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Abstract

Polymer-derived ceramics exhibit a convenient route for the processing of low-dimensional ceramics like coatings or fibres. In previous investigations
unfilled and composite coatings have been developed using ammonolysed bis(dichloromethylsilyl)ethane (ABSE) or perhydropolysilazane (PHPS)
as precursors and BN, ZrO, or glass particles as filler materials. The coating systems provide excellent corrosion and oxidation resistance to
underlying metals. This paper reports on the effect of the precursor system and the pyrolysis parameters on the conversion behaviour, shrinkage and
mechanical properties, including hardness and Young’s modulus, of ABSE- and PHPS-based coatings. Therefore the crosslinking and pyrolysis
behaviour as well as the mechanical properties of the coatings were investigated up to pyrolysis temperatures of 1000 °C in nitrogen and in air by
ATR-IR, SEM, profilometry and nanoindentation measurements. The coatings pyrolysed at 1000 °C in nitrogen, have hardness values of 13 GPa

and Young’s moduli up to 155 GPa.
© 2011 Elsevier Ltd. All rights reserved.

Keywords: Polymer derived ceramics; A. Films; B. Surfaces; C. Mechanical properties; E. Structural applications

1. Introduction

Silicon-based ceramics like silicon nitride (Si3Ny4) or sili-
con oxycarbonitride (SiCNO) are promising materials for high
temperature and tribological applications in harsh environments
because of their very good thermal shock resistance, creep resis-
tance, thermal stability, high temperature strength, corrosion and
oxidation stability as well as hardness.!2 Si(C)NO films can be
deposited by various methods including physical (PVD) and
chemical (CVD) vapour deposition techniques.>*

An alternative approach to these vapour phase methods is
the processing of Si(C)NO coatings by thermal decomposi-
tion of polymer precursors, so called polymer derived ceramics
(PDCs). Mainly, precursors like polycarbosilanes, polysilazanes
or polysiloxanes are used.>® An overview of this topic has
been presented by Scheffler and Torrey.” Due to the increasing
availability of advanced precursor materials and the easy and
low cost coating techniques, several coating systems for low
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and medium temperature applications in the fields of energy,
environment and transportation have been explored.'®!! Sev-
eral reports have focused on development, microstructure and
performance of PDC coatings as environmental barrier.!>~!7 The
processing of coatings based on PDCs can be divided into three
steps: (i) Synthesis of polymer precursors, (ii) shaping (varnish
techniques like spraying or dip coating) followed by crosslink-
ing of the precursors to an infusible network and (iii) conversion
into an amorphous or crystalline ceramic by pyrolysis.! Thus a
good knowledge of the conversion behaviour of the precursors
into polymeric- and ceramic-like coatings is essential.

The microstructure, composition and mechanical or chemi-
cal properties of PDCs mainly depend on the precursor system,
the degree of crosslinking, the pyrolysis temperature and the
pyrolysis atmosphere.® Concerning the conversion behaviour
of PDCs, several publications have focused on the pyrolysis
and crystallization behaviour of poly(carbo)silazanes into the
corresponding ceramics especially at high temperatures and in
inert atmospheres.> %1823 Other authors describe the curing of
polysilazane-based films at room temperature by moisture.”*>
However, studies on the conversion behaviour and the resulting
mechanical properties of precursors and precursor based coat-
ings in the low and medium temperature range up to 1000 °C and
the effect of the pyrolysis in air are limited. This paper reports
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on the effect of the precursor system and the pyrolysis param-
eters on the conversion behaviour, shrinkage and mechanical
properties of polysilazane-based coatings.

Ammonolysed bis(dichloromethylsilyl)ethane (ABSE) and
perhydropolysilazane (PHPS) were selected as the base materi-
als for the coatings, since in previous studies these systems have
been shown to provide excellent oxidation and corrosion protec-
tion to steel and nickel-based superalloys.'#~!7 Furthermore they
have fundamentally different chemical structures: The ABSE
system is an organic polycarbosilazane with an excess of carbon,
whereas the inorganic polysilazane PHPS exhibits an excess
of silicon. Thus the use of two different precursor materials
enables the investigation of the effect of precursor chemistry on
the conversion behaviour as well as the mechanical properties.
After dissolving the polymers in organic solvents like toluene
or ether, different metallic and glass substrates were dip coated
with suitable precursor solutions. In order to examine the effect
of the pyrolysis atmosphere and temperature, the crosslinking
and thermal treatment were performed in air or in nitrogen up to
1000 °C, which led to the formation of Si(C)NO-coatings. The
conversion behaviour as well as the mechanical properties of
the polysilazane-based coatings has been studied by attenuated
total reflectance infrared spectroscopy (ATR-IR), scanning elec-
tron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), profilometry and nanoindentation experiments.

