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Abstract

Large-scale composite powders containing silicon carbide (SiC) particles and silicon nitride nanowires (Si3N4-NWs) were synthesized in situ
by combustion synthesis (CS). In this process, a mixture of silicon, carbon black, polytetrafluoroethylene (PTFE) and a small amount of iron
powders was used as the precursor. The products were characterized by XRD, SEM, EDS and TEM. The particles are equiaxed with diameters in
the micron range, and the in situ formed nanowires are straight with uniform diameters of 20-350 nm and lengths of tens of microns. The Si3Ny-
NWs are characterized to be a-phase single crystals grown along the [1 0 1] or [1 0 0] direction. VLS and SLGS processes are proposed as the
growth mechanisms of the nanowires. The as-synthesized powders have great potential for use in the preparation of high-performance SiC/Si3Ny-

NW composites.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Due to high hardness, excellent oxidation, corrosion and
wear resistance, and high temperature mechanical properties
such as strength retention and creep resistance, silicon carbide
(SiC) is one of the promising ceramic materials for use as
structural components in heat engines and high-temperature
conversion systems such as turbines. For the use of SiC in such
applications fracture toughness of the material is a critical
consideration. However, commercial SiC ceramics have
relatively low fracture toughness, in the order of about 3-
5MPam'?. Prior investigations have demonstrated that the
fracture toughness of ceramics can be improved significantly
through reinforcement with high-strength whiskers [1-6], or
fibers [7,8].

One-dimensional nanostructures, such as nanotubes and
nanowires, have great potential for use as reinforcements in
composites because they exhibited superior properties
compared with their bulk counterparts [9-12]. Recently,
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Si3N4,-NWs have attracted intense interest due to their
excellent properties, such as wide band gap, high strength,
high hardness, and good resistance to thermal shock and
oxidation. Several routes have been developed for the synthesis
of Si3N4-NWs, such as chemical vapour deposition [13],
carbothermal reduction [14—16], nitridation of Si or SiO
powder [17,18], carbon-nanotube-confined chemical reaction
[19]. However, when pre-formed nanowires are employed to
reinforce ceramic materials, it has been very difficult to
homogeneously mix the nanowires with matrix powder due to
their initial agglomerated state. The mass of agglomerated
nanowires when used as reinforcement will produce a non-
homogeneous composite of lower mechanical strength. One
way to overcome the above difficulty is to process composite
ceramic powders containing in situ-formed nanowires.

The combustion synthesis (CS), or self-propagating high
temperature synthesis (SHS) is based on the fact that the strong
exothermic reaction, which occurs during the formation of the
compound, can propagate rapidly through the solid reactants.
CS has evident advantages: low energy requirement, high
product purity, simple and cheap equipment, high sinterability
of product, and possible nonequilibrium phases in the products
[20]. While the CS is widely used to prepare SiC and SizN,
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powders [20-26], there have been much less reports focused on
the CS of Si3N,4 whiskers/fibers. Rodriguez et al. [27] reported
CS of B-SizNy fibers via silicon nitridation under 10 MPa
nitrogen pressure. a-Si3N, whiskers were successfully synthe-
sized by Cao et al. [28] through CS under 1 MPa N, with
addition of NaNj as catalyst.

In this study, large-scale composite powders containing SiC
particles and SizN4,-NWs were prepared by cost effective CS
under 2 MPa N,, using the mixture of Si, carbon black, PTFE
and a small amount of iron powders as the precursor. These
nanowires were in situ formed and homogeneously dispersed
among the SiC particles. Thus the composite powders have
great potential for use in the preparation of high-performance
ceramic composites.

2. