P Bifiders That

olysilazanes are pre-ceramic

P polymers with a silicon-nitrogen

backbone. In recent years they have
developed as a high-performance binder
in protective coatings for transportation
vehicles, commercial and residential
buildings, and industrial plants. This
article reviews their structure-property
relationship and highlights their per-
formance in high-temperature, surface
hardness, weathering and corrosion

protection, and anti-graffiti applications.

INTRODUCTION

Automobiles, buildings, and infrastruc-
ture all require long-lasting surface
protection against weathering, corro-
sion, heat, and abrasion. Thus, having
robust protective coatings is crucial for
preserving their value and reducing
maintenance cost and down time. While
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polyurethanes and epoxies are the con-
ventional solutions for protective coat-
ings, fluoropolymers and Si-containing
polymers have attracted a considerable
amount of attention because of their
excellent performance in chemical
resistance, heat stability, or surface hard-
ness. Among them, polysilazanes have
emerged as an outstanding binder mate-
rial for high-temperature, weather-proof,
and abrasion-resistant coatings.

Since the first report by Stock et al. in
1921, polysilazanes have been used in a
wide variety of applications including
polymer-derived ceramics,? thermal,
gas and moisture barriers,? thin-film
electronics,* protective coatings,® and
more.° They are excellent precursors for
ceramic-like coatings with dense Si-O-Si
and Si-N-Si network. In addition, the
variety of chemical group substituents on
the backbone enables fine-tuning of their
performance properties.
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Generally speaking, there are two
classes of polysilazanes (Figure I). One
is inorganic perhydro-polysilazanes
(PHPS) that feature H groups on both
Siand N atoms, and the other is organic
polysilazanes (OPSZ) that have organic
functional groups grafted onto Si atoms.
PHPS is an important gap-filling and
planarization material in the semicon-
ductor industry,* and OPSZ has emerged
as a leading technology for durable sur-
face protection.’ Both OPSZ and PHPS
are commercially available.”
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FIGURE 1—Polymer structures for PHPS and OPSZ,
whereRisH, CH,, CH=CH,, other alkyl, or aryl groups.
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Compared to polysiloxanes and fluo-
ropolymers, polysilazanes offer greater
high-temperature resistance and sur-
face hardness as well as comparable per-
formance for corrosion protection and
easy-to-clean properties. For instance,
OPSZ-based coatings offer a pencil
hardness of 5H when cured at room
temperature for seven days, whereas
coatings made from a commercial
methyl silicone resin have a hardness
of B under the same curing conditions.?
Furthermore, OPSZ-based coatings
exhibit outstanding thermal stability up
to 1000°C without significant mass loss,
while the coatings based on this silicone
resin can withstand temperatures up to
650°C only when blended with heat-
resistant lamellar aluminum pigments.®

SYNTHESIS AND PROCESS

Polysilazanes are normally synthesized
with dichlorosilanes and ammonia at a
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temperature range of -10°C to 0°C, and
the molecular weight generally ranges
from 500 to 10,000.° PHPS is synthe-
sized by reacting Cl SiH, with gaseous
ammonia in a non-polar solvent, and
the side product, NH,Cl, is a precipitate
that can be removed via filtration. OPSZ
is advantageously synthesized in liquid
ammonia, which serves as a reactant
and also as a solvent. The NH, Cl side
product dissolves in excessive liquid
ammonia and the OPSZ product is
isolated as the bottom liquid phase.’
OPSZ with different side chains can be
synthesized by selecting dichlorosilanes
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with different R groups (Figure 2).
Polysilazanes can be formulated with
compatible pigments, additives, and
fillers.5!° Their formulations can then
be applied to surfaces by using conven-
tional solventborne coating techniques,
including spray, spin, wipe, dip, etc.
Polysilazanes are thermosetting
resins, and their coatings can be
conveniently cured and crosslinked
in ambient conditions. When exposed
to moisture and oxygen, different
functional groups, such as Si-H and
Si-N-H, undergo hydrolysis reac-
tions and yield silanol groups that
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FIGURE 2—The synthesis scheme of polysilazanes, where R is H, CH,, CH=CH,, other alkyl or aryl groups.
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are further condensed to form highly
crosslinked Si-O-Si bonds (see Route
11in Figure 3). Alternatively, polysi-
lazanes can also be cured by heat or
ultraviolet radiation under an inert
atmosphere to generate a non-oxide
ceramic network with Si-N or Si-C
linkages (Route 2 in Figure 3). The ver-
satility in curing chemistry is another
advantage for polysilazanes, and the
strong and dense network of Si-O-Si
and/or Si-N-Si linkages obtained after
curing protects valuable surfaces from
thermal, chemical, mechanical, and
environmental impacts.

