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Abstract

SiCTi ceramics were prepared by a polymer-derived-ceramic route, with allylhydridopolycarbosilane (AHPCS) and bis(cyclopenta-
dienyl) titanium dichloride (Cp,TiCl,) as starting materials. The cross-linking and ceramization of the AHPCS/Cp,TiCl, hybrid
precursors were characterized by means of FT IR, NMR, TGA and EDS. The results indicate that the cross-linking of hybrid precursors
was significantly catalyzed by using Cp,TiCl, as a catalyst, which might be responsible for a high ceramic yield of 80.8% at 1200 °C. The
polymer-to-ceramic conversion was completed at 900 °C to give an amorphous ceramic. The chemical composition of the final ceramics
could be tailored by the weight ratio of Cp,TiCl, to AHPCS in feed. The microstructure and dielectric properties of final SiCTi ceramics
were investigated by means of XRD, Raman spectroscopy and vector network analyzer. The results indicate that the 1600 °C SiCTi
ceramics are composed of amorphous SiCTi, SiC crystal, TiC crystal and graphite. The dielectric loss of SiCTi is up to 0.34, which is 6

times higher than that of SiC (0.058), indicating that the SiCTi ceramics are promising wave-absorbing materials.
Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Si-based polymer-derived ceramics (PDCs) of various
compositions, including SiC, SiCN, and SiBCN, have been
studied in relation to their thermal, chemical, and mechan-
ical stability to temperatures up to 1500 °C and even
2000 °C for boron-containing PDCs [1]. Among these
Si-based PDCs, SiC ceramic is a wide gap semiconductor
(band gap 2.2ev (B-SiC), 29eV (a-SiC)) with many
practical and potential applications in electromagnetic
wave absorption [2—6]. These advantages make SiC an
excellent candidate as combined structural and functional
materials for applications under harsh environments.

For microwave absorption materials used at high tem-
peratures, the microwave absorption mechanism is mainly
dielectric loss [5]. In recent years, the dielectric properties
of SiC materials have been investigated and the results
indicate that the low electrical conductivity of pure SiC
results in low dielectric loss [7-10]. In order to improve its
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dielectric loss, the heterogeneous element modified SiC
materials have been studied [5,11-14]. Among those
modified SiC, the incorporation of Ti into SiC ceramic
materials to improve their mechanical and dielectric
properties is an interesting goal [15-17]. Polycarbosilanes,
as SiC precursors, have been chemically modified with
oxygen-containing compounds such as tetrabutyl titanate,
leading to precursors converted into Ti-modified SiC
system upon pyrolysis [18-22]. Little attention was paid
on the application of oxygen-free compounds in the
Ti-modified SiC [23,24]. The absence of oxygen in the
polymeric precursors is an advantage since a carbon-
reduction process accompanied by decomposition is
avoided [24].

In the present work, SiCTi ceramics were prepared by a
PDC route, with oxygen-free AHPCS/Cp,TiCl, hybrid
precursors as starting materials. In the hybrid precursors,
Cp,TiCl, was used both as a new source of Ti to final
ceramics and as an effective catalyst for hydrosilylation
and dehydrocoupling reactions involved in the cross-
linking of the AHPCS. A detailed cross-linking mechanism
of AHPCS/Cp,TiCl, hybrid precursor was clarified, and
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in situ synthesis of SiCTi ceramics by polymer pyrolysis
was investigated. The microstructure and dielectric proper-
ties of final SiCTi ceramics were also investigated.

2. Experimental
2.1. Materials

In this work, AHPCS with a composition formula
[SiH | 26(CH3).60(CH,CH = CH)o.14CH5],, was prepared,
as previously described, by a one-pot synthesis with
CIL,Si(CH3)CH,CI, CI3SiCH,CIl, and CH,=CHCH,CI as
the starting materials [25]. AHPCS used in this work has a
number-average molecular weight of ca. 700 and a poly-
dispersity index of 1.96. Cp,TiCl, was purchased from
J&K and stored in a fridge under 4 °C until use. Chloro-
form (CHCI;) was distilled prior to use. Other commer-
cially available reagents were used as received. All
manipulations were carried out using standard high-
vacuum or insert-atmosphere techniques as described by
Shriver and Drezdzon [26].

2.2. Preparation of SiCTi ceramics

The preparation of SiCTi ceramics involves synthesis,
cross-linking and ceramization of polymeric precursors.
Synthesis and cross-linking of AHPCS/Cp,TiCl, hybrid
precursor were carried out in a Schlenk flask with a
magnetic stirrer and an argon inlet. Certain amount
Cp,TiCl, was introduced into the Schlenk flask in an
argon atmosphere, and then CHCI; was added to dissolve
Cp,TiCl, until a wine red solution was obtained. Subse-
quently, AHPCS was introduced into the Schlenk flask
with stirring at room temperature to form finally a
homogenous solution. The weight ratio of Cp,TiCl, to
AHPCS was 1/3, 1/2 and 1/1, and the samples are
abbreviated as AT-1, AT-2 and AT-3, respectively. The
CHCI; solvent was stripped off, under vacuum at 60 °C to
form wine red AHPCS/Cp,TiCl, slurry in the Schlenk
flask. Finally, the Schlenk flask was heated in a 170 °C oil
bath. The resultant AHPCS/Cp,TiCl, slurry solidified
immediately into a compact, light brown, rubbery solid
and was kept at this temperature for 6 h. These cross-
linked samples were used both for TGA and for a
macroscopic pyrolysis.

The SiCTi ceramics were prepared by pyrolysis of the
cross-linked AT precursors under an argon atmosphere.
With the pyrolysis temperature (Tp) of 900 °C, the cross-
linked AT precursor was put in a graphite crucible and
heated in a glass silica tube under an argon flow. The
temperature was progressively raised up to Tp at a rate of
5 °C/min and kept at this value for 2 h. After pyrolysis, the
resulting ceramics were annealed at 1350 °C and 1600 °C,
in argon atmosphere for 2 h in order to characterize the
phase composition. According to the literature [5], the
as-received 1600 °C SiCTi and SiC ceramics were crushed
into powder and then mixed with paraffin in order to

characterize their diclectric properties. The ratios of SiCTi
and SiC powder in the powder/paraffin samples were
50 wt% and 20 vol%,respectively.

2.3. Characterization

The Fourier transform infrared (FT IR) spectra of
precursors were recorded between 4000 and 400 cm ™' on
a Nicolet-360 spectrometer by the KBr plates for liquid
samples and KBr discs for solid samples.

Nuclear magnetic resonance (NMR) experiments were
carried out on a Bruker AV 300 MHz spectrometer
operating at 75.46 MHz for carbon-13 ('H decoupling)
and 59.63 MHz for silicon-29 ("H decoupling). The speci-
men used for NMR was dissolved in CDCl; solution. The
13C and »Si chemical shifts were all referred to tetra-
methylsilane (TMS;assigned to 0 ppm). The solid-state
13C- and ?°Si- magic angle spinning (MAS) NMR experi-
ments were also performed on a Bruker AV 300 NMR
spectrometer using a 4.0 mm Bruker double resonance
MAS probe. The samples were spun at 5.0 kHz. The *Si
isotropic chemical shifts were referenced to TMS (assigned
to 0 ppm). The '*C isotropic chemical shifts were refer-
enced to the carbonyl carbon of glycine (assigned to
173.2 ppm). Thermal analyses for the pyrolytic conversion
of the cured AT and AHPCS were carried out by a thermal
gravimetric analysis (TGA;Netzsch STA 409C, Netzsch,
Germany) in argon gas with a ramping rate of 10 °C/min
ranging from room temperature to 1200 °C. The elemental
analysis of the ceramic composites was performed on an
energy dispersive spectrometer (EDS, JEOL, Japan). Phase
identification was carried out by an X-ray diffractometer
(XRD, X’Pert PRO, PANalytical, Almelo, Netherlands)
with CuKa radiation. Raman spectra were recorded on a
Raman spectrometer (TriVista CRS557, Princeton, USA).
The complex permittivity of ceramic/paraffin sample with
dimensions of 22.86 mm x 10.16 mm x 2.5 mm was mea-
sured in the frequency range of 8.2-12.4 GHz using a
vector network analyzer (VNA, MS4644A, Japan).

