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ABSTRACT: Amorphous SiHfBCN ceramics were prepared
from a commercial polysilazane (HTT 1800, AZ-EM), which
was modified upon reactions with Hf(NEt,), and BH;-SMe,,
and subsequently cross-linked and pyrolyzed. The prepared
materials were investigated with respect to their chemical and
phase composition, by means of spectroscopy techniques
(Fourier transform infrared (FTIR), Raman, magic-angle
spinning nuclear magnetic resonance (MAS NMR)), as well
as X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Annealing experiments of the SiHfBCN
samples in an inert gas atmosphere (Ar, N,) at temperatures in
the range of 1300—1700 °C showed the conversion of the
amorphous materials into nanostructured UHTC-NCs.
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Depending on the annealing atmosphere, HfC/HfB,/SiC (annealing in argon) and HfN/Si;N,/SiBCN (annealing in nitrogen)
nanocomposites were obtained. The results emphasize that the conversion of the single-phase SiHfBCN into UHTC-NCs is
thermodynamically controlled, thus allowing for a knowledge-based preparative path toward nanostructured ultrahigh-

temperature stable materials with adjusted compositions.

I. INTRODUCTION

When operated at (ultra)high temperatures and in extreme
environments, structural parts and components are exposed to
additional and more-severe design constraints, compared to
those used in service at or near ambient temperature.' > A
fundamental property that is required in order to be able to
operate materials at (ultra)high temperatures is related to their
melting point. Naturally, (ultra)high melting points of the
chosen materials are necessary, since, usually, the maximum
operation temperature of a material is, with some exceptions,
approximately half of its melting point.

Generally, high tolerance to thermal and mechanical stress is
desirable in order to avoid catastrophic failure of the materials
during operation. Thus, a high compliance to thermal stress can
be provided by using highly thermoshock resistant materials. In
addition, suitable, optimized ductility of the materials or, in the
case of brittle components, such as ceramic-based materials,
improved fracture toughness is desirable in order to provide
high tolerance to mechanical stresses. Finally, no phase
transformation of the materials in the range from the ambient
to the operation temperature may occur, since those processes
usually are accompanied by significant volume changes, which
consequently might generate tremendous stresses and induce a
catastrophic failure of the component. In the case of amorphous
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materials, an increased crystallization resistance may be
beneficial for avoiding the generation of mechanical stress
upon operation at (ultra)high temperatures.

Intense efforts have been made in the last decades in order to
accommodate those requirements, which are often strongly
conflicting. Thus, several types and classes of (ultra)high-
temperature materials have been proposed and developed over
the years, such as highly refractory metals, intermetallics/alloys,
metal matrix composites (MMCs) as well as UHTCs or
ceramic matrix composites (CMCs).

One effective preparative method to provide materials
solutions for applications at (ultra)high temperatures and
under extreme environments consists of the combination of
UHTC materials (such as Group IV transition-metal diborides,
carbides, or nitrides, being responsible for providing ultra-
refractoriness**) with a silica former component (silicon-
containing materials such as SiC, Si;N,, TaSi, MoSi, etc. being
capable to generate a layer of dense silica-based scale at the
surface upon exposure to aggressive environments). Especially
ZrB,/SiC and HfB,/SiC (with ca. 20 vol % SiC) composites
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have been reported to exhibit promising environmental
behavior at (ultra)high temperatures.’™

Single-source-precursor synthesis approaches have been used
in recently to generate nanoscaled ceramic composites, some of
them showing excellent behavior at ultrahigh temperatures and
even in harsh environments.””'> The preparation of nano-
composite materials from single-source precursors represents a
highly promising approach toward tailor-made phase compo-
sitions, morphologies, and microstructures and, consequently,
specific property profiles.'®'” Thus, Si;N,~TiN ceramics
consisting of TiN nanoparticle homogeneously dispersed
within a Si;N,-based matrix were prepared starting from a
single-source precursor, which was synthesized upon reaction of
perhydropolysilazane (PHPS) with Ti(N(CHj;),),.'* Also
carbidic and boride-based UHTCs were prepared from suitable
single-source precursors, such as ZrC/SiC"° and ZrC/ZrB,*
nanocomposites, which were obtained upon chemical mod-
ification of Cp,Zr(CH=CH,), (Cp = cyclopentadienyl) with
polymethylsilane and borane, respectively.”' However, there is
only scarce information in the literature concerning the single-
source-precursor synthesis of UHTC-NCs.

In the present work, novel Hf-based ceramic nanocomposites
were successfully prepared from a suitable single-source
precursor and their behavior (i.e., thermal stability concerning
decomposition, crystallization behavior) at temperatures up to
1800 °C was assessed and shown to be thermodynamically
controlled. The presented results emphasize a convenient
preparative approach to nanostructured ultrahigh-temperature
stable materials (UHTC-NCs) starting from a greatly flexible/
compliant single-source precursor.

