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Abstract: Continuous SiC fiber is a kind of high–performance ceramic fiber that combines many
advantages, such as high strength, high modulus, high hardness and low density. It has excellent
mechanical properties, high–temperature and oxidation resistance, which could be applied as es-
sential reinforcement in advanced ceramic matrix composites (CMCs) in the fields of aerospace and
advanced weaponry. Melt–spinnable polytitanocarbosilane (PTCS) is an important precursor, which
can be used to prepare continuous SiC fibers through a precursor–derived method. In this work,
low–softening–point polycarbosilane (LPCS) and tetrabutyl titanate were used to prepare polyti-
tanocarbosilane with a ceramic yield of 67.5 wt% at 1000 ◦C. FT–IR, TGA, GPC, 1H NMR, 29Si NMR,
and elemental analysis were used to analyze the composition and structure of the PTCS precursor.
Finally, Si–C–Ti–B fibers with an average tensile strength of 1.93 GPa were successfully prepared by
melt spinning, pre–oxidation, pyrolysis, and high–temperature sintering of the PTCS precursor. The
strength retention rates were 71.5% and 79.8% after heat treatment at 1900 ◦C and 2000 ◦C under an
argon atmosphere for 1 h, respectively. The strength retention rates of Si–C–Ti–B fibers are higher
than those of commercial Hi–Nicalon fibers, Tyranno ZMI fibers and Hi–Nicalon S fibers. This work
can lay a theoretical foundation and technical support for developing high-performance SiC ceramic
fibers containing titanium and their ceramic matrix composites.

Keywords: Si–C–Ti–B fibers; PTCS; SiC fibers

1. Introduction

With high tensile strength, high elastic modulus, excellent thermal stability, good
oxidation resistance and corrosion resistance, silicon carbide fibers are one of the most
important reinforcements in advanced composite materials for applications in the fields
of aircraft engine, spacecraft and nuclear industry [1–5]. The two mainstream methods
currently used to prepare SiC fibers are chemical vapor deposition (CVD) and precursor-
derived method. The preparation of SiC fibers by chemical vapor deposition is achieved
by depositing SiC on a core material through a gas-phase reaction. C fiber and W fiber
are commonly used for core materials [6,7]. The preparation cost of SiC fibers using this
method is high, although the mechanical properties of the fibers are good. In addition, it is
usually several times larger in diameter than SiC fibers prepared by the precursor-derived
method. For example, SCS series fibers have diameters greater than 70 µm, which makes it
challenging for them to be weaved into fabrics for application [8]. The precursor-derived
method for preparing continuous SiC fibers with fine diameter and excellent weavability
is efficient, low-cost and suitable for scale up production [9]. Since Yajima and coworkers
first synthesized precursor polycarbosilane (PCS) from polydimethylsiloxane (PDMS) and
successfully prepared SiC fibers using the precursor [10,11], the high temperature stability
and oxidation resistance of SiC fibers have been continuously improved by the optimization
of their elemental composition and microstructure. Thus far, three generations of SiC fibers
have been commercialized [12–25].
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SiC fibers prepared with polycarbonsilane doped with metal elements have better
resistance to high temperature and oxidation than SiC fibers prepared with polycarbonsi-
lane not doped with metal elements, while the doping of metal elements can improve the
ceramic yield of polycarbonsilane [26]. It is well known that increasing the ceramic yield
of polycarbosilane can optimize the properties of SiC fibers. People have been studying
polytitanocarbosilane since the 1980s. PTCS were mainly synthesized by the reaction of
alkoxy titanium compounds with polysilane or polycarbosilane [27]. For example, PTCS
were synthesized through the reaction of PDMS and tetrabutyl titanate with the presence
of polyborodiphenylsiloxane (PBSO) [26]. Song and coworkers synthesized the PTCS
precursor with higher titanium content and spinnability, and successfully prepared SiC
fibers containing titanium with a tensile strength of 1.2 GPa [28]. Yang et al. used small
molecule silane, tetrabutyl titanate, and PBSO to prepare PTCS with a ceramic yield of
84 wt% and subsequently prepared SiC fibers with a tensile strength of 0.91 GPa [29].
Feng et al. synthesized PTCS with different titanium contents by using low molecular
weight polysilane (LPS) and tetrabutyl titanate [30]. Wang and coworkers synthesized
PTCS with different carbon contents by adding polyvinylchloride (PVC) and prepared
carbon–rich titanium–containing SiC fibers with adjustable resistivity and tensile strength
of up to 1.79 GPa [31]. Peng and Hwang improved the method of Amoros [32] to synthesize
Ti–containing polycarboxymethylsilanes with linear chain structure, narrow dispersion,
and a ceramic yield of 64 wt% [33]. Yu and coworkers prepared hyperbranched polyti-
tanocarbosilane [34,35], which was mainly used for the preparation of composite materials.
Tang et al. prepared a dark blue polytitanocarbosilane precursor using PDMS and tetrabutyl
titanate, which was then used as the precursor to prepare a SiO2/TiO2 fiber with strength
varying with the preparation temperature [36]. He and Zhang et al. used liquid polysilane,
tetrabutyl titanate, tetrabutyl borate, and solid polysilane with a softening point at 198 ◦C
to prepare a boron–modified polytitanocarbosilane precursor, and then prepared SiC fibers
containing Ti and B elements with tensile strength ranging from 0.76 to 1.36 GPa [37]. In
addition to the introduction of Ti to polycarbosilanes, some researchers have added Zr to
polycarbosilanes to improve the ceramic yield of polycarbosilanes.Vijay et al. synthesized
Polyzirconiumcarbosilane using Zr(acac)4 and PCS with a ceramic yield of up to 76 wt%,
increasing the ceramic yield of the PCS by 39 wt% [38]. Polyzirconiumcarbosilane was
prepared using bis(cyclopentadienyl) zirconium dichloride, vinylmagnesium chloride, and
LPCS with a ceramic yield of 73.6 wt% by Chen et al. [39]. Additionally, Gou et al. prepared
polyaluminocarbosilane by the reaction of LPCS and aluminum acetylacetonate with a
ceramic yield of 60 wt% [40].

Many other metal elements can be doped, and of course, many researchers have
improved the ceramic yield of polycarbosilane by other methods. Su et al., prepared a
high–viscosity polycarbosilane with a ceramic yield of 77 wt% using liquid polycarbosilane,
Cl2CHSiMeCl2, and CH2 = CHCHCH2Cl as reaction materials [41]. Wang et al., prepared a
light-sensitive acrylate-grafted PCS that can be cured by UV irradiation when using this PCS
for fiber preparation [42]. Chen et al. prepared a cyano–polycarbosilane by introducing
cyano into PCS, and the ceramic yield of this precursor was 80 wt% [43]. Wang et al.
designed and synthesized vinyl ether grafted liquid polycarbosilane (VE–LHBPCS) with
the approximate formula [SiH1.95(OCH2CH2OCH = CH2)0.05CH2]n and the ceramic yield
of this precursor was 70 wt% [44]. Yao et al., synthesized vinyl–modified polycarbosilane
using PCS and DVS catalyzed by Karstedt’s catalyst, and the ceramic yield of this precursor
was 77.6 wt%, which was 9.3 wt% higher than that of the raw material PCS [45].

Previous studies synthesized PTCS precursors with complicated processes, and the
strength retention rate of the SiC fibers obtained from the preparation was low. In this work,
for the first time, PTCS precursors with good spinning performance were synthesized from
low-softening-point polycarbosilane (LPCS). The overall process was simple and easy to
operate. Furthermore, the as-synthesized PTCS was used to successfully prepare SiC fibers
with good mechanical properties and excellent high–temperature resistance.
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2. Experiment
2.1. Materials

The low-softening-point polycarbosilane (LPCS) was synthesized by our laboratory,
and has a softening point of 170 ◦C. Tetrabutyl titanate (Ti(OCH2CH2CH2CH3)4) and
xylene were purchased from Inno-chem. All other reagents and solvents were obtained in
the highest purity and used without further purification unless otherwise stated.

