates is significantly reduced.
Tangermann et al.'” and Horcher et al.?’ described the
microstructure of the laser pyrolysed glass/ZrO, ceramic
coating in detail. Results of these investigations are briefly
described in the following. Figure 3 shows the SEM image

of the cross-section of the glass/ZrO,-filled composite coat-
ing after laser pyrolysis.

The laser irradiation leads to the generation of dense
and crack-free ceramic coatings. The absorption of the
laser radiation caused the complete melting of glass fillers,
which results in coatings with thicknesses of about 15-
20 um. However, the coating has an inhomogeneous com-
position with glass- and ZrO,-rich phases. The silazane is
embedded between the molten fillers and homogeneously
distributed over the entire coating. The elemental distribu-
tion using of this coating system was reported in Ref. 19.

Figure 4 shows SEM images of a laser pyrolyzed
Al/ZrO,-based coating together with the green coating
in cross-section. The aluminum flakes are distributed
homogeneously in the green coating, embedded in ZrO,-
rich polysilazane-based matrix. The polysilazane acts as
a binder between the individual filler particles, resulting
in a pore-free green coating after application on the steel
substrate. Laser pyrolysis led to densification of the prece-
ramic layers. The coating is dense, however; vertical cracks
are present which are attributed to thermal stresses during
the rapid cooling stage. The micrographs show the com-
paction of the green coating as a result of the laser pyroly-
sis. Ceramic coatings with a thickness of 15-20 um resulted
from laser pyrolysis of 40 um green coatings, which means
a contraction of more than 50%.

High-resolution SEM images in Figure 5 show the
microstructure of the laser pyrolyzed coating.

The complete melting of the Al/ZrO, composite coating
and the rapid solidification of the melt is confirmed by
the formation of a predominantly dendritic structure
(Figure 5D). However, a fine-grained uniform structure
has formed in the vicinity of the steel substrate due to
the higher thermal conductivity of the stainless steel
substrate compared to the coating, which leads to high
temperature gradients and solidification rates within the
coating close to the substrate.?"*> With increasing distance
from the substrate, the heat is increasingly dissipated into
the adjacent colder coating areas. This leads to a reduc-
tion of the temperature gradient and the cooling rate,
resulting in a transition to a cellular/columnar-dendritic
solidification structure, as shown in Figure 58-D.”"*} To
evaluate the element distribution as well as the chemical
composition of the coating, element mappings were
carried out using EDS. Figure 6 shows the examined area
of the coating and the corresponding EDS mappings.

The main components of the coatings are silicon (Si),
zirconium (Zr), oxygen (O), and aluminum (Al). The main
components of the stainless steel substrate are iron and the
alloying element chromium.

The surface of the coating shows an enrichment of oxy-
gen, silicon, and to some extent of aluminum. Silicon
can be assigned to the polysilazane. The enrichment of
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FIGURE 4 Cross-section SEM micrographs of the Al/ZrO,-filled organosilazane-based coating on stainless steel, with green coating
(single irradiation, SE mode), P = 7 W, v = 14 mm/s, and h = 50 um

FIGURE 5 SEM images of the pyrolyzed coating on stainless steel, showing details of the microstructure (A: SE mode, B-D: BSE mode)

FIGURE 6 SEM image with EDS mapping of the elements of the coating after laser pyrolysis
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aluminum and silicon on the surface is due to the evap-
oration and recondensation of components of the polysi-
lazane and aluminum.'® However, this precipitation could
be removed with a cloth, which indicates a weak adhe-
sion to the underlying coating. A similar observation
was made by Horcher et al.?’ during laser pyrolysis of a
polysilazane-based glass/ZrO, coating on a steel substrate.
The underlying compact coating itself consists primarily
of a zirconium-rich phase. Enrichments of the elements
Al and O were detected at the grain boundaries of the
ZrO, dendrites. Thus, the coating exhibits a much more
homogeneous element distribution than the glass-ZrO,-
composite coating, which in turn has a positive effect on
the resulting properties of the coating.

Since surface hardness influences the abrasion resis-
tance of coatings, microhardness of the glass- and Al-
containing coating was determined. The average hard-
ness of the laser pyrolyzed glass/ZrO, and Al/ZrO, coat-
ings is 12.98 + 1.61 GPa and 21.19 + .9 GPa, respectively.
The hardness of Al/ZrO, coatings is almost a factor of 2
higher than that of the glass/ZrO,-filled organosilazane
composite coating. The high surface hardness of the laser
pyrolyzed Al/ZrO,-filled composite coating results from
the dense and almost complete ceramic microstructure as
well as of the homogeneous composition over the entire
coating. In addition, a fine-grained structure in the nano-
to micrometer range also contributed to the high hardness
of ceramic materials.?* In comparison, conventionally pro-
cessed ZrO,-based ceramics have a hardness of approx. 12-
14 GPa.”® Amorphous SiCN-based hard coatings, on the
other hand, which are applied by PVD and CVD processes,
have a hardness of 20 GPa%® and 12-19 GPa,”’ respectively.
Thus, the hardness of the laser pyrolyzed coatings is in the
order of magnitude of the aforementioned hard coatings.