Il. EXPERIMENTAL PROCEDURE

1. Materials Synthesis. The synthesis of the polymeric single-
source precursors was carried out in a purified argon atmosphere using
the Schlenk technique. A quantity of 10.8 mL of Polysilazane HTT
1800 (Clariant, Sulzbach am Taunus, Germany) was dissolved in
anhydrous toluene in a 250-mL three-necked Schlenk flask equipped
with inlet connection and magnetic stirrer. Then, 1.2 or 4.8 mL (10
vol% and 30 vol %, with respect to HTT1800) of tetrakis-
(diethylamido)hafnium (Hf(N(Et),),, Sigma—Aldrich), was dissolved
in 20 mL of toluene and added dropwise to the solution of HTT 1800
at ambient temperature. The mixture was stirred for 2 h at room
temperature, then cooled to —50 °C by using isopropanol and dry ice.
A volume of 2.4 or 0.6 mL of borane dimethyl sulfide complex (BH;-
(CH,),S, Sigma—Aldrich) was dissolved in 10 mL of toluene and
added dropwise to the mixture solution, which was subsequently
stirred for 2 h at =50 °C, then allowed to reach room temperature and
stirred for 24 h. After the removal of the solvent in vacuum at 50—60
°C, a viscous liquid was obtained. The obtained single-source
precursors were cross-linked at 200 °C (heating rate of S0 °C/h,
dwelling time of 3 h) to produce yellow solids, which were warm-
pressed at 260 °C and 63 MPa (P/O Weber, Remshalden, Germany,
mold diameter = 10 mm). The obtained green bodies were pyrolyzed
at 1100 °C (heating rate = S0 °C/h, dwell time = 2 h) to obtain the
SiHfBCN ceramic monoliths. In order to investigate the high-
temperature behavior of SiHfBCN, the amorphous ceramic samples
were annealed in a high-temperature graphite furnace at 1300, 1500,
and 1700 °C in argon or nitrogen atmosphere. In the subsequent
discussion a nomenclature code for the prepared SiHfBCN ceramics
will be used as described in Table 1.

2. Materials Characterization. The synthesized single-source
precursors were analyzed by means of attenuated total reflection—
Fourier transform infrared spectroscopy (ATR-FTIR) on a Bruker
Vertex 70 FT-IR instrument (Bruker, USA). Thermogravimetry
coupled with evolved gas analysis (EGA, i.e., in situ mass spectrometry,
QMS 403C Aéolos, IPI and FTIR Tensor 27, Bruker Optics) was

Table 1. SiHfBCN-Based Samples Prepared within the
Present Study

HTT annealing
1800:Hf(NEt,),  temperature annealing
No. sample name volume ratio F"C) atmosphere

1 SiHfBCN1a_1300 90:10 1300 Ar
SiHfBCN1a_1500 90:10 1500 Ar
SiHfBCN1a_1700 90:10 1700 Ar

2 SiHfBCN1b_1300 90:10 1300 N,
SiHfBCN1b_1500 90:10 1500 N,
SiHfBCN1b_1700 90:10 1700 N,

3 SiHfBCN2a_1300 70:30 1300 Ar
SiHfBCN2a_1500 70:30 1500 Ar
SiHfBCN2a_1700 70:30 1700 Ar

4 SiHfBCN2b_1300 70:30 1300 N,
SiHfBCN2b_1500 70:30 1500 N,
SiHfBCN2b_1700 70:30 1700 N,

performed in argon atmosphere (Model STA 449C Jupiter, Netzsch
Geritebau GmbH).

All MAS NMR experiments were performed on a Bruker Avance II+
spectrometer at 400 MHz proton resonance frequency, employing a
Bruker 4-mm double resonance MAS probe at spinning rates of 12
kHz at room temperature. Single-pulse (SP) **Si NMR spectra were
recorded using a 90° pulse of 9 us and recycle delays of 120 s. In
contrast to SP *C NMR spectra, a 90° pulse of 4 ys and recycle delays
of 20 s were adopted. °Si and *C NMR chemical shifts were
externally referenced to tetramethylsilane (Si(CH,),, TMS). In the
case of "B NMR, chemical shifts were referenced, with respect to
trimethyl borate.

For elemental analysis, a carbon analyzer Leco C-200 (Leco
Corporation, USA) was used to determine the carbon content and a
Model Leco TC-436 N/O analyzer (Leco Corporation, USA) to
determine the oxygen content in the samples. The hafnium content
was estimated from energy-dispersive X-ray spectroscopy (EDS) which
was performed with an EDAX Genesis spectrometer (FEI, Eindhoven,
The Netherlands) attached to a high-resolution scanning electron
microscopy (HR-SEM) system (Philips, Eindhoven, The Nether-
lands). The samples were sputtered with a gold layer prior to
investigation.

Powder X-ray diffraction (XRD) was obtained in flat-sample
transmission geometry on a STOE Model STAD1 P system equipped
with monochromatic Mo K radiation.

Transmission electron microscopy (TEM) measurements were
performed using a Model JEM2100F (JEOL, Tokyo, Japan) operating
at 200 kV. The samples were pulverized and dropped on a carbon-
coated copper grid, followed by a light carbon coating to minimize
charging under the incident electron beam.

lll. RESULTS AND DISCUSSION

1. Synthesis of the Single-Source Precursors. Novel
hafnium-containing polymeric single-source precursors for the
synthesis of SiHfBCN ceramics were successfully prepared
starting from a commercially available polysilazane containing
Si—H and Si-vinyl groups (HTT 1800). The polymer was
chemically modified in a first step upon reaction with
tetrakis(diethylamido)hafnium complex. In a second step, the
hafnium-containing polymer was reacted with borane-dimethyl
sulfide complex and led to the single-source precursor for the
SiHfBCN ceramics.

The chemical modification of the polysilazane HTT 1800
with Hf(NEt,), and BH;-SMe, was investigated by FTIR
spectroscopy. In Figure la, FTIR spectra of the pure
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Figure 1. (a) FTIR spectra of HTT1800 (spectrum i), Hf(NEt,),-modified HTT1800 (spectrum ii), and HTT1800 modified with Hf(NEt,),/BH;-
SMe, (spectrum iii), as well as HTT 1800 modified with Hf(NEt,),/BH;-SMe, and cross-linked at 200 °C (spectrum iv). (b) Proposed reaction

pathway of HTT 1800 with Hf(NEt,), and BH;-SMe,.

polysilazane, as well as after reaction with Hf(NEt,), and
subsequent modification with BH;-SMe,, are shown. In the
FTIR spectrum of HTT 1800, typical absorption bands related
to C—H (2960 and 2965 cm™), N—H (3378 cm™), Si—H
(2124 cm™), Si—-N—H (1160 cm™), and Si—N (930 cm™)
groups were observed.

The chemical modification of HTT 1800 with Hf(NEt,),
induces a decrease in the intensity of the absorption bands
related to N—H and Si—H groups, indicating that the reaction
occurs at the Si—H/N—H substituents of HTT 1800 (see
Figure 1b); whereas the vinyl groups in HTT 1800 (absorption
bands at 3053 and 1598 cm™') were shown to not be affected
by the reaction with the hafnium amido complex. A similar
chemical reactivity of HTT 1800, i.e., reaction at both Si—H
and N—H groups of the polymers, was also shown in the case
of the reaction of HT'T 1800 with a hafnium alkoxide."’ Upon
the addition of BH;-SMe,, a hydroboration of the vinyl groups
of HTT 1800 occurs (Figure 1b). However, the presence of
absorption bands related to the vinyl groups (3053 cm™'(=C—
H), 1598 cm !(C=C)), as well as to B—H bonds (2477
cm™'), in the Hf- and B-containing single-source precursor
illustrates that not all vinyl groups of the polysilazane are
involved in the reaction; this might be related to steric
hindrance effects upon chemical modification of the poly-
silazane.”
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The FTIR spectrum of the polymer precursor cross-linked at
200 °C (Figure 1a) show the disappearance of the B—H bands
and thus indicating that the occurrence of cross-linking
reactions relies on hydroboration and dehydrocoupling within
the polymeric backbone.

The *’Si MAS NMR spectrum of the cross-linked polymer
cured at 200 °C (Figure 2) exhibits a signal at —24 ppm,
assigned to SIHCUPN, sites (compare to —35 ppm for
SiHC(SPZ)NZ; see ref 23); furthermore, a signal at —31 ppm
corresponds to SiCPY)Nj sites and a third signal at —3.5 ppm
was attributed to SiCCPY,N, sites®> (see Table 2). Thus, the
¥Si NMR data of the cross-linked single-source precursor
indicate that the hydroboration and vinyl polymerization
reactions occurring under those conditions led to the
transformation of the sp* hybridized carbons of the vinyl
groups into sp> carbon sites.”> Moreover, all three signals show
a low-field shift, as compared to other SiCN-based materials, >
which might rely on the fact that Hf is bonded to SiC.N,_,
tetrahedra and, thus, the electron density at the Si sites is
decreased (see also the discussion below on the NMR data of
the obtained ceramic nanocomposites). This indicates con-
sequently that the chemical modification of HT'T 1800 leads to
the formation of a single-source precursor for StHfBCN.

2. Polymer-to-Ceramic Conversion. The thermal con-
version of the Hf- and B-containing single-source precursor
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Inorganic Chemistry

SiHN,C
200°C
SiC,N, SiCN,
Lo~ an, ‘L\ﬂw“-—"‘
1 Il L 1 Il 1 1 1 "
40 20 0 -20 -40 -60 -80 -100

Chemical shift [ppm]

Figure 2. *Si MAS NMR spectrum of HTT 1800 modified with
Hf(NEt,), and BH;-SMe, and cross-linked at 200 °C.

Table 2. Chemical Shifts and Site Fractions of SiC,N,,
SiHCN,, and SiCNj Sites Derived from Gaussian Line
Fitting of the *?Si NMR Spectrum in Figure 2

SiC,N, SiHCN, SiCN,
curing site site site
temperature ) fraction ) fraction ) fraction
°C) (ppm) (%)  (ppm) (%)  (ppm) (%)
200 -3.5 26.2 —24 60.0 =31 13.8

into amorphous SiHfBCN was investigated by thermogravim-
etry (TGA) coupled with evolved gas analysis (EGA). Figure 3a
indicates that the polymer-to-ceramic conversion occurs in
three main steps (as can be seen from the DTG curve) and
shows a ceramic yield of ca. 80 wt %. This is significantly higher
than the ceramic yield of HTT 1800 (ca. 65 wt %) and is
considered being a consequence of the strong increase of the
cross-linking degree of the polymer upon modification with
Hf(NEt,), and BH;-SMe,. At temperatures beyond 800 °C, no
mass loss was recorded, thus the polymer-to-ceramic trans-
formation is considered to be completed up to this temper-
ature. Cross-linking of the hafnium-containing polymeric
precursor mainly relies on hydrosilylation and vinyl polymer-
ization processes, as reported also for other Si—H and Si-vinyl
substituted polysilazane-based polymers.”*™>” These processes
occur without mass loss and contribute to the significant
increase of the ceramic yield of the single-source precursor, as
compared to the Hf- and B-free polysilazane. In addition,
transamination processes between =Si—N=/=Si—N and =
Si—N=/=Hf-N= groups occur with the release of amine
fragments, as indicated by mass spectrometry data during EGA
(see Figure 3d). Thus, during the decomposition step at
temperatures beyond 400 °C (Figures 3b—d), the mass loss
relates to the evolution of hydrogen and methane, as well as
ethane and diethylamino fragments. The hydrogen release is
attributed to dehydrocoupling reactions occurring between Si—
H and N—H or B—H and N—H groups, which lead to the
formation of =Si—N= and =B—N= linkage, respec-
tively.”>?” The release of methane and ethane occurs due to
the decomposition of the organic substituents of the single-
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Figure 3. (a) Thermogravimetric analysis and (b—d) mass spectrometry quasi-multiple ion detection (QMID) ion current curves of cross-linked
polysilazane (HTT 1800) modified with 30 vol % Hf(NEt,), and BH;-S(CH,), showing the release of (b) hydrogen and methane, (c) ethane, and

(d) diethylamino fragments during the polymer-to-ceramic transformation.
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Figure 4. *Si MAS NMR spectra of the samples pyrolyzed at (a) 400, (b) 800, and (c) 1100 °C.