2.2. Characterization

The softening point of LPCS was tested using a Model 9200 melting point tester with
a heating rate of 1 ◦C/min and a test temperature from room temperature to 220 ◦C. Three
samples were placed at a time, and the operation was repeated three times to obtain the
average value. The molecular weight and dispersion of the polymers were measured by a
Wyatt Gel Permeation Chromatography (GPC) with tetrahydrofuran used as the eluent
at a flow rate of 1 mL/min and operated at 30 ◦C. The polymers were analyzed for their
chemical structure and composition by Bruker Fourier Transform Infrared Spectroscopy
with the measurement range from 400 to 4000 cm−1. 1H NMR and 29Si NMR spectra
of the polymers were obtained on a Bruker Avance NEO 600 spectrometer at 600 MHz,
and all chemical shifts are reported in ppm with reference to chemical shifts of solvent
resonances. Thermal Gravimetric Analysis (TGA) was performed using a STA2500 Regulus
thermogravimetric analyzer (Perkin Elmer, Waltham, MA, USA) with a heating range
of room temperature to 1000 ◦C, a heating rate of 10 ◦C/min, and a nitrogen flow rate
of 50 mL/min. The calculation method of the ceramic yield in this article is based on
the results of thermogravimetric analysis to retrieve the mass retention rate of the PTCS
precursor at 1000 ◦C. The elemental contents of Ti was measured by chemical analysis.
The SiC fiber morphology was studied by Field Emission Scanning Electron Microscopy
Tescan Mira3. The tensile strength and modulus of SiC fibers were measured by using an
Instron tester (Testometric, M350-5CT, Boston, MA, USA) with a gauge length of 25 mm.
The measurement details are as follows: Prepare a coordinate paper with several squares,
each with a side length of 25 mm. Cut out these squares to obtain a coordinate paper with
several hollow cells. Fix a single fiber (length > 25 mm) onto the hollow cell using adhesive
to have an exposed fiber length of 25 mm. Then, cut the coordinate paper to an appropriate
size before transferring it to the testing equipment for measurement. The average tensile
strength was obtained from the measurements of 25 monofilaments.

2.3. Synthesis of Polytitanocarbosilane

LPCS and Ti(OCH2CH2CH2CH3)4 were dissolved in xylene and the reaction mixture
was heated to over 200 ◦C for the chemical reaction. After being cooled to ambient temper-
ature, the reaction mixture was filtered. Then, it was distilled under vacuum to obtain the
PTCS precursor. PTCS was a black glossy solid with a ceramic yield of 67.5 wt%.

2.4. Preparation of Si–C–Ti–B Fibers

The PTCS precursor was heated to above 300 ◦C for melt spinning to prepare green
fibers. Green fibers were then heated to about 200 ◦C at a heating rate of 9 ◦C/h and held
for 2 h for oxygen-curing to obtain pre-oxidized fibers. PTCS molecules in green fibers
were further cross-linked during this process to convert green fibers from thermoplastic
to thermosetting, and to prevent green fibers from melting and sticking together in the
subsequent heat treatment process. Pre-oxidized fibers were subsequently heated to over
1000 ◦C at a heating rate of 117 ◦C/h under B–containing atmosphere to obtain Si–C–O–Ti–B
fibers, which were finally heated to 1800 ◦C at a heating rate of 7 ◦C/min and held at 1800 ◦C
to obtain Si–C–Ti–B fibers, during which the SiCxOy phase in the Si–C–O–Ti–B fibers was
decomposed, releasing CO and SiO gases, and the β–SiC in Si–C–O–Ti–B fibers further
crystallized. In this process, Si–C–O–Ti–B fibers were sintered and densified.
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2.5. High–Temperature Resistance Testing of Si–C–Ti–B Fibers

The Si–C–Ti–B fibers were heated under an argon atmosphere from room temperature
to 1800 ◦C, 1900 ◦C, and 2000 ◦C, respectively, and held at the target temperature for 1 h,
then were cooled in the furnace. The heating rate from room temperature to 1000 ◦C was
10 ◦C/min, and the heating rate over 1000 ◦C was 5 ◦C/min.