2. Experimental procedure

As already described, the ABSE polycarbosilazane is syn-
thesised by ammonolysis of bis(dichloromethylsilyl)ethane in
toluene.?® For the processing of coatings, the resulting colour-
less, brittle and meltable solid precursor can be dissolved in
toluene or ether.

The commercially available PHPS polysilazane is produced
by ammonolysis of dichlorosilane SiH,Cl,.?” A solution of 20%
by weight in dibutylether was used (PHPS NN 120-20, Clariant
Advanced Materials GmbH, Germany).

Flat plates of stainless steel (AISI 304, AISI 430), glass and
fused silica were cleaned in acetone by ultrasonic treatment and
dried. The samples were dip-coated with a hoisting apparatus
and the coating thickness was adjusted by concentration of the
solution and by variation of the hoisting speed between 1.5 and
8 mm/s. The annealing of the coated samples was performed in
air (Nabertherm® LH 60/14, Nabertherm, Germany) or in nitro-
gen (F-A 100-500/13, GERO GmbH, Germany) at temperatures
up to 1000 °C with heating and cooling rates of 3 K/min.

The conversion of the coatings was examined by ATR-FTIR
spectroscopy (Avatar 370 FT-IR spectrometer, Thermo Nicolet
Corporation, USA) and scanning electron microscopy with EDX
(1540EsB Cross Beam, Carl Zeiss AG, Germany).

The layer thickness was measured with a Fischerscope®
MMS (Helmut Fischer GmbH & Co. KG, Germany) correspond-
ing to the eddy current method (ASTM B244) or by the profile
method (DIN EN ISO 4287/ MFW-250 Mahr GmbH, Germany).
The most accurate and reproducible results could be achieved
by profilometry. In this technique, a tip moves horizontally over
the surface and the vertical displacement is measured. In order

to investigate the coating thickness, the polymeric coatings were
scratched with a sharp cutter and afterwards the surface profile
was detected by the tip. The coating thickness d was measured
both before (dy) and after the respective thermal treatment (d)
on coated glass or fused silica samples. Hence the coating shrink-
age can be calculated as:

dy —dop

Shrinkagecoaﬁng = ‘do

ey

Additionally the volume shrinkage of the coatings was calcu-
lated by the mass and density values in the initial state (mq, po)
and after the respective thermal treatment (mp, p1) according to

Eq. (2):
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Nanoindentation was performed to determine the film hard-
ness and Young’s modulus using a Nano Indenter® G200 (MTS
Nano Instruments) with a Berkovich diamond indenter. 15
indents were applied on each sample with an indentation depth
up to 1 wm. The data was averaged for an indentation depth of
100 nm (approximately 10% of the film thickness). The result-
ing load displacement curves were evaluated according to the
Oliver and Pharr model.”® From the data the hardness H can be
calculated using the equation:

Pmax
—_— 3
n 3

where A is the area of the indentation at a maximum applied
load Prax.

Furthermore the reduced modulus (E,) is calculated from the
slope of the unloading curve according to the following equation:

R
2J/A

where S is the unloading stiffness and A the projected contact
area.

The Young’s modulus E; of the tested material 1 for a given
Poisson’s ratio vj is calculated as:
1 1—vh) (11—}
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where E> and v, are the modulus and the ratio of the indenter
tip (E2 = 1140 GPa and v, =0.07).

In order to investigate the conversion behaviour of the
polysilazanes, fine precursor powders were used. For a better
comparability with the behaviour of the coatings the precursor
powders were milled and sieved to a grain size smaller than
32 wm. The powders were cured in nitrogen or in air at tem-
peratures up to 1000 °C according to the thermal treatment of
the coatings. Different powder fractions were analysed by ther-
mogravimetry (TGA) (Linseis L81 A1550, Linseis, Germany),
coupled both with infrared spectroscopy (Bruker Vector 22,
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Fig. 1. Basic structure units of the ABSE (left) and PHPS (right) precursor.
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Fig. 2. TG analyses of ABSE and PHPS powders (<32 wm) in nitrogen and air.