Table 3. Fraction of SiC,N,, SiC,, and SiCNj; and SiN, Sites Derived from Gaussian Line Fitting of the **Si NMR Spectra in

Figure 4
sic, SIC,N, SiCN, SiN,
curing temperature (°C) & (ppm) site fraction (%) 8 (ppm) site fraction (%) & (ppm) site fraction (%) S (ppm) site fraction (%)
400 —4 20.1 —-26 49.8 —43 26.8
800 —14 23.8 —-26 34.6 —47 41.6
1100 —18 332 =32 27.8 —48 39.0

source precursor; whereas the evolution of the diethylamino
fragments is due to the decomposition of the —NEt, end
groups in the precursor or on transamination processes
between =Si—N= and =Hf—N= groups.

In addition to the TGA/EGA in situ investigation, ex situ
MAS NMR spectroscopy was performed in order to attain
more information about the polymer-to-ceramic process. Thus,
3¢, 261, and 'B MAS NMR spectra of samples obtained upon
thermal treatment of the single-source precursor at 400, 800,
and 1100 °C were measured.

The *°Si MAS NMR spectra of the samples pyrolyzed
between 400 °C and 1100 °C are shown in Figure 4.

The *Si NMR spectra (Figure 4) show signals for Si sites
with bonds to C and N, i.e., SiC,N,_, (0 < x < 4) tetrahedra.*®
The chemical shift and the fractions of the different Si sites
were evaluated upon deconvolution of the **Si NMR spectra
and are summarized in Table 3. The **Si NMR spectrum of the
sample pyrolyzed at 400 °C exhibit one peak at —26 ppm,
which was attributed to SiCNj sites (site fraction = 49.8%). In
addition, two signals at —4 and —43 ppm were attributed to
SiC,(sp®)N, (20.1%) and SiN, (26.8%) sites, respectively.
Upon increasing the pyrolysis temperature to 800 °C, the
amount of SiC,(sp’)N, sites decreases as a result of
transamination reactions and methane release, as also reported
for a hafnium-alkoxide-modified polysilazane.”” This is in good

10447

agreement with the EGA data, which indicate the evolution of
methane and amino fragments in the same temperature range
(see Figure 3). The *’Si NMR spectra of the samples pyrolyzed
at 800 and 1100 °C exhibit a new signal with a chemical shift at
approximately —14 ppm, which has been assigned to SiC, sites
and indicates demixing/partitioning processes occurring in the
SiHfBCN samples, cf. SiCN,_, = SiN, + SiC,. This is
somehow intriguing, because, at these temperatures, SiCN/
SiBCN-based ceramics are typically assumed single-phasic and
the intensity of the SiC, signal is usually very low. Interestingly,
there is a high-field shift of the SiCN; and SiN, signals as the
heat-treatment temperature increases. Thus, the signal of SiCN;
sites shifts from —26 ppm (400 and 800 °C) to —32 ppm (at
1100 °C), indicating the presence of Hf in the secondary
coordination sphere of the Si sites at temperatures up to 800
°C.* As the pyrolysis temperature increases to 1100 °C, the
signal shifts toward high field, indicating Hf being released from
the secondary coordination sphere of the Si sites at the
mentioned temperature. In the case of the SiN, signal, this
effect was even stronger: the chemical shift of the signal was
—43, —47, and —48 ppm upon pyrolysis at 400, 800, and 1100
°C, respectively. Thus, it seems that Hf is released first from the
coordination sphere of the SiN, sites, as compared to the
SiCNj sites. Thus, the NMR data indicate that, probably, phase
separation processes start in Si(HfBCN at temperatures as low

dx.doi.org/10.1021/ic501512p | Inorg. Chem. 2014, 53, 10443—10455
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as 800 °C. Currently, it is assumed that the modification of the
polysilazane with hafnium might be responsible for this
behavior. This effect (viz, demixing of mixed-bond SiC,N,_,
tetrahedra) was also reported for a hafnium-alkoxide-modified
polysilazane.”” However, whereas in the case of the reported
SiHfCNO, the hafnium incorporation induces a partitioning
process, cf. SiC,N,_, = SiN, + C*” (as known from silicon
carbodiimide-derived SiCN materials),'” in the present case
partitioning of SiC,N,_, tetrahedra generates amorphous SiC in
addition to SisN,.>"~** This finding clearly emphasizes that the
chemical composition and molecular architecture of the single-
source precursor has a crucial effect on the phase composition
of the resulting nanocomposite material."’

The *C MAS NMR spectrum of the sample prepared at 400
°C exhibits a signal at 2 ppm, which was assigned to Si—CHj,
groups (Figure 5).? This signal was not found in the samples

2

sp’-carbon

1100°C

1 1 1 1 1

300 250 200 150 100 50 0 <50 =100
Chemical shift [ppm]

Figure 5. *C MAS NMR spectra of the SIHfBCN1 samples prepared
upon pyrolysis of the single-source precursor at 400, 800, and 1100 °C.

prepared at 800 and 1100 °C; as the pyrolysis of the polymeric
precursor at those temperatures induces a drastic release of the
methyl groups,”** (e.g, CH, evolution, as detected by EGA)
and the segregation of carbon, leading to the appearance of new
signals in the *C NMR spectra (Figure S). Thus, the “C
spectrum of the sample pyrolyzed at 1100 °C indicates the
presence of sp® C network, which, however, is thought to
contain large amounts of C—N/C—B bonds (as indicated by
the shifting of the signal from usually ca. 130 ppm in sp*-carbon

to ca. 145 ppm). This has been already reported in the
literature for polymer-derived SiBCN ceramics, which also
contain a segregated sp” C phase with C—N and C—B bondings
representing interfaces between the carbon phase and SiN,- and
BN, -based domains, respectively.*>* In addition, the spectra of
the samples pyrolyzed at 800 and 1100 °C exhibit a signal at 28
ppm, which was assigned to CSi, sites and thus supports the
findings of the *Si NMR data revealing a strong phase
separation of the samples (which was not observed in the case
of ternary SiCN ceramics®”*®); obviously, the simultaneous
incorporation of Hf and B into the preceramic polysilazane
fundamentally affects its ceramization behavior.

