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1. Introduction

Thermal barrier coatings (TBCs) and environmental barrier
coatings (EBCs) have gained significant interest in recent years
due to their potential to protect high-temperature components,
such as those found in gas turbines or in advanced propulsion
systems.[1,2] TBCs mainly increase the maximal operation tem-
perature of the material system by providing appropriate thermal
insulation, while EBCs protect materials from degradation due to
corrosive species present in the environment. Hence, the mate-
rials used in TBCs should possess low thermal conductivity and

possibly high thickness, whereas those
used for EBC purposes should be dense,
crack-free, and provide an effective diffu-
sion barrier for corrosive species. In addi-
tion, materials used for both EBCs and
TBCs require high phase stability, wear
resistance, chemical compatibility as well
as a low mismatch in coefficients of ther-
mal expansion (CTEs) with the substrate
and good adhesion to grant resistance to
intensive thermal cycling, as this is a major
cause of coating failure.[2,3] Next to the
commonly utilized yttria stabilized zirconia
(YSZ) which demonstrates a low thermal
conductivity and a well-matching thermal
expansion to the commonly used nickel-
based superalloys,[4] ultra high-temperature
ceramics (UHTCs) have been of great
interest for high-temperature applications,
which go beyond that of YSZ.[5] This group
of ceramics with melting points above

3000 °C includes borides, carbides, and nitrides of the group
IV and V transition metals.[6] In addition to the excellent thermal
properties, these ceramics display chemical inertness and high
hardness, caused mainly by the strong covalent bonding nature
of the compounds but often suffer from a conditional oxidation
resistance under high-temperature and oxygen-containing
atmospheres.[7,8] Furthermore, their complex processing limits
their use in many applications.[9]

The polymer-derived-ceramics (PDC) route offers a promising
alternative for processing of UHTCs at lower temperatures and
pressures, and particularly composites with high content of silica
former (≈80 vol%) are accessible.[10] This general strategy
involves transforming preceramic polymers into ceramic mate-
rial by pyrolysis. In the case of UHTC-composites, transition
metal compounds are used to modify the silica-former polymeric
precursors and tailor the chemical composition and structure. As
a result, the preceramic polymers can be designed in a way to
match the desired properties required for any kind of barrier
coating. Previous studies have shown the successful synthesis
of liquid polymeric precursors for SiHfBCN- and SiZrBCN-
based ceramics by modifying the commercial polysilazane
Durazane 1800. The chemical structure of the precursors, as well
as the high-temperature evolution of the resulting ceramics, was
investigated in detail.[11,12] Further, sintered bulk samples of
SiHfBCN showed promising results in short-term oxidation tests
and spin-coated SiHfBCN samples demonstrated effective
coatings with favorable oxidation behavior on chromium sub-
strates.[13] Latest publications show that incorporating Ta to
HfC/SiC monoliths leads to the formation of (Hf,Ta)C solid
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In the present work, transition metal-containing preceramic silicon polymers
were synthesized via chemical modification of a commercially available orga-
nopolysilazane with Hf and Ta amido complexes as well as with borane dimethyl
sulfide complex. The incorporation of transition metals into the polymer
structure, their influence on ceramization and processability were thoroughly
investigated. Moreover, the prepared preceramics were coated onto silicon wafers
via spin coating and converted into crack-free, amorphous SiHfTa(B)CN-based
ceramic coatings with excellent adhesion to the substrate. The composition of the
ceramic coatings was investigated via X-ray photoelectron spectroscopy (XPS) and
their high-temperature behavior was studied via oxidation tests performed at
1100 °C. Moreover, a thermal cycling procedure to temperatures above 1250 °C
with rapid heating and cooling rates (i.e., in the range of 100–120 K s�1) was
applied to the ceramic coating, which showed no damage even after ten thermal
cycles, indicating their outstanding performance and their potential for use as
environmental barrier coatings at high temperatures.
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solutions in SiC, improving the oxidation resistance of the nano-
composites.[14,15] Therefore, the synthesis procedure of liquid
Si(M)CN or Si(M)BCN precursors by modifying Durazane
1800 seems to be a promising approach to obtain materials
for environmental or thermal barrier coatings. Remaining chal-
lenges for high-temperature stable PDC coatings are ensuring
similar CTEs (coefficients of thermal expansion) between the
substrate and the coating as well as good substrate adhesion.[16]

Additionally, the PDC route offers the possibility to obtain
amorphous ceramics, thereby eliminating grain boundaries
which can make ceramics prone to cracking under thermal shock
conditions when grain boundary fracture energy is not suffi-
ciently high.[17] A typical weakness of ceramics in EBCs or
TBCs are phase transformations during thermal cycling and ther-
mal shock, either by changing crystal structure or by the crystal-
lization of amorphous ceramics which can lead to cracking when
approaching temperatures of 1000 °C.[18–20] PDCs can overcome
this problem through excellent crystallization resistance known
for several systems, such as SiOC, SiCN, and SiBCN.[21,22]

In this work, we modified the commercially available precer-
amic copolymer Durazane 1800 with the transition metals haf-
nium and tantalum in the ratio 7:3 and different boron ratios to
obtain liquid single-source precursors (SSP) with the composi-
tion Six(Hf0.7Ta0.3)w(Bvar)CyNz. The liquid precursor with excel-
lent solubility was structurally investigated and coated on silicon
substrates. The presence of reactive groups allowed a crosslink-
ing step and a high ceramic yield. After pyrolysis, a homoge-
neous and crack-free ceramic coating was obtained, showing
good short-term oxidation behavior and excellent adhesion.
The adhesion and thermal shock resistance of the coating was
tested in our study by using a self-built furnace with extreme
heating rates of ≈170 K s�1. The rates can be achieved by resis-
tively heating 2 carbon strips directly in contact with the bottom
and top of a flat sample. Due to their low thermal mass, they also
cool down extremely fast with cooling rates of ≈140 K s�1 down
to 700 °C allowing very short cycle times (in this study, ten cycles
within10min). Further, the thermal shock test is performed in
inert atmosphere. Hereby, this method is able to focus on the
thermally induced tensions, effectively emulating thermal shock
in the system, strongly reducing simultaneously occurring
processes such as oxidation or grain growth when compared
to thermal shock tests performed for longer times or in air.

2. Experimental Section

2.1. Synthesis of Hf/Ta/B Modified Organopolysilazanes

The different SSPs were synthesized by modifying a commer-
cially available organopolysilazane, namely Durazane 1800
(Merck KGaA) with tetrakis(diethylamino)hafnium (TDEAH,
99.99% trace metal bases, Sigma-Aldrich) and pentakis(dimethy-
lamino)tantalum (PDMAT, 99.99% trace metal basis, Sigma-
Aldrich). The molecular structure of the compounds used is
depicted in Figure 1.

The weight ratio of Durazane 1800: (TDEAHþ PDMAT) was
set to approximately 65:35, a composition that has shown prom-
ise in obtaining soluble precursors,[8,9] while the molar ratio of
the two transition metals, Hf:Ta, was set to 7:3. For

simplification, the composition Six(Hf0.7Ta0.3)wCyNz is named
B00 to distinguish between the samples with the boron-contain-
ing ones. For the Six(Hf0.7Ta0.3)w(Bvar)CyNz samples, addition-
ally, borane dimethyl sulfide complex (BMS, Sigma-Aldrich)
was added, setting a transition metal:borane molar ratio of
1:0.5 (B05) and 1:1 (B10). For example, the synthesis of the sin-
gle-source precursor (SSP) B10 was performed under an argon
atmosphere using the Schlenk technique and glovebox. Typically,
in a 250mL Schlenk flask, 10.8 g of Durazane 1800 was dissolved
in 20mL of anhydrous toluene. To this solution, 4.20 g TDEAH
and 1.55 g PDMAT, dissolved in 15mL of toluene, were added
dropwise. The newly obtained solution was stirred for 2 h at
room temperature. Later, the solution was cooled by a mixture
of dry ice and isopropanol to �78 °C and a solution of 0.96 g
of BMS in 12mL of toluene was added. The solution was allowed
to reach room temperature and stirred overnight. The solvent
was then removed under vacuum at 50 °C. The obtained SSPs are
yellow- to brown-colored highly viscous liquids.

2.2. Spin Coating

The overall processing route from the commercial precursor to
the ceramic coatings is displayed in the flow chart in Figure 2.
After synthesis, three solvent-free SSPs with varying boron con-
tent were dissolved in anhydrous toluene (99.8%, Sigma) at a
concentration of 35 wt% to prevent further crosslinking. In addi-
tion, diluted solutions with a concentration of 30, 20, and 14 wt%
were prepared from the concentrated solution. Due to its ten-
dency to hydrolyze, the non-crosslinked polymer was strictly
manipulated under argon atmosphere. The substrates, 1 inch
single crystalline silicon wafers (Prime CZ-Si, 280 μm, 2-side pol-
ished, MicroChemicals), were cleaned by repeatedly spinning off
toluene. To later measure the thickness of the coatings, part of
the substrate was taped off. As a coating technique, static spin
coating was chosen due to its previous success for similar sys-
tems and good reproducibility.[23–25] The substrate was wetted
with the filtered polymer solution (0.2 μm mesh size, 25mm
hydrophobic PTFE syringe filter, ROTILABO), accelerated to
the target frequency by a spin coater (KL-SCI-20 with a one-inch
spinning table, Quantum Devices) and then stopped after 40 s.

Figure 1. Chemical compounds used during the synthesis procedure.
a) Durazane 1800, b) pentakis(dimethylamino)tantalum, c) tetrakis
(diethylamino)hafnium, and d) borane dimethyl sulfide complex.
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For those samples where an edge was taped off for subsequent
profilometry, the tape was removed. After optimization of the
spinning frequency, as this will provide the highest film thick-
ness, with 1000 rpm steps, the lowest frequency yielding homo-
geneous coatings was chosen. The 14 wt% solutions were
accelerated up to 4000 rpm for all boron contents, while all other
concentrations were accelerated up to 6000 rpm. To crosslink the
samples, they were placed into a quartz tube, which was then
heated in a tube furnace (LOBA tube furnace) to 250 °C for
2 h with a heating and cooling rate of 100 K h�1 under flowing
Ar. Directly after performing profilometry, the samples were
shortly washed with strong nitrogen gas flow to remove possible
dust particles and put back into a quartz tube, which was then
evacuated and flooded with argon three times, followed by a heat
treatment at 1000 °C for 2 h with a heating and cooling rate of
100 K h�1.

2.3. Characterization Methods

Fourier-transform infrared spectroscopy (FT-IR) in attenuated
total reflectance (ATR) mode of the SSPs, the crosslinked pow-
ders and the ceramic films was carried out on a Varian 670-IR
(Agilent, USA) in the range of 4000–550 cm�1. Liquid-phase
nuclear magnetic resonance (NMR) spectroscopy experiments
of the SSP (11B, 13C, and 29Si) were carried out on a Bruker
AV 500 spectrometer (Bruker, Germany). For all NMR experi-
ments, CDCl3 was used as the solvent. Chemical Shifts are
referred to TMS (tetramethylsilane) as the standard for 13C
and 29Si NMR spectroscopy and to BF3 · Et2O for 11B NMR stud-
ies. Rheological experiments were performed with a HAAKE

MARS I Rheometer (Thermo Fisher Scientific, USA) at room
temperature. The ceramization process from the polymeric pre-
cursor to the ceramic product was investigated on powder sam-
ples. Therefore, the single-source precursor was crosslinked at
250 °C in argon to obtain a less air-sensitive powder. The thermal
gravimetric analysis was performed at a STA449C Jupiter
(Netzsch, Germany) with a heating rate of 5 °Cmin�1 from room
temperature to 1100 °C in argon atmosphere. MAS NMR experi-
ments were carried out on a Bruker Avance IIþ spectrometer at
400MHz proton resonance frequency, employing a Bruker
4mm double resonance MAS probe at spinning rates of
12 kHz at room temperature. Single pulse (SP) 29Si NMR spectra
were recorded using a 90° pulse of 9 μs and recycle delays of
120 s. For the SP 13C NMR spectra, a 90° pulse of 4 μs and recycle
delays of 20 s were adopted. For the rheological measurement,
we removed the solvent under vacuum at 50 °C, and after a short
storage period, the samples were measured with a plate-plate
(PP) geometry rheometer. The static measurement was carried
out under a nitrogen atmosphere, and the time was set to
7min to obtain a stable result. The coatings were studied by
the following techniques: optical microscopy with a ring light
(Zeiss Axio Zoom.V16, ZEISS, Germany), scanning electron
microscopy (SEM) for surfaces (JEOL JSM-7600F, JEOL Ltd.,
Chiyoda, Tokyo, Japan), and cross sections (PHILIPS XL30 FEG,
Philips Electronics, Amsterdam, Netherlands), profilometry for
coating thickness (DektakXT, Bruker, USA) as well as X-ray dif-
fraction (STADIMP,Mo Kαwith Ge (111) monochromator, STOE,
Germany), X-ray photoelectron spectroscopy (XPS, VG ESCALAB
250 with Al K-alpha 1486.68 eV, Thermo Fisher, USA), and FT-IR
(see above) for structure and composition analysis.

Static contact angle measurement was performed using the
sessile drop method on an OCA-20 goniometer (DataPhysics
Instruments GmbH, Germany) with seven 3 μL water droplets
per sample. An oxidation test was performed in air in a muffle
furnace (VMK 1600, Linn High Therm, Germany). A self-built
ultrafast furnace was used to test the resistance to rapid thermal
cycling. The assembly is located in a vacuum chamber and can be
operated under vacuum and in Ar gas. The specimen is placed
between two carbon papers and heated by resistance heating. The
current controls the temperature that is read by a pyrometer
(KTRD 1485, MAURER, Germany) for temperatures between
700 and 3500 °C. Below 700 °C, the temperature is not measured.

3. Discussion and Results

3.1. Precursor Synthesis and Characterization

Complex multinary Six(Hf0.7Ta0.3)w(Bvar)CyNz ceramics were
synthesized from SSPs obtained via the reaction of the organo-
polysilazane Durazane 1800 with organometallic compounds of
hafnium and tantalum and with a monoborane complex as
described in the experimental section. The reaction was studied
by FT-IR spectroscopy and 11B, 13C, and 29Si liquid-phase NMR
spectroscopy. The bare organopolysilazane is a copolymer
comprised of vinyl/methyl silazane units (20%, A) and
methyl/hydrido silazane units (80%, B). The FT-IR spectrum
reveals structure-specific vibrations as displayed in Figure 3,
namely N–H (3389 cm�1), C–H (2959 cm�1), Si–H (2119 cm�1

Figure 2. Flow diagram illustrating the preparation of ceramic coatings via
spin-coating of the synthesized SSPs.
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(B)), C═C (1592 cm�1 (A)), Si–CH3 (1252 cm�1), Si–N–H
(1165 cm�1), Si–N–Si (889 cm�1), and Si–C 751 cm�1). The func-
tional Si–H and N–H groups of the organopolysilazane undergo
reactions with the organometallic compounds which lead to the
formation of Si─N─M and N─Mbonds (M=Hf, Ta) as has been
reported in various previous studies.[11,26,27] Accordingly, an
intensity decrease of the Si–H and the N–H vibrations is found
in the FT–IR spectra of the metal-modified precursor. Despite
the reduction of intensity, the vibration bands do not vanish
entirely. Parallelly, for all systems, we find strong C-H vibrations
at around 2800 and 1400 cm�1. This result indicates that not all
di(m)ethylamino ligands of Hf and Ta have reacted, most likely
due to steric hindrances. The boron-modification of the SSP
leads to B–H vibrations at 2485 cm�1 increasing with higher
borane concentrations as indicated by the FT-IR spectra of the
samples B05 and B10 in Figure 3. Besides the residual B–H
vibrations after the hydroboration reaction between the vinyl
groups of Durazane 1800 and the borane complex BMS, B–N
vibrations (1324 cm�1) are analyzed for sample B10. They can
be ascribed to reactions of BMS with the polymer N–H groups
or with the di(m)ethylamido ligands.

Besides IR spectroscopy, 11B, 13C, and 29Si liquid-phase NMR
experiments were conducted to investigate the underlying reac-
tion mechanisms in more detail. 11B spectra were measured for
the boron-containing samples. The pronounced signal at
δ= 29 ppm in samples B05 and B10 is correlated to the hydro-
boration product R2BH (R being an organic substituent) via the
reaction of the BH3 complex and the vinyl groups of the used
organopolysilazane.[18] The broadened shape of the NMR peak
indicates that both, namely α-addition (Markovnikov) and the
β-addition (anti-Markovnikov), occur during hydroboration.
The non-regioselective course of the reaction has already
been described several times in the literature for similar
experiments.[11,28]Additionally, for sample B10, a signal at
δ= 36 ppm originates from the discussed second reaction
between N–H/R and B–H. Furthermore, none of the investigated
samples displayed a signal of the starting BMS centered at

δ=�20 ppm.[29] The corresponding NMR spectra are displayed
in Figure 4.