HEAT STABILITY

Polysilazane is a superior binder mate-
rial for thermal barrier coatings (TBC).
This property can be easily demon-
strated via thermal gravimetric analy-
sis (TGA), which provides information
about phase transitions and/or thermal
decomposition. In this measurement,
the mass of a sample is measured over
time while the temperature ramps up
from room temperature at a constant
rate, and the final result is then plotted
as a percentage of initial mass versus
temperature. Figure 4A shows poly-
silazane outperforming commercial
heat-resistant silicone resins from two
different manufacturers. Polysilazane
is stable without significant mass loss
up to 1000°C, while both silicone resins
suffer a substantial mass loss when the
temperature is over 400°C. This result
shows clear evidence that polysilazanes
have outstanding thermal stability, and
thus they are ideal binder materials

for TBC in automotive and industrial
applications, such as exhaust pipe and
manifold coatings. For instance, Motz
et al. used PHPS as a bond coat for both
inner and outer wall of a stainless-steel
exhaust pipe, and then the inner wall
was further coated with an OPSZ-based
TBC with embedded ceramic fillers (see
Figure 4B). This coated pipe withstood
pyrolysis at 1000°C for one hour in the
air with excellent gloss retention, while
the control—an uncoated pipe—suffered
from serious tarnish after pyrolysis (see
Figure 4C)." Furthermore, Cavallin et
al. have reported the commercial use
of polysilazane as a high-temperature
binder for heat-resistant paints and
compositions.'?
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SURFACE HARDNESS

Polysilazane coatings display outstand-
ing surface hardness and resistance to
scratch and abrasion. In Figure 5A, the
surface hardness of PHPS coatings that
were cured at different temperatures was

presented via pencil hardness, Martens
hardness, and indentation resistance.
Pencil hardness is a simple technique
that is widely used to evaluate surface
hardness for coatings, but its results
are somewhat user-dependent and can
also be influenced by the underlying

T
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FIGURE 3—The two curing routes for OPSZ, where R' and R are H, CH,, CH=CH,, other alkyl or aryl groups.
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FIGURE 4—Thermal stability evaluation of polysilazanes. Panel A shows the results of TGA for polysi-
lazanes and two commercial silicone resins. All materials were dried at 120°C for four hours before
TGA to simulate the thermal stability of their coatings. Panel B shows a stainless-steel exhaust pipe
coated with both PHPS and OPSZ-based TBC. Panel C compares the visual appearance of a coated
and uncoated exhaust pipe after pyrolysis at 1000°C for one hour in air. Panels B and C were obtained
from the Royal Society of Chemistry and Motz et al. at the University of Bayreuth with permission."




substrates. Alternatively, Martens
hardness and indentation resistance are
determined via a nano-indenter that

is more surface sensitive and accurate
and it determines surface hardness of
the coating without the influence of the
substrate. Both Martens hardness and
indentation resistance are resistance
against permanent deformation. Martens
hardness considers both plastic and
elastic deformation, while indentation
resistance only includes plastic defor-
mation. The data in Figure 5A show that
the polysilazane coating is soft at room

