J. Ceram. Sci. Technol., 09 [3] 279-288 (2018)
DOI: 10.4416/JCST2018-00014
available online at: http://www.ceramic-science.com
© 2018 Göller Verlag

Influence of Heat Treatment of Amorphous Ti- and B-Containing
SiC-Based Fiber in Air on Microstructure and Strength
Jiangxi Chen, Baojie Zhang, Danni Xu, Zhaoju Yu, Guomei He *
Key Laboratory of High Performance Ceramic Fibers of Ministry of Education, Department of Materials
Science and Engineering, College of Materials, Xiamen University, 361005, People’s Republic of China.
received February 17, 2018; received in revised form March 28, 2018; accepted May 17, 2018
Abstract
The oxidative behavior of amorphous Ti- and B-containing SiC-based fiber exposed to air flowing at 1100 – 1300 °C
for 2 – 300 min was investigated. The results showed that the strength of the SiC-based fiber slightly decreased when
the fibers were exposed to air for 2 min at 1000 – 1300 °C. When the exposure time was lengthened to 300 min or the
exposure temperature was increased from 1000 °C to 1300 °C, the strength of the SiC-based fiber did not change
significantly. The morphology studies with SEM revealed that defects on the fiber surface were generated at the
beginning of oxidation, while they were healed by the growth of a smooth oxide layer during further oxidation. This
study showed that the amorphous Ti- and B-containing Si-C-O phase displayed better oxidation resistance than the
well-known amorphous Si-C-O phase. Thus, the resulting SiC-based fiber is able to maintain its amorphous structure
and its strength in air up to 1300 °C.
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I. Introduction

II. Experimental and Characterization

Silicon carbide (SiC) fibers are commonly used as a reinforcing material in ceramic matrix composites (CMCs)
because of their high strength, low density, oxidation resistance and excellent high-temperature performance 1 – 4.
Generally, CMCs reinforced with SiC fibers were designed for use in air at high temperature. In this regard,
the reinforcing SiC fiber is required to possess excellent
anti-oxidative ability at high temperature 5 – 8. However, the oxidation behavior of SiC fibers is very complicated and depends on their oxidative temperature 9 – 11,
annealing time 9, 12, 13, oxygen partial pressure 14 – 18, oxidizing atmosphere 19, 20, and even their chemical composition 21 – 25. For example, Kim et al. found that the
strength of Nicalon fibers is strongly affected by the exposure atmosphere and temperature 20. When the temperature is higher than 1200 °C, the first-generation SiC
fiber (e.g. Nicalon fiber) decomposes, accompanied by the
growth of b-SiC nano-crystals, which leads to a loss in
strength 26 – 29.
In our previous studies, we prepared an amorphous Tiand B-containing SiC-based fiber 30, 31 as a microwaveabsorbing material 32 – 34. The obtained SiC-based fiber
showed good strength and could maintain its amorphous
structure up to 1300 °C 30, 31. To further explore its potential application, in this work, we studied its oxidative behavior in air at up to 1300 °C for five hours.

The Ti- and B-containing SiC-based fiber was prepared according to our previously reported procedure 30, 31. The obtained SiC-based fiber was
named PTBCS ceramic fiber. For comparison, we
prepared a SiC-based fiber without titanium and
boron from commercial preceramic polymer, polycarbosilane (PCS) 1, 2, 35. The resulting SiC fiber was
named as PCS ceramic fiber (similar to the Nicalon
fiber 26 – 29).
To evaluate their performances, the as-received PTBCS and PCS ceramic fibers were then treated in air for
2 – 300 min at 1100, 1200 and 1300 °C, respectively. The
strength of the monofilament was measured using a universal testing machine (AG-X plus, Shimadzu, Japan) 36.
The gauge length was 25 mm and the crosshead speed
was 1 mm/min. For the strength test, at least 25 effective samples were collected. The contents of Ti and B
were determined with inductively coupled plasma optical emission spectroscopy using an ICP-OES (IRIS Intrepid XSP, Thermo fisher, USA) spectrometer. Scanning
electron microscopy (SEM, SU-70, Hitachi, Japan) was
used to observe the fracture and surface morphology.
And their structures were characterized with a powder
X-ray diffractometer (XRD, D8 Advance, Bruker, Germany). Auger electron spectroscopy (PHI 660, Physical
electronics, USA) was used to investigate the composition of the samples’ surface after etching for 1 – 5 min
each time with Ar +. The etched depth was calculated
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from the etching durations, assuming an etching rate of
30 nm/min.
III. Results and Discussion
(1) The influence of exposure time on strength and microstructure of SiC-based fibers
To investigate the effect of exposure time on the mechanical property of the SiC-based fibers, we measured
the strength of the fiber samples after oxidation. For normalization, we calculated the strength loss rate (SLR%)
of the fiber samples according to the following formula
(Equation 1):
SLR% = (P x-P 0)/P 0
(1)
where P 0 is the initial strength of the fiber sample, P x is the strength of the fiber sample after exposure to air at a desired temperature for a defined
period.
The strengths of both SiC-based fibers after exposure
to air at 1300 °C are shown in Table 1 and Fig. 1a. At the
beginning of exposure (2 min), the strengths decrease
to 1.00 GPa for the PTBCS ceramic fiber and 0.94 GPa
for the PCS ceramic fiber (SLR% = 16 % for the PTBCS ceramic fiber and SLR% = 31 % for the PCS ceramic fiber in Fig. 1b and Table 2). At the beginning of
oxidation, the formation of an oxide layer showed a
different thermal expansion coefficient than that of its
inner fiber core 37, which led to the generation of defects in the interface between the outside oxide layer and