The 13C spectrum of Durazane 1800 in Figure 5 exhibits four
complex multiplett signals. Two of the signals correspond to the
CH3 groups bonded to silicon at δ=�1 and δ= 5 ppm while
the peaks at δ= 130 and δ= 140 ppm are due to the C-atoms
of the vinyl groups. The 13C-NMR spectra of the metal and boron-
modified samples become more intricate, revealing a new
multiplett at δ= 36–39 ppm, along with several singlet peaks dis-
tributed between δ= 40–60 and δ= 15–20 ppm. The complexity
of the modified polymer hinders a straightforward assignment of
the new signals to individual groups, as overlapping occurs due
to similar chemical environments. The signals between 40 and
60 ppm can be assigned to N–CHn groups, leading to the conclu-
sion that only a part of the organic N–(CH2)–CH3 groups react
with the polymer backbone, with steric factors preventing further
reaction. The signals in the range below 40 ppm are assigned to

Figure 3. FT-IR spectra of Durazane 1800 and the modified polymers B00,
B05, and B10 at RT.

Figure 4. 11B spectra of the modified polymers B05 and B10 at RT.

Figure 5. 13C spectra of Durazane 1800 and the metal-modified polymers
B00, B05, and B10 at RT.
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CHn signals arising either from the transition metal compound
or from carbon atoms of the hydroborated vinyl groups.[30–32].
Like the modified samples, the boron-free sample even shows
a weakening of the vinyl signal. This aspect indicates a metal-
induced catalytic hydrosilylation or vinylpolymerisation, specifi-
cally by the tantalum compound. Similar phenomena have
already been observed for other vinyl-containing Si-polymers.[30]

In the 29Si spectra of Durazane 1800 shown in Figure 6, a
broadened peak between δ= –14 and –21 ppm which is corre-
lated to (sp2C)(sp3C)SiN2 units occurs. A more distinct peak at
�23 ppm is connected to CH3SiHN2 sites.[33] Additionally,
smaller peaks are present at �32 ppm, which originate from
(sp3C)SiN3 units caused by crosslinking of the organopolysila-
zane. The spectra of the modified organopolysilazanes look sim-
ilar to that of Durazane 1800 and only the signal at �20.6 ppm
became more pronounced, related to the formation of more
C2SiN2 units caused by the reaction of the metal amido com-
pound with the organopolysilazane. Further, the peak at

�23 ppm is broadened. The broadening is caused by increased
polymer mass and the resulting restricted mobility of the poly-
mer.[34,35] Based on the spectroscopic data, we propose the two
reaction pathways for the synthesis of the single-source precur-
sor of Six(Hf0.7Ta0.3)w(Bvar)CyNz displayed in Figure 7.
Accordingly, the organometallic compounds undergo reactions
with Si–H and N–H groups of the organopolysilazane. The
monoborane complex BMS undergoes a hydroboration reaction
with the vinyl groups of Durazane 1800, which can lead to the
respective Markovnikov and anti-Markovnikov hydroboration
product.

The unmodified organopolysilazane is a low viscous liquid
with a viscosity of 10–40mPas. The modification with the organ-
ometallic compounds raises the viscosity drastically but, impor-
tantly, does retain good solubility in common aprotic solvents
(THF, Toluene, Benzene, and Hexane). The static viscosity, shear
storage moduli, and shear loss moduli were analyzed for the
modified samples. The corresponding plots are displayed in
Figure 8 and the measured static viscosity, shear storage moduli,
and shear loss moduli are listed in Table 1.

In the graph for the viscosities in Figure 8, we added the value
for pure Durazane 1800 given by the technical datasheet. The
modified polymers show a viscosity increase by six orders of
magnitude which brings all samples in the range of 106 mPas.
The samples B00–B10 do not differ much in the absolute viscos-
ity, B00 shows the highest viscosity and B05 the lowest. However,
the minor differences should not be overestimated, as they can
also be attributed to minimal deviations in the synthesis or the
drying process. More attention should be paid to the difference in
the unmodified polymer. The extreme difference in viscosity is
not noticeable after the reaction because the polymers are still
diluted in toluene. In contrast, the polymer segments after vac-
uum drying are no longer surrounded by solvent molecules but
rather by neighboring polymer chains and hence display greater
interactions with each other. Furthermore, new polymer–
polymer interactions caused by incorporating metals into the
polymer backbone influence the conformation and, hence, ther-
mophysical properties.[36,37] The presence of transition metal
atoms can lead to ligand–metal donor–acceptor interactions with

Figure 6. 29Si spectra of Durazane 1800 and the modified polymers B00,
B05, and B10 at RT.

Figure 7. Proposed reaction pathways of synthesizing the SSP of Six(Hf0.7Ta0.3)w(Bvar)CyNz. The organometallic compounds undergo reactions
with Si-H and N-H groups. BMS undergoes a hydroboration reaction with the vinyl group, which can lead to the Markovnikov and the anti-
Markovnikov product.
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high coordination numbers in addition to the chemical bonds
between polymer and metal. These supramolecular interactions
are known from the literature for transition metals and materials
containing anionic or neutral donor ligands like nitrogen.[38] The
combination of supramolecular interactions as well as the
probably increased molecular mass caused by the modification
of the polymers contributes to the increased viscosity. While
highly viscous, all samples displayed a G 00 about 20 kPa higher
than G 0. The significantly larger G 00 than G 0 moduli correspond
to a liquid rheological behavior with fluid mechanics.

