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Abstract A hybrid precursor of titanium-containing

polycarbosilane is prepared by blending hyperbranched

polycarbosilane (HBPCS) and tetrabutyl titanate (TBT),

and then crosslinking at 160 �C, followed by pyrolyzing at

high temperatures to afford SiC(Ti) ceramics. The cross-

linking reaction of HBPCS–TBT hybrid precursor is

investigated by FT-IR, solid state 29Si MAS NMR, and

GPC. The results indicate that the crosslinking reaction

takes place via condensation between the Si–H bond of

HBPCS and butoxy group in TBT leading to the formation

of Si–O–Ti bonds. The thermal properties and structural

evolution of crosslinked hybrid precursor and the crystal-

lization behavior and composition of final ceramics are

investigated by TGA, FT-IR, Raman spectroscopy, XRD

and energy dispersive elemental analysis. The ceramic

yield of hybrid precursor is significantly enhanced by

introduction of TBT. The ceramic yield at 1,400 �C is 83%

for HBPCS–TBT-5 as measured by TGA. The Ti-content

in the ceramic is controlled by varying the TBT content in

the feed. The SiC(Ti) ceramic is amorphous at 900 �C. The

characteristic peaks of b-SiC and TiC appear until

1,600 �C. The growth of SiC crystals is inhibited by the

formation of TiC.

Keywords Silicon carbide � Hyperbranched

polycarbosilane � Tetrabutyl titanate � Hybrid precursor

1 Introduction

Polycarbosilanes (PCS) have been of particular interest as

precursors to SiC, an important high temperature structural

ceramic and semiconductor material [1]. Of all the PCS,

liquid hyperbranched PCS (HBPCS) may be regarded as

excellent effective precursors especially for a matrix source

because of their unique structures and favorable properties

[2, 3]. Whitmarsh and Interrante [4] reported the first

HBPCS obtained by the Grignard reaction of ClCH2SiCl3
in ether, yielding a liquid hydridopolycarbosilane (HPCS)

with an approximate compositional formula [Si-

EtH1.85CH2]n. Thus, HPCS, due to its relatively high

crosslinking temperature (ca. 300 �C) and loss of volatile

oligomeric components, occurs upon unconfined pyrolysis

in a flowing nitrogen atmosphere to give a ceramic yield of

ca. 55% [2, 3].

Generally speaking, ceramic yield is an important factor

to evaluate a polymer precursor. Many efforts have been

devoted to increasing the ceramic yield of liquid HBPCS.

Initially, unsaturated carbon–carbon bonds were intro-

duced onto the HBPCS [5–7]. A commercial allyhy-

dridopolycarbosilane (AHPCS) was explored via the

introduction of allyl side groups onto the backbone of the

HPCS. This material was widely studied for its excellent

properties as a SiC precursor [5–7]. About 2.5–10% sub-

stitution of allyl groups has been found sufficient to

increase the ceramic yield at 1,000 �C to 70–80%. It was

reported that the enhancement of the ceramic yield of

AHPCS and the lowering of the effective crosslinking

temperature (to ca. 200 �C), is attributed to the
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contribution of a thermally induced intramolecular hydro-

silylation crosslinking reaction [2, 3]. It is well known that

processing ceramic materials by polymer precursors

involves the synthesis of the precursor followed by

crosslinking into an unmeltable preceramic network and

finally pyrolysis at elevated temperatures [8, 9]. Polymer

crosslinking prior to pyrolysis, which is conventionally

carried out by heating the polymer in the atmosphere, is

required to increase the ceramic yield [10]. Recently,

crosslinking reactions involving HBPCS were investigated

to enhance the ceramic yield [11–13]. Our research,

therefore, sought an efficient crosslinking agent to lower

the crosslinking temperature and enhance the ceramic yield

in HBPCS [14].