Bruker Optik GmbH, Germany) and mass spectrometry units
(ThermoStar GSD 301 T3, Pfeiffer Vacuum GmbH, Germany).
The chemical composition was investigated by ‘“Mikroanalytis-
ches Labor Pascher” in Germany.

3. Results and discussion

3.1. Conversion behaviour of ABSE and PHPS
polysilazanes

The chemical structure of the polycarbosilazane ABSE con-
sists of two structural elements namely stable 5-membered
carbosilazane rings and bridging linear carbosilazane units
(Fig. 1).2% Depending on the molecular weight the melting point
varies from 90 up to 150 °C.

In contrast to the ABSE precursor, the commercially available
PHPS precursor contains no organic groups (see Fig. 1). Due to
the large number of Si—H bonds, the PHPS is highly reactive
with hydroxyl groups.!+2*

Milled powders of the two different polysilazanes were
already used to investigate the pyrolysis behaviour.!* The results
(see also Fig. 2) can be summarized as follows.

Table 1

Characteristic IR-absorption bands of different functional groups.?32+2°

The mass change mainly depends on the precursor system,
the pyrolysis temperature and the pyrolysis atmosphere. After
the crosslinking of the polymers at temperatures up to 200 °C
for PHPS and 300 °C for ABSE respectively, the conversion of
the polysilazanes into the corresponding ceramics starts, which
is characterised by an explicit mass change. Due to the inorganic
nature of the PHPS system, the conversion of PHPS occurs at
lower temperatures and is associated with a higher ceramic yield.
After pyrolysis temperatures of 700 °C for PHPS and 800 °C for
ABSE, the mass change is completed. The pyrolysis in air leads
in both cases to an increase of the ceramic yield due to the
incorporation of oxygen.

In order to get a better understanding of the conversion
behaviour of the coatings, ATR-IR analyses were performed
on the ABSE- and PHPS-based coatings. The correlation of
the signals in the IR-absorption spectra to the respective func-
tional groups was carried out according to available data from
literature, which are summarized in Table 1.

The characteristic ATR-IR spectra of the polysilazane-based
coatings on the steel AISI 304 as a function of the pyrolysis
temperature and the pyrolysis atmosphere are displayed in Fig. 3.

It can be seen for all coatings that the intensity of the
absorption bands and therefore the number of functional groups
decrease with increasing pyrolysis temperature. This is typical
for the conversion of the polymers into ceramic-like systems.

The spectra of the ABSE-based coatings after pyrolysis in
nitrogen (see Fig. 3a) show, that after curing temperatures of
150 and 300 °C the characteristic bands for the N-H, C—H and
Si—CHj3 groups are present. The crosslinking of the thin coatings
by transamination’? (see Eq. (6)) is not yet fully completed at
300°C.

3=Si-NH-Si= — 2N(Si=); + NH; ©)

After 500 °C, the signals for the N-H groups disappear, while
the bands of the C—H and Si—CH3 groups are still detectable.
This correlates very well with results from FTIR-coupled
TGA-measurements, 4 which identified mainly the separation of

Wavenumber (Cm’l) Vibration band, vibration mode

Wavenumber (cm ™) Vibration band vibration mode

3400, 3380 N-H, valence

2963, 2950 C(sp*)-H, valence
2905, 2870 C(sp)-H, valence
2160, 2090 Si—H, deformation
1390-1370 —CH3, deformation
1266, 1250 Si—CHj3, deformation

1170, 1167 N-H, deformation
1200-1000 Si—0-Si, valence
1020-820 Si-N-Si, Si—C-Si
989 Si—-CH,—-CH,-Si
912 Si—H, deformation
800-790 Si—0-Si, valence
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Fig. 3. ATR-IR transmission spectra of polysilazane-based coatings on steel AISI 304 as a function of pyrolysis temperature and pyrolysis atmosphere (thermal
treatment with 1 h holding time, 3 K/min heating and cooling rate): (a) ABSE, nitrogen; (b) ABSE, air; (c) PHPS, nitrogen; (d) PHPS, air.