3.2. Polymer-to-Ceramic Transformation

The liquid SSP were cross-linked at 250 °C to investigate the pre-
ceramic intermediate state during the early ceramization steps.
FT-IR was used for the analysis of the modified and crosslinked
samples displayed in Figure 9. In addition, we investigated sam-
ple B05 by 13C and 29Si MAS NMR spectroscopy. These spectra
are shown in Figure 10. Additionally, the thermal transformation
of the SSPs into amorphous ceramics was investigated by TGA.
The measurements were performed on crosslinked powders to
eliminate the effect of the substrate and get the information on
only the polymer-derived material. Thus, the obtained results are
substrate independent.

All samples show similar FT-IR-spectra and similar
changes compared to the liquid precursor. The signal intensities
of the Si–H (2119 cm�1) and the N–H (3389 cm�1) stretching
bands clearly decrease. Besides, the vibration bands of the
C═C groups are mostly diminished. The reduction of these
bands can be correlated to the different reactions occurring
during the crosslinking process. Reactions that utilize the
aforementioned functional groups and lead to solid crosslinking
in the preceramic state are hydrosilylation, which was already dis-
cussed in the previous section, namely the transamination and
different dehydrocoupling reactions between Si–H/N–H.[39]

The simplified dehydrocoupling reactions are shown in
Equation (1) and (2).

Transamination (1)

Figure 8. Static viscosity of Durazane 1800, B00, B05, and B10. Furthermore, the Shear storage moduli and Shear loss moduli of B00, B05, and B10 are
depicted.

Table 1. Static viscosity, shear storage moduli, and shear loss moduli of
Durazane 1800, B00, B05, and B10.

Sample Viscosity
[mPas]

Shear storage
moduli [kPa]

Shear loss
moduli [kPa]

Durazane 1800 10–40a) – –

B00 8.4� 106 25.6 45.8

B05 5.1� 106 11.3 31.5

B10 5.8� 106 13.6 34.4

a)Durazane 1800 product data sheet.

Figure 9. FT-IR spectra of B00, B05, and B10 after crosslinking at 250 °C.
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Dehydrocoupling (Si–H and N–H) (2)

The B–H/B–N bands are no longer visible in the FTIR spectra.
This feature implies that the hydroboration and dehydrocoupling
reactions with BMS are completed at 250 °C. Furthermore, the
ethyl/methyl C–H vibrations band decreased in intensity.
Combined with the reduction of the Si–H and the N–H stretch-
ing bands, it indicates an increased degree of crosslinking.[12]

The 29Si MAS NMR of the cured sample B05 shows a broad-
ened signal from �5 to �10 ppm caused by the presence of
SiC2N2 units with sp3 carbon with different chemical environ-
ments.[28] The broadening of the SiC2N2 sites is caused by the
nature of the second coordination sphere, leading to a slightly
higher or lower field shift depending on the substituents of C
and N. The second observed signal appears at �17 to �40 ppm
and can be traced back to overlapping signals of SiHN2C, SiCN3

with different coordination spheres.[28,40] 13C MAS NMR spectra
of the crosslinked polymer cured at 250 °C display a peak at �10
to 20 ppm. The broad signal is caused by the CH3─Si bonds
being situated in different copolymer parts, which was already
observed in the precursor’s liquid-phase NMR. Compared to
the liquid NMR, the signal broadened because of the new
environment sphere around the Si–CH3 and the newly formed
Si-CHR2 groups.

[34] Additionally, a peak at 39 ppm, assigned to
N–(CH2)–CH3, is caused by the remaining homoleptic di(m)eth-
ylamine ligands which were already found in the precursor.[41]

The thermal transformation of the SSPs into amorphous
ceramics was studied by thermal gravimetric analysis (TGA).
The corresponding TGA curves and their first derivatives (DTG)
are shown in Figure 11. The three different samples display sim-
ilar behavior during the ceramization process. The mass loss
curves exhibit three plateaus leading to a ceramic yield of
81–82 wt%. The ceramization process for all samples is com-
pleted at 800–850 °C, as no mass loss can be found when heated

to higher temperatures. Potentially, low amounts of hydrogen
could still be released at higher temperatures, as this would only
lead to minuscule weight loss. As this release of hydrogen might
influence structure as well as density, the pyrolysis temperature
for the coatings was set considerably higher, to 1000 °C.

The boron-free sample behaves slightly differently during
ceramization compared to compounds containing boron which
can be easily seen in the first sections of the DTG curves. The
first minimum appears at 310 °C for B00 and is slightly offset
from B05 and B10 (350 °C). The second major mass loss step
occurs from ≈300 to 800 °C, wherein the boron-containing com-
pounds lose more mass even if the progression is identical
depending on the temperature. The total mass losses amount
18.1 wt% for B00 and 19.1 wt% for B05 and B10.

In previous studies, analogous mass yields were analyzed for
Six(Hf0.7Ta0.3)w(Bvar)CyNz and SiZr(B)CN polymer-derived
ceramics. Pristine Durazane 1800, in contrast, displayed a mass
yield of 65 wt%.[11,12,42] The strongly increased yield and, there-
fore, reduced volatilization during the ceramization process are

Figure 10. 13C and 29Si MAS NMR Spectra of the modified and crosslinked polymer B05 cured at 250 °C.
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Figure 11. TGA and DTG of the modified polymer precursors.
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beneficial for the intended application as it helps to prevent
cracking of the coatings.[43]

3.3. Coating

According to the results related to the precursor synthesis,
characterization, and ceramization, our chemically modified
preceramic polymers are suitable compounds to be applied for
coating processes.[24] The SSPs are liquid, show good solubility
in aprotic solvents and have reactive functional groups allowing
crosslinking. In addition, less than 20% mass loss during
polymer-to-ceramic transformation indicates the suitability of
the PDC precursor for coating applications.[25]

In the following, the notation of the coated samples is com-
posed of the solution concentration followed by the maximum
temperature of thermal treatment and then the boron content
of the polymer. For example, the crosslinked coating derived
from the 35 wt% B10 polymer solution is denoted as
35wt250B10.