The ''B MAS NMR spectra of all prepared samples showed
two main signals at 40 and 30 ppm, which were assigned to
BCN, (major) and BN; (minor) sites, respectively (Figure
6).>® Please note that, upon the hydroboration process of the
hafnium-modified polysilazane, first, BC; sites are expected,
which obviously undergo rearrangement reactions already at
temperatures as low as 400 °C to convert into BCN, and BNj.
Considering the evolution of the Si sites with temperature
(SiC,N, sites get consumed and the amount of SiCNj,
decreases as the synthesis temperature increases; see Table 3
and Figure 4), we assume that the BC; units undergo exchange
reactions with SiC,N, sites to generate BCN, and SiC, units as
follows: BC; + SiC,N, = BCN, + SiC,** Similarly, the
formation of BNj; can be explained as 2BC; + 3SiC,N, = 2BN;
+ 3SiC, and BC; + SiCN; = BNj + SiC,.

High-resolution transmission electron microscopy (HR-
TEM) of the sample prepared at 1100 °C indicates an
amorphous, featureless, and homogeneous microstructure
(Figure 7). However, based on the MAS NMR data, the
sample is highly nanoheterogeneous, thus having a complex
phase composition, consisting of amorphous Si;N,, SiC, sp2 C,
HIN and BN phases showing mixed bonds at their interfaces
(e.g, C—N/C—-B bondings and BC,N sites at the interface
between C and BN).

3. High-Temperature Behavior. The SiHfBCN samples
prepared upon pyrolysis at 1100 °C were annealed at 1300—
1700 °C for S h in argon, as well as in a nitrogen atmosphere.
In Figure 8, the mass loss upon annealing at different
temperatures and atmospheres is shown. The samples did not
exhibit any mass change after annealing at 1300 °C in an argon
atmosphere, while annealing at 1500 °C in an argon
atmosphere induced a mass loss of ca. 10 wt % in SiHfBCN1
(having low hafnium content) and ca. 6 wt % in SIHfBCN2 (ca.

400 °C BCN,

1100 °C BCN

80 60 40 20 0 -20

Chemical Shift [ppm)]

Chemical Shift [ppm]

Figure 6. ''B MAS NMR spectra recorded for the samples prepared at (a) 400 °C and (b) 1100 °C.
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Figure 7. HR-TEM micrograph of a SiHfBCN2a powder sample
prepared upon pyrolysis at 1100 °C indicating a homogeneous
microstructure. The selected area electron diffraction (SAED, see
inset) clearly shows the amorphous nature of the sample.

24 wt % Hf). Interestingly, the Hf- and B-free sample, SiCN,
showed a significantly higher mass loss upon annealing under
identical conditions, i.e., ca. 25 wt % (see Figure 8a).

The evolution of the SiCN ternary system can be described
as consisting of three possible processes: (i) phase separation of
the single-phase SiCN materials into a multiphasic material
consisting of SiC, and SiN, nanodomains as well as excess C
(no mass loss); (ii) carbothermal decomposition of the
amorphous silicon nitride-rich regions, SiN, + C = 3-SiC +
N, (accompanied by mass loss); (iii) decomposition of the
amorphous silicon-nitride-rich regions into elements, SiN, = Si
+ N, (mass loss). In our case, mainly processes (i) and (ii)
contribute to the mass loss of SiCN upon annealing at high
temperatures.®” The significant improvement of the stability of
SiCN concerning decomposition by means of Hf and B
incorporation is obvious. There are numerous studies in the
literature concerning the HT behavior of SiBCN ceramics. In
the case of SiBCN, the improvement of the stability has been
related to the presence of BC,N, phases which separate SiN,-
rich regions from excess carbon and thus kinetically inhibit the
carbothermal decomposition of the materials. In addition, as
the BC,N, phase is considered to encapsulate the SiN,-rich
regions, their decomposition into elements is also suppressed in
SiBCN.*

In the case of our SiHfBCN samples, we similarly assume a
kinetic stabilization of the materials upon Hf and B
incorporation. The incorporation of Hf significantly increases
the thermal stability of the ceramic system (SiHfCN samples
show lower mass loss upon annealing at 1500 °C if compared
to SiCN; data not shown here). This is thought to rely on the
presence of HfN-rich regions, which are significantly more
stable concerning their carbothermal decomposition than the
SiN, regions. Furthermore, boron is considered to have a
similar effect as that in the previously mentioned SiBCN
ceramics.*' This is supported by our NMR findings, which
indicate the presence of BCN, structural units which might be
located at the interface between carbon and BN-rich regions
(i.e., also, in our case, carbon and SiN, regions are separated,
and, thus, the carbothermal reaction is suppressed). The
difference in the thermal stability of SiCN and SiHfBCN after
annealing at 1700 °C in argon was even larger: thus, SiCN lost
almost 50% of its mass upon annealing at 1700 °C for 5 h,
whereas the SIHfBCN samples exhibited mass losses of ca. 30%
(Figure 8).

The elemental analysis data shown in Table 4 clearly
emphasize the effect of the carbothermal decomposition of
SiN,, upon nitrogen release on the chemical composition of the
samples (also note that, at 1700 °C, the decomposition of SiN,
into elements should be taken into account): the nitrogen
content of SiHfBCN2a remains constant upon annealing at
1500 °C; whereas annealing of the sample at 1700 °C induces a
strong depletion in nitrogen.