The incorporation of transition metals such as Fe, Co, Ni

and Ti into ceramics is very attractive as it leads to

materials with interesting catalytic, magnetic, electrical,

and optical properties [15–23]. Among these metal-con-

taining ceramics, SiC reinforced with TiC exhibits more

enhanced properties of toughness, strength, and especially

thermal-shock resistance than any of the component pure

phases does [21–23]. This is because since TiC has

excellent thermal stability, which can serve as intergranular

phases of SiC. This prevents grain boundary migration

under high temperatures and offsets the stringent thermal

gradients imposed by aerothermal heating. It was reported

that SiC–TiC fiber was synthesized by the reaction of tet-

rabutyl titanate (TBT) with Yajima PCS, which was pre-

pared by the thermal decomposition of polydimethylsilane

[24–27]. In the Yajima PCS/TBT system, the formation of

a crosslinked structure by a condensation between Si–H

bonds of PCS and TBT was reported [28].

It was reported that the HBPCS has more reactive Si–H

bonds (e.g., SiH, SiH2 and SiH3) compared to the Yajima

PCS [29–32]. In this work, we used TBT for the first time

as a crosslinking agent to improve the crosslinking of

HBPCS. A more detailed crosslinking mechanism of the

HBPCS–TBT hybrid precursor was clarified, and an in situ

synthesis of SiC reinforced with TiC; namely, SiC(Ti)

ceramics by polymer pyrolysis was investigated.

2 Experimental

2.1 Materials

HBPCS with formula [SiH1.55(CH3)0.45CH2]n was prepared

(previously described) by a one-pot synthesis with

Cl2Si(CH3)CH2Cl and Cl3SiCH2Cl as the starting materials

[29]. HBPCS used in this work has a number-average

molecular weight of ca. 1,260 and a polydispersity index of

1.89. TBT (99% purity, Aldrich) was used as received. All

manipulations were carried out in an inert gas atmosphere.

2.2 Crosslinking of HBPCS–TBT Hybrid Precursor

Crosslinking of the HBPCS–TBT hybrid precursor was

carried out in a Schlenk flask with a magnetic stirrer and an

argon inlet. A mixture of HBPCS and TBT was introduced

into the Schlenk flask at room temperature under argon

with stirring until a clear solution was obtained. The weight

ratio of Ti to HBPCS was 1, 2, 3, and 5% and labeled

correspondingly as HBPCS–TBT-1, HBPCS–TBT-2,

HBPCS–TBT-3 and HBPCS–TBT-5. The Schlenk flask

was then heated to 160 �C in an oil bath. During the heat

treatment, the solution turned from pale orange to green

and then to dark blue. The liquid HBPCS–TBT solution

became a compact black rubbery solid after 24-h at this

temperature. These solid samples were used both for TGA

and for macroscopic pyrolysis.

2.3 Macroscopic Pyrolysis of HBPCS–TBT Hybrid

Precursor

For Tp\900 �C (Tp = highest pyrolysis temperature), the

crosslinked sample was put in a graphite crucible and

heated in a glass silica tube under an argon flow. The

temperature was progressively raised to the Tp at a rate of

5 �C/min and kept at this value for 2-h. For Tp [ 900 �C,

the sample (pre-pyrolyzed at 900 �C) was put in a graphite

crucible, heated rapidly to Tp at a rate of 40 �C/min and

kept at this temperature for 2 h under an argon flow. After

pyrolysis, the resulting ceramic was furnace-cooled to RT.

2.4 Characterization

FT-IR spectra (transmission mode) were obtained with a

Nicolet Avator 360 apparatus (Nicolet, Madison, WI) on

KBr plates for liquid samples and as KBr disks for solid

samples. Gel permeation chromatography (GPC) was per-

formed using an Agilent 1100 system (Agilent, Palo Alto,

CA) at 35 �C in THF as the eluant (flow rate, 1.0 mL/min).

