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a b s t r a c t

SiC fibers with self-standing membrane structure in large scale are prepared by one-step thermal
reduction method by using carbon black and gangue as raw material at 1500 �C for 2 h in argon. The
average pore size of the membrane is 1.603 mm using the bubble-point method. The synthesized SiC
fibers are well-developed cubic structure with the diameter in the range of 100e500 nm and length up to
several millimeters. In addition, SiC fibers possess good oxidation resistance up to 1250 �C in air and low
thermal expansion coefficient of 4.385e4.655 � 10�6/�C from room temperature to 750 �C. The oxidation
behavior of SiC fibers depends on temperature and sample shape. Based on this, the oxidation kinetics is
dealt with the real physical picture (RPP) model and gets a good agreement with the experimental data.

© 2015 Published by Elsevier B.V.
1. Introduction

Ceramic fibers as a kind of fibrous lightweight material have
drawn a significant amount of attention because of its excellent
physical and chemical properties [1]. Among them, silicon carbide
(SiC) fiber is characterized by high strength, corrosion resistance,
good refractory and low density etc. [2,3]. Therefore it is extensively
applied in the fields of diesel engines, aerospace, thermal conductor
and fusion reactors etc. [3e10] as the key component in reinforced
ceramic matrix composites (CMCs) under harsh working condi-
tions. Considering its enormous potential application, much effort
has been spent on synthesis and characterization of SiC fibers over
the past decades. As for the fabrication techniques, various
methods including chemical vapor phase growth deposition (CVD)
[11e13], electron beam irradiation curing (EBIC) [14e16], electro-
spinning (ES) [17], polymer impregnation pyrolysis (PIP) [18e22],
catalyst-assisted pyrolysis of polysilazane precursor (CAP) [23e30]
and silicon gel carbon thermal reduction (SGCTR) [31,32] etc. have
been reported and got some success in industrial production.
However the methods of CVD and EBIC require strict condition and
thus are at high costs. ES, PIP and PSN methods are characterized
with complex process and superior cost because they are prepared
from specific precursors. Besides, SGCTR method is difficult to
obtain uniform morphology. Therefore it's desirable to propose a
new method to prepare SiC fibers efficiently and economically.

As for the properties of SiC fibers especially at high temperature,
Takeda et al. [20] investigated the oxidation behavior of
polycarbosilane-derived SiC fibers at 1000e1400 �C in air for
1e100 h. The result showed that the fibrous structure maintained
well except that some pores and fractures appeared. Bunsell et al.
[33] pointed out that there still much work remained to be done to
keep the fiber stable above 1000 �C. Besides these, there is no
further work to be carried out on the high temperature properties
of SiC fibers. This brings a lot of difficulty for the application of
materials, for instance, CMCs reinforced by SiC fibers.

Herein one-step carbon thermal reduction method was adopted
to synthesize SiC fibers with uniform morphology using the raw
materials of carbon black and the gangue. By controlling the at-
mosphere and temperature, large amount of SiC fibers with self-
standing membrane structure was prepared. Considering the
application of SiC fibers under harsh conditions, the high temper-
ature properties of SiC fibers including the oxidation behavior up to
1450 �C in air and the thermal expansion coefficient from room
temperature to 750 �C were also investigated.

Compared with SiC nanofibers/nanowires by using the ther-
mal reduction of SiO2 and active carbon reported in the
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Fig. 1. Optical image of the synthesized SiC fibers and the inset of cross section at high
magnification.
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literature [34e40], the difference and advantage of our work are
following: (1) In view of the synthesis condition, the reaction
temperature and the ratio of gangue and carbon black are
selected at a reasonable range in this work. This can avoid both
the removal of the residual carbon [34,35] and too high reaction
temperature [36]. (2) As for SiC fibers produced in this work, the
synthesized SiC fibers are well-developed cubic structure with
high purity and uniform morphology. The stacking defect (SF) of
SiC fibers is relatively less than the reported result in the liter-
ature [37e40]. What's more, the synthesized product is self-
assembled into membrane structure, showing its potential
application as filter. (3) As for the properties of SiC fibers, less
work about the thermal property of SiC fibers is reported. In this
work, the properties of SiC fibers including oxidation resistance
and thermal stability are investigated. These fundamental data
may pave the way for the application of SiC fibers at high
temperature.

2. Material and methods

2.1. Material preparation

Gangue (SiO2 > 99%) and carbon black were used as silicon and
carbon sources respectively. The powder with the mole ratio of 1:3
(SiO2/C) was ball mixed. Preparation of SiC fibers was mainly taken
place in a high temperature furnace using carbon as the inner lin-
ing, which is described in detail in our recent work [41]. During the
whole process, argon with the purity of 99.9% at the rate of 0.4 L/
min was adopted as protecting atmosphere and the total pressure
was kept at 0.1 MPa. When the furnace was cooled naturally to
room temperature, argon was stopped and grayewhite self-
standing membrane in large scale was obtained mainly on the
top of the furnace. The resulting fibers were washed with 10% hy-
drofluoric acid (HF) for 1 h to remove the remained silica.