Annealing of the samples in a nitrogen atmosphere obviously
showed, in all cases, significantly lower mass losses, compared
to the annealing experiments performed in an argon
atmosphere. Thus, the SiCN sample annealed at 1700 °C in
nitrogen exhibited a mass loss of ca. 30%, whereas the
SiHfBCN samples exhibited excellent behavior, with mass
losses of <S5 wt % (see Table 4). This finding clearly correlates
with the nitrogen content of the samples, which does not
significantly change after the HT annealing, indicating that both
the carbothermal decomposition of SiN,, as well its
decomposition into elements are effectively suppressed.

The annealed SiHfBCN samples were investigated concern-
ing phase composition and microstructure by X-ray diffraction
and TEM. The as-prepared samples (pyrolysis at 1100 °C)
were shown to be X-ray amorphous (Figures 9a and 9b). The
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Figure 8. Mass loss of SIHfBCN and SiCN ceramics as a function of annealing temperature: (a) annealing experiments in an Ar atmosphere; (b)

annealing in a N, atmosphere.

10449

dx.doi.org/10.1021/ic501512p | Inorg. Chem. 2014, 53, 10443—10455



Inorganic Chemistry

Table 4. Chemical Composition of SiHfBCN Samples after Annealing at Different Temperatures

sample annealing temperature (°C) mass loss (wt %)
SiHfBCN2a-1100 1100
SiHfBCN2a-1500 1500 6.3
SiHfBCN2a-1700 1700 35.0
SiHfBCN2b-1500 1500 3.1
SiHfBCN2b-1700 1700 4.4

“The hafnium content was estimated using EDS analysis.

shrinkage (vol %) C (wt %) O (wt %) N (wt %) Hf (wt%)“
12.7 2.4 18.4 22.5
10.7 16.4 1.7 19.1 25.2
272 20.7 0.9 0.4 28.6
8.5 114 2.4 23.8 27.3
14.5 12.3 1.6 20.7 23.3
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Figure 9. Crystallization behavior of SiHfBCN upon heat treatment at temperatures of 1300—1700 °C in Ar and N,: (a) SiHfBCNla and (b)
SiHfBCN2a (argon atmosphere); (c) SIHfBCN1b and (d) SiHfBCN2b (nitrogen atmosphere).

samples do not crystallize upon annealing at 1300 °C in argon
atmosphere, whereas after annealing at 1500 °C Hf(C,N,_,)
and f-SiC crystallize. Upon annealing at 1700 °C, HfB, was
identified as additional crystalline phase (see Figures 9a and
9b). The composition of Hf(C,N,_,) was estimated from the
position of the reflections and upon using the Vegard’s rule to
be HfCg 75N -

The crystallization processes occurring in SiHfBCN upon
annealing at 1500—1700 °C in an argon atmosphere can be
rationalized as follows:

(i) Based on the MAS NMR data, the as-prepared material is
phase-separated and consists of SiN,, SiC,, excess carbon, BN,
and HfN amorphous phases (although this description does not
take into account mixed bondings at the interfaces between the
different phases).

(i) The amorphous SiN,-rich regions can undergo a
crystallization process to a-Si;N, (detected in small amounts
in the XRD patterns of the samples annealed at 1500 °C) as

10450

well as a carbothermal decomposition, cf. SiN,, + C = -SiC +
N,, which induces the crystallization of silicon carbide. As
previously mentioned, the incorporation of Hf and B
suppresses the formation of f-SiC. This is clearly shown in
the samples annealed at 1500 and 1700 °C, as the amount of f-
SiC is reduced with increasing amount of Hf and B, as revealed
by the Rietveld refinement of the X-ray diffraction patterns of
the samples annealed in argon at 1700 °C (see Figure 10 and
Table S). Thus, the weight fraction of f-SiC (related to the
crystalline content of the samples) decreases from 88% in
SiHfBCN1a to 72% in SiHfBCN2a. Also, the crystallite size of
S-SiC is shown to decrease from ca. 112 nm in SiHfBCN1a to
ca. 50 nm in SiHfBCN2a (Table S).

(iii) The presence of HfC,,4Ny,, (crystallite size of ca. 40
and 63 nm for SiHBCN1a and SiHfBCN2a, respectively; see
Table S) can be explained as a result of the reaction of HfN
with the excess carbon. In an subsequent step (annealing at
1700 °C), HfC,,5Ny,, reacts with the BN phase to generate

dx.doi.org/10.1021/ic501512p | Inorg. Chem. 2014, 53, 10443—10455
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Figure 10. Result of Rietveld refinement of the SiHfBCN1 and SiHfBCN2 annealed in argon at 1700 °C. The positions of the Bragg reflections are
indicated by vertical bars (“I”). The difference curve between the experimental and the calculated intensities from the refined model is shown in the

lower part of the diagram.

Table S. Weight Fractions (Relative to the Crystalline
Content of the Investigated Samples) and Crystallite Size of
HfB,, HFC(N), and SiC for SiHfBCN1a and SiHfBCN2a
Annealed at 1700 °C in Argon, as Determined from Rietveld
Refinement of the XRD Data

HfB, HfC(N) SiC
fraction size fraction size fraction size
ceramic (wt %) (nm) (wt %) (nm) (wt %) (nm)
SiHfBCN1a 4.4 200.2 7.3 39.3 88.3 112.1
SiHfBCN2a 18.8 330.3 9.4 63.5 71.8 48.7

free carbon and HfB, (and probably some nitrogen is released),
as it is known from the reactions of metal carbides with boron
nitride.** The size of the HfB, precipitation is significantly
larger than those of -SiC and HfCy,sNy,, (200 and 330 nm
for SIHfBCN1a and SiHfBCN2a, respectively; see Table S).
The information on the crystallization behavior of SIHIBCN
obtained from the XRD data have been supported by TEM
investigation. In Figure 11, the microstructure of SiHfBCN2a is
shown, indicating the presence of an amorphous SiC(N,O)-
based matrix and of S-SiC as well as HfC(N) and HfB,
nanoprecipitations. The size of the S-SiC nanoparticles is ca.
30—50 nm; whereas the HFC(N) and HfB, precipitations were

significantly larger (ca. 100—200 nm). Thus, the TEM results
agree very well with the value obtained from the Rietveld
refinement of the XRD data (Table 5).