Average molecular weights were obtained from narrow

polystyrene standards. Solid-state 29Si-magic angle spin-

ning nuclear magnetic resonance (29Si MAS NMR) exper-

iments were 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 29Si

isotropic chemical shifts were referenced to tetramethyl-

silane. Thermal analysis for the pyrolytic conversion of the

cured CPSZ was performed by thermogravimetric analysis

(TGA) (Netzsch STA 409C, Netzsch, Germany) in argon

gas at a heating rate of 10 �C/min from room temperature to

1,400 �C. X-ray diffraction (XRD) studies were carried out

with a PANalytical X’Pert PRO diffractometer (PANalyti-

cal, Netherlands) with Cu Ka radiation (k = 1.54178 Å).

The specimens were continuously scanned from 10� to 90�
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(2h) at a speed of 0.0167�/s. Raman spectra were recorded

on a Raman spectrometer (LabRam I, Dilor, France). Ele-

mental analysis of ceramics was performed with an energy

dispersive spectrometer (EDS, JEOL, Japan).

3 Results and Discussions

3.1 Cross-Linking

The cross-linking reaction of HBPCS–TBT hybrid pre-

cursor was investigated by FT-IR. The assignment of

HBPCS was described elsewhere [30–32] as follows:

2140 cm-1 (vs, Si–H stretching), 940 cm-1 (vs, Si–H

bending), 2950, 2873 cm-1 (s, CH3 stretching), 2920 cm-1

(s, CH2 stretching), 1400, 1250 cm-1 (Si—CH3 deforma-

tion), 1355 cm-1 (s, Si—CH2—Si deformation),

1040 cm-1 (vs, Si—CH2—Si stretching), 800 cm-1 (vs,

Si–C stretching). From a comparison of the FT-IR spectra

of crosslinked HBPCS–TBT (Fig. 1c–f) with those of

HBPCS and TBT (Fig. 1b and a), respectively, it is

observed that crosslinked HBPCS–TBT consists of char-

acteristic peaks of HBPCS and TBT.

As reported previously, the intensity ratio of the peaks at

2,140 cm-1 (Si–H) to 1,250 cm-1 (Si–CH3) were denoted

as A2140/A1250, and the value of A2140/A1250 indicates the

Si–H content [14]. The A2140/A1250 value for the original

HBPCS is 20.5, while those of HBPCS–TBT-1, HBPCS–

TBT-2, HBPCS–TBT-3 and HBPCS–TBT-5 are 19, 18.9,

18.1 and 16.5, respectively. Obviously, the A2140/A1250

value gradually decreases with the increase of Ti contents

in feed, indicating that Si–H bonds are involved in the

crosslinking. Moreover, it is worth mentioning that the C–

H deformation in the CH3 group of TBT at 1,460 cm-1 and

Ti–O–C absorption peak at 1,090 cm-1 appear in the

crosslinked HBPCS–TBT [33], which suggests that some

Ti(OCH2CH2CH2CH3)4 groups remained as pendant

groups. As reported, Si–O–Ti was formed in the Yajima

PCS/TBT system and its absorption appeared at 920 cm-1

[24], which might overlap with the Si–H bending at 940

cm-1. However, the existence of Si–O–Ti bond is ambig-

uous using FT-IR.

With respect to the reaction mechanism, it was reported

that the condensation of Si–H bonds between the Yajima

PCS and the substituent group of TBT could occur. The

reaction is a nucleophilic attack of a lone pair electrons of

an O-atom to a Si-atom [28]. In the present study, HBPCS

has more reactive Si–H bonds, such as SiH, SiH2 and SiH3,

relative to the Yajima PCS [30–32]. We believe that the

HBPCS–TBT crosslinking mechanism is similar to that for

the Yajima PCS. Thus, the O-R2 bond in TBT is cleaved

and new Si–O–Ti bond is generated, which is accompanied

by the release of butane (R2H) (Fig. 2); namely, HBPCS is

efficiently crosslinked by TBT. In this reaction mechanism,

it is presumed that a Si–O–Ti bond is formed by reaction of

Si–H in the PCS with the butoxy group in TBT. However,

the existence of a Si–O–Ti characteristic absorption band is

not confirmed by FT-IR.