ammonia between 300 and 500 °C. After a pyrolysis temperature
of 700 °C also the characteristic absorption bands of the C-H
and Si—CH3 groups disappear due to the release of methane. In
the fingerprint region (<1500 cm™~!) a broad band between 1100
and 800 cm™! occurs which is typical for an amorphous SiCN-
system. The broadening of the signal to higher wavenumbers
indicates the existence of Si—~O-Si groups resulting from oxy-
gen impurities. The incorporation of oxygen was also detected
by GDOES and chemical composition measurements of ABSE-
derived coatings and powders pyrolysed in nitrogen.'*

The characteristic absorption bands of the ABSE-derived
coatings after pyrolysis in air are displayed in Fig. 3b. Anal-
ogous to the thermal treatment in nitrogen, the signals of the
N-H, C—H and Si—CH3 groups are present after curing at 150 °C.
After a thermal treatment at 300 °C the absorption band of the
N-H group disappears. Additionally the bands for the Si—~O-Si
groups with wavenumbers between 1200 and 1000 cm™! and in
the range of 800 cm™! can be identified. Thus the substitution
of the N-H groups by the reaction of ABSE with moisture and
consequently the formation of Si—O-Si bonds according to Eq.
(7) is the main crosslinking reaction.3!

=Si»-NH + H,O — (=Si-OH + =Si-NH,)
— =Si-O-Si= + NHj (N

The crosslinking of the ABSE polysilazane in air conse-
quently takes place at lower temperatures compared to the
curing in nitrogen. This fact was also found in a recent

publication by Chavez et al.>> They investigated the effect of

ambient atmosphere on the crosslinking of polysilazanes. Up
to a temperature of 500 °C, C-containing (especially Si—~CH3z)
groups are detectable. Above 700 °C all characteristic bands
of hydrogen containing functional groups disappear. Only the
absorption bands of the Si—O-Si-groups between 1200 and
1000 cm ™! and in the range of 800 cm ™! are present. These find-
ings correlate very well with results of GDOES-depth profile and
chemical composition measurements on ABSE-derived coatings
or fine powders. After pyrolysis in air at temperatures >700 °C,
the composition of the coatings and powders was mainly
Si0,.14

The absorption spectra of the PHPS coatings at room tem-
perature in nitrogen (Fig. 3c) show the characteristic bands of
the N-H (3380 and 1170cm™!) as well as the Si-H bonds
(2160cm™1). After curing at 300°C the intensity of the sig-
nals decrease indicating that the crosslinking of the polymer by
the dehydrocoupling reaction®? (see Eq. (8)) is not finished yet.

=Si-H + =N-H — =Si-N= + H, ®)

After pyrolysis temperatures >500 °C the signals of the N-H
and Si—H groups disappear. A broad absorption band between
1100 and 820 cm™" exhibits the presence of a silicon nitride
ceramic. The slight shift to higher wavenumbers, which was also
observed for the ABSE coatings (see Fig. 3a), again indicates an
incorporation of oxygen and the formation of Si—O-Si bonds.
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Fig. 3d displays the ATR-IR spectra of the PHPS-based
coatings after heating in air up to 700 °C. After a treatment
at room temperature for 1h in air the signals for the N-H,
Si—H and Si—N-Si groups were detected. After 300 °C the sig-
nals decrease but are still present. Additionally an absorption
band for the Si-O-Si groups between 1100 and 1000 cm™! is
observed. No signals of hydrogen containing groups can be
observed after pyrolysis at 500 °C or 700 °C. In the fingerprint
region two absorption bands between 1200 and 1000cm™" as
well as between 870 and 800 cm™~! indicate the presence of both
Si—0-Si and Si-N-Si groups. Bauer et al.>* published simi-
lar results for the curing behaviour of PHPS-based coatings
in moisture. They demonstrated that the PHPS-derived coat-
ings can be crosslinked by moisture leading to a conversion
of the polysilazane-based films into SiO,-coatings at rela-
tively low temperatures (used parameters>*: moisture, 150 °C,
PHPS system with basic catalyst). Our results of the ATR-
IR, GDOES and chemical composition measurements'# show,
that under the chosen conditions (air, no catalyst) full trans-
formation of the PHPS-based coatings into SiO, does not take
place.