temperature, and it can be fully cured
and reach a pencil hardness of 9H at a
temperature above 200°C. The results
for Martens hardness and indentation
resistance show a similar dependence
on curing temperature. As a compari-
son, Figure 5B lists the values of pen-
cil hardness, Martens hardness, and
indentation resistance for a bare glass
and polymethyl methacrylate (PMMA)
substrate. The data indicate that PMMA
is a very soft substrate that has a pencil
hardness of B and a Martens hardness
and indentation resistance below 1000
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FIGURE 5—Characteristics of surface hardness for PHPS and OPSZ coatings. Panel A displays data of surface
hardness for PHPS coatings on silicon substrates cured at different temperatures. These coatings have a film
thickness of 1-1.2 pm. The hardness was measured via pencil hardness (in blue bars), Martens hardness (orange
dots), and indentation resistance (black dots). The dots lines are guides for the eyes. Panel B shows a reference
scale of pencil hardness, Martens hardness, and indentation resistance by using a bare glass and PMMA sub-
strate. Panel C shows the anti-scratching property for a “3 pm thick OPSZ coating in clearcoat applications, and
Panel D shows a similar performance for pigmented coatings. Both pigmented coatings have 17 wt% of pigment
loading, a film thickness of 10-12 pm, and the right panel has 40 wt% polysilazane as a binder. Crockmeter test
was performed by using an Atlas AATCC Crockmeter with 3M Wet-or-Dry 2810 rubbing cloth.

MPa. In contrast, glass is a very hard
substrate that gives a pencil hardness of
9H, a Martens hardness of ~3900 mPa,
and an indentation resistance of ~7500
MPa. Thus, the results in Figures 5A and
5B suggest that the PHPS coatings cured
at a temperature above 200°C have a
hardness close to a bare glass substrate.
Figure 5C shows that a crockmeter
test was performed on a metal substrate,
which has pigment basecoat and polyure-
thane clearcoat. The top portion of the
substrate was further coated with a polysi-
lazane hard coat. The polysilazane-
coated region exhibits excellent scratch
resistance up to 500 crocking cycles, while
the area without polysilazanes shows
obvious scratches even after 10 cycles.
Additionally, polysilazane can be
used as a scratch-resistant binder for
pigmented coatings. Figure 5D shows
that a TiO,-based white paint with
a polysilazane binder has excellent
scratch resistance in a similar crock-
meter test (substrate on the right),
while the control—a paint without
polysilazane—was seriously scratched
(substrate on the left). Thus, polysi-
lazane can be used as a robust binder in
clear and pigmented coatings to protect
valuable and decorative surfaces, a par-
ticularly important application for the
automotive industry.

WEATHER AND CORROSION
RESISTANCE

Artificial and accelerated weathering

is an important method to evaluate a
coating’s environmental durability. As
Table 1 outlines, performance tests that
have been conducted on these materials
include artificial weathering,** UV
stability,' condensation,”” and salt-spray
corrosion tests'®'’by following a variety
of DIN/EN/ISO methods for OPSZ-
based clear coatings. For example, arti-
ficial weathering is performed under
controlled light, heat, and humidity by
using a Xenon arc lamp to simulate the
sunlight irradiation,’** and conden-
sation is conducted by repeating a cli-
matic cycle at defined thermal load and
humidity."” In addition, salt spray tests,
particularly copper-accelerated salt
spray (CASS),"” are more demanding
tests for coatings than weathering and
condensation. CASS is commonly

done at a temperature of 50°C with a

50 g/L sodium chloride solution con-
taining acetic acid and copper chloride
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at pH 3, and this solution is repeatedly
sprayed onto the coatings. Polysilazane
coatings passed the tests listed in Table
1 without showing defects (up to 3000
h), such as delamination, crack, blister,
or rust. For instance, Table 2 compares
the performance before and after artifi-
cial weathering and UV stability test
for two OPSZ-based clear coatings.

The data show that their pencil hardness
and gloss had little changes after either
test, and the slight decrease in water
contact angle was due to hydroxyla-

tion of the coating surface after 1000 h
of testing.

Figure 6A shows two steel substrates
that were partially covered by a white
basecoat to define an M-shaped mask.
The substrate on the left was further
coated with an OPSZ-based clearcoat,
while the one on the right was a control
without this clearcoat. After 10 days
of condensation testing at a constant
humidity, the control developed severe
rust, while in sharp contrast, the sub-
strate protected by polysilazane showed
no defects. Similarly, Figure 6B displays
a steel substate that was partially coated
with a polysilazane-based clearcoat.
Then this substrate was exposed to
hydrochloric acid (HCI) vapor for three
days at room temperature in a home-
built corrosion test chamber. This
proof-of-concept corrosion test clearly
demonstrates that polysilazane coatings
provide outstanding protection against
HCl vapor, which is highly corrosive. In
summary, the above results confirm that
polysilazanes are an excellent binder
choice for durable anti-corrosion and
anti-weathering coatings, and can find a
wide range of uses in high-rise buildings,
marine coatings, and infrastructures.