However, as the HBPCS–TBT hybrid precursors

become insoluble upon curing at intermediate tempera-

tures, solid-state NMR may be applied to investigate the

chemical structural changes. The solid-state 29Si MAS

NMR spectrum of crosslinked HBPCS–TBT and 29Si NMR

spectrum in solution of the original HBPCS are shown in

Fig. 3. As reported previously, complex multiplets cen-

tered at 5 ppm (tetraalkyl silicon, SiC4), from -10 to

-20 ppm (monohydridosilicon, C3SiH), from -30 to

-40 ppm (dihydridosilicon, C2SiH2) and from -55

to -60 ppm (trihydridosilicon, CSiH3) support a branched

structure [4, 30–32]. For the 29Si MAS NMR spectrum of

HBPCS–TBT-5, the intensity of CSiH3 (-55 to -65 ppm)

end-groups significantly decreases while those of SiC4,

C3SiH and C2SiH2 change little. The results indicate that

CSiH3 is more reactive than C3SiH and C2SiH2, which is

consistent with our previous work [34]. It is worth men-

tioning that a new peak centered at 15 ppm appears. This

peak, which has been previously reported, may be due to

the Si–O–Ti unit [33]. The fact that the intensity of CSiH3

groups significantly decreases and Si–O–Ti units appear

Fig. 1 FT-IR spectra of (a) TBT, (b) original HBPCS, and cross-

linked (c) HBPCS–TBT-1, (d) HBPCS–TBT-2, (e) HBPCS–TBT-3

and (f) HBPCS–TBT-5 treated at 160 �C
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strongly supports a crosslinking mechanism of the

HBPCS–TBT hybrid precursors.

To understand further the structural evolution of the

hybrid precursors during the crosslinking reaction,

HBPCS–TBT-5 samples prepared with different reaction

times were examined by FT-IR (Fig. 4). Thus, the peak at

2,140 cm-1, assigned to Si–H, and the peak at 1,460 cm-1,

due to CH3 deformation of TBT, significantly weakens as

the crosslinking time increases. This strongly supports

crosslinking via condensation between Si–H bonds in

HBPCS and butoxy group in TBT.

According to the crosslinking reaction (Fig. 2), the

molecular weight of the hybrid precursor should increase.

Subsequently, samples including the original HBPCS, the

HBPCS–TBT-5 mixture and the crosslinked HBPCS–TBT-

5 were subjected to GPC analysis (Fig. 5). The HBPCS and

HBPCS–TBT-5 mixture show a similar GPC trace. When

HBPCS–TBT-5 is heated at 160 �C for only 1 h, the GPC

shows some high-molecular-weight peaks. A high-molec-

ular-weight peak at about 100,000 Da is detected and is

observed at a crosslinking time of 2 h. The sample heated

for 4 h is insoluble in organic solvents, which precludes

GPC analysis. The GPC results thus indicate that cross-

linking leads to increasing molecular weight, as expected.

3.2 Ceramization

To understand the thermal behavior during pyrolytic con-

version of the HBPCS–TBT hybrid precursor, the TGA

was examined (Fig. 6). Generally, the mass of the residue

is constant at temperatures above 900 �C indicating that the

organic groups in HBPCS and HBPCS–TBT-5 decompose

below this temperature. From 900 to 1,400 �C under

nitrogen, a negligible mass change occurs indicating

excellent heat-resistance. At 1,400 �C the ceramic yield is

83% for HBPCS–TBT-5 and 65% for HBPCS. Thus, the

ceramic yield is significantly enhanced by introduction of

Fig. 2 Cross-linking

mechanism of HBPCS–TBT

hybrid precursors

Fig. 3 29Si NMR spectrum of (a) the soluble original HBPCS in

CDCl3 and (b) solid-state 29Si MAS NMR spectrum of HBPCS–TBT-

5 treated at 160 �C for 24 h

Fig. 4 FT-IR spectra of (a) original HBPCS, (b) HBPCS–TBT-5

mixture and cross-linked HBPCS–TBT-5 treated at 160 �C for

(c) 1 h, (d) 2 h, (e) 4 h, and (f) 24 h
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TBT. At 400 �C, HBPCS shows a weight loss of 27%

