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Abstract

Hafnium alkoxide modified polysilazane was synthesized by the drop-wise addition of hafnium tetra(n-butoxide) to polysilazane. The solid
state thermolysis (SST) temperature and the ceramic yield for both the polysilazane and modified polysilazane were determined by performing
thermogravimetry. Fourier transform infrared spectroscopy was performed to understand the polymer to ceramic conversion as well as the bonding
characteristics of the ceramics. The modified polymer after crosslinking was subjected to SST at 800 °C at a constant heating rate of 5 °C/min for a
dwell time of 2h in atmospheric ambience. From the X-ray diffractograms, the as-thermolysed ceramics were observed to remain X-ray
amorphous and on heat-treatment resulted in the crystallization of tetragonal hafnia. However, on heat-treatment at 1500 °C, reverse phase
transformation from tetragonal to monoclinic hafnia was observed. Raman spectroscopy and transmission electron microscopy were employed to
further understand the phase evolution. The thermal stability and the influence of amorphous matrix on the coarsening of HfO, were also evaluated.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Polymer precursor route for the synthesis of advanced
ceramics has attracted considerable interest in recent years due
to their exceptional high temperature stability, resistance to
crystallization and thermal decomposition. Since these
ceramics are essentially additive-free materials, they are found
to exhibit extraordinary thermo-mechanical properties at
elevated temperatures due to the absence of any low melting
point phases [1-6]. In the last few years, significant research has
gone into the development of Si-containing ternary systems
such as silicon oxycarbide (Si—~O-C) and silicon carbonitride
(Si—-C-N) ceramics with improved properties via polymer
precursor route. In addition to the ternary systems, the
development of quaternary and quinary silicon-based systems
through polymer precursor route has also gained immense
interest in the recent years. This involves incorporation of
additional elements such as B [7-11], Al [12,13], Ti [14], Ta
[15] or Zr [16-18] to the silicon-based polymer precursor
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thereby resulting in enhancement of properties and tunable
performance.

The modification of the Si—-C-O or Si-C-N by the
incorporation of zirconium in the form of its oxide (ZrO,)
was observed to remarkably influence the properties of the
polymer derived ceramics [16—18]. Recently, the incorporation
of HfO, instead of ZrO, into the ceramic matrix is explored in
the development of metal-oxide modified polymer derived
ceramic [19-22]. Though ZrO, and HfO, are structurally very
similar, HfO, is considered to be technologically more
important because of its high melting point (2758 °C), high
dielectric resistance [23,24], high neutron absorption capability
[25] as well as its high chemical stability [26]. Both, HfO, and
ZrO, undergo a series of phase transformation from monoclinic
(space group: P2,/c) to tetragonal (space group: P4,/nmc) and
from tetragonal to high symmetry cubic phase (space group:
Fm3m). However, the transition temperatures were observed to
be higher for HfO,. The phase transformation temperature from
monoclinic to tetragonal is close to 1670 °C for HfO,whereas it
is around 1170 °C for ZrO, and from tetragonal to cubic is
2670 °C and 2370 °C respectively [26]. This indicates the
enhanced thermal stability of the HfO, modified system.
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The influence of polymer architecture on the structural
evolution of hafnium alkoxide modified polysilazane by
comparing two variants of commercially available polysilazane
was reported recently [22]. However, the influence of atmo-
sphere and the effect of Si—-C—N-O matrix on the structural
evolution is not addressed. In this paper, we report the
crystallization and microstructural evolution of HfO, from an
amorphous matrix of Si-Hf-C-N-O and the influence of
amorphous matrix and atmosphere on the thermal stability of
the system. The thermal stability is determined by performing
heat-treatment in air and inert atmosphere and the influence of
surrounding matrix on microstructural evolution is determined
by evaluating the crystallite sizes. The preliminary results
indicate a promising potential of HfO, incorporated silicon-
oxycarbonitrides (HfO,/Si—-C-N-O) with respect to carbo-
thermal decomposition at elevated temperatures.

2. Experimental
2.1. Synthesis of polymer precursor

Hafnium alkoxide modified polymer precursor was synthe-
sized by the chemical modification of polysilazane by the
addition of hafnium tetra (n-butoxide) [Hf(O"Bu)4] (Sigma
Aldrich, India). To synthesize polysilazane, dichloromethylvi-
nylsilane (Alfa Aesar, USA) was dissolved in tetrahydrofuran
and taken in a three-necked round bottom flask maintained at
0°C and connected to Schlenk line to maintain an inert
atmosphere. The solution was ammonolysed by drop-wise
addition of ammonia under vigorous stirring. After allowing the
solution to reach room temperature, precipitated ammonium
chloride was filtered and removed using Whatman glass micro-
fiber filter paper to finally obtain a colorless and oily liquid [27].
The synthesized polysilazane was dissolved in toluene, and to
which 30 vol% hafnium tetra (n-butoxide), dissolved in
toluene, was added drop-wise at room temperature. Henceforth,
the modified solution was subjected to continuous vigorous
stirring for 24 h in argon atmosphere. Subsequently, the
modified polymer was kept in the vacuum oven at 80 °C for
24 h, for the solvent to be removed. Finally, the modified
polymer precursor was crosslinked at 200 °C in a program-
mable alumina tube furnace, maintaining a heating rate of 2 °C/
min for 2 h in air.

2.2. Polymer to ceramic conversion

The crosslinked hafnium alkoxide modified polysilazane
was thermolysed at 800 °C for 2 h in air. The SST was carried
out in an alumina crucible placed in a programmable alumina
tube furnace, maintained at a constant heating rate of 5 °C/min.
Furthermore, the as-thermolysed ceramics were heat-treated in
air at 1000, 1200, 1400 and 1500 °C maintaining the same
heating rate as well as the dwell time for understanding the
phase evolution. In order to determine the influence of
atmosphere on the thermal stability of the system, the as-
thermolysed ceramics were heat-treated in argon atmosphere at
three different temperatures, namely, 1000, 1200 and 1400 °C

for 2 h maintaining a heating rate of 5 °C/min till 1200 °C and
2°C/min beyond.

2.3. Characterization

Thermogravimetry (TG) analysis of the polysilazane and
hafnium alkoxide modified polysilazane, was performed using
NETZSCH STA 409 (Germany) under atmospheric ambience
up to 1400 °C. Before performing TG, both the polymers were
crosslinked at 200 °C in air. FT-IR of the hafnium alkoxide
modified polysilazane as well as the unmodified polysilazane
was recorded on a Perkin Elmer Spectrum one: FT-IR
spectrometer, operated in the transmission mode. Furthermore,
FT-IR was also performed on the as-thermolysed and heat-
treated hafnia modified ceramics. The samples for FT-IR were
prepared by pulverizing followed by thorough mixing with IR
irradiated potassium bromide (KBr). The mixed powder was
then pressed into a pellet, before it was observed in the
spectrometer. The spectrum was taken in the scan range
between 450 and 4500 cm ™" at a resolution of 4 cm ™. All the
spectroscopic measurements were performed at room tem-
perature.

Powder XRD of the heat-treated samples were taken using
D8 Discover, Bruker AXS X-ray diffractometer (USA), with
Cu K, radiation (A = 0.15408 nm) in the 26 range, 20-80°, at a
scan rate of 1 s/step. The peaks were indexed with reference to
powder diffraction files from the International Centre for
Diffraction Data (ICDD) database. The full width half
maximum (FWHM) for all the peaks was determined by
fitting the peaks with standard pseudo-voigt function. Raman
spectra of the powdered ceramic were taken using Labram HR
800, Horiba, (USA) Raman spectrometer with a laser source of
He—Ne (632.8 nm) under 100x magnification. The samples
were finely powdered and the spectrum was recorded in the
range between 450 and 4000 cm ™', For transmission electron
microscopy (TEM) the powdered samples were dispersed in
acetone by ultrasonicating for 10 min and a drop of the
dispersed solution was deposited on a 3 mm carbon-coated
copper grid using a dropper. TEM and high resolution-TEM
(HR-TEM) images were taken using Philips-TEM (CM20) and
JEOL 3010 (USA) respectively, both operated at an accelerat-
ing voltage of 200 kV by using finely powdered samples.