ANTI-GRAFFITI PROPERTIES

Coatings made using OPSZ are hydro-
phobic with a typical water contact
angle in the range of 90-100°, depend-
ing on the types of polysilazanes. In
addition, the low surface energy of
these coatings (< 30 mN/m) enables
outstanding non-sticky, anti-graffiti,
and easy-to-clean properties. Figure
7A compares the water contact angle
and surface energy of polysilazane
coatings with three other common
binder materials, including nitrocel-
lulose lacquer, acrylate, and polyure-
thane. The comparison shows that the
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TABLE 1—DIN/EN/ISO Tests That OPSZ-Based Coatings Have Successfully Passed

TEST METHOD COATING SUBSTRATES COMPLETED HOURS
SAE J2527% 0PSZ clearcoat Al 1000
"
Artificial Weathering DIN/EN/ISO 16474-2 0PSZ clearcoat Al'& Steel 1400
& Pigmented basecoat
DIN/EN/ISO 11341 0PSZ clearcoat on steel 3000
UV Stability (QUV-B) DIN/EN 13523-10" 0PSZ clearcoat Al 1000
Condensation DIN/EN/ISO 6270-2"7 0PSZ clearcoat Al 1400
24h CASS +1000 h
Salt Spray artificial weathering OPSL clearcoat Al 104
DIN/EN/ISO 9227 0PSZ clearcoat Al 1500

TABLE 2—0PSZ Coating Performance Before and After Artificial Weathering and UV Stability Test

BEFORE TEST

AFTER TEST

TEST METHOD Pencil Contact 3 Pencil Contact o
Hardness Angle At | e Angle Gloss at 60
Artificial 3 . .
Weathering | SPE 12527 8H % 122 8 88 2
UV Stability DIN/EN 5 .
(UV-B) 1352310° 8H 96 122 8H 87 13

|
! uncoated

mpdmm  Steel

Polysilazane

-

coabad

FIGURE 6—Panel A shows two steel sub-
strates after a 10-day water condensation
test at a constant humidity of 50%. They
have an electrochemically deposited white
basecoat with a film thickness of 15-20
pm that partially covers the substrates.
The substrate on the left has a 3-4 pm
thick polysilazane-based clearcoat, while
the one on the right does not. Panel B
shows a similar comparison of coated and
uncoated areas on a steel substrate after
three days of HCl vapor exposure at room
temperature [a beaker of HCl solution (37
vol%) was placed in the test chamber]. The
coating thickness is about 2 pm.



polysilazane coating exhibits a higher
water contact angle and lower surface
energy than the three benchmarks,
which suggests a better water repel-
lency and non-stickiness. As the surface
energy consists of a dispersive and
polar component, Figure 7A also shows
that the polysilazane coating has a low
value for both components. Figure 7B
displays the water contact angle results
for a neat polysilazane coating (top
image) and a formulated polysilazane
coating with other surface additives
(bottom image).?° The result suggests
that a higher contact angle (108°) and
thus better hydrophobicity can be

achieved when polysilazane is blended
with other surface additives.

