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Abstract

The polymer-to-ceramic transformation of a hatnium alkoxide-modified polysilazane was investigated via thermogravimetric analysis coupled with
in situ mass spectrometry (TG/MS), nuclear magnetic resonance (MAS NMR) and transmission electron microscopy (TEM). The results indicate
that the structural evolution of the polysilazane upon ceramization is strongly affected by the modification with hafnium alkoxide. Thus, the content
of carbon in the ceramic backbone was relatively low, whereas a large amount of SiNy sites and a segregated carbon phase was present in the sample.
Furthermore, this study revealed the formation of a SI(HFCNO amorphous single phase ceramic via pyrolysis of the polymer at 700 °C, whereas at
higher pyrolysis temperatures precipitation of hafnia was observed, leading to an amorphous hafnia/silicon carbonitride ceramic nanocomposite.
The precipitation of hafnia was shown to not rely on decomposition processes, but to be a result of rearrangement reactions occurring within the

ceramic material.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last decades, a continuously growing research
interest has been given to amorphous ceramics! which are pre-
pared via solid state thermolysis from preceramic polymers.?
Their polymer-to-ceramic conversion? leads to polymer-derived
ceramics (PDCs) which have been shown to possess a unique
combination of properties. Especially materials of the ternary
system Si—-C—N* as well as quaternary ceramics Si-M—-C-N(O)
(M =B3, A1%7, Zr®) exhibit excellent stability against decompo-
sition and crystallization as well oxidation resistance up to high
temperatures (as for amorphous SiCN and SiBCN ceramics),
good mechanical and interesting electrical properties. !

One of the most intriguing features of the PDCs is their
amorphous nature, which is a result of a non-equilibrium state
thereof and cannot be realized by using other preparative tech-
niques. As a consequence of their covalent bonding, they have
been found to possess near-zero steady state creep”!” and high
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resistance against crystallization processes at temperatures far
beyond 1000°C.!

Numerous studies on the amorphous microstructure and
its high-temperature evolution of SiCN ceramics have been
reported in the last 15 years. Thus, a wide variety of experi-
mental techniques, such as X-ray and neutron diffraction (XRD
and ND),!!"!4 transmission electron microscopy (TEM)'>1
and nuclear magnetic resonance (NMR),!7 as well as modeling
approaches (e.g. molecular dynamics: MD, %19 reverse Monte
Carlo method: RMC,?° and density-functional-theory-based
molecular dynamics),21 have been used in order to understand
the nano/microstructure and the high-temperature stability.

Furthermore, polysilazane-based precursors have been used
in order to fabricate silicon carbonitride nanocomposite ceram-
ics such as SiBCN,> SiAICN(0)22 or SiZrCN(O).2 Whereas
SiBCN has been intensively studied with respect to its synthesis,
processing and properties, the polymer-to-ceramic transforma-
tion processes and the nano/microstructure evolution of other
SiMCN(O) materials is not well known as yet. These materials
are mainly prepared by chemical modification of suitable polysi-
lazanes with metal alkoxides and subsequent ceramization and
lead to silicon carbonitride ceramic nanocomposites containing
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Fig. 1. Chemical modification pathways of polysilazane HTT1800 with hafnium alkoxide.??

a finely dispersed metal oxide phase (e.g. ZrO;, Al,O3). How-
ever, no reliable information is available so far on the phase
separation process of the metal oxide phase upon pyrolysis of
the polysilazane precursors, which leads to the formation of the
metal oxide precipitates.

The present paper describes a case study on the precipita-
tion of hafnia upon pyrolysis of a hafnium alkoxide-modified
polysilazane by means of TGA/MS, 2°Si MAS NMR and TEM
techniques. To the best of our knowledge, this is the first sys-
tematic case study on the segregation of amorphous metal oxide
in alkoxide-modified polysilazanes upon ceramization.

2. Experimental procedure

Polysilazane HTT1800 (Clariant, Sulzbach am Taunus,
Germany) was used as polymer precursor and was chemically
modified in inert atmosphere (Schlenk technique) by using a
hafnium alkoxide. Thus, 10.5 ml of HTT1800 were mixed with
4.5 ml hatnium(IV) n-butoxide (Sigma—Aldrich) and stirred for
30 min at room temperature. The mixture was cross-linked at
250°C (heating rate 50°C/h) for 180min and subsequently
pyrolyzed in argon atmosphere for 2h at 400, 700, 900 and
1100 °C.