3. Results and discussion

Thermogravimetry of the polysilazane as well as the
hafnium tetra(n-butoxide) modified polysilazane is shown in
Fig. 1. The first derivative of TG (DTG) of hafnium alkoxide
modified polysilazane, is also provided in the same figure
(Fig. 1). The residual mass of the crosslinked polysilazane at
1400 °C, as understood from the TG is approximately 89%.
However, for the hafnium alkoxide modified polysilazane
crosslinked at 200 °C, the ceramic residue at 1400 °C is
observed to be 80% approximately. The lower residue for the
modified polysilazane can be attributed to the decomposition of
hafnium tetra(n-butoxide) [19]. The DTG of the modified
polysilazane exemplifies a three stage decomposition process
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Fig. 1. Thermogravimetric (TG) analysis of non-modified polysilazane and the
hafnium alkoxide modified polysilazane, both after crosslinking at 200 °C in air.

for the modified polysilazane, with peaks at 120, 220 and
480 °C approximately. The maximum mass loss (13%
approximately) is observed during the third stage which can
be attributed to the polymer to ceramic conversion. Beyond
800 °C, no significant mass loss is observed indicating the
completion of ceramization.

The reaction mechanisms involved in the polymer to
ceramic conversion are further understood by performing FT-
IR analysis of the hafnium alkoxide modified polysilazane.
Fig. 2 shows the FT-IR spectra of the unmodified polysilazane,
as well as the hafnium alkoxide modified polysilazane. A broad
and intense peak is observed in the spectrum of unmodified
polysilazane (Fig. 2(a)) between 1200 and 1000 cm !, which is
assigned to Si—O-Si bond, indicating inclusion of oxygen into
the polymer chain due to possible oxygen contamination. Other
bands related to Si—-CH; and Si—C are observed at 1275 cm ™!
and 790 cm ™! respectively. Besides, intense bands are observed
at 3055cm™' (=CH,), 2962cm ' (-CHj), 1597 cm™'
(CH=CH,), 1416cm™' (Si—-CH; deformation) and
1260 cm ™! (Si—-CH; stretching) [28]. A broad band is also
observed between 3300 cm ™' and 3500 cm ™', indicating the
presence of N—H bonds. However, in the case of the unmodified
polysilazane crosslinked at 300 °C (Fig. 2(b)) as well as in
hafnium alkoxide modified polysilazane crosslinked at 200 °C
(Fig. 2(c)), reduction in the intensity bands corresponding to
vinyl bonds are observed signifying the occurrence of
crosslinking. Also, a substantial reduction in the intensities
of all-H containing peaks is observed for the sample processed
at 600 °C (Fig. 2(d)), confirming the progress in the
transformation of polymeric network to an amorphous pre-
ceramic network.

Fig. 3 shows the FT-IR of the as-thermolysed as well as the
heat-treated ceramic samples processed till 1500 °C. The
presence of Si—O—Si bond (1200-1000 cm ") for the pyrolysed
and heat-treated samples can be attributed to the processing
atmosphere [29]. A less intense peak is observed for the
thermolysed sample at 1600 cm ™ 'can be attributed to atmo-
spheric or moisture contamination (R—-OH) due to operation in
air [30]. However, for the samples heat-treated at 1200 and
1500 °C, an evolution of new band in the FT-IR spectra at
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Fig. 2. Fourier-transformed infra red (FT-IR) spectra: (a) non-modified poly-
silazane, (b) non-modified polysilazane crosslinked at 300 °C, (c) hafnium
alkoxide modified polysilazane crosslinked at 200 °C and (d) hafnium alkoxide
modified polysilazane processed at 600 °C.

620 cm™ ! can be observed. Also, reports suggest that regions
between 250 and 1000 cm ' in the FT-IR spectrum correspond
to the stretching mode of Hf-O [31,32]. Hence, the
corresponding band is assigned to Hf—O, indicating the phase
separation of hafnia from the amorphous ceramic matrix.