3. Results and Discussion
3.1. Synthesis and Characterization of the PTCS Precursor

In this work, the PTCS precursor is synthesized by the reaction of LPCS with
Ti(OCH2CH2CH2CH3)4 at a temperature above 200 ◦C. The mass ratio of Ti(OCH2CH2CH2CH3)4
to LPCS is 1:10, and PTCS with good melt spinning properties is obtained. The Ti content
in the PTCS precursor is measured as 1.43 wt%. An optical photo of PTCS is shown in
Figure 1a. It can be seen that PTCS is a black glossy solid. In order to qualitatively analyze
the molecular structure of the PTCS precursor, FT–IR characterization is performed, and the
result is shown in Figure 1b. The stretching vibration peaks of the C–H bonds are located
at 2950 cm−1, Si–C bonds at 820 cm−1, and Si–CH2–Si bonds at 1030 cm−1. Furthermore,
it is also proved the presence of the peaks of the Si–H bonds (2100 cm−1, the stretching
vibration), Si–CH3 bonds (1250 cm−1, stretching vibration), and Ti–O–R bonds (stretching
vibration peak, 400–950 cm−1) formed by the condensation reaction between the active
Si–H bonds with Ti(OCH2CH2CH2CH3)4. In addition, it can be seen that there are remain-
ing Si–H bonds in the PTCS, which mean that more Ti elements could be introduced into
the PTCS precursor if needed by the method described herein.
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Figure 1. (a) Optical photo of the PTCS precursor. (b) Infrared spectrum of LPCS and PTCS.

The 1H NMR spectrum of precursors in Figure 2a shows the peaks with chemical
shifts around −0.30 ppm, 0 ppm, 0.18 ppm, 0.92 ppm, 1.36 ppm and 4.65 ppm, which
prove the presence of CH2, Si(CH3)4, Si–CH3, O–alkyl, –OH and Si–H groups in the PTCS
precursor. In addition, the peaks around 4.65 ppm also confirm the presence of remaining
Si–H bonds in the PTCS precursor. This is consistent with the results of the FT–IR spectrum.
From 29SiNMR spectrum of precursors in Figure 2b, it can be seen that there are two peaks
located around −16 and 0 ppm, which could be attributed to SiC3H and SiC4 bonds,
respectively. The content ratio of SiC3H to SiC4 bonds of LPCS and the PTCS precursor
could be calculated by comparing the corresponding areas of the two peaks, which are
about 1.64 and 1.39, respectively.
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It can be seen from Figure 3a that the GPC curves of LPCS and PTCS exhibit a broad
peak. The number-average molecular weights of LPCS and PTCS are about 1126 and
1140, and the weight-average molecular weights are about 2619 and 2516, respectively.
Hence, the polydispersity indexes are 2.32 and 2.21, respectively. Figure 3b shows the
thermogravimetric analysis of the polymer heated to 1000 ◦C at 10 ◦C/min under nitrogen.
The weight loss process of the PTCS precursor has three main stages as follows: the
weight loss of the PTCS precursor below 300 ◦C is mainly caused by the escape of the
low-molecular-weight molecules in the PTCS precursor into gaseous state; the weight
loss of the PTCS precursor from 300 ◦C to 500 ◦C consists of two parts, one is that the
low-molecular-weight molecules in PTCS precursor continue to be heated to gaseous state,
and the other is that the remaining Si–H bonds and Si–CH3 in the PTCS precursor further
experience dehydrogenation crosslinking, and the release of H2 accompanies the process;
the weight loss of the PTCS precursor from 500 ◦C to 800 ◦C is mainly due to the thermal
decomposition of Si–H, Si–CH3, and other side groups of the PTCS precursor. The rapid
weight loss of the PTCS precursor is caused by releasing a large number of small molecules
of hydrocarbons such as CH4 and H2. The transformation of the PTCS precursor from
organic to inorganic happens at this stage, which is also named as the ceramicization of
the PTCS precursor. The weight loss of the PTCS precursor below 300 ◦C is negligible.
The PTCS precursor starts to lose weight significantly at 339 ◦C and shows a rapid weight
loss from 350 ◦C to 550 ◦C. The ceramization is basically completed at about 800 ◦C. The
ceramic yields at 1000 ◦C for LPCS and PTCS were 49.9 wt% and 67.5 wt%, respectively.
Compared with LPCS, PTCS has a 17.6 wt% higher ceramic yield, which is high enough
for it being used as the precursor of SiC ceramic fibers. The PTCS precursor had a 7.5 wt%
higher ceramic yield than the PACS precursor prepared by Gou et al. using LPCS and
aluminum acetylacetonate [40].