3.3.1. Coating Characterization

All coatings derived from freshly synthesized 14, 20, 30, and
35 wt% solutions are crack-free, as seen in Figure 12. While most
of our sample coatings are primarily homogeneous, minor inho-
mogeneities accumulate near the taped-off region. They can be
ascribed to particles being dissolved from the tape that was used
to keep some part of the wafer uncoated to allow for thickness
determination through profilometry. In addition, interference
effects in layer thickness are found near the tape edge. More
minor defects are seen throughout all samples, including those
without taped-off edges. Most likely, they are caused by small
particles contaminating the sample prior (radiating outwards
from the defect, possibly also caused by gas bubbles) or after
the coating process.

Aside from these defects, all coatings, especially those without
taped-off edges, show good homogeneity. This is representatively
shown in Figure 13 for the 30 wt% samples by light microscopy
images and in Figure 14 by electron microscopy.

Figure 12. Images of top to bottom: 1000B00, 1000B05, 1000B10; left to right: 14 wt% 4000 rpm, 20 wt% 6000 rpm, 30 wt% 6000 rpm, 35 wt% 6000 rpm
showing mostly homogeneous coatings for all concentrations and boron contents.

Figure 13. Microscopy images using a ring light. From left to right: 30wt1000B00, 30wt1000B05, 30wt1000B10.
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In SEM, both topography (SE images) and composition (BSE
images) show good homogeneity with no apparent porosity,
indicating high density and confirming the good processability
of the preceramic polymers based on their aforementioned phys-
ical properties.[33]

The thickness of the crosslinked and pyrolyzed coatings,
obtained from profilometry, is plotted over the concentration
of the solution in Figure 15. The slight increase of the coating
thickness from 14 to 20 wt% is caused by the frequency increase
from 4000 to 6000 rpm.

The thickness of the coatings ranges from ≈265 to 1090 nm
after crosslinking and from ≈145 to 545 nm after pyrolysis. The
shrinkage is constrained in two dimensions due to the adhesion
to the substrate, meaning the volume shrinkage is directly rep-
resented through the thickness. The average volume shrinkage
from crosslinked polymeric film to pyrolyzed ceramic film in this
study is 43� 4%.

To the best of our knowledge, there have been no publications
on filler-free unmodified Durazane 1800 (or HTT 1800) derived
ceramic coatings. In our tests however, all of its ceramic coatings
strongly spalled off during thermal treatment at identical condi-
tions, down to a thickness of roughly 270 nm for 30 wt%
Durazane 1800 in toluene (see Figure 16).

We ascribe the significant improvement of the processibility
of the modified preceramic polymers to their strongly
increased ceramic yield discussed in Section 3.2, most likely
correlating to an increased crosslinking degree as well as
increased molecular mass. They reduce the amount of evaporat-
ing light chains during pyrolysis and thus reduces the shrinkage
from dry polymer film to ceramic. This reduces the stresses in
the coating and the interface, hence increasing the critical
thickness.

Overall, the coatings prepared from boron-modified polymers
are about 14% thicker than that of the boron-free formulations,
while no significant difference in thickness between the B05 and
B10-derived coatings could be found. According to Meyerhofer’s
equations,[44] the film thickness is proportional to η1/3.
Considering that the measured viscosity of B00 is about 1.5 times
that of the boron-modified samples, an increase in thickness for
B00 samples above 10% would be expected.

Figure 14. SEM images of (left to right) 30wt1000B00, 30wt1000B05, and 30wt1000B10 at x1,000 magnification in SE mode (top), x10,000 magnification
in SE mode (middle) and x10,000 magnification in BSE mode (bottom) with a dust particle to ensure the sample is in focus.
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Figure 15. Coating thickness after crosslinking at 250 °C and pyrolysis at
1000 °C.
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As known for PDC coatings, they fail during thermal treat-
ment when surpassing a critical coating thickness (tc).

[45] For
the B05 precursor, this tc was surpassed at 755� 30 nm after
pyrolysis for a coating prepared from the 35 wt% B05 solution
that had been aged for 2 weeks (evaporated toluene was
accommodated for, images shown in Figure S1, Supporting
Information).

To prolong the shelf life, the apparent crosslinking of the sol-
vent, likely promoted by the introduced metals, Hf and Ta, which
can catalyze hydrolysis or other polymerization reactions like
hydrosilylation or hydroaminoalkylation,[30,46,47] should be coun-
teracted. Hence, as a kinetic hindrance, the polymer precursor
should be diluted and stored in a cooled opaque container –while
ensuring an inert atmosphere. Nevertheless, the development of
viscosity should still be monitored, or otherwise, test samples are
required from time to time. To prevent the precursor aging via
crosslinking, the polymer was immediately diluted to 35 wt%
solution in toluene after drying. Furthermore, all coatings on
which profilometry was performed and that are shown in
Figure 12 were prepared on the day of drying the polymer,
and additional samples for further investigations were prepared
within 2 days after drying.

Further characterization of the structure and composition of
the coatings was performed on the 30 wt% samples. All of
them remained X-ray amorphous after pyrolysis at 1000 °C
(see Figure S2, Supporting Information).

The elemental composition of the sample 30wt1000B05 mea-
sured by XPS and its theoretical composition are listed in Table 2.
Since XPS is surface sensitive, the elemental composition is
more precise after removing the naturally occurring thin carbon-
rich layer by argon sputtering. However, this sputtering has a
slightly reducing effect, so oxidation states of the species most
likely not present in the carbon layer (Si, Hf, and Ta) were
analyzed from the pristine XPS spectra.