The polymer-to-ceramic transformation of the hafnium n-
butoxide modified polysilazane was studied by means of
TGA/MS on a simultaneous thermal analysis device (STA 449C
Jupiter, Netzsch, Germany) coupled with a quadrupole mass
spectrometer (QMS 403C Aéolos, Netzsch, Germany). The
measurements were done under flowing argon, with a heating
rate of 5 °C/min up to 1450 °C.

Elemental analyses for nitrogen and oxygen were performed
by means of hot gas extraction techniques using a LECO C-200
and a LECO TC-436 analyzer.

All NMR experiments were carried out 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 10 kHz at room temperature. Single
pulse (SP) 2°Si NMR spectra were recorded using a 90° pulse

of 9 ws and recycle delays of 120s. Conversely, in case of SP
13C NMR spectra, a 90° pulse of 4 ps and recycle delays of 20's
were adopted. 2°Si and '3C chemical shifts were referenced
with respect to TMS by utilizing the external standards Kaolin
and Adamantane, respectively.

Transmission electron microscopy (TEM) was performed
using a CM20STEM (FEIL, Eindhoven, The Netherlands) oper-
ating at 200 kV on TEM-foils obtained from the pyrolyzed bulk
samples. Sample preparation followed standard ceramographic
techniques involving cutting, ultrasonic drilling, dimpling and
Ar-ion thinning to perforation followed by light carbon coating
to minimize charging under the incident electron beam.

3. Results and discussion

The chemical modification of the polysilazane HTT1800 with
hafnium n-butoxide was reported recently.?® It was shown that
hafnium n-butoxide undergoes reactions with both Si—-H and
N-H reactive groups present in HTT1800, as shown in Fig. 1.
Thus, the reaction of hafnium n-butoxide with the Si—H bonds
of HTT1800 occurs upon release of butane and formation of
=Si—O-Hf= units, whereas the reaction with the N-H bonds
leads to =N-Hf= units and the evolution of butanol.

The polymer-to-ceramic transformation of the polysilazane
HTT1800 modified with hafnium n-butoxide was investigated
by means of TGA coupled with in situ mass spectrometry
(MS) from ambient temperature up to 1400 °C. The TGA study
reveals that the transformation of the precursor into ceramic
material occurs in several steps and exhibits a ceramic yield
of ca. 53% (Fig. 2a). In the temperature range from ambient
temperature to ca. 350—400 °C cross-linking of the precursor
takes place. This relies mainly on hydrosilylation and vinyl
polymerization processes>* (see Fig. 3a and b), which however
occur without mass loss. Thus, the detected mass loss during
the cross-linking of the precursor (ca. 25 wt%) was assigned
to the evolution of oligomers with low molecular weight. At
temperatures from 400 to ca. 700 °C additional mass loss was
detected (ca. 20 wt%), which was attributed to the ceramization
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Fig. 2. (a) TG and DTG (first derivative of the TG) curves showing the polymer-to-ceramic transformation of the hafnium alkoxide modified precursor; (b—e) TG
and QMID ion current curves (QMID — quasi multiple ion detection) describing the evolution of volatile species during polymer-to-ceramic transformation of the
sample (b: fragments of amines; c: ammonia (m/z = 17) and water (m/z=18); d: fragments of butene; e: hydrogen (m/z=1 and 2) and methane (m/z=16)).

process of the modified polysilazane to yield Si(HfCNO ceramic.
The ceramization process was found to be completed at tem-
peratures around 750 °C, since no mass change was recorded
at higher temperatures. Within the ceramization step differ-
ent rearrangement and decomposition processes were attributed
to volatiles which were detected by means of in siru MS. In
the temperature range from 400 to 550°C strong evolution
of amines was detected via MS (Fig. 2b), thus indicating that
transamination processes occur; this was further supported by
ex situ MAS NMR investigation on samples pyrolyzed at 400
and 700 °C (see discussion below). Furthermore, the generation
of amines can also be assigned to reactions of =Si—N= bonds

with alkoxy end groups present within the cross-linked polymer
(Fig. 3d).