3. Results and discussion
3.1. Preparation of SiCTi ceramics

Generally, the cross-linking of the polymeric precursors
is a prevalent method for increasing the ceramic yields
because it reduces the amount of volatile decomposition
products. The cross-linking of AHPCS/Cp,TiCl, hybrid
precursors was investigated by means of FT IR and NMR.
The weight ratio of Cp,TiCl, to AHPCS was 1/3, 1/2 and
1/1, and the samples were abbreviated as AT-1, AT-2 and
AT-3, respectively. To identify the functional units in
polymeric precursors, the FT IR spectra of the original
AHPCS and AT hybrid precursors are shown in Fig. 1.
The hybrid precursors exhibit typical AHPCS character-
istic peaks and the peaks are assigned according to our
previous work [25,27,28]. Moreover, careful examination
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Fig. I. FT IR spectra of (a) original AHPCS, (b) cross-linked AHPCS, (c)
cross-linked AT-1, (d) cross-linked AT-2, (e) cross-linked AT-3, and (f)
Cp2T1C12

shows that cross-linked AT precursors contain character-
istic peaks of Cp,TiCl, besides that of AHPCS. The
appearance of several absorption peaks at 1438 cm ™!
(C—C stretch in Cp rings), 1016cm~'(C-H in plane
deformation in Cp rings), and 814cm~' (C-H out of
plane deformation in Cp rings) is observed in the spectra of
the ATs [29]. It indicates that Cp,TiCl, is successfully
introduced into AHPCS, which will be further confirmed
by NMR.

The findings showed that both Si-Si dehydrocoupling
(the 1,1-elimination of molecular hydrogen from SiH,
groups) and hydrosilylation (a reaction between Si—H
and vinyl groups) were effectively improved with bis(cy-
clopentadienyl)}-metal complexes as catalysts [30—33]. As
expected, the Si—H stretch peak (2100 cm ™) of cured ATs
drops sharply in comparison with that of cured AHPCS,
which is similar to the results of AHPCS/Cp,ZrCl, system
in our previous work [34]. The consumption of Si—H is due
to the Si—Si dehydrocoupling and hydrosilylation, which is
obviously improved by the introduction of Cp,TiCl, into
the hybrid precursors. On the other hand, Cp,TiCl, can be
incorporated into the PCS polymer chains by HCI elim-
ination, namely dehydrochlorication [24], which also con-
tributes to the consumption of Si—H.

As the polymeric precursors become insoluble after cross-
linking, solid-state NMR can be applied to investigate the
chemical structural changes. The '*C MAS NMR spectra of
the cross-linked AHPCS and ATs are shown in Fig. 2. The
carbon signals of AHPCS were assigned in our previous
work [25,34]. In comparison with the 'C MAS NMR
spectrum of the cross-linked AHPCS, in those of the cross-
linked ATs, additional resonances appear at 117 ppm,
indicating the successful introduction of Cp,TiCl, into
AHPCS chains. In the cross-linked AT series, the intensity
of characteristic peaks of Cp in Cp,TiCl, increases with the
increase in Cp,TiCl, contents in feed. Herein, °C MAS
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Fig. 2. '3C NMR spectra of (a) soluble AHPCS (%CDCls solvent) and

solid-state '>*C MAS NMR spectra of cross-linked (b) AHPCS, (c) AT-1,
(d) AT-2, and (e) AT-3.
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Fig. 3. ?Si NMR spectrum of (a) soluble AHPCS (*CDCl; solvent) and
solid-state 2Si MAS NMR spectra of cross-linked (b) AHPCS, (c) AT-1,
(d) AT-2, and () AT-3.

NMR spectra data has confirmed the presence of Cp bonds
and variation of contents of Cp bonds, which was not clearly
resolved by FT-IR spectroscopy.

The *’Si MAS NMR spectra of cross-linked AHPCS and
ATs are presented in Fig. 3. The given assignments were
based on spectra of known organic compounds and earlier
work on AHPCS [25]. Complex multiplets centered at 5 ppm
(tetraalkyl silicon, SiCy), from —8 to —20 ppm (monohy-
dridosilicon, C5;SiH), from —28 to —40 ppm (dihydridosili-
con, C,SiH,) and from — 55 to — 65 ppm (trihydridosilicon,
CSiH3) are the evidence of a branched structure. In the AT
system, CSiHj3 units at the chemical shift of around —55 to
— 65 ppm were split into two broad peaks centered at — 50
and — 70 ppm, compared with those of original AHPCS and
cross-linked AHPCS. According to the literatures, the
reactivity of dehydrocoupling and hydrosilation reactions
was well known to be in the order of CSiH; > CSiH, > CSiH
[35,36]. In our previous work, it was also found that the
CSiH; end groups were the most reactive hydride function-
ality involved in the hydrosilation cross-linking [37].
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Therefore, it is believed that the CSiH; units took part in
both the dehydrocoupling and the hydrosilation, leading to
newly-formed CSi,H, and/or CSizH units assigned at — 50
and — 70 ppm, respectively. The variations in the *’Si MAS
NMR spectra of the AT precursors further support the
results that the dehydrocoupling and the hydrosilation are
significantly catalyzed by using Cp,TiCl, as a catalyst.

In order to understand the thermal behavior during the
ceramization of the cross-linked hybrid precursor, TGA was
measured and the results are shown in Fig. 4. The 1000 °C
ceramic yield of AT-1, AT-2, AT-3 and AHPCS reached
80.8%, 72.7%, 70.5% and 60.5%, respectively, indicating that
the ceramic yield increases significantly by the introduction of
Cp,TiCl,. Careful examination shows that the onset of
thermal decomposition for ATs is about 150 °C that is
consistent with the sublimation point of Cp,TiCl, At
320 °C, weight loss of AHPCS is 4.9%, whereas those of
AT-1, AT-2, and AT-3 are 8.1%, 13.2%, and 17.2%,
respectively. The weight loss of AT hybrid precursors is higher
than that of AHPCS, and it increases with the Cp,TiCl,
contents in feed increasing, which might be because that the
trend of Cp,TiCl, to sublimate increases. Over the 320-500 °C
region, the weight losses of AHPCS, AT-1, AT-2, and AT-3
are 23.9%, 3.8%, 4.4%, and 4.9%, correspondingly. Over the
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500-900 °C region, weight loss of AHPCS (9.3%) closely
matches those of AT hybrid precursors (8.0-9.0%). Over the
900-1000 °C region, no obvious weight loss is observed for
both AHPCS and ATs, indicating the completion of polymer-
to-ceramic conversion. It is worth mentioning that over
320-500 °C, significant differences in weight loss are observed
for the AHPCS and ATs, which is responsible for the
difference in final ceramic yields. As a result, the introduction
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Fig. 4. TGA curves of cross-linked (a) AT-1, (b) AT-2, (c) AT-3, and
(d) AHPCS.
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of Cp,TiCl, to the hybrid precursor improves the final ceramic
yield. However, the ceramic yields of hybrid precursors
decrease with the increasing of the Cp,TiCl, content.
According to the TGA results, the AT precursors were
pyrolyzed at 900 °C. After pyrolysis, the resulting ceramics
were annealed at 1350 °C and 1600 °C , in argon atmo-
sphere for 2 h in order to characterize the phase composi-
tion. Fig. 5 shows the FT IR spectra of the AT-3-derived
ceramics annealed at different temperatures. In compar-
ison with the spectrum of cross-linked AT-3, the organic
groups such as Si-H, Si-CHj, Si—-CH,-Si and Cp rings
completely decomposed at 900 °C to form SiC, which is
confirmed by the observation of only one broad peak at
around 780 cm ~ ! attributed to the amorphous SiC frame-
work structure retained. Further heating to 1350 and

Table 1
Chemical composition and formula of 1600 °C ceramics determined
by EDS.
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1600 °C leads to the sharpening of the SiC band and a
shift in its position from 780 to 860 cm ™!, consistent with
the formation of crystalline SiC [38].

To analyze the ceramic composition, the EDS elemental
analysis of the 1600 °C ceramics was measured and the
results are shown in Fig. 6 and Table 1. Fig. 6(a) shows
the typical EDS spectrum of the AT-3 derived ceramic which
exhibits characteristic peaks of silicon, titanium, carbon and
a small amount of oxygen, confirming the chemical composi-
tion of the resultant ceramics. The Ti contents and carbon
contents of the 1600 °C ceramics, as locally assessed by EDS,
are presented in Fig. 6(b) and (c), respectively. It is worth
mentioning that the Ti content in ceramics increases linearly
with the Ti content of precursors increasing. Therefore, the Ti
content of ceramics can be readily controlled by varying the
Ti content in feed. Another relationship is also shown in
Fig. 6(c), where a linear relationship is found between the
carbon content of ceramics and carbon content in precursors.
The results indicate that the chemical composition of the final
ceramics could be tailored by the weight ratio of Cp,TiCl, to

No. Si C Ti o) Average formula AHPCS in feed. Moreover, Table 1 shows the chemical
(Wt%)  (Wt%) (Wt%) (Wt%) composition and formula of the 1600 °C ceramics which
et clearly gives the relative content of free carbon.
AHPCS-derived 6 97 3135 0 125 SiCi 20002
ceramic
AT-1-derived . .
ceramic 47714350 676 174 SiCoTioesOoos 3.2 Phase composition of SiCTi ceramics
AT-2-derived . .
. 41.80 47.01 9.38 1.78 SiC; 63Tip.130, . . . .
ceramic o The crystallization of the SiCTi ceramics was character-
AT-3-derived 3380 5234 1223 1.63  SiCseoTion100.0 ized by XRD. The influence of annealed temperature on
ceramicC . . .
evolution of the crystalline phases was studied and the
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Fig. 7. XRD patterns of AT-3-derived ceramics annealed at different temperatures.
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result is shown in Fig. 7. It shows that the 900 °C ceramic
is amorphous and highly disordered, which agrees well
with the 900 °C FT IR spectrum. Further heating at
1350 °C leads to incomplete crystallization. However, the
assignments of diffraction peaks are ambiguous because
the diffraction lines of B-SiC phase and TiC phase are very
similar. The characteristic peaks of B-SiC and TiC appear
until 1600 °C. The diffraction peak of TiC can be distin-
guished from that of B-SiC. Among these peaks, the three
major peaks at 20=35.6° (111), 60.1° (220), and 71.8°
(311), along with the weaker ones at 41.2° (200), are
attributed to B-SiC. The peaks at 20=35.8° (111), 41.6°
(200), 60.5° (220), and 72.3° (113) are due to the char-
acteristic diffraction peak of TiC, which is consentient with
the published data for TiC [39].

The effect of Cp,TiCl, content in feed on the 1600 °C
ceramics was also investigated (Fig. 8). As the Cp,TiCl,
content increases, the intensity of TiC peaks significantly
increases, which matches very well the Ti content in
ceramics determined by EDS (Fig. 6(b)).