Further understanding on the structural evolution of various
phases from the ceramic matrix is obtained by performing XRD
(Fig. 4). The powder XRD of the as-thermolysed ceramic
indicates that the ceramic is completely X-ray amorphous. As
inferred from the XRD, with increase in heat-treatment
temperature, a progressive crystallization of nanocrystalline
tetragonal hafnia is observed for the modified ceramics heat-
treated up to 1400 °C. Though, thermodynamically monoclinic
hafnia is the room temperature stable phase and tetragonal
phase is stable only beyond 1670 °C [33], the presence of
tetragonal hafnia can be attributed to the crystallite size effect
[34,35]. The volume averaged crystallite size for tetragonal
hafnia, as determined using Scherrer’s formula is found to vary
between approx. 3-10nm (Fig. 5). An analysis using
Williamson—Hall method [36] for the XRD of the heat-treated
samples also indicates insignificant influence of microstrain on
the crystallite broadening.

However, in the case of the as-thermolysed ceramic heat-
treated at 1500 °C, as observed in XRD, the presence of
monoclinic hafnia in addition to tetragonal hafnia can be
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Fig. 3. Fourier-transformed infra red (FT-IR) spectra: (a) as-thermolysed Si—
Hf-C-N-0, (b) Si—-C-N-0 ceramic heat-treated at 1200 °C, (¢) HfO,/Si—-C-N-
O ceramic heat-treated at 1200 °C and (d) HfO,/Si—-C-N-O ceramic heat-
treated at 1500 °C.

observed. This indicates that beyond a critical crystallite radius,
tetragonal HfO, is unstable and gets transformed to monoclinic
HfO,. The critical crystallite radius necessary for the reverse
phase transformation for hafnia to occur in an amorphous
matrix of Si—-C-N-O is observed to be 4 nm [37]. In this case,
the volume averaged crystallite diameter for tetragonal hafnia
(~24 nm) as determined by Scherrer formula is found to be
higher than critical radius of the crystallite and hence the phase
transformation from tetragonal to monoclinic crystal structure.

Furthermore, the mass loss in % for the heat-treated hafnium
alkoxide modified ceramic as well as the unmodified ceramics
at various temperatures between 1000 and 1500 °C in air is
determined and shown in Table 1. For Si-C-N—-O ceramics, a
mass gain of approximately 16% is observed on heat-treating at
1200 °C in air indicating excessive oxidation and formation of
silica (SiO,). This can be inferred from the powder XRD
(Fig. 6) for the heat-treated ceramics at 1200 °C in atmospheric
ambience. However, no significant mass loss is observed in the
Si—Hf-C-N-O ceramic, upon heat-treating from 800 to
1000 °C for 2 h in air. Whereas, a progressive mass loss of
approximately 15% is observed for the HfO,/Si—C-N-O
ceramic, upon heat-treating from 800 to 1500 °C for the same
duration in air. This mass loss observed in the modified ceramic

Intensity [a.u]

2 Theta [°]

Fig. 4. Powder X-ray diffractogram (XRD) of HfO,/Si—~C—N-O ceramics: (a)
as-thermolysed at 800 °C, (b) heat-treated at 1000 °C, (c) heat-treated at
1200 °C, (d) heat-treated at 1400 °C and (e) heat-treated at 1500 °C (c,
crystobalite; t, tetragonal hafnia; m, monoclinic hafnia).

can be attributed to the presence of the free carbon in the
ceramic matrix in addition to the heat-treatment atmosphere.

The presence of free carbon can be established from the
Raman spectrum. Fig. 7 shows the Raman spectrum of the

25 4

20+ /

15+ /
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Fig. 5. Crystallite coarsening with variation in temperature. Dotted line is a
guideline for eye.
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Table 1
Variation in mass (%) upon heat-treatment temperature at various temperatures
between 1000 and 1500 °C in air and argon.