The samples annealed in nitrogen atmosphere showed a
significant effect of the Hf and B content on their crystallization
behavior. Thus, the sample with low Hf and B content
(SiHfBCN1) remains mainly X-ray amorphous, even up to
1600 °C; whereas SiHfBCN2 shows crystallization of f-Si;N,
and HIN upon annealing at 1500 °C. The crystalline HfN
phase is shown to be consumed as the annealing temperature is
increased to 1700 °C and instead a N-rich HN,C,_, (ie,
HfNj5,Co4s) is generated (Figures 9c and 9d). This clearly
supports the assumption that HfN-rich regions react with
excess carbon to yield HfNy,Cy 45 (as it is also known from
titanium carbonitrides'®).

TEM micrographs of the sample SiHfBCN2b annealed at
1700 °C indicate the presence of the HfN,C,_, nanocrystallites
with sizes of ca. 50 nm embedded within an amorphous
SiBCN-based matrix (Figure 12). As it is known that HfN and
SiBCN are materials that can withstand ultrahigh temperatures
(ie, beyond 2000 °C), the nanocomposite obtained upon
nitrogen annealing of SiBCN2b is considered to be a UHTC-
NC with promising behavior at ultrahigh temperatures and,
because of the SiBCN matrix, even in harsh environments.

BF STEM

100 nm

Figure 11. TEM micrographs of SiHfBCN2a annealed at 1700 °C in argon atmosphere. In the left micrograph HfC and f-SiC crystallites are shown;
the matrix is SiC-based and amorphous; the micrograph on the right shows a HfB, crystallite, as identified by means of electron diffraction (see

SAED shown as the inset).
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Figure 12. TEM micrographs of the sample SiHfBCN2b annealed at 1700 °C in nitrogen atmosphere showing HfN(C) nanoprecipitates embedded

within an amorphous SiBCN matrix.

The *°Si MAS NMR spectra of SiHfBCN2b annealed at
1300, 1500, and 1700 °C in a nitrogen atmosphere are shown
in Figure 13. The chemical shift of the SiN, sites in the sample

4

SiC

1700°C

1500°C

1300°C

20 20 -40 60

Chemical shift [ppm]

-100

Figure 13. Si MAS NMR spectra of SiHfBCN2b annealed in a
nitrogen atmosphere at different temperatures.

annealed at 1300 °C was —49 ppm (Table 6), indicating that, at
this temperature, HfN already phase separates (however, as an
amorphous phase; see Figure 9d). Annealing of the sample at
higher temperatures leads to a partitioning of the Si(B)CN
phase; thus, the SiCNj sites (mixed-bond tetrahedra) disappear
and instead SiC, and SiNj sites are present, showing the phase
separation of the matrix into SiC and Si;N, (Table 6), as also
indicated by XRD and TEM results.

In order to rationalize the different processes occurring upon
HT annealing of SiHfBCN in Ar and N, atmospheres, the
change in the Gibbs free energy for some possible reactions was

assessed (see the Ellingham diagram in Figure 14). The
thermodynamic data presented in Figure 14 indicate that the

200

150
100

AG [kJ/mol]

-100
-150

-200
-250

-300 .
1000 1100 1200 1300 1400 1500

Temperature [°C]

1600 1700

Figure 14. Temperature dependence of the change in the Gibbs free
energy (Ellingham diagram) of different possible reactions occurring
during HT annealing of SiHfBCN (data taken from ref 43). The AG
value for reaction (3) in the figure has been estimated upon combining
reactions (1) and (4) in the figure (cf. (3) = 0.67(1) + 0.33(4)). The
gray shaded area indicates the temperature range of the high-
temperature annealing experiments.

HIN phase, which is supposed to partition and crystallize from
the single-phase StHfBCN upon HT annealing, can react with
segregated carbon to form HfC at temperatures beyond 1500
°C. This is indeed supported by the XRD data of the sample
SiHfBCN2a annealed at 1700 °C, which clearly show the
presence of HfC. Since, during the conversion of HfN into
HfC, nitrogen is released, it is obvious that this reaction is

Table 6. Fraction of SiC,N,, SiC,, and SiCN; and SiN, sites of SiHBCN2b, as Derived from Gaussian Line Fitting of the **Si

NMR Spectra from Figure 13

Sic, SiC,N, SiCN, SiN,
annealing temperature (°C) & (ppm)  site fraction (%) & (ppm)  site fraction (%) & (ppm)  site fraction (%) & (ppm)  site fraction (%)
1300 -19 20.1 -31 20.1 —49 59.7
1500 —18 558.3 -3 10.1 -50 34.6
1700 -19 67.5 =50 32.5
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Figure 15. Raman spectra of the SiHfBCN-based samples annealed at different temperatures: (a) SIHfBCN2a (annealing in argon atmosphere) and

(b) SiHFBCN2b (nitrogen atmosphere).