At temperatures from 500 to ca. 750 °C hydrogen evolution
takes place (Fig. 2e) as a result of dehydrocoupling reactions (of
e.g. =N-H or still non-reacted =Si—H groups) or decomposition
processes of hydrocarbon substituents. Also within the same
temperature range a strong evolution of ammonia (Fig. 2¢) and
methane (Fig. 2e) was detected, thus confirming the ceramiza-
tion process leading to a homogeneous SiIHfCNO ceramic.

Furthermore, at temperatures of 450-750°C butene and
water evolution was detected by means of MS and was assigned
to the decomposition of butoxy end groups at hafnium centers.>*
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Fig. 3. Possible rearrangement reactions hafnium alkoxide modified polysilazane upon polymer-to-ceramic transformation: (a) hydrosilylation reaction; (b) vinyl
polymerization; (c) transamination; (d) reactions of amino groups (at Si centers) with alkoxy end substituents (at hafnium). Whereas reactions (a) and (b) occur
without mass loss, hydrocarbons and amines are released during reactions (c) and (d).

The polymer-to-ceramic transformation of the hafnium
alkoxide modified polysilazane HTT1800 was also investigated
by means of 2?Si MAS NMR. The sample pyrolyzed at 400 °C
shows the presence of Si sites with mixed bonds (SiC,Ns—_y),
thus a signal at ca. —4 ppm was assigned to SiC,N» sites (with
sp> hybridized C), whereas the signals at —25.6 ppm (highest
intensity) and —45.7 ppm were attributed to SiCN3 and SiNg
centers (Fig. 4).2>2° Additionally, the presence of a peak at
—65.5 ppm was observed, which was assigned to SiN3 O centers.

The SiC, Ny, sites develop upon cross-linking due to hydrosi-
lylation reactions between H,C=CH-Si= (vinyl) and =Si-H
groups as well as vinyl polymerization processes (Fig. 3a and
b). Both processes lead to the transformation of sp> hybridized
vinyl carbon atoms into sp> hybridized carbon, as revealed by
the chemical shift of the SiC;N,.!7 Interestingly, the intensity
of the SiC,N> signal was relatively low, indicating that at this
temperature SiC,N; centers are not stable and undergo further
rearrangement processes. This is a rather unusual behavior for
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Fig. 4. 2Si MAS NMR spectra of hafnium alkoxide modified polysilazane
pyrolyzed at different temperatures.

polysilazanes, consisting of SiC,N» sites which are stable up to
high temperatures (e.g. 1100 °C).!” The reason for the different
reaction behavior of our sample is seen in its modification with
hafnium alkoxide; however, this has not been clarified so far.

The most probable rearrangement process occurring at
SiC,Nj sites (which leads to the formation of SiCN3) involves
transamination reactions upon release of gaseous hydrocarbons,
as supported by in situ mass spectrometry (Fig. 3c). Also the
formation of SiNy sites can be explained as resulting from
transamination reactions of SiC,N» and SiCN3.

Besides the mixed bond sites SiC,Ny_y, the sample pyrolyzed
at 400 °C shows an additional signal in the 2°Si NMR spectrum,
which was assigned to SiN3O centers. Their formation relies
on the presence of hafnium alkoxy end groups within the poly-
meric precursor and their reaction with =Si—N= units to form
=Si—O-Hf= groups and volatile amines (see Figs. 2b and 3d).
The presence of the SiN3O signal in the MAS NMR spectrum of
the sample pyrolyzed at 400 °C supports our previous observa-
tion that hafnium alkoxide modification occurs upon reaction not
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Fig. 5. SiCyN4_, and SiN,O4_, site fractions of the alkoxide modified polysi-
lazane samples as function of the temperature.

only with N—H bonds but also with Si—H functions in HTT1800
(see Fig. 1) as well as the fact that hafnium is molecularly
distributed throughout the material.