whereas HBPCS–TBT-5 has a weight loss of 6%. From

400 to 900 �C, HBPCS and HBPCS–TBT-5 have a weight

loss of 8 and 10%, respectively. It seems that the significant

difference between HBPCS and HBPCS–TBT-5 is the

weight loss occurring below 400 �C. It has been reported

that the weight loss of PCS below 400 �C is predominately

oligomer evaporation [35]. The results here suggest that

oligomers are efficiently crosslinked by TBT, which

markedly reduces oligomer evaporation. Hence, a higher

ceramic yield is obtained for the HBPCS–TBT hybrid

precursor.

The TGA of crosslinked HBPCS–TBT gives a ceramic

yield of 83% at 1,400 �C. However, the macroscopic

pyrolysis experiment gives a lower yield, *70% (Fig. 7),

presumably because of the lower heating rate and the dif-

ferent heat history. In the latter case, the ceramic yield

varies little from 900 to 1,600 �C, which is consistent with

the TGA results.

The structural evolution of the polymer-to-ceramic

conversion was investigated by FT-IR (Fig. 8). The

absorption of CH3 in TBT and SiH in HBPCS markedly

decreases after heat treatment at 160 �C relative to the

room temperature experiment This suggests that cross-

linking of Si–H with TBT occurs at 160 �C and is

accompanied by the cleavage of O–C bond in TBT. As a

result, the CH3 peak intensity (FT-IR) in the Ti–

OCH2CH2CH2CH3 unit decreases. The FT-IR spectra at

Fig. 5 GPC traces of (a) original HBPCS, (b) HBPCS–TBT-5

mixture, and cross-linked HBPCS–TBT-5 treated at 160 �C for

(c) 1 h and (d) 2 h

Fig. 6 TGA curves of (a) original HBPCS and (b) HBPCS–TBT-5

treated at 160 �C for 24 h

Fig. 7 Dependence of ceramic yields of HBPCS–TBT-5 on pyrolysis

temperatures

Fig. 8 FT-IR spectra of (a) HBPCS–TBT-5 mixture and cross-linked

HBPCS–TBT-5 treated at (b) 160 �C, (c) 300 �C, (d) 500 �C,

(e) 700 �C, (f) 900 �C, (g) 1200 �C, (h) 1400 �C, and (i) 1600 �C
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300 �C is similar to that at 160 �C. The absorption of CH3

in TBT and SiH in HBPCS decreases due to further

crosslinking of SiH with TBT. At 500 �C, the characteristic

CH3 peak at 1,460 cm-1 almost vanishes, indicating that

crosslinking is complete. The intensity of Si–H at

2,140 cm-1 decreases markedly and the Si–H bending

mode at 940 cm-1 almost vanishes. It is believed that at

500 �C dehydrocoupling crosslinking (i.e., reaction of Si–

H with Si–H), where the rate becomes significant only

above *300 �C [35], may be responsible for the decrease

in Si–H intensity. Moreover, the Si–O–Ti absorption at

920 cm-1 overlaps with the Si–H bending mode, which

almost disappears. Thus, the decomposition of Si–O–Ti is

probably complete at 500 �C. Hasegawa [25] reported that

the Si–O–Ti bond decomposes gradually above 200 �C and

almost disappears at 400 �C. The Si–O–Ti decomposition

leads to the formation of Si–O–Si bond [24].