In summary, ATR-IR measurements are a useful tool to
investigate the main crosslinking and pyrolysis reactions of the
polysilazane-based coatings. After thermal treatment in air the
characteristic bands of the Si—O-Si groups occur at temperatures
higher than 300 °C. Furthermore the conversion of the polymers
is shifted to lower temperatures by a thermal treatment in air.
The findings are in good agreement to the results of the TGA,
GDOES and chemical composition measurements on ABSE-
and PHPS-based powders and coatings.'*

3.2. Shrinkage of polysilazane-based coatings

The conversion of the polymers into ceramic systems is asso-
ciated with a mass change and an explicit density increase. The
resulting shrinkage leads to a reduction of the coating thick-
ness and is the main drawback of the precursor technology.
The shrinkage limits the coating thickness since thicker coatings
result in cracking due to constrained pyrolysis.

As already mentioned the volume shrinkage of the polysi-
lazanes ABSE and PHPS was calculated by the density
values'®3%33 and weight change (see Section 3.1) of the systems
according to Eq. (2). Fig. 4 shows the calculated volume shrink-
age of both precursors as a function of the pyrolysis temperature
and the pyrolysis atmosphere.

The crosslinking of the polymers up to 200 °C (PHPS) and
300 °C (ABSE) respectively is associated with a volume shrink-
age of about 15%. In the temperature range between 200 and
700°C (PHPS) or 300 and 800°C (ABSE) the most signifi-
cant volume change occurs due to the typical pyrolysis effects
like weight loss and density increase. Fig. 4 also shows that
— compared to the ABSE system — the conversion of the
PHPS polysilazane into a ceramic material is completed at lower
temperatures. While no further mass loss is detected at temper-
atures higher than 800 °C (see Fig. 2) the volume continues to
decrease above 800 °C. This is due to structural rearrangement
processes, which result in a further compaction (densification)

0 -
-ABSE, nitrogen
=107 -=-ABSE, air
20 -+PHPS, nitrogen

-+-PHPS, air

volume shrinkage (%)
S

o} 200 400 600 800 1000
temperature (°C)

Fig. 4. Volume shrinkage of the polymers ABSE and PHPS as function of the
pyrolysis temperature and the pyrolysis atmosphere (calculated according to Eq.

).

of the ceramics. After a thermal treatment in nitrogen at 1000 °C
the volume shrinkage of the systems is higher than 60%.

The thermal treatment in air leads to a reduced shrinkage
for both precursors. The reason for that is the incorporation of
oxygen leading to a higher ceramic yield. However, the shrink-
age of the PHPS polymer is lower than ABSE. This is due to
the partially free Si-content in the PHPS system formed during
pyrolysis. Oxidation to mainly SiO, leads to a significant mass
gain during thermal treatment in air (see Fig. 2) and also to a
reduced shrinkage. In contrast, the free C-content of the ABSE
polysilazane is partially oxidised to gaseous CO,. Thus the vol-
ume shrinkage of the PHPS system in air is about 15% lower
than that of the ABSE polymer.

The shrinkage of the polysilazane-based coatings was exper-
imentally determined by measuring the coating thickness before
and after the thermal treatment according to Eq. (1). The
decrease in coating thickness thereby corresponds to volume
shrinkage, since shrinkage in the coating plane is not possible
due to the bonding of the coatings on the substrates. In order to
exclude incorrect results caused by coating failures, the inves-
tigations were performed on pore and crack free thin coatings
with a thickness of about 1 pm, which was verified by scanning
electron microscopy. Typical ABSE- and PHPS-based coatings
after different pyrolysis conditions are shown in Fig. 5.

In Fig. 6, the experimentally determined shrinkage of the
coatings is displayed. For clarity reasons, the standard deviation
with values up to 20%, which results from measuring errors and
deviations in the coating thicknesses, is not plotted.

The experimentally determined shrinkage of the coatings
agrees very well with the calculated shrinkage behaviour shown
in Fig. 4. Once again the faster conversion of the PHPS-based
coatings can be detected. Furthermore, a treatment in air results
in lower shrinkage compared to a pyrolysis in nitrogen.