The MAS NMR spectrum of the sample pyrolyzed at 700 °C
reveals the presence of SiCN3 and SiN4 (main signal) sites. The
amount of SiCN3 was found to decrease with respect to the
sample pyrolyzed at 400 °C, whereas the amount of SiNy sites
has increased (Table 1 and Fig. 5). Furthermore, no SiCyN»>
sites were detected, indicating that they have fully rearranged
to SiCN3 and SiN4 via transamination processes. In addition
to the SiN3O sites, SiO4 centers are formed at 700 °C, thus
revealing further rearrangement processes of SiN3O via reac-
tions of =Si—N= sites with butoxy groups (see Fig. 3d). The
SiOy4 signal (—107 ppm) was found to be shifted towards low
field as compared to pure silica (—112 ppm),>”-?3 indicating that
hafnium is attached to oxygen. This effect was also observed
in hafnia and zirconia modified silicon oxycarbide ceramic
nanocomposites.2>30

The SiNy signal exhibits the highest intensity in the sample
pyrolyzed at 900 °C, revealing a further increase of the SiNy
sites (ca. 60%) with respect to the sample pyrolyzed at 700 °C
(Table 1). Whereas no SiC;N; sites were detected and the
amount of SiCN3 (ca. 30%) has slightly increased (Table 1 and
Fig. 5). Thus, the sample pyrolyzed at 900 °C shows a different
distribution of the Si sites as compared to other polysilazane
derived materials: a relatively similar polysilazane (i.e. VS/MS,
{[(H,C=CH)SiH-NH]y 5s—[(H3C)SiH-NH)y 5 }) was reported to
consist upon pyrolysis at 850 °C of ca. 32% SiCaN», 35% SiCNj3
and 33% SiNy,? hence emphasizing the presence of an uniform
distribution of mixed bonds within amorphous SiCN materials.
In our case, the pyrolyzed sample at 900°C revealed the
presence of a large amount of SiN4 and the disappearance of the
SiC,y Ny, sites, indicating that the nanostructure of the alkoxide-
modified materials is different from that of polysilazane-derived
SiCN. Interestingly, no SiN3O or SiOy4 signals were detected,
whereas only a small amount of SiN,O» sites was present in the
sample. The strong decrease of the oxygen containing sites is a
consequence of the phase separation of hafnia upon pyrolysis at
900 °C, which has been further supported by TEM investigation



1878 E. Ionescu et al. / Journal of the European Ceramic Society 32 (2012) 1873-1881

Table 1

298i MAS NMR chemical shifts and the fractions corresponding to SiC;Ny_, as well as SiN,O4_, sites (x=0, 1 and 2) for the alkoxide modified polysilazane

samples pyrolyzed at 400, 700, 900 and 1100 °C.

Temperature [°C] SiCyN, SiCN3 SiNy SiN30 SiN,O» SiOy4
[ppm] [%] [ppm] [%] [ppm] [%] [ppm] [%] [ppm] [%] (ppm] [%]
400 -39 12.6 —25.6 60.7 —45.7 7.9 —65.5 18.8 - 0 - 0
700 - 0 -27.0 26.9 —48.7 38.1 —66.1 12.4 - 0 —107 22.6
900 - 0 —32.6 30.9 —52.5 59.6 - 0 —75.2 9.5 - 0
1100 - 0 -329 12.0 —51.6 60.1 - 0 —78.1 15.2 —110 12.7

(see below). It can thus be concluded that the pyrolysis of the
hafnium alkoxide-modified polysilazane at 900°C leads to
a ceramic nanocomposite material comprising of amorphous
hafnia finely dispersed within an amorphous SiCN(O) matrix.
Additional elemental analysis of the samples pyrolyzed at 700
and 900 °C revealed that the hafnia precipitation relies only
on rearrangement reactions within the material and is not a
result of decomposition processes, since the oxygen content
was found to be the same in all ceramic samples (Table 2). This
is further supported by the results of the TG analysis which has
shown no mass loss at temperatures beyond 750 °C (Fig. 2a).

The sample pyrolyzed at 1100°C exhibits in the 2°Si
NMR spectrum the presence of SiC,N4_, mixed bonds sites,
i.e. SiCN3 and SiNg (predominant), as well as of oxygen
containing sites SiN»O, and SiO4. The elemental analy-
sis of this sample indicates following chemical composition:
SiCg.55N1.0000.47Hfg ¢7. Under the assumption that the oxygen
is bonded to hafnium and silicon, nitrogen is bonded only to
silicon and carbon can be carbidic or “free”; a formal phase
composition can be calculated, as is shown in Table 3.