Vol. 9, No. 3

the inner fiber core. It was the generated defects that
caused the decline in strength. Interestingly, when the
exposure time was lengthened to 30 and 300 min, the
strength of the PTBCS ceramic fiber only slightly decreased to 0.93 and 0.90 GPa, respectively. In contrast, the
strength of the PCS ceramic fiber decreased to 0.54 GPa
(SLR% = 60 %) when the exposure time was lengthened
to 300 min.
To understand why our SiC-based fiber can maintain
its strength at 1300 °C in air for a long time, we studied its morphology using scanning electron microscopy
(SEM). The surfaces of PCS and PTBCS ceramic fibers
after exposure to air at 1300 °C for 2 – 300 min are shown
in Fig. 2. The results revealed that the surface of our SiCbased fibers (PTBCS) became smoother (Fig. 2, B1-B3)
when the exposure time was longer, despite that the PTBCS ceramic fiber had a rough surface before oxidation. Meanwhile, the oxide layer thickness was slightly increased from approx. 0.5 lm to approx. 0.8 lm for
the PTBCS ceramic fiber (Fig. 3) when it was exposed
to air for 2 – 300 min at 1300 °C, indicating the very
slow diffusion of oxygen at 1300 °C after the formation of the initial oxide layer 15, 38. For the PCS ceramic fiber, the oxide layer thickness increased from approx.
0.5 lm to approx. 1.5 lm (Fig. 3). The results showed
that the oxide layer thickness of the PTBCS ceramic
fiber was significantly thinner than that of the PCS ceramic fiber when the exposure time was lengthened to
300 min.
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Fig. 1: Tensile strength (a) and strength loss rate (b) of PCS and PTBCS ceramic fibers at 1300 °C for 2 – 300 min.

Table 1: The strength of PCS and PTBCS ceramic fibers exposed to air at 1300 °C for 2 – 300 min.
Exposure
time (min)
Strength
(GPa)

As-received

2

30

300

PCS ceramic fiber

1.36±0.07

0.94±0.05

0.82±0.04

0.54±0.04

PTBCS ceramic fiber

1.19±0.06

1.00±0.06

0.93±0.05

0.90±0.05
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Fig. 2: The surfaces of the PCS ceramic fiber (A0: as-received; A1: exposed to air for 2 min; A2: exposed to air for 30 min; A3: exposed to air
for 300 min at 1300 °C) and PTBCS ceramic fiber (B0: as-received; B1: exposed to air for 2 min, B2: exposed to air for 30 min, B3: exposed to
air for 300 min at 1300 °C) observed with SEM.
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Table 2: The strength loss rate (SLR%) of PCS and PTBCS fibers exposed to air at 1300 °C for 2 – 300 min.
Exposure time (min)
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Fig. 3: Oxide layer thickness of PCS and PTBCS ceramic fibers
exposed to air at 1300 °C for 2 – 300 min.

The cross-sections of PCS and PTBCS ceramic fibers are
shown in Fig. 4, in which the fracture sections contain mirror, mist and hackle regions 39, 40. This result indicates that
the fracture behavior of SiC-based fiber pertains to brittle
fracture, mainly due to the presence of flaws on the surface.
A linear relationship between the flaw size and the mirror
size had been established 40, 41. The flaw size of the PCS
ceramic fiber has the largest average mirror size, which is
in agreement with the lowest strength of the ceramic fiber.
In addition, a large number of holes, appearing in the PCS
fiber interface with the increase in exposure time, may account for the decrease in the strength.