In the present study, the intensity of broad peak centered

at 1,040 cm-1 increases, indicating the formation of Si–O–

Si bond (1,100–1,000 cm-1). Therefore, the oxygen bon-

ded to titanium is removed as a siloxane bond, leading to

the formation of TiC [24, 25]. At 700 �C, the Si–H peak at

2,100 cm-1 disappears due to further dehydrocoupling

crosslinking. Also, the absorption of Si–CH3 at 1,250 cm-1

significantly reduces, which is attributed to the decompo-

sition of organic side groups [36]. The Si–CH2–Si bond

gradually decomposes at 900 �C to form SiC, as confirmed

by the decrease in the band at 1,040 cm-1 (Si–CH2–Si);

only one broad peak is retained at *780 cm-1, which is

attributed to the amorphous SiC framework structure [35].

Upon further heating to 1,200 �C, the broad peak at

*780 cm-1 splits into two peaks; i.e., an Si–O–Si absorp-

tion at 1,090 cm-1 and an SiC absorption at 800 cm-1. At

1,400 �C, the intensity of Si–O–Si absorption decreases

rapidly and is accompanied by an increase in the crystallized

SiC absorption at 820 cm-1. The latter might be a result of

the formation of crystallized SiC from the Si–O bond and

free carbon at high temperature [24]. Further heating to

1,600 �C leads to a sharpening of the SiC band and a shift in

its position from 780 to 840 cm-1, which is consistent with

the formation of crystalline SiC [37].

To analyze the ceramic composition, the EDS elemental

analysis of the 1,600 �C ceramics was examined. The

result is shown in Fig. 9. The EDS spectrum exhibits

characteristic peaks of silicon, titanium and carbon thereby

confirming the ceramic elemental composition.

The chemical composition of the SiC(Ti) ceramics, as

locally assessed by EDS, is presented in Fig. 10. For

HBPCS–TBT-1, 2, 3, and 5, the Ti weight percents in the

hybrid precursor are 0.9, 1.8, 2.5, and 3.7% and those in

ceramics are 2, 4.1, 5.8, and 8.4%, respectively. It is worth

mentioning that the ceramic yield increases linearly with an

increase in the Ti content of the precursor. Moreover, the

Ti content in the ceramics can be controlled by varying the

Ti content in feed.

3.3 Crystallization

The evolution of the crystalline phases was studied by

XRD. The results (Fig. 11) show that the 900 �C ceramic is

amorphous and highly disordered, which agrees well the

FT-IR data. Further heating at 1,200 �C leads to the for-

mation of graphite and incomplete crystallization. At

1,400 �C, the intensity of broad peak at 36� increases,

which indicates SiC or TiC is more ordered relative to the

material obtained at 1,200 �C. However, the assignments

of diffraction peaks are ambiguous because the diffraction

lines of b-SiC phase and TiC phase are very similar. The

diffraction peak of graphite almost disappears indicating

that the content of free carbon is reduced at 1,400 �C. This

too agrees with the FT-IR, which supports the formation of

Fig. 9 EDS elemental analysis of 1,600 �C ceramics derived from

HBPCS–TBT-5

Fig. 10 Dependence of Ti content in 1,600 �C ceramics on Ti feed
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crystallized SiC from the Si–O bond and free carbon at

1,400 �C. The characteristic peaks of b-SiC and TiC

appear at 1,600 �C; and, the TiC diffraction peak can be

distinguished from that of b-SiC. Among these peaks, the

three major peaks at 2h = 35.6� (111), 60.1� (220), and

71.8� (311) along with the weaker peak at 41.3� (200) are

attributed to b-SiC. The peaks at 2h = 35.8� (111), 41.4�
(200), 60.3� (220), and 72.1� (113) are due to the charac-

teristic diffraction peak of TiC and is consentient with

published data [38]. These XRD patterns also indicate that

the heat treatment significantly influences the evolution of

crystalline b-SiC and TiC.

Raman spectroscopy is a sensitive method for the char-

acterization of carbon modifications. Raman investigations

were carried out to get insight into the correlation between

the evolution of free carbon and the crystallization of SiC

(Fig. 12). In the Raman spectrum of the 900 �C ceramic, no

signals are observed. At 1,200 �C, two peaks centered

around 1,330 and 1,600 cm-1 are discernable, which cor-

respond to the D and G peaks observed in free carbon [39].