Raman spectroscopy is one of the most sensitive spectral
methods for the characterization of the different modifications
of carbon. Fig. 9 shows the Raman spectra of AT-3-derived
ceramics to get insight into the evolution of free carbon with
different annealed temperatures. At 900 °C, signals of free
carbon are observed. On further heating to 1350 °C, two peaks
centered around 1350 cm ™! and 1600 cm ™! are discernable,

Z. Yu et al. | Ceramics International 39 (2013) 3999-4007

which correspond to the D and G peaks, respectively,
observed in free carbon [21]. At 1600 °C, two new bands (at
790 cm " and 960 cm ~ ) attributed to B-SiC appear, accom-
panied by the rapid increase of free carbon absorption band,
due to the better organization state of the free carbon phase.
The results further confirm the existence of free carbon in the
AT-derived ceramics, which was also determined by the EDS.
According to the XRD and Raman spectra analysis, the
AT-derived ceramics are composed of amorphous SiCTi, SiC
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Fig. 9. Raman spectra of AT-3-derived ceramics annealed at different
temperatures.
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Fig. 8. XRD patterns of 1600 °C ceramics derived from (a) AHPCS, (b) AT-1, (c) AT-2, and (d) AT-3.
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crystal, TiC crystal and graphite at high temperature of
1600 °C.

3.3. Dielectric properties of SiCTi ceramics

As is known, SiC is a polar molecule. Under an applied
electric field, the polar molecule will become a dipole and
the dipole will steer owing to the effect of electric field
force and arrange regularly in the field direction. The
resulting dipolar polarization process can take long relaxa-
tion time and attenuate a lot of electromagnetic wave
(EMW) energy, which is an important factor for the SiCTi
ceramics to absorb EMW [40]. Moreover, the free carbon
phase present in PDCs was shown to play an important
role in the electrical properties [41]. As mentioned above,
the introduction of Ti into SiC fibers could improve the
dielectric properties. Therefore, the Ti-containing SiC
fibers are excellent electromagnetic wave absorbers [15-
17]. In the present work, the dielectric properties would be
improved by the existence of SiC, free carbon phase and
the introduction of Ti into the final ceramic matrix, which
was investigated by using a vector network analyzer.

It is well known that the complex permittivity
(e=¢ —je") and dielectric loss (tan d=¢"/¢') are two
important microwave interaction properties of a dielectric
material [5,11]. The real part (dielectric constant, &)
correlates with polarization, and the imaginary part (¢”)
represents dielectric loss. Taking 1600 °C ceramic derived
from AT-3 as an example, its real part, imaginary part and
dielectric loss were determined and the results are shown in
Fig. 10. For comparison, the 1600 °C SiC ceramic was
prepared by using AHPCS as a starting material. The real
part of SiCTi is up to 11.9, which is higher than that of SiC
(8.3). The average imaginary part of SiCTi and SiC are up
to 4.50 and 0.75, respectively. As a result, the dielectric loss
of SiCTi is up to 0.34, which is 6 times higher than that of
SiC (0.058). As expected, the results indicate that the SiCTi
ceramics composed of SiC/TiC/C composites are promis-
ing wave-absorbing materials.

4. Conclusion

In this paper, SiCTi ceramics were prepared by a PDC
route, with AHPCS/Cp,TiCl, hybrid precursors as starting
materials. In the hybrid precursors, Cp,TiCl, was used
both as a new source of Ti to final ceramics and as an
effective catalyst for hydrosilylation and dehydrocoupling.
According to the FT IR and NMR analysis, the cross-
linking of AHPCS/Cp,TiCl, hybrid precursors was sig-
nificantly catalyzed by using Cp,TiCl, as a catalyst. The
introduction of Cp,TiCl, to the hybrid precursor improved
the final ceramic yield. The chemical composition of the
final ceramics could be tailored by the weight ratio of
Cp,TiCl, to AHPCS in feed. The microstructure and
dielectric properties of final SiCTi ceramics were investi-
gated by means of XRD, Raman spectroscopy and vector
network analysis. The results indicate that the SiCTi
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Fig. 10. (a) Real part, (b) imaginary part and (c) dielectric loss of of
SiCTi and SiC ceramics versus frequency.

ceramics composed of SiC/TiC/C composites are promis-
ing wave-absorbing materials.
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