Motz and Ziegler®> as well as Colombo et al.’® also
investigated the shrinkage behaviour of Ti- and Zr-modified
polysilazane-based or polycarbosilane-based coatings. They
published similar shrinkage characteristics and slightly different
shrinkage values (up to 40%>> or up to 80%°°). The likely rea-
sons for these differences are different precursors and different
methods for measuring the coating thickness.
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Fig. 5. Scanning electron micrographs of different polysilazane-based coatings on steel AISI 304 (1h, 3 K/min): (a) PHPS, 200 °C, air; (b) PHPS, 300 °C, air; (c)

PHPS, 500 °C, nitrogen; (d) ABSE, 800 °C, air.

It can further be seen from Fig. 6, that the shrinkage of the
coatings between 800 °C and 1000 °C in nitrogen is rather high
This indicates that a sublimation of gaseous products, especially
SiO takes place above 900 °C, which was also found by other
authors.3'-37 Oxygen is incorporated into the thin PDC coatings
resulting from impurities or from oxygen contaminations in the
pyrolysis atmosphere (see Section 3.1). The low oxygen partial
pressure in the pyrolysis atmosphere (O <50 vpm) therefore
cannot lead to a complete oxidation to SiO,. Thus the formed
SiO, which has a high vapour pressure at 7>900 °C, partially

MR N
-10 -=-ABSE, ai
20 \\\ -+PHPS, ::;rogen

30 -»-PHPS, air

—ABSE, nitrogen

coating shrinkage (%)
& b
o o
?
I

0 200 400 600 800 1000
temperature (°C)
Fig. 6. Experimental shrinkage of the ABSE- and PHPS-based coatings as func-

tion of the pyrolysis temperature and the pyrolysis atmosphere (according to Eq.

).

sublimates leading to an additional weight loss and shrinkage of
the coatings.

The critical coating thickness, up to which dense and crack-
free coatings can be applied, mainly depends on the shrinkage
values. Because of the less shrinkage of the PHPS system the
critical coating thickness of the PHPS-based coatings should
be higher than that of the ABSE-derived films. This could be
proved by scanning electron microscopy. Fig. 7 shows an ABSE-
and a PHPS-based coating with a thickness of about 1 pm after
pyrolysis in air at 800 °C. Whereas the ABSE-based coating
exhibits several shrinkage cracks, no cracks are visible for the
PHPS-based coatings.

Altogether, the shrinkage behaviour correlates well with the
conversion behaviour discussed in Section 3.1. The calculated
volume shrinkage values are very similar to the experimentally
determined shrinkage values for both coatings in the two atmo-
spheres. After pyrolysis at 1000 °C the shrinkage values vary
between 45% and 75%. The PHPS-based coatings exhibit lower
shrinkage compared to the ABSE-derived coatings leading to
a higher critical coating thickness before constrained pyrolysis
induced cracks are observed.

3.3. Mechanical properties of polysilazane-based coatings

Using nanoindentation the hardness and Young’s modulus of
about 1 wm thick ABSE- and PHPS-based coatings on steel AISI
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Fig. 7. Scanning electron micrographs of about 1 wm thick ABSE-derived (a) and PHPS-based (b) coatings on steel AISI 304 after a pyrolysis at 800 °C in air (1 h,

3 K/min).

430 were investigated. 15 indents were conducted at room tem-
perature on each sample with an indentation depth up to 1 pm.
For plotting the coating hardness as a function of the pyrolysis
temperature and the pyrolysis atmosphere (see Fig. 8), the data
are averaged for an indentation depth of 100 nm (approximately
10% of the film thickness).

It can be seen from the diagram that the hardness of the coat-
ings increases with the pyrolysis temperature. For the ABSE
precursor, the hardness of the crosslinked coatings after a curing
temperature up to 500 °C is only 1 GPa (curing in nitrogen) or
2 GPa (curing in air). Because of the conversion of the polymer
into an amorphous ceramic, the hardness increases to a value of
about 12 GPa after a pyrolysis at 1000 °C.

The PHPS system is characterised by higher hardness values
in the temperature region up to 700 °C. This is due to its inor-
ganic nature resulting in a rapid crosslinking and a less mass
change during pyrolysis. Thus a hardness of about 6 GPa is
already reached after a thermal treatment at 500 °C in nitrogen.
At higher temperatures (>800 °C), the hardness of the PHPS-
based coatings is similar to that for the ABSE-derived films,
since at these temperatures, the conversion of both precursors
into the corresponding ceramic is complete.