The oxygen content of about 60 at% obtained from XPS
means that at least the top 10 nm of the ≈440 nm thick
coating were strongly oxidized, under the depletion of
carbon and nitrogen, with the amounts for Si, Hf, and Ta
being in good agreement with their theoretical concentration.
This oxygen content is not high enough for complete oxidation
both after sputtering (in which case the Arþ sputtering might
have caused some oxygen depletion) and for the pristine
sample, even under the assumption of carbon not being bonded
to oxygen. For the sputtered sample, about 25% higher
oxygen content would be required for the oxidic phases of
SiO2, HfO2, and Ta2O5.

Both nitrogen and boron cannot be found in XPS, while the
carbon content is significantly lower than that of the theoretical
value. This is likely caused by oxygen replacing nitrogen and
carbon under the formation of volatile carbon oxides, amines,
and nitrogen oxides. Conversely, boron is likely not detectable
due to its low theoretical content of about 1 at% in combination
with its small cross-section.

In Figure 17 the binding energies of silicon, hafnium and tan-
talum in the sample show an increase compared to the pure ele-
ments, situated in proximity but still below those of their oxides
(103.5 eV for SiO2, 18.3 eV for HfO2, and 26.2 eV for Ta2O5). This
means that while having bonds to oxygen, they also have bonds to
other, less electronegative elements in the film. This supports the
hypothesis that oxygen replaces bonds to nitrogen and carbon
near the surface while leaving the polymer’s metal(loid)
backbone intact.

The oxidation is confirmed by the presence of Si–O band in
FT-IR for all three ceramic coatings (see Figure 18). Since no oxi-
dation of the precursor was found in FT-IR but can be seen for
the pyrolyzed coatings, surface oxidation occurs during their
thermal treatment or handling. This, most likely, is caused either
by trace amounts of oxygen present in the argon atmosphere of

Figure 16. Coatings derived from pristine Durazane 1800 solutions of 30–70 wt% in toluene after crosslinking and pyrolysis. Thickness from ≈270 nm
(30 wt%) to ≈540 nm (70 wt%) (determined by profilometry from spalled areas to remaining film).

Table 2. Theoretical elemental composition (assuming full reaction of modifiers and full release of side groups and hydrogen), elemental composition
extracted from XPS narrow spectra both pristine and after Arþ sputtering.

Concentration [at%] Si Hf Ta B C N O

Theoretical 30.8 1.69 0.564 1.11 37.0 30.8 not expected

XPS pristine 31.7 1.06 1.01 not found 10 not found 55.6

XPS sputtered 34.5 1.65 1.07 not found 1.17 not found 60.1
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the furnace, as previously reported for PDC coatings,[23,48] or the
short handling of the samples in air after the crosslinking step for
characterization.

As the film has a thickness of less than 0.5 μm and the
oxidation takes place at the surface, the oxidation concerns a
vastly increased portion of the sample volume when compared
to powder or bulk samples, which is also the reason why they
show a minuscule amount of oxygen compared to coatings.
Due to this increased oxygen content in the coating observed
in the nearly fully oxidized surface, the composition is strongly
shifted from the expected Six(Hf0.7Ta0.3)w(Bvar)CyNz towards
Six(Hf0.7Ta0.3) (Bvar)Oa.

The surface properties of the B05-derived coatings were also
studied by water contact angle (WCA) measurements of the
silicon wafer, the crosslinked coating and the pyrolyzed coating
(see Figure S3, Supporting Information). The Si wafer is hydro-
philic with a WCA of 53.8(8)°, correlating to a thin, naturally
grown oxide layer on the wafer surface.[49]

The crosslinked polymeric coating decreases the surface
energy, being only slightly hydrophilic with a WCA of
83.9(15)° which is lower than that of the WCA of 90–96° provided
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by the manufacturer of the polymer (Merck, Germany). Instead
of the polymer modification, the crosslinking temperature is
most likely the dominant factor for this difference as reported
in previous studies on the WCA of Durazane 1800 coatings,
where the WCA was found to be 103° when crosslinked at room
temperature, due to present Si-CH3 and Si–CH═CH2 groups
that are not involved in crosslinking at that temperature and then
continuously decrease with rising crosslinking temperature to
97° at 130 °C, 87° for 200 °C, and 78° for 300 °C.[24,31,50]

The found WCA in this study of 84° after crosslinking at
250 °C falls well into this dataset. This means that the less oxi-
dizing atmosphere and the chemical modification are having a
similarly significant effect on surface energy, negating each
other, or both having only a minute impact. As Wang et al. found
that Si─H bonds remain predominant in perhydropolysilazane
even if crosslinked in air for temperatures below 300 °C, we
expect both factors to have little impact.[51]

After pyrolysis, the coating is strongly hydrophilic, with a
WCA of 37.7(18)°. This can be explained by the removal of
the hydrophobic groups during pyrolysis as well as the surface
oxidation shown by XPS. Hence, at the interface between wafer
and coating, the WCA of the substrate and the coating are
expected to be quite close and between 45°–60°, so good adhesion
is anticipated.[52]

3.3.2. Adhesion, Oxidation, and Thermal Stress

Attempts to quantify the adhesion of the coating to the substrate
were made. However, cross-cut tests could not be performed suc-
cessfully because the force required to cut through the ceramic
layer could not be supported by the silicon substrate, leading to
brittle fracture. Still, in cross sections of the 30 wt% samples
investigated by SEM, suitable adhesion between coating and sub-
strate is shown by means of good contact between coating and
substrate as shown for sample 30wt1000B05 in Figure 19. The
excellent adhesion can be explained by the surface Si–OH groups
of the silicon wafer reacting with the Si-H groups of the silazane
precursor, forming Si─O─Si bonds.[53] Further, the cross-section
again shows good homogeneity and evenness of the coating.