Table 7. Peak Positions, Integral Area Ratios (Ap/Ag and A,p/Ap), Crystallite Lateral Size (L,, L.,), and Full Width at Half
Maximum (fwhm) of the D and G Modes for the Segregated Carbon Phase Present in SIHfBCN Annealed in Ar and N, at

Different Temperatures

sample temperature (°C) Ap/Ag @p (cm™)
SiHfBCN2a-1100 1100 3.35 1335
SiHfBCN2a-1300 1300 6.10 1342
SiHfBCN2a-1500 1500 7.35 1337
SiHfBCN2b-1300 1300 5.31 1338
SiHfBCN2b-1500 1500 2.18 1347
SiHfBCN2b-1700 1700 2.11 1348

fwhmyp, (cm™) wg (ecm™) Ayp/Ap L,y (nm) Lp(nm)
155 1565 0.10 0.88 791
113 1587 0.20 1.74 8.45
89 1583 0.05 0.44 7.63
136 1584 0.11 0.96 8.47
80 1592 0.18 1.59 8.36
S5 1581 0.23 2.02 6.73

suppressed in a nitrogen atmosphere; thus, no HfC has been
detected in the HT-annealed StHfBCN2b samples.

The data from Figure 14 also explain the formation of HfB,
upon annealing in an argon atmosphere and indicate that it can
be generated from either HN (or HfCN) and BCN (the BCN
phase was stated to be present as phase-separated phase in the
microstructure of SiBCN and has been approximated in the
present assessment as a mixture of BN and B,C). Thus, the
formation of HfB, from HIN has been shown to be favorable
within the entire investigated temperature range; whereas the
conversion of HfCN into HfB, becomes favorable at temper-
atures beyond 1300 °C. Since, in both processes, gaseous N, is
released as a side product, during the annealing experiments,
the nitrogen partial pressure was unfavorable for the HfB,
formation and, therefore, no HfB, was detected in the samples
annealed in a N, atmosphere.

Considering the discussed data from the Ellingham diagram
in Figure 14, there is clearly thermodynamic control of the
high-temperature evolution of single-phase SiHfBCN, dictating
the phase composition of the resulting UHTC-NCs upon HT
annealing, which allows for the preparation of materials with
tailored phase compositions.

The SiHfBCN ceramics annealed at temperatures from 1300
°C to 1700 °C in argon and nitrogen atmospheres were studied
by means of Raman spectroscopy. The samples annealed in an
argon atmosphere at 1300 and 1500 °C showed the presence of
excess free carbon (see Figure 15a). Whereas the sample
annealed in argon at 1700 °C did not contain free carbon;
instead, the presence of $-SiC has been shown. The samples
annealed in nitrogen atmosphere exhibited, independent of the
annealing temperature, the presence of segregated carbon, as
shown in Figure 1Sb. This is in agreement with the XRD,
elemental analysis, and thermodynamic data, which show that
annealing SiHfBCN in an argon atmosphere leads to the
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consumption of segregated carbon at temperatures of >1500
°C, cf. SizN, + 3C = 34-SiC + 2 N,. This reaction is suppressed
in a nitrogen atmosphere and, thus, the segregated carbon
phase is still present in SiHfBCN2b annealed at 1700 °C.

The segregated carbon present in the HT annealed samples
was found to be highly disordered (see Table 7). The Raman
spectra exhibit the G and D modes at 1580 and 1350 cm™,
respectively, which are typical for carbon materials. Further-
more, overtone bands at 2700 and 2950 cm™ (2D and D + G
modes, respectively) were found in some spectra. In all spectra,
the integral area of the D-band (Ap) is significantly larger than
that of the G-band (Ag), indicating the disordered feature of
the segregated carbon.** Furthermore, the degree of disorder
was rationalized also on the basis of the parameter Ly
(interdefect distance), which has been defined, cf. Ip/I; =
C(1)/Lp2.* Thus, L, becomes smaller as the annealing
temperature increases (i.e., for SiIHfBCN2b_ 1300, L, = 8.47
nm; for SIHBCN2b_1700, L, = 6.73 nm), illustrating that the
structural organization of the carbon phase increases. This
conclusion is supported by the decrease in the full width at half
maximum (fwhm) of the bands, as well as by the increase of the
intensity of the G’-band (see Figure 15 and Table 7).**
Moreover, the evolution of the parameter L. (the lateral
cluster size, which, however, takes into account the tortuosity of
the graphene sheets, cf.**

Loy (nm) = 8.8[@]

Ap

indicates the same trend as that previously described (see Table
7), ie. an increase in the ordering of carbon as the annealing
temperature increases.

Considering the obtained results, the SiHfBCN-based
material prepared upon pyrolysis of the Hf- and B-modified
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polysilazane is greatly versatile, with regard to its crystallization
behavior and evolution of the phase composition at high
temperatures. In both argon and nitrogen atmospheres, high-
temperature annealing of SiHfBCN leads to ceramic nano-
composites with interesting phase compositions (ie., SiC/
HfC(N)/HfB, in argon and Si;N,/HfNC/SiBCN in nitrogen),
which are expected to be promising candidates for applications
at (ultra)high temperatures and under extreme environmental
conditions.

IV. CONCLUSIONS

Within the present study, a single-source preparative access
toward hafnium-containing UHTC-NCs has been discussed.
The presence of Hf and B within the molecular structure of the
single-source precursor leads to low-temperature phase
separation processes within the resulting SiHfBCN, which are
thermodynamically controlled. They facilitate the crystallization
of the studied samples upon annealing at higher temperatures
and thus allow for preparing UHTC-NCs with phase
compositions suitable for applications at ultrahigh temperatures
and under harsh conditions. The presented single-source-
precursor synthesis method is believed to be applicable for
other phase compositions consisting of a UHTC phase (e.g,,
Group IV transition-metal borides, carbides, nitrides) dispersed
within a silica-former matrix (SiC, Si;N,, SiCN, SiBCN, etc.).
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