Further the pyrolysis atmosphere has a significant influence
on the hardness of the coatings. The thermal treatment in air

16
il -+ABSE, nitrogen | .
-+-ABSE, air
= 127 =PHPS, nitrogen
Q. 10 | -=-PHPS, air
&
o 8
o
£ 6
5 4
e
2
0

0 200 400 600 800 1000

temperature (°C)

Fig. 8. Hardness of ABSE- and PHPS-based coatings on steel AISI 430 as func-
tion of the pyrolysis temperature and the pyrolysis atmosphere (1 h, 3 K/min).

leads to higher hardness values in the temperature region up to
400 °C, since the crosslinking in air is faster than that in nitrogen
(see Section 3.1). At temperatures >800 °C, the hardness of the
coatings pyrolysed in nitrogen is higher than the hardness of the
coatings treated in air. This is due to the incorporation of oxygen
during pyrolysis in air. The resulting coatings with a chemical
composition of approximately SiO; show a lower hardness than
the Si(C)N-coatings. However the ABSE- and PHPS-based coat-
ings pyrolysed in air at 950 °C have slightly higher hardness
values than pure SiO» (fused silica: 8-10 GPa).?® This points
out that additional hetero-atoms like C or N are present in the
coatings.

The comparison of our investigated hardness data with val-
ues published by other authors?!* affirms, that the hardness
of precursor systems increases with the pyrolysis temperature.
The quantitative hardness values mainly depend on the mea-
suring technique, the indentation load and the geometry or the
pre-treatment of the samples. Additionally for PDC ceramics the
processing parameters like pyrolysis temperature or atmosphere,
inhomogeneities like pores or C-clusters as well as the chemi-
cal composition play a major role. In summary, the hardness of
the coatings is mainly controlled by the pyrolysis temperature,
which however is limited by the respective substrate material.
After a pyrolysis at 1000 °C in nitrogen, hardness values up to
13 GPa can be achieved.

The Young’s modulus of the coatings was determined using
nanoindentation and calculated according to Egs. (4) and (5). In
Fig. 9, the Young’s modulus of the ABSE- and PHPS-derived
coatings is displayed as a function of the pyrolysis tempera-
ture and the pyrolysis atmosphere. The data — analogous to the
hardness measurements — represent average values of 15 mea-
surements with an indentation depth of 100 nm on approximately
1 wm thick coatings.

It can be seen from the diagram that the Young’s modulus val-
ues clearly increase with the pyrolysis temperature. The Young’s
modulus of the polymeric ABSE-based coating is only 15 GPa
after curing at 500 °C. At higher temperatures, the modulus
reaches values up to 145 GPa (1000 °C, nitrogen).

The PHPS-based coatings exhibit higher modulus values in
the temperature region up to 800 °C than the ABSE-derived
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Fig. 9. Young’s moduli of ABSE- and PHPS-based coatings on steel AISI 430
as function of the pyrolysis temperature and the pyrolysis atmosphere (1h,
3 K/min).

films. After pyrolysis temperatures of 950 and 1000°C, no
significant difference between the Young’s moduli of the two
coating systems can be detected.

Furthermore, an explicit dependence of the Young’s mod-
ulus on the pyrolysis atmosphere is present. In the polymeric
state up to 300 °C for PHPS and up to 500 °C for ABSE higher
Young’s modulus values can be achieved by a thermal treatment
in air. Above these temperatures the values after a pyrolysis in
nitrogen are clearly higher. For instance the Young’s modulus
of the ceramic coatings after a pyrolysis at 1000 °C in nitro-
gen exhibit values of about 150 GPa, whereas only 110 GPa
are achieved after a pyrolysis at 950°C in air. This can be
explained by the higher Young’s modulus values of non-oxide
ceramics (SiC, Si3N4) compared to oxidic systems such as SiO»
(see also Table 2). While oxide ceramics exhibit mainly ionic
bonds, covalent bonds predominate for non-oxide ceramics,
which are characterised by a higher bonding strength.> How-
ever, the reduced Young’s moduli of the coatings pyrolysed in
air lead to an increased compliance of the coatings at mechanical
loads.! The higher compliance results in a more strain tolerant
behaviour under cyclic thermal loading.