B [ ]

®) a tetragonal

zirconia
monoclinic
—_ zirconia
3
§ v aluminum
2
‘®
C
g0
£
[
[ | .'
[ ]
®
del s [C.
A j\».
1T rror+r Tttt
20 25 30 35 40 45 50 55 60 6 70 75 80

2 theta/°

X-ray diffraction spectrum of the resulting coating after (A) laser pyrolysis and (B) furnace pyrolysis

The presence of the crystalline phases within the coat-
ings was investigated by XRD (Figure 7). Only tetragonal
ZrO, was detected as the crystalline phase (Figure 7A),
which differs from the results obtained in furnace pyrol-
ysis where monoclinic ZrO, was also detected (Figure 7B).
The furnace pyrolyzed sample was prepared at a temper-
ature of 700°C and a holding time of 1 h. Furthermore,
aluminum was detected, which can be attributed to the
Al fillers. In the laser pyrolyzed coatings, no aluminum
or Al,O3 could be detected. Based on this and taking into
account the EDS mappings, it is considered that an amor-
phous Al-, Si-, and O-containing phase has been gener-
ated between the dendrites. The stabilization of the high-
temperature tetragonal modification of ZrO, in laser pyrol-
ysis is probably due to the incorporation of Al,O; from the
amorphous phase into the crystal structure of ZrO,. The
stabilizing effect of Al,O; for the tetragonal ZrO, modifi-
cation has been reported in the literature.’® This transfor-
mation is a diffusionless displacive phase transformation,
which occurs very quickly. The stabilization of the tetrago-
nal modification is an important requirement for the use of
ZrO, ceramics since the transformation is associated with
a volume expansion of 5-8% leading to the formation of
cracks. The stabilization of the tetragonal phase has also
the advantage of improving the mechanical properties,
such as flexural strength, of the ZrO, ceramic. The same
results were obtained in the glass/ZrO,-filled polysilazane-
based coating system, where the glass constituents stabi-
lized the tetragonal phase."”

For improved abrasion resistance, the ceramic coat-
ing should significantly increase the surface hardness
compared to the uncoated steel substrate. Another
requirement is good adhesion between the substrate and
the coating. Adhesion tests were conducted on these
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FIGURE 8
tribological test, surface pressure: 10 MPa, feed rate: 10 mm/s

coatings. The average pull-off adhesion strength of the
laser pyrolyzed Al/ZrO,-filled organosilazane-based
coatings was 32.7 MPa (n = 5, SD = 1.6 MPa). The aver-
age pull-off adhesion of the glass/ZrO,-filled composite
coating was 23.8 MPa.?’ The higher adhesive strength
of the aluminum-filled layer can be attributed to the
homogeneous and coating structure. Additionally, the
partial wettability of zirconia by molten aluminum leads
to chemical bonding of the individual dendrites, resulting
in the formation of a compact and dense coating with high
cohesion strength.?’

In both coating systems, primarily adhesive failure
was observed, which indicates a good bonding between
the bond-coat and the top-coat and within the top-coat.
Horcher et al.?’ concluded that there are mainly two
reasons for this strong adhesion of the laser pyrolyzed
polysilazane-based composite coating. First, the interface
between the coating and substrate is free of cracks and
pores as shown in Figures 3-5. It is known that a defect
above a critical size can induce a macroscopic crack under
tensile load, which in turn leads to a reduction of adhe-
sive strength.30 Second, the silazane forms direct chem-
ical bonds with the metallic substrate and fillers, which
improves the adhesion.”*! According to the investigations
of Amouzou et al.,>? direct chemical bonds are formed
between silazanes and stainless steel substrates.

One important attribute of ceramic coatings is their abil-
ity to improve wear resistance. However, the wear resis-
tance of coatings depends on many factors, including hard-
ness, coating morphology, fracture toughness, adhesion of
the coating to the substrate, and surface roughness.?%333*
In addition, the COF is an important quantity in the devel-
opment of wear-resistant coatings and should be kept as
low as possible to avoid sliding wear.