3.2. Preparation and Characterization of the Si–C–Ti–B Fibers Derived from PTCS

The aforementioned PTCS precursor is used to prepare Si–C–Ti–B fibers through
sequential processes of melt spinning, pre-oxidation, pyrolysis and high-temperature
sintering. The green fibers were pre-oxidized to obtain pre–oxidized fibers. The ceramic
yield of pre–oxidized fibers at 1000 ◦C is 83.3 wt%, which is comparable to that of the
preoxidized fibers prepared by He et al. [37]. Figure 4 shows the SEM images of the
Si–C–O–Ti–B fibers. From Figure 4a, it can be seen that the fiber surface is smooth and
dense, and further magnification reveals the presence of numerous small cracks on the fiber
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surface. Figure 4c,d show that the core of the Si–C–O–Ti–B fibers cross–section is relatively
loose and contains a small number of micropores, while the areas closer to the edge of the
fiber cross–section are denser. In addition, it can be observed that there is a less–apparent
carbon–rich layer on the surface of the Si–C–O–Ti–B fibers. From Figure 5, it can be seen
that the diffraction peaks of Si–C–O–Ti–B fibers are not very sharp, indicating that the
Si–C–O–Ti–B fibers are not completely crystallized and still retain some amorphous phases.
The characteristic diffraction peaks of the (110) crystal plane of SiO2 appear near 2θ = 20.9◦,
and the (111), (220) and (311) crystal plane of β–SiC appear near 2θ = 35.4◦, 60.3◦ and 71.7◦,
respectively. In addition, the average tensile strength of the fiber is 1.72 GPa.
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Figure 4. SEM images of the Si–C–O–Ti–B fibers. (a) Surface of Si–C–O–Ti–B fibers. (b) Enlarged
view of the surface morphology. (c) Cross–section of Si–C–O–Ti–B fibers. (d) Enlarged view of the
cross section morphology.
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Figure 6 shows the SEM images of Si–C–Ti–B fibers obtained at 1800 ◦C. From
Figure 6a,b, it can be seen that the overall surface morphology of the Si–C–Ti–B fiber
is rough, with an average diameter of 13.1 µm. A large number of carbon–rich particles
with sizes ranging from tens to hundreds of nanometers can be observed on the surface of
Si–C–Ti–B fibers. The cross-section of the Si–C–Ti–B fiber is shown in Figure 6c,d, and there
are basically no pores in the fiber core. The Si–C–Ti–B fibers obtained at 1800 ◦C become
denser due to the high-temperature sintering. In addition, compared with Si–C–O–Ti–B
fibers, the interface between the coating on the Si–C–Ti–B fiber surface and the fiber core
becomes clearer, and an apparent carbon–rich layer with a thickness of 463.2 nm can be
observed at the edge of the fiber cross–section. From the XRD results of Si–C–Ti–B fibers in
Figure 7, it can be seen that the overall crystallinity of the fibers is much higher than the
Si–C–O–Ti–B fibers. The eight peaks belonging to TiB2 correspond to (001), (100), (101),
(002), (110), (102), (111), and (201) crystal planes, while the remaining five peaks correspond
to the (111), (200), (220), (311), and (222) crystal planes of β–SiC. In addition, the average
grain size of β–SiC in the Si–C–Ti–B fibers is calculated by Scheller formula as 39.3 nm. It
is noteworthy that the peaks of TiB2 could also be observed clearly, which confirms the
presence of TiB2 grains. The average tensile strength of the Si–C–Ti–B fibers was 1.93 GPa,
which was 0.21 GPa higher than that of the Si–C–O–Ti–B fibers.