Table 2
Hardness and Young’s moduli of different materials.
Material Hardness Young’s Reference

(GPa) modulus

(GPa)

Steel AISI 430 2.5 210 a
Fused silica SiOy 8.6-9.8 72.5 38
Si3Ny, sintered, dense 15-18 250-330 2
SiC, sintered, dense 25-26 370-450 2
SiCN, crystalline, 1800 °C 16-18 - 7
SiCNO, amorphous, 1000 °C 12 97 39
SiCN, amorphous, 1000 °C 8 100 34
SiCN, amorphous 13 121 40
SiCN-coating (PVD), amorphous 6-12 74-118 3
SiCN-coating (PVD), amorphous 20 210 41
SiCN-coating (CVD), amorphous 12-19 113-181 4
SiyNy-coating, amorphous, 1100 °C 4 71 42
SiN(CO)-coating, 1000 °C, N, 12-13 145-155 a
SiO(CN)-coating, 950 °C, air 10-12 100-110 a

2 Internal measurements.

The Young’s modulus values between 100 and 110 GPa after
a pyrolysis in air at 950 °C further prove that the coatings do not
completely convert into SiO; systems. Compared to fused sil-
ica the values are about 30 GPa higher, which is a confirmation
for the existence of additional atoms like C or N in the coat-
ings. This phenomenon was also postulated for the hardness
measurements.

In Table 2 the hardness and Young’s moduli of different
materials and coatings are shown.

The hardness values of the ABSE- and PHPS-based ceramic
coatings are higher than the hardness of the most metals or
glasses. However, they are not as high as those obtained for crys-
talline ceramics or coatings, which are mainly applied by PVD-
or CVD-techniques. Thus, the thin precursor derived amorphous
coatings are not very suitable for heavily loaded mechanical
applications. However, a significant hardness increase can be
achieved by these coatings on relatively soft substrate materi-
als like stainless steel. Therefore applications of the films as
scratch-resistant coatings on soft metals are a possibility.

The determined Young’s modulus values of the PDC coatings
are — especially after a pyrolysis in nitrogen — relatively high. A
comparison with published data (see Table 2) illustrates, that the
measured values are higher than the Young’s modulus values of
monolithic amorphous SiCN-ceramics. This maybe due to the
more complete conversion of the coatings due to the short diffu-
sion distances or due to lower levels of porosity in the coatings
compared to bulk materials.

4. Conclusion

This work focused on the conversion behaviour as well as
the hardness and Young’s moduli of ABSE- and PHPS-based
coatings. Special emphasis was placed on the effect of pyrolysis
in air. The results of the spectroscopic and analytic measure-
ments on the coatings show that the conversion behaviour and
the mechanical properties depend not only on the precursor sys-
tem, but also on the pyrolysis temperature and the pyrolysis
atmosphere. After crosslinking of the polysilazanes, the trans-
formation of the polymers into amorphous ceramics takes place
at temperatures up to 700 °C for PHPS and 800 °C for ABSE.
Due to the inorganic nature of the PHPS system, the conversion
of PHPS occurs not only at lower temperatures but is also asso-
ciated with a higher ceramic yield and lower shrinkage values.
Furthermore, for applications in the intermediate temperature
range, the processing and thermal treatment of the coatings is
possible in air. The following important points must be consid-
ered for a pyrolysis in air when compared to a thermal treatment
in inert atmospheres:

e Processing in air is more cost effective because it does not
require atmosphere control equipment.

e The conversion of the polymers into ceramic-like systems
takes place at lower temperatures, minimizing the thermal
stresses on the substrate materials.

e The ceramic yield can be increased by incorporating oxygen,
leading to reduced shrinkage and making it possible to create
thicker coatings without cracks or defects.
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e The hardness and Young’s moduli of the oxygen-rich coatings
are lower compared to pyrolysis in an inert atmosphere, result-
ing in superior compliance of the coatings under mechanical
stresses.

After pyrolysis at 1000 °C in nitrogen, the ceramic coat-

ings are characterised by high hardness values of 13 GPa and
Young’s moduli up to 155 GPa, which is an evidence for the
formation of dense and homogeneous coatings without failures.
These coatings have already been shown to be excellent corro-
sion and environmental barrier coatings. The results of this study
demonstrate that they also have good mechanical properties.
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