The Raman spectrum indicates that the carbon network

interconnects at long distances to form free carbon at

1,200 �C. At 1,400 �C, the intensity of the free carbon

peaks significantly decreases. At 1,600 �C, two new bands

centered at 790 and 960 cm-1, attributed to b-SiC appear,

are accompanied by a rapid decrease of the free carbon

absorption band, which is consistent with the FT-IR and

XRD analysis. The decrease may be due to the reaction of

free carbon with Si–O to form crystallized SiC.

The effect of TBT content on the 1,600 �C ceramics was

investigated (Fig. 13). The peak at 41.4� (200) of TiC, which

is always the preferential orientation of grain growth, may be

distinguished from the (200) peak of SiC. Furthermore, the

intensity of the TiC peaks increases with feeding of TBT. In

the HBPCS–TBT-5 pattern, the TiC (002) peak became more

intense than the SiC (200) peak. The intensity of the SiC

(111) peaks in HBPCS-derived ceramic is assigned as I0.

Similarly, those of HBPCS–TBT-1, HBPCS–TBT-2,

Fig. 11 XRD patterns of HBPCS–TBT-5 derived ceramics pyrolyzed

at different temperatures

Fig. 12 Raman spectra of HBPCS–TBT-5 derived ceramics pyro-

lyzed at different temperatures

Fig. 13 XRD patterns of 1,600 �C ceramics derived from

(a) HBPCS–TBT-5, (b) HBPCS–TBT-3, (c) HBPCS–TBT-2,

(d) HBPCS–TBT-1, and (e) HBPCS
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HBPCS–TBT-3, and HBPCS–TBT-5-derived ceramics are

assigned I1, I2, I3, and I5, correspondingly. The order of

intensities is followed as: I0[I1[I2[I3[I5. From the TGA

experiments, for HBPCS–TBT-1, 2, 3, and 5, the Ti weight

percents in 1,600 �C ceramics are 2, 4.1, 5.8, and 8.4%,

respectively. With the increase in Ti contents of ceramics,

the intensity of the b-SiC (111) peak is significantly reduced

indicating that the growth of SiC crystals is inhibited by the

formation of TiC.

4 Conclusions

The synthesis of SiC(Ti) ceramics derived from a hybrid

precursor of titanium-containing polycarbosilane was

demonstrated and involves the blending of HBPCS and

TBT and cross-linking at 160 �C. This is followed by the

pyrolysis at high temperatures. The crosslinking reaction of

HBPCS–TBT hybrid precursor was investigated by FT-IR,

solid state 29Si MAS NMR, and GPC. The results indicate

that crosslinking takes place via condensation of the Si–H

bonds in HBPCS and the Ti-OCH2CH2CH2CH3 bonds of

TBT to give Si–O–Ti. The ceramization process of

HBPCS–TBT hybrid precursor was studied by TGA and

FT-IR. The TGA results indicate that the ceramic yield of

hybrid precursor is significantly enhanced by introduction

of TBT, which may be due to the fact that crosslinking

between HBPCS and TBT markedly reduces the evapora-

tion of low-molecular-weight oligomers. The FT-IR results

suggest that during the heat treatments the hybrid precursor

undergoes crosslinking, an organic-to-inorganic transition

and a conversion of amorphous to crystalline SiC(Ti). The

composition of the 1,600 �C ceramics was measured by

EDS elemental analysis and indicated that the Ti content in

the ceramics could be readily controlled by varying the

TBT content in the feed. Finally, the crystallization

behavior of the hybrid precursor-derived ceramics was

characterized by XRD. The data demonstrate that SiC(Ti)

ceramic is amorphous at 900 �C and the characteristic

peaks of b-SiC and TiC do not appear until 1,600 �C. The

growth of SiC crystals is inhibited by the formation of TiC.
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