2.2. Phase and microstructure characterization

The phasewas characterized using a 21 kWextra-power powder
X-ray diffractometer (XRD) (M21XVHF22, Mac Science Co. Ltd.,
Yokohama, Japan) with Cu Ka (l ¼ 1.54056 Å) radiation over a 2q
range from 10 to 90�. The morphology and microstructure of the
synthesized fibers were observed using a scanning electron mi-
croscopy (SEM: Model JSM-840A, JEOL, Tokyo, Japan) and trans-
mission electronmicroscopywith SAED (TEM:Model Tecnai G2 F30
S-TWIN, FEI, America). The pore size of the fibrous membrane was
investigated by a capillary flow porometer (IB-FT Germany,
POROLUX 1000) based on bubble-point method [42,43].

2.3. High properties of SiC fibers

The thermal expansion coefficient of SiC fibers was determined
using an advanced analyzer (SETARAM Setsys Evo TMA). The ex-
periments were carried out in an accurate dilatometric cycle
running measurements at the heating rate of 10 �C/min from room
temperature to 750 �C and then cooled to room temperature as a
cycle at nitrogen atmosphere. In the experiment, the sample was
pressed into the cylinder with 10 mm in diameter and 3 mm in
height. The linear thermal expansion coefficient was calculated
from the following equation:

r ¼ LT � L0 þ AkðTÞ
L0

(1)

where r is the linear thermal expansion coefficient (/�C). L0 (mm)
and LT (mm) are the length of the sample at room temperature and
the experimental temperature T, respectively. Ak(T) (mm) is the
correction value of the instrument at the experimental temperature
T.

The oxidation behavior of SiC fibers was investigated under both
non-isothermal and isothermal conditions using a thermoanalyzer
(Netzsch STA 449C, Netzsch, Germany). The TG microbalance had
the sensitivity of 1 mg. Before isothermal oxidation experiments,
non-isothermal oxidation from 600 to 1500 �C at the heating rate of
10 �C/min in air was investigated to have knowledge of the
oxidation behavior of SiC fibrous membrane. In the isothermal
experiments, SiC fibers (about 7.1 mg) were placed in an alumina
crucible and the temperature was rapidly raised to the required
level in a flowing purified argon gas. After the thermal equilibrium
was established, argon was stopped and air was then introduced.
The mass change due to oxidation was then monitored continu-
ously for 2 h at the rate of 2 point/min. In all the experiments, the
flow rate of air was kept constant, i.e. 40 ml/min. To ensure the data
to be as accurate as possible, every experiment was repeated at
least three times and got the average value.
3. Results and discussion

3.1. Phase and microstructure characterization

Fig. 1 is the optical image of the synthesized product. It can be
seen that it is self-assembled into membrane structure. The cross
section of the membrane is consisted of SiC fibers as shown in the
inset of Fig. 1. The XRD pattern as shown in Fig. 2 is indexed from
left to right as (111), (200), (220) and (311) corresponding to 3CeSiC
(Card No.104 01-073-1665), indicating that SiC with high purity is
obtained. Traditionally, SF are frequently found in 3CeSiC [44],
whose density can bemeasured by SF peak (about 33.6�) be divided
by (200) peak (41.4�). In this work the SF peak almost disappeared
and (200) peak was also very weak, indicating that the density of SF
in the synthesized SiC fibers was relatively less.

Fig. 3a and b shows SEM images of the overall look of SiC at low
magnification. It can be seen SiC fibers are uniform. At high
magnification (Fig. 3c), SiC fibers are long and straight filaments
with diameter between 100 and 500 nm and length up to several
millimeters. In addition, the straight fibers possess a smooth sur-
face. There are also some SiC fibers with the bamboo-like
morphology (Fig. 3d). A large number of SEM examinations have
been carried out. The bamboo-like whiskers account for 5% or so of
the total fibers using statistical method.



Fig. 2. XRD pattern of the synthesized SiC fibers.
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TEM is further carried out to investigate the microstructure of
3CeSiC as shown in Fig. 4. With the help of HRTEM image and SEAD
pattern inset in Fig. 4a, the straight SiC fibers have a homogenous
crystalline structure with fringes spacing of 2.51 Å, which is char-
acteristic of 3CeSiC. TEM pattern of the bamboo-like is shown in
Fig. 4b. It shows that the bamboo joint area is composed of
microtwins. The other area has a homogenous crystalline structure
with fringes spacing of 2.51 Å. This is in agreement with our recent
work [41].