Figure 8A demonstrates the anti-
graffiti feature for polysilazane coatings
with a marker test. Three permanent
markers with different colors were
used to draw a line from an uncoated
metal substrate (left) to an OPSZ coated
substrate (right). The coated substrate
shows clear repellency against the ink,
which can be immediately removed
using a dry cloth without detergents (see
inset), while the uncoated one was heav-
ily marked and very difficult to clean
with the same cloth. Figure 8B shows
the results of a standard anti-graffiti test

for polysilazane coatings by follow-

ing ASTM D6578.% This standard test
requires the contaminants to stay on
the coating for 24 h before removal, and
different levels (1 to 5) indicate the ease
of removal (level 1 being the easiest).
The polysilazane-based coating shows
excellent anti-graffiti performance
against wax crayon (level 1) and also
good performance against water- and
solvent-based makers (level 3) and
acrylic paint (level 4). The anti-graffiti
and easy-to-clean properties of polysi-
lazanes have already found applications
in Deutsche Bahn railways and com-
mercial buildings.??
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FIGURE 7—Panel A is a comparison of contact angle and surface energy for polysilazanes and three common binder
materials, including nitrocellulose lacquer, acrylates, and polyurethanes. Also shown in Panel A is the value of the
polar and dispersive component of surface energy, and surface energy is a sum of the polar and dispersive compo-
nent. Panel B shows water drop shapes and contact angle measurements on a neat polysilazane coating (top image)
and on a formulated polysilazane coating with other surface additives (bottom image).
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FIGURE 8—Panel A is a marker test to demonstrate the ink repellency and easy-to-clean properties for a polysilazane
based clearcoat. The inset shows the results after cleaning with a dry towel. Panel B is the result of an anti-graffiti test
performed on a similar coating according to ASTM D6578,%' where level 1—dry cloth, level 2—mild detergent solution,
level 3— limonene-based cleaner, level 4—isopropanol, and level 5—methyl ethyl ketone, n.c.—not cleanable.
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FIGURE 9—Three-dimensional surface morphology scans for a bare steel
substrate (A), an OPSZ-based clearcoat on a steel panel (B), and a similar
coating on a glass substrate (C). The polysilazane coating thickness is
about 15 pm and 10 pm on the steel and the glass substrate, respectively.
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COATING UNIFORMITY

In addition, polysilazanes can covalently
bind to the polar groups on natural or
treated surfaces, thus offering excellent
adhesion to many substrates, including
metal, glass, plastics, ceramics, etc. They
also form smooth and uniform coatings
on these substrates. In Figure 9, results
from an optical profilometer reveal that a
cold-rolled steel substrate has an average
surface roughness of 0.5 wm (Figure 9A)
and that an OPSZ-coated steel substrate
is reduced to 0.1 um (see Figure 9B). The
OPSZ coating generates a smooth surface
that leads to a slight increase in gloss and
also lowers the tendency for water and
dirt accumulation. Additionally, Figure
9C shows the surface profile for a 10 um
thick OPSZ-based coating on a glass
substrate, and the average roughness is
below 10 nm, which is less than 0.1% of
total film thickness.

In summary, polysilazane can provide
optimal protection for a multitude of
surfaces. The unique Si-N backbone and
side-chain chemistry enable a dynamic
structure-performance relationship and
many advantages, including strong and
long-lasting protection against heat and
abrasion, and excellent easy-to-clean
properties and corrosion resistance. It is
a multi-functional binder in both clear
and pigmented coating systems, and can
also find applications in anti-fouling,
anti-snow/ice, and many other areas.

ACKNOWLEDGMENT

The authors would like to thank Ceaso
Hawkins, Sergej Nell, Craig Hughes,
Gregory McCraw, Christoph Koerber,
Qinyun Peng, and Michelle Minix for
their support of this work. Also, special
thanks to Professor Gunter Motz for
sharing his results.

References

1. Stock, A. and Somieski, K., “Siliciumwasserstoffe,
X.: Stickstoffhaltige Verbindungen,” Ber. dt. Chem.
Ges., 54, T40-758 (1921).

2. Colombo, P., Polymer Derived Ceramics. DEStech
Publications: Lancaster, PA, 451-461, 2010.

3. Naganawa, S. and Suzuki. Y., “Modified polysilazane
film and method for producing gas barrier film,”
United States Patent No. US9512334B2 (2012).

4. Okamura, T., Kanda, T., Sakurai, ., Barnickel, B.B., and
Aoki, H., “Perhydropolysilazane, composition containing
same, and method for forming silica film using same,”
United States Patent No. US9793109B2 (2014).