Fig. 4: The fracture sections of the PCS fiber (A′1: exposed to air for 2 min; A′2: exposed to air for 30 min; A′3: exposed to air for 300 min at
1300 °C) and PTBCS fiber (B′1: exposed to air for 2 min; B′2: exposed to air for 30 min; B′3 exposed to air for 300 min at 1300 °C) observed
with SEM.
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(2) The influence of exposure temperature on strength
and microstructure of SiC-based fibers
Next, we investigated the influence of exposure temperature on the mechanical properties of the fibres. Table 3 and
Fig. 5 show the strengths of both SiC-based fibers exposed
to air at 1100, 1200 and 1300 °C for 300 min. For example, the PCS ceramic fiber strength decreased to 0.89 GPa
(SLR% = 35 %, Table 4) when it was exposed to air for
300 min at 1100 °C. In contrast, the strength of our PTBCS
ceramic fiber decreased to 1.04 GPa, its SLR% was only
13 % when it was exposed to air for 300 min at 1100 °C.
These results indicate that the incorporation of titanium
and boron into SiC-based fiber is beneficial to its oxidation resistance.
Fig. 6 shows the fracture sections and the interfaces of
PCS and PTBCS ceramic fibers after exposure to air at
1100 – 1300 °C for 300 min. There are many pores in the
interface between the oxide layer and fiber core in the PCS
ceramic fibers after oxidation. Apparently, the increase in
exposure temperature leads to the increase in the thickness
of the oxide layer of the PCS ceramic fiber, resulting in the

difficult diffusion of gas 16, 42 – 44 generated in situ and thus
leading to the formation of pores or holes, which impairs
its strength considerably.
For comparison, no appreciable pores are observed in
our PTBCS ceramic fibers, explaining the maintenance
of its strength after oxidation. To further understand this
result, we studied their structures with X-ray powder
diffraction (XRD). As shown in Fig. 7, no appreciable
peaks are observed in XRD spectra for PTBCS ceramic
fibers after exposure at 1100 – 1300 °C for 300 min, which
reveals that the PTBCS ceramic fiber is mainly amorphous
and highly disordered. In contrast, the PCS ceramic fiber
shows a typical crystalline peak at 35.6° (Fig. 7), which is
attributed to b-SiC, after exposure to air at 1300 °C for
300 min. The peak at approx. 22° is identified as a-cristobalite, indicating the formation of SiO 2 during the oxidation. It is well-known that Nicalon fiber can only maintain
its mechanical property below 1200 °C, since the amorphous Si-C-O phase would decompose above 1200 °C accompanying the growth of b-SiC nano-crystals 26 – 29. Obviously, the incorporation of Ti and B helps to stabilize the
amorphous Si-C-O phase.
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Fig. 5: The strength (a) and strength loss (b) of PCS and PTBCS ceramic fibers exposed to air for 300 min at different temperatures.

Table 3: The strength of PCS and PTBCS ceramic fibers exposed to air at 1100 – 1300 °C for 300 min.
Exposure
temperature (°C)
Strength
(GPa)

As-received

1100

1200

1300

PCS
ceramic fiber

1.36±0.07

0.89±0.04

0.77±0.04

0.54±0.04

PTBCS
ceramic fiber

1.19±0.06

1.04±0.05

0.95±0.04

0.90±0.05

Table 4: The strength loss rate (SLR%) of PCS and PTBCS fibers exposed to air at 1100 – 1300 °C for 300 min.
Exposure temperature (°C)

1100

1200

1300

Strength loss rate

PCS ceramic fiber

35

43

60

(SLR%)

PTBCS ceramic fiber

13

20

24
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Fig. 6: SEM images of the PCS ceramic fibers (M1&M′1: at 1100 °C; M2&M′2: at 1200 °C; M3&M′3: at 1300 °C for 300 min) and PTBCS
ceramic fibers (N1&N′1: at 1100 °C; N2&N′2: at 1200 °C; N3&N′3: at 1300 °C for 300 min).
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Fig. 7: XRD spectra of PCS and PTBCS ceramic fibers exposed to
air at different temperatures for 300 min.

(3) Understanding the oxidation of SiC-based fibers
To understand what reaction occurred during the heat
treatment, we performed AES characterization of the
PTBCS ceramic fiber exposed to air at 1300 °C for
2 – 300 min. As shown in Fig. 8, the AES depth profile
of the PTBCS ceramic fiber, which was exposed for
30 min (for 2 min and 300 min, see Fig. 9 and Fig. 10,
respectively), shows that there are three phases (chemical
compositions) presented in the oxidized PTBCS ceramic
fiber. The amorphous Phase-I, which is the chemical
composition of the original PTBCS ceramic fiber (or its
inner core), is composed of approx. 43 % Si, approx. 38 %
C, approx. 16 % O, approx. 2.2 % Ti, and approx. 0.8 %
B (Fig. 8, I). The result reveals that the Phase-I can be
viewed as Ti- and B-modified amorphous Si-C-O phase.
The amorphous Si-C-O phase has been proven to be