3.2. Characterization of SiC fibers with membrane structure

The pore size of self-assembled SiC fibrous membrane is
Fig. 3. SEM images of SiC fibers (a, b) low magnification, (c) high magnification
investigated by bubble-point method as showed in Fig. 5. It can be
seen that the SiC fibrous membrane exhibits the typical membrane
character with the smallest pore size, the bubble point pore size
(the largest pore size) and mean pore size to be 0.8817 mm,
2.917 mm and 1.603 mm, respectively. Membrane with smaller size
can be controlled by adjusting the reaction condition and more
work will be carried out.
3.3. High temperature properties

3.3.1. Thermal expansion
Fig. 6 illustrates the linear thermal expansion coefficient of SiC

fibers from room temperature to 750 �C and then cooled to room
temperature as a cycle at the rate of 10 �C/min in nitrogen atmo-
sphere. According to Eq. (1), the linear thermal expansion coeffi-
cient of SiC fibers in the two experimental cycles is calculated to be
4.385� 10�6 and 4.655� 10�6/�C respectively, which is close to the
theoretical value in the literature, i.e. 4.45 � 10�6/�C [45]. It shows
that synthesized SiC fibers have low thermal expansion at high
temperature.
3.3.2. Non-isothermal oxidation behavior
Fig. 7 shows the non-isothermal oxidation behavior of SiC fibers

from 600 to 1500 �C in dry air. It can be seen that the oxidation
reaction starts from about 700 �C and the mass gain rate increases
rapidly from 1100 �C until 1500 �C. The microstructure after
oxidation (Fig. 7b) indicates that the diameter becomes larger due
to crystal growth at high temperature. While the length becomes
shorter after oxidation. The main reason is that the difference of
thermal expansion coefficient between the oxide product, SiO2 and
SiC fibers. This leads the long fibers to break into short ones. After
all, it still remains the fibrous microstructure, indicating the good
thermal stability of SiC fibers.
of the majority of fibers, (d) high magnification of the minority of fibers.



Fig. 4. TEM and HRTEM with corresponding SAED images of SiC fibers (a) the majority of fibers, (b) the minority of fibers.

Fig. 5. The pore size of the synthesized SiC fibers with self-standing membrane
structure.
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3.3.3. Isothermal oxidation behavior
The isothermal oxidation behavior of SiC fibers from 1250 to

1450 �C with 100 �C interval in dry air for 2 h is shown in Fig. 8. It
can be seen that the mass gain percent is proportional to temper-
ature, i.e. the total mass change percent gains with temperature
increasing. At fixed temperature, the mass gain percent increases
quickly initially and then levels off with extended time, indicating
Fig. 6. Relationship between the thermal elongation and temperature of
the oxidation reaction is controlled by diffusion. The maximum
weight gain percent in this experiment is 28.6% oxidized at 1450 �C.
This is far smaller than the theoretical maximum weight gain
percent (50%) according to the following reaction:

2SiCðsÞ þ 3O2ðgÞ ¼ 2SiO2ðsÞ þ 2COðgÞ (2)

The microstructure of SiC fibers after isothermal oxidation is
also investigated (Fig. 9). It can be seen that the fibrous micro-
structure remains after oxidation at 1250 �C for 2 h (Fig. 9a) while
the diameter becomes larger due to the crystal growth at high
temperature. This is similar to that after non-isothermal oxida-
tion as shown in Fig. 7b. At high magnification, some swells
appear along the length of the fibers as marked by blue circles (in
the web version) in Fig. 9b. EDS analysis (Fig. 9c) shows that the
swells are composed of Si and O with the atom ratio of 1:2,
indicating they are silica. It has been pointed out that part of the
microstructure of SiC fibers contains bamboo-like morphology
(Fig. 4b). The bamboo joint area is composed of microtwins,
which belongs to a kind of defects and has a priority to be
oxidized when exposed to air. With reaction time extending, the
oxide layer at the bamboo joint area grows thicker and thus swells
are formed. With temperature increasing to 1350 �C, the evolu-
tion of whole morphology is more obvious due to the decrease of
the reaction energy barrier. As a result, the fibrous microstructure
remains (Fig. 9d) while its length becomes relatively shorter as
shown in Fig. 9e and f. It should be attributed to the different
thermal expansion coefficient between SiO2 and SiC fibers at the
SiC fibers from room temperature to 750 �C at nitrogen atmosphere.