Brand, S., Dierdorf, A., Liebe, H., Osterod, F., Mahn,
M., and Ryan, K., “Color-pigmented paint composi-
tion having high covering powder, increased scratch
resistance, and easy-to clean properties,” United
States Patent No. US8470924B2 (2009).

Barroso, 6., Li, Q., Bordia, R.K., and Motz, G.,
“Polymeric and ceramic silicon-based coatings—a
review,” J. Mater. Chem. 4, 7,1936-1963 (2019).
Both OPSZ and PHPS are offered by EMD
Performance Materials in the Durazane® product
portfolio, and more details can be found at:
www.durazane.com.

Comparison made against SILRES® HK 46 and
SILRES® KX: Methyl Silicone Resin Solutions for
Heat-Resistant Anti-Corrosion Coatings, full data-
sheet available at www.wacker.com.

Abel, A.E., Kruger, T.A., Mouk, R.W., and Knasiak
G.J., “Silazane and/or polysilazane compounds

and methods of making,” United States Patent No.
632948781 (1999).

. Gerk, K.I., Barroso, G., Weisenseel, B., Greil, P., Fey,
T., Schmidt, M., and Motz, G., “Laser pyrolysis of an
organosilazane-based glass/Zr0, composite coating
system,” Materials & Design, 109, 644-651(2016).

) |
0 durazane

. Barroso, G.S., Krenkel, W., and Motz, G. “Low thermal

conductivity coating system for application up to 1000°C
by simple PDC processing with active and passive
fillers,” J. Eur. Ceram. Soc., 35, 3339-3348 (2015).

. Cavallin, C.L., “Heat resistant coating compositions,

coated articles, and methods,” United States Patent
No. 824706782 (2004).

. SAE J2527—Performance Based Standard for Acceler-

ated Exposure of Automotive Exterior Materials Using
A Controller Irradiance Xenon-Arc Apparatus.

. DIN/EN/ISO 16474-2—Paints and Varnishes—Methods

of Exposure to Laboratory Light Sources — Part 2:
Xenon-Arc Lamps.

. DIN/EN/ISO 11341—Paints and Varnishes—Artificial

Weathering and Exposure to Artificial Radiation—
Exposure to Filtered Xenon-Arc Radiation.

. DIN/EN 13523-10—Coil Coated Metals—Test Meth-

ods—Part 10: Resistance to Fluorescent UV Radiation
and Water Condensation.

DIN/EN/ISO 6270-2—Paints and Varnishes—Determi-
nation of Resistance to Humidity— Part 2: Procedure
for Exposing Test Specimens in Condensation-Water

Atmospheres.

. DIN/EN/ISO 9227—Corrosion Tests in Artificial Atmo-

spheres—Salt Spray Tests.

. Annual Book of ASTM Standards, Vol. 0205, ASTM

Designation: B 368—85, Standard Method for
Copper-Accelerated Acetic Acid-Salt Spray (Fog) Testing
(CASS Test) (1985).

. The composition of this polysilazane-based formulation

is proprietary to EMD Performance Materials.

. ASTM D6578—Standard Practice for Determination of

Graffiti Resistance.

. Rail Technology Online, Tuto-Prom—Surface Protection

against Graffiti, www. railfechnologymagazine.com (2006).

. EFFEKTE Magazine Online, Polysilazane for Architecture

Coatings, 01, 20-21 www.emdgroup.com (2017).

YANG WANG, EMD Performance Materials Corp.,
A business of Merck KGaA, Darmstadt, Germany,
1200 Intrepid Ave., Ste. 300, Philadelphia, PA 19112
(yang.wang@emdgroup.com); and
RALF GROTTENMULLER and THERESA LORENZ,
Merck KGaA, Frankfurter Str. 250,

64293 Darmstadt, Germany.

Empowering Surfaces with Durazane®
Polysilazanes for Ultimate Protection

Durazane® is our answer to empowering surfaces. The products are either a unique class of high-performance binders
(Durazane® 1000 and 2000 series) or additives (Durazane® 5000), and are proprietary to Merck KGaA, Darmstadt,
Germany. Durazane® is the perfect choice for ultimate surface protection in a multitude of high-value applications.
There is always more to explore! Contact us: durazane@emdgroup.com