The chemical composition of the SIHfCNO ceramic material
pyrolyzed at 1100 °C confirms the observation made by means
of MAS NMR concerning its nanostructure. Thus, an increased
fraction of silicon nitride was calculated (54.31 wt%), which is
in very good agreement with the MAS NMR data (60.1% SiNy
sites within the material). Furthermore, a low amount of carbon
incorporated within the ceramic network (carbidic SiCN4_,
carbon) has been calculated on the basis of the chemical compo-
sition (i.e. ca. 0.6 wt% SiC, Table 3), which is rather unusual for
polysilazane-derived SiCN(O) ceramics, consisting of a single
amorphous SiC,N,_, phase (mixed bonds).31 This fact further-
more reveals that carbon is mainly present as a segregated phase
(“free” carbon) within the ceramic, as also shown by MAS NMR
(Fig. 6). Thus, the sample prepared via pyrolysis at 1100 °C con-
sists of hafnia nanoparticles dispersed within a SiICN(O) matrix

Table 2

Nitrogen and oxygen content of the samples pyrolyzed at 700, 900 and 1100 °C.
The oxygen content remains practically constant upon pyrolysis of the sample
in this temperature range, i.e. no decomposition occurs.

Temperature [°C] N [wt%] O [wWt%]
700 23.12 10.28
900 23.63 10.26

1100 21.85 10.76

showing mainly separated bonds, i.e. SiN4 and free C, and only
a small amount of SiCNj sites.

The evolution of the carbon within the samples at different
temperatures is shown in Fig. 6. The 13C MAS NMR spectrum
of the sample pyrolyzed at 400 °C exhibit a signal at ca. 2 ppm,
which was assigned to methyl groups bonded at silicon centers.
Further signals at 13.2ppm (OCH;CH,CH,CH3s), 19.0 ppm
(OCH,CH,CH,CH3), 352ppm (OCH;CH,;CH,CH3) and
63.1ppm (OCH,CH,CH;CH3) correspond to end butoxy
groups bonded to hafnium centers. Furthermore, at this temper-
ature the segregation of carbon (“free” carbon) can be detected,
as revealed by the broad signal at 136 ppm.3?=33 Upon pyrol-
ysis at 700°C the Si—-CH3 signal decreases strongly and by
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Fig. 6. '3C MAS NMR spectra of the samples pyrolyzed at 400, 700, 900 and
1100°C.
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Table 3
Calculated mol and weight fractions of HfO,, SiO,, SizNy4, SiC and “free” carbon for the alkoxide-modified sample pyrolyzed at 1100 °C using its chemical
composition.

Si,CyN; O, Hf, SiCo.55N1.0900.47Hf0.07

Amount [mol] Fraction [mol%] Amount Fraction Fraction

[mol] [mol%] [wt%]

HfO, v [4v/(4y +2w+2)] x 100 0.07 6.60 21.15
SiO; (w—2v)2 [2(w —2v)/(4y + 2w+ 2)] x 100 0.17 16.04 14.65
Si3Ny 74 [2/(4y +2w+2)] x 100 0.27 25.47 54.31
SiC x—{[(w—2v)/2]1+ (3z/4)} {4{x = {[(w—2v21+ BIH} }(4y+2w+2)} x 100 0.01 0.95 0.58
“Free” C y—{x—{[(w—2w12]1+(3z/4)}} {4y — {x = {[(w =2v)/2]+ 32D} N4y + 2w +2)} x 100 0.54 50.94 9.31
Sum (4y+2w+2z)/4 100 1.06 100 100

Fig. 7. (a) High-resolution TEM image of the sample pyrolyzed at 800 °C. Similar to the sample heat treated at 900 °C, this sample also was fully amorphous and
revealed no clear evidence for HfO, nanocrystallites and (b) high-resolution TEM micrograph of the sample annealed at 900 °C. A slightly stronger contrast variation,
as indicated by arrows, was observed. This percolation network is assumed to be the initial state of the HfO, formation.

further increasing the pyrolysis temperature to 900 or 1100 °C,
no additional signals beside that of “free” carbon are observed
in the spectra. Thus, it can be concluded that the main fraction of
carbon within the ceramized hafnium alkoxide modified polysi-
lazane is present within the material as segregated “free” carbon
phase. This was further supported by Raman spectroscopy.