thermally unstable when the temperature was higher than
1200 °C in the presence or absence of oxygen 14, 45, 46.
Interestingly, our Ti- and B- modified Si-C-O phase
was stable up to 1300 °C on the basis of our previous
experimental observation 9 and would not decompose at
1300 °C (or lower) in the absence of oxygen. However,
when the Ti- and B-modified Si-C-O phase (Phase-I)
stayed in air at 1300 °C, the oxidative reaction occurred
quickly to form Phase-II, as shown in Fig. 8.
The main composition of the amorphous oxide layer,
defined as Phase-II, comprises approx. 43 % Si, 4 – 38 %
C, 16 – 50 % O, 2.1 – 2.6 % Ti, and 0.4 – 0.9 % B (Fig. 8,
II). When the exposure time was 2, 30, and 300 min,
the thicknesses of the Phase-II were approx. 0.57, 0.64,
and 0.82 lm, respectively, which were consistent with
the SEM observations (Fig. 4, B′1-B′3). In comparison
with Phase-I, the increase of oxygen and the decrease
of carbon in Phase-II suggested an oxidative reaction as
presented in Equation (2). The reaction led to the gain of
oxygen and the consumption of carbon, suggesting that
it produced gaseous carbon oxides (CO or CO 2) during
the heat treatment.
Phase-I(s) + O 2(g) →
(2)
Phase-II(s) + CO(g) + CO 2(g)
Interestingly, the content of carbon in Phase-II was in a
gradient distribution: less on the outside and more in the
inside; while the content of oxygen in Phase-II was the reverse: more on the outside and less in the inside. This result suggests that the diffusion of oxygen is prevented by
the consumption of carbon, which may form gaseous carbon oxides (CO or CO 2). Again, titanium and boron play
an important role in changing the decomposition behavior
of the amorphous Si-C-O phase.
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(3)
Phase-III(s) + B 2O 3(g) + CO x(g)
Thus, thanks to the presence of titanium and boron that
helps to stabilize the amorphous Si-C-O phase and to
achieve better resistance to oxidation, our PTBCS ceramic
fiber presents a new SiC-based fiber that can be used in air
up to 1300 °C for 5 h.
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Fig. 8: AES depth profile of the PTBCS fiber exposed to air at
1300 °C for 30 min.

As expected, the PCS ceramic fiber, which contained
amorphous Si-C-O phase as its chemical composition, decomposed quickly to give silica and gaseous carbon oxides 24, 38, 47 – 49, leading to the damage on the fiber surface
and resulting in the formation of a silica layer and holes
(Fig. 6, M3).
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Fig. 10: AES depth profile of the PTBCS fiber exposed to air at
1300 °C for 300 min.

IV. Conclusions
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Fig. 9: AES depth profile of the PTBCS fiber exposed to air at
1300 °C for 2 min.

When a closer look is taken at the surface of the oxidized
PTBCS ceramic fiber, another amorphous Phase-III (approx. 60 nm, Fig. 8, III) was found to be present on the
fiber surface. As shown in Fig. 8, the amorphous PhaseIII is composed of approx. 43 % Si, 2 – 5 % C, 50 – 54 %
O, 1 – 2 % Ti. Surprisingly, no boron was found in PhaseIII. The content of carbon in Phase-III was also in a gradient distribution: less on the outside and more in the inside.
These results suggested the formation of gaseous boron
oxide (e.g., B 2O 3) and carbon oxides (CO or CO 2) during the oxidation, which can be described in the reaction
(3). The disappearing boron may open the channels and
help to release gaseous carbon oxides (CO or CO 2) easily
from the inside of the fiber to the surface, accounting for
the result that no holes were found in our PTBCS ceramic
fiber. Moreover, the possible generated boron oxide (e.g.,
B 2O 3) may serve as the defect healing (to form the smooth

In summary, the titanium- and boron-containing SiCbased fiber was treated in air at 1100 – 1300 °C for
2 – 300 min. The influences of exposure time and temperature on the morphology, structure, composition, and
mechanical property of the ceramic fiber were investigated. The results showed that the exposure time and temperature significantly affected the structure and properties of
the titanium- and boron-containing SiC-based fiber. The
fiber strength did not change significantly even when the
exposure time was lengthened to 300 min or the exposure
temperature was increased from 1000 °C to 1300 °C. The
results indicated that the incorporation of titanium and
boron helped stabilize the amorphous Si-C-O phase and
displayed better oxidation resistance. Our amorphous titanium- and boron-containing SiC-based fiber presents a
new SiC-based fiber, which can be used in air at 1300 °C
for up to 5 hours.
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