Fig. 7. TG curve (a) and SEM image (b) for SiC fibers after non-isothermal oxidation from 600 to 1500 �C in air.
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swell part marked by the circle in Fig. 9e. The phenomenon be-
comes more obvious at 1450 �C (Fig. 9g, h and i). As shown in
Fig. 9h and i, the oxide products sinter together caused by the
impurities such as Fe and Na2O etc. contained in gangue, making
porous membrane surface change into dense clusters of SiO2
crystals (as shown by red circle in Fig. 9h). Due to the formation of
the dense SiO2 layer, it blocks the pathway of oxygen to reach the
reaction interface and makes the oxidation proceed very slowly
with time prolonging.

In view of the oxidation kinetics of SiC fibers, it belongs to
gasesolid reaction. Recently our work group has investigated the
oxidation of non-oxide materials and developed a new kinetic
model, real physical picture model (RPP model) [46]. In this model,
the reacted fraction x of oxidation is expressed explicitly as the
function of such variables as time t, temperature T, gas partial
pressure Pgas and sample size etc. Compared with the parabolic rate
and linear rate raw which are widely adopted to deal with the
oxidation of non-oxide materials [47,48], the main difference be-
tween the models used in the literature and RPP model is that RPP
model is a simpler and physical meaningful explicit analytic model.
Importantly, the effect of sample shape on the oxidation behavior
can be quantitatively discussed using RPP model [49]. In the
following section, the oxidation kinetics of SiC fibers will be dis-
cussed using RPP model.
Fig. 8. Comparison of the experimental data and the calculated results by RPP model
for isothermal oxidation of SiC fibers (red line at 1250, 1350 and 1450 �C) and SiC
powder (black line at 1250 �C) in air for 2 h. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
According to RPP model, the oxidation behavior of SiC fibers can
be expressed as following:

x ¼ 1�
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where x represents the reaction fraction; DEd represents the
apparent activation energy (kJ mol�1); KOb

0 and DOb
0 are pre-

exponential factors; vm is the density of the sample; R0 and h0 is
the radius and length of the whole particle, respectively; PO2

and
Peqgas is the partial pressure of oxygen in gas phase and the gas partial
pressure in equilibrium with oxide, respectively.

Since the fibers can be taken as a long cylinder with a very small
radius, i.e. h0[R0 therefore Eq. (3) can be simplified to the
following approximate form:
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To simplify the above equation, a parameter tfR called charac-
teristic oxidation time is introduced as follows:

tfR ¼ 1

2D0
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ffiffiffiffiffiffi
peq
O2

p �
vmR2

0 expðDEd=RTÞ

(5)

it can be seen that, the ‘‘characteristic oxidation time’’ tfR is the
function of such factors as the radius of the cylinder, the oxidation
partial pressure, the character of medium where the oxygen pass
through as well as the property of reactant and product materials.
However, it has no relationwith the oxidation time, that is why one
can select this parameter to measure the oxidation resistance.

Substituting Eq. (6) into Eq. (5) yields:

x ¼ 1�
"
1�

ffiffiffiffiffiffiffi
t
tfR

s #2
(6)

Note that the y-axis in the experimental plots (Fig. 8) is mass
gain percent Dm/m0 instead of the reacted fraction x. A trans-
formation is required according to the following equation:



Fig. 9. SEM and TEM images of SiC fibers after oxidation in air for 2 h at different temperature (a, b, c with EDS result) 1250 �C, (d, e, f) 1350 �C, (g, h, i) 1450 �C.
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x ¼ Dm=m0

Dmmax=m0
(7)

where Dmmax is the corresponding maximum increment after
oxidation up to 2 h at different temperature.

By regression method, the characteristic oxidation time (tfR)
under the three temperature is 10844.4 s, 7201.03 s and 7051.02 s
respectively, indicating the oxidation resistance of the fibers de-
creases with increasing temperature. The curves obtained from the
above equations are also shown in Fig. 8 as red line, which fits the
experimental data fairly well, validating the reasonability of RPP
model. In addition, the mass change percent of SiC powder with the
average particle size of 300 nm at 1250 �C is predicted to be 50%
using RPP model [49] as shown as black line in Fig. 8. By compar-
ison, the mass change percent of SiC fibers with the similar diam-
eter at 1250 �C is much lower (11.2%), further verifying the better
oxidation resistance of SiC fibers.
4. Conclusions

High purity 3CeSiC fibers with the diameter in the range of
100e500 nm and length up to several millimeters are synthesized
using one-step and economical carbon thermal reduction method.
The synthesized SiC fiber is self-assembled intomembranewith the
average pore size of 1.603 mm. In view of the high temperature
properties, SiC fibers exhibit low thermal expansion coefficient and
better oxidation resistance up to 1250 �C. RPP model is adopted to
deal with the oxidation kinetics and gets good agreement with the
experimental data by introducing the parameter of the character-
istic oxidation time tfR. Combining these properties, SiC fibers with
a self-standing membrane structure can be a promising candidate
used at high temperature.
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