Transmission electron microscopy was utilized to study the
microstructural evolution of the Hf-modified samples annealed
at 700 and 900 °C. Unfortunately, the material pyrolyzed at
700 °C could not be studied, since it viciously reacted with
water and/or ethanol during TEM-foil preparation, which was
noticeable by a pronounced color change. Therefore, an addi-
tional sample was prepared pyrolyzed at 800 °C. This sample
and the material annealed at 900°C showed no chemical
reactivity and hence both materials were prepared for TEM
analysis.

The micro/nanostructure of the sample annealed at 800 °C is
shown in Fig. 7a. No crystalline phases or local phase separa-
tion was observed. Electron diffraction only showed a diffuse
halo, indicative for an amorphous material. No clear evidence
for local precipitation of hafnia was found. It is therefore con-
cluded that the phase separation into SiCN and nanosized HfO,
has not yet occurred. It should be noted that indications for
local SiO; enrichments, as indicated by NMR data, was also
not observed. It is assumed that the domain size of those amor-
phous silica-rich regions is on the order of 1-2 nm, embedded in
the also amorphous SiCN matrix, which cannot be imaged via

high-resolution TEM. As the resulting TEM image is a projec-
tion of all nanodomains within the observed sample volume onto
the imaging screen, SiO>-rich regions cannot be individually
distinguished, when the TEM-foil thickness is approximately
20-30 nm.

The sample annealed at 900 °C, however, only showed a
slightly stronger variation in contrast, as compared to the
material pyrolyzed at 800 °C. Here, small contrast variations
(indicated by arrows in Fig. 7b) were observed which are
attributed to the segregation of an amorphous Hf-containing
phase. It should be noted that those variation in local contrast
within the amorphous matrix, under the assumption of a constant
sample thickness, can only be due to local changes in chemistry;
i.e., local variation in atomic number. It is therefore concluded
that this percolation network of the darker regions represents
the formation of an amorphous Hf-containing phase, which at
higher temperatures will lead to the formation of nanosized haf-
nia precipitates. Hence the TEM observations support the NMR
data, since the percolation network of the Hf-bearing phase cor-
responds to the reduction of Si—~O—Hf units detected by NMR
upon pyrolysis at 900 °C.

4. Conclusions
This paper describes a systematic study on the polymer-

to-ceramic transformation and phase separation of a hafnium
alkoxide-modified polysilazane upon pyrolysis. Correlated
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TGA/MS, MAS NMR and TEM investigations revealed that the
hafnium-containing polysilazane transforms at 700 °C into an
amorphous single phase ceramic, i.e. SIHFCNO. Upon pyrolysis
at higher temperatures (ca. 900 °C), amorphous hafnia nanopar-
ticles begin to precipitate throughout the SiCN(O) matrix, as
revealed by NMR and TEM.

The presented hafnium alkoxide-modified samples differ
strongly from polysilazane-derived SiCN ceramics concerning
their structural composition. Thus, our ceramics show mainly
separated bonds (e.g. SiNy sites and segregated “free” carbon
phase), whereas SiCN ceramics derived from polysilazanes con-
sists of mixed bonds (i.e. SiC,N4_,). The different structural
composition of the StHFCNO ceramic with respect to other
polysilazane-derived silicon carbonitride ceramics is a conse-
quence of the molecular structure of the preceramic polymer,
which contains hafnium alkoxide units, drastically affecting
its rearrangement processes upon polymer-to-ceramic transfor-
mation. Furthermore, NMR and TEM studies have elucidated
the hafnia precipitation process, which is a result of rearrange-
ment processes occurring in two steps: in the first step nitrogen
containing Si sites react with alkoxide groups at moderate tem-
peratures (400-700 °C) and lead to the formation of SiO4 sites
bearing Hf; in a second step the precipitation of hafnia phase
throughout the SICN(O) matrix occurs at 7> 800 °C, leading to
an amorphous hafnia/silicon carbonitride ceramic nanocompos-
ite.
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