In order to investigate the high–temperature resistance of as prepared Si–C–Ti–B
fibers, the Si–C–Ti–B fibers were heated to 1900 ◦C, 2000 ◦C, and 2100 ◦C under argon
atmosphere and held for 1 h. The SEM images of the Si–C–Ti–B fibers after heat treatment
are shown in Figure 8. The surfaces of Si–C–Ti–B fibers were smooth and dense after heat
treatment at different temperatures. However, the decomposition of SiC occurs in the
interface region between the carbon-rich layer and the fiber core. With the increment of heat
treatment temperature, the SiC grains in Si–C–Ti–B fiber decompose more obviously. After
the high-temperature treatment at 2100 ◦C, the decomposition of SiC and the growth of
SiC grains can be significantly observed, which is similar to the literature [46]. During this
process, the decomposition of Si–C–Ti–B fibers gradually happens from the carbon–rich
layer to the fiber core, resulting in a porous cross–section. It is noteworthy that the core of
Si–C–Ti–B fibers remains dense. The tensile strengths of Si–C–Ti–B fibers were 1.38 GPa
and 1.54 GPa after heat treatment at 1900 ◦C and 2000 ◦C, respectively, with tensile strength
retention rates of 71.5% and 79.8%, respectively. One of the possible reasons for the superior
mechanical properties of Si–C–Ti–B fibers after heat treatment at 2000 ◦C compared to those
after heat treatment at 1900 ◦C is that Si–C–Ti–B fibers have a more dense core after heat
treatment at 2000 ◦C. The strength of Si–C–Ti–B fibers decreased so significantly after heat
treatment at 2100 ◦C that it could not be measured.
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The XRD results of Si–C–Ti–B fibers after heat treatment at different temperatures
are shown in Figure 9. Compared with Si–C–Ti–B fibers without heat treatment, TiC
phases appear in Si–C–Ti–B fibers after heat treatment at 1900 ◦C, 2000 ◦C, and 2100 ◦C,
formed by the reaction between Ti and C. A C(002) diffraction peak can be observed for
Si–C–Ti–B fibers after heat treatment at 2100 ◦C. This result corresponds to the significant
decomposition of SiC grains in Figure 8f. Interestingly, the TiB2 phase is also observed
for Si–C–Ti–B fibers after heat treatment at 2100 ◦C. The diffraction peaks of (110) and
(101) crystal planes of TiB2 can be seen in Figure 9. The average sizes of β–SiC grains in
Si–C–Ti–B fibers after heat treatment at 1900 ◦C, 2000 ◦C and 2100 ◦C were calculated to
be 42.6 nm, 43.5 nm, and 50.6 nm, respectively. It can be seen that the β–SiC grain size
in Si–C–Ti–B fibers rapidly increases when the heat treatment temperature increases to
2100 ◦C, which proves the growth of the remaining SiC that has not yet decomposed.

The strength retention rate of Si–C–Ti–B fibers after heat treatment at different tempera-
tures under an inert atmosphere for 1 h is compared with that of several typical commercial
SiC fibers, as shown in Figure 10 [2,3,47]. Hi–Nicalon fibers, Tyranno ZMI fibers, and F–2
fibers are typical 2nd generation SiC fibers, and Hi–Nicalon S fibers and F–3 fibers are
typical 3rd generation SiC fibers. It can be seen from Figure 10 that the strength retention
rates of Si–C–Ti–B fibers are higher than those of Hi–Nicalon fibers, Tyranno ZMI fibers,
F–2 fibers, and Hi–Nicalon S fibers.
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4. Conclusions

In this work, we synthesized PTCS precursors using low–softening–point polycar-
bonsilane (LPCS) and Ti(OCH2CH2CH2CH3)4 as raw materials for the first time, which
significantly shortened the reaction process compared to previous studies. The ceramic
yield of the PTCS precursor was 67.5 wt%, which is comparable to the ceramic yield of
other polycarbonsilane precursors for melt spinning. The synthesized PTCS was proved
as an excellent precursor for melt spinning to prepare SiC fibers. The overall procedure is
simple and easy to implement, and the method can be further extended to synthesize other
heterogeneous metal–containing polycarbosilane precursors. Subsequently, melt spinning
of the PTCS precursor was carried out to obtain green fibers, which were then pre–oxidized,
pyrolysis, and high–temperature sintered to obtain Si–C–Ti–B fibers with an average tensile
strength of 1.93 GPa. High–temperature resistance tests were also performed. The tensile
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strengths of Si–C–Ti–B fibers were 1.38 GPa and 1.54 GPa, and the tensile strength retention
rates were 71.5% and 79.8% after treatment at 1900 ◦C and 2000 ◦C under argon atmosphere
for 1 h, respectively. The strength retention rates of Si–C–Ti–B fibers were higher than
those of commercial Hi–Nicalon fibers, Tyranno ZMI fibers and Hi–Nicalon S fibers. The
results proved that Si–C–Ti–B fibers have excellent high–temperature resistance. The PTCS
precursor can be used not only for preparing continuous ultra–high temperature resistant
SiC ceramic fibers, but also for preparing SiC ceramic matrix composites.
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