To test the suitability of the coating for possible application in
high-temperature environment, a first oxidation test of a

30wt1000B05 sample was performed in air at 1100 °C for 10 h
(heated to 1100 °C in 1 h and cooled below 600 °C within 1 h.
After 10 h of oxidation, the coating shows no signs of failure,
as can be seen in Figure 20.

During the lifetime of an environmental barrier coating, it is
usually exposed to repeated temperature changes between room
and operating temperature. In addition to thermal fatigue, poor
thermal shock behavior can cause failure during rapid heating or
cooling.

In this work, a novel, fast method for testing these repeated
thermal stresses was used. A coated sample (30wt1000B05) was
repeatedly heated in a self-built ultrafast furnace, displayed in
Figure 21 that was inspired by a setup developed by Wang
et al.[54] It can be operated in an argon atmosphere by repeated
evacuation and flooding of the chamber. A thin sample can be
placed in between two carbon paper sheets that are resistively
heated and the temperature is recorded by a pyrometer located
above the middle of the sample. To determine the resistance of
the coated sample to thermal cycling, it was rapidly heated and
cooled by using the aforementioned novel ultrafast furnace.
The rapid thermal cycling was performed for ten cycles.

In detail, a 30wt1000B05 sample was repeatedly heated for 20 s
up to a temperature of 1260–1276 °C. The first cycle started at
room temperature. After 2 s of heating, the temperature sur-
passed 700, 1200 °C was reached after 7 s and then the tempera-
ture plateaued at around 1260 °C. After that, the sample was
allowed to cool down for 40 s, falling below the detection limit
of the pyrometer of 700 °C after 4 s. This heating cycle was
repeated a total of 10 times and the measured temperature is dis-
played in Figure 21.

Before the experiment starts, the naturally grown silicon oxide
layer induces stress on the Si wafer, distorting the Si─Si bonds
and creating an interface trap. Typically, if there are no phase
transitions, during the heating, thermal stresses are reduced
by the creep of the semi metallic substrate and eventually in
the coating while in the cooling phase, compressive stresses
develop within the layers due to the mismatch in the thermal
expansion coefficient. In most cases, the repetition leads to
the formation of microcracks to relax the thermomechanical
stresses.[55,56] In this case however, the creep of the Si-substrate
and coating are drastically reduced due to the short heatingFigure 19. SEM image of the cross-section of sample 30wt1000B05.

Figure 20. Image of 30wt1000B05 after 10 h of oxidation in air at 1100 °C.
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times, thereby emphasizing significant stresses induced by
phase changes and CTE mismatch. Still, the pyrolyzed 30 wt%
B05 coating, after undergoing rapid thermal cycling, shows no
damage, neither in light microscopy, electron microscopy nor
in cross-section SEM images, as shown in Figure 22 and 23,
respectively.

Even after extreme thermal conditions, the coating remains
strongly adherent to the substrate, shows good quality, is even
and homogeneous. It does not crack or spall off.

This excellent resistance against thermal shock is partly
ascribed to the low CTE mismatch expected between substrate
and coating. The CTE of silicon is ≈4.0� 10�6 K�1 over the
tested temperature range. The main phase of the coating is
oxidized SiCN. SiCN has a CTE of ≈2.9–3.5� 10�6 K�1,
amorphous SiOC without free carbon, which we expect to be
relatively close in structure to the oxidized phase, has a CTE
of ≈3.2� 10�6 K�1 over the tested temperature range.[57]

The introduced transition metals are expected to slightly increase
the CTE of the ceramic film, further reducing this small differ-
ence, as their carbides HfC and TaC display CTEs of ≈6.2� 10�6

and 6.6� 0�6 K�1,[58–61] and their oxides HfO2 and Ta2O5 of
≈6.5� 10�6 and 3.5� 10�6 K�1, respectively.[62,63]

Further contributors to the excellent thermal shock resistance
are the homogeneity of the coating both in shape and element
distribution, excellent adhesion and foremost to the absence
of phase transformations due to the high crystallization
resistance typical for PDCs.[21,22]

4. Conclusion

First investigations of Six(Hf0.7Ta0.3)w(Bvar)CyNz polymers,
obtained by chemical precursor modification of a commercial
organopolysilazane Durazane 1800, show promising results

Figure 21. Sketch of the ultrafast furnace setup (top) with and image of the furnace in use (bottom left). Two carbon paper sheets are electrically heated
by a controlled direct current. The temperature is measured by a pyrometer with a lower detection limit of 700 °C (temperature profile during rapid thermal
cycling in bottom right).
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for application as polymer-derived ceramic environmental bar-
rier coatings by means of: 1) Good processability of the modified
precursors as they remain viscous liquids that show good solu-
bility in organic solvents with no low-mass molecules after vac-
uum drying, resulting in a low-mass loss of about 20% for
powders and volume shrinkage of about 40% for coatings during
pyrolysis in Ar at 1000 °C; 2) Precursor solutions of various con-
centrations yield homogeneous, even, and crack-free ceramic
coatings of up to ≈540 nm thickness, showing good adhesion
to the silicon substrate through facile spin-coating; and 3) A
selected coating showed no damage after 10 h of oxidation at
1100 °C in air and excellent resistance to extreme temperature
changes during repeated rapid thermal cycling.

Our findings reported here make coatings derived from
Six(Hf0.7Ta0.3)w(Bvar)CyNz precursors highly interesting for
further investigations with respect to applications as advanced
environmental or thermal barrier coatings where oxidation
resistance, oxygen diffusivity, thermal conductivity, CTE, hard-
ness, and application of thicker coatings on high-temperature
substrate materials are of significant interest.
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Figure 22. Light microscopy images using a ring light source i) in low, ii) in high magnification and SEM images in iii) SE, and iv) BSE mode of
30wt1000B05 after repeated thermal shock.

Figure 23. SEM image of the cross-section of 30wt1000B05 after repeated
thermal shock.
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