The COF for sliding friction (dry) between the coating
and a steel pin (1.2367, hardness 580 HV) was determined
by pin-on-disc tests. In the test procedure, the steel pin is

Microscopy image of the double-irradiated surface of the Al/ZrO,-filled polysilazane-based coating (A) before and (B) after

moved over the surface with a surface pressure of 10 MPa
and a feed rate of 10 mmy/s. The length of the wear track is
10 mm. The images taken on the laser scanning microscope
(LSM) show that abrasive wear is taking place (Figure 8). In
order to investigate the effect of the surface roughness on
the abrasion behavior, the mean roughness depth R, of the
coating surface before and after testing was measured by
using LSM. The mean roughness depth of the coating was
5.39 + .53 um, which was reduced to 4.35 + .39 um after test-
ing. However, no cracking, delamination, or spalling was
detected. The good adhesion of the coating to the substrate
is of crucial importance in preventing spalling of the coat-
ing since contact stresses are transmitted to the substrate
and sliding motion results in shear stresses at the interface.
For good wear resistance, the interface bonding should be
strong enough to withstand these shear stresses without
spallation.>’ Furthermore, it has been concluded that the
abrasive removal as a consequence of the penetration of
the steel pin into the coating can be excluded, since the
steel pin has a lower hardness compared to the pyrolyzed
polysilazane-based coatings.?’

In general, the laser pyrolyzed coating is characterized
by a large number of small roughness peaks and a wave-
shaped contour (Figure 8). This is related to the linear
scanning movement of laser beam during pyrolysis, since
molten coating materials overlap the preceeding pyrolyzed
material. During the wear test, these roughness peaks
are leveled by the applied pressure and resulting shear
forces.?’ The leveling effect is evident in the reduction of
roughness, which is attributed to an abrasive wear of the
peaks. Roughness peaks provoke frictional resistance and
interlocking of the surface during the contact of the steel
pin and the coating, which influence the COF.?° For the
Al/ZrO, organosilazane-based coating, a COF .22 + .01 was
determined.

In contrast, the COF for
organosilazane-based coating was

glass/ZrO,-filled
.33. The surface
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roughness of the glass-containing coatings is below the
Al/ZrO,-filled composite coatings. The respective rough-
ness values of the glass-containing coatings before and
after testing as well as after single and double irradiation
are described by Horcher et al.?’ Despite a higher surface
roughness, the COF values of the Al/ZrO,-filled coatings
are lower than that of the glass/ZrO,-filled coatings.
This is attributed to the higher surface hardness, and the
uniform morphology and phase composition.

The COF of the coatings are in a similar range as
those for other ceramic coatings on steel. For example, for
ceramic coatings of different composition, the COF values
were determined to be: .4-.5 for Al,03, .3-.5 for SiC, .5-.6
for Si;Ny, and .3-.5 for ZrO,.*> However, it must be empha-
sized that the COF is a system parameter and depends on
many material and measuring condition factors, including,
for example, the material couple, surface quality, applied
load, temperature, and humidity.

4 | CONCLUSION

In this work, the laser pyrolysis and characteristics
of an organosilazane-based Al/ZrO, composite coating
system were investigated and their microstructure and
mechanical properties compared with a laser pyrolyzed
glass/ZrO,-filled organosilazane-based composite coat-
ing. The results show that, despite the short interac-
tion time, the absorption of the Nd:YVO, laser radia-
tion (A = 1064 nm) within the green coatings was suf-
ficient to obtain dense ceramic composite coatings. By
adding aluminum as a filler, the absorption could be sig-
nificantly increased and transmission reduced compared
to glass/ZrO,-filled coatings enabling the pyrolysis of the
coating at lower laser power. In addition, the conversion is
uniform through the thickness resulting in dense uniform
microstructure.

However, the coatings show stress-induced vertical
cracks. The interaction of the laser radiation with the
coating leads to complete melting of the aluminum
and ZrO, fillers. During solidification, a predominate
cellular/columnar-dendritic microstructure was formed.
The maximum coating thickness was 20 um.

The mechanical properties of laser pyrolyzed Al/ZrO,
composite coatings are promising and better than the
glass/ZrO, filled coating. The hardness of the glass/ZrO,-
filled polysilazane-based coating was 12.98 GPa and
exhibited an adhesive strength of 23.8 MPa. With the
Al/ZrO,-filled coating system, both hardness and adhe-
sion strength were significantly increased——average hard-
ness of 21.19 GPa and adhesive strength of 35.4 MPa. In
addition, the laser pyrolyzed coatings protect the substrate
effectively against wear and show a low COF of .22.

In summary, laser pyrolysis of the investigated system
has great potential for processing of environmental bar-
rier coatings and wear-resistant coatings. Due to selec-
tive pyrolysis and short duration under laser beam, this
approach has potential for applying ceramic coatings on
substrates with limited thermal stability like steel or lower-
melting light metals.
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