Temperature (°C) 1000 1200 1400 1500
Si—-C-N-O in air * ~+16 ~—6 *
Si-Hf-C-N-O in air ~0 ~=5 ~—11 ~—15
Si—-C-N-O in Ar ~0 ~0 * *
Si-Hf-C-N-O in Ar ~0 ~0 ~—17 *

+ indicates mass gain, — indicates mass loss, * indicates not done.

hafnium alkoxide modified ceramic heat-treated at 1200 °C for
5h in air. The typical D & G absorption bands observed at
1360 cm™' and 1600 cm ™', indicate the presence of free
carbon. Under ambient conditions, this free carbon will get
easily oxidized and get evolved in the form of CO or CO,,
resulting in mass loss. In addition, the mass loss can also
happen due to carbon coming into direct contact with SiO,,
leading to the dissociation of SiO, into SiO (g) and CO (g).
Also, there could be a possible formation of SiC due to the
reaction between silica and carbon which can also contribute to
the mass loss. However, on heat-treating in Ar atmosphere both
Si—-C-N-O and the HfO,/Si—C-N-O are observed to remain
thermally stable up to 1200 °C (Table 1). The mass loss

(d)
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Fig. 6. Powder X-ray diffractogram (XRD) of HfO,/Si—~C-N-O and Si-C-N-O
heat-treated at 1200 °C: (a) Si—-C-N-O in air, (b) HfO,/Si—-C-N-O in air, (c) Si—
C-N-0O in Ar, (d) HfO,/Si—-C-N-O in Ar (c, crystobalite; t, tetragonal hafnia).
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Fig. 7. Raman spectrum of HfO,/Si-C-N-O thermolysed at 800 °C and
subsequently heat-treated at 1200 °C for a dwell time of 5 h at a heating rate
of 5 °C/min. Presence of D & G bands shows the presence of free carbon.

observed during the heat-treatment is found to be negligible
indicating the influence of atmosphere on the decomposition
behavior. This can be further inferred from the XRD (Fig. 6(c)
and (d)) indicating the amorphous nature of the ceramic at these
temperatures.

Fig. 8. (a) Transmission electron microscopy (TEM) image of HfO,/Si—C—N-
O thermolysed at 800 °C and subsequently heat-treated at 1200 °C for a dwell
time of 5 h at a heating rate of 5 °C/min. (b) Transmission electron microscopy
(TEM) image of HfO,/Si—~C-N-O thermolysed at 800 °C and subsequently
heat-treated at 1400 °C for a dwell time of 10 h at a heating rate of 5 °C/min.
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The presence of hafnia crystallites and the coarsening with
heat-treatment can be further realized from the TEM images.
The TEM image of the as-thermolysed ceramic heat-treated at
1200 °C (Fig. 8(a)) exemplifies the presence of crystallites of
hafnia. The crystallite size as observed from the TEM image is
found to vary between 5 and 8 nm which is very much in
accordance with the crystallite size as determined using
Scherrer’s formula (Fig. 5). Fig. 5 indicates that there exists
substantial resistance to crystallite coarsening during the early
stages of nucleation and growth. However, at 1500 °C
substantial coarsening of tetragonal hafnia is observed with
a volume averaged crystallite size of ~22 nm (Fig. 5). This
could be also inferred from the TEM image for the modified
ceramic heat-treated at 1400 °C for 10 h (Fig. 8(b)). This
suggests that though coarsening is inevitable at higher
temperatures, the presence of the amorphous matrix surround-
ing the crystallites can effectively increase the resistance to
coarsening.

4. Conclusion

Si—-Hf-C-N-O polymer derived ceramics were prepared by
the thermolysis of hafnium alkoxide modified polysilazane.
Upon thermolysis, the ceramics were found to remain X-ray
amorphous and on further heat-treatment have resulted in the
phase separation and crystallization of nanocrystalline tetra-
gonal hafnia dispersed in an amorphous Si-C-N-O. From XRD
and TEM it could be further understood that prolonged heat-
treatment has resulted in considerable coarsening at elevated
temperatures which eventually has resulted in the reverse phase
transformation from tetragonal to monoclinic hafnia. Though
mass loss is observed for the modified ceramic heat-treated
under ambient conditions, the HfO,/Si—C-N-O heat-treated in
Ar atmosphere is observed to remain thermally stable up to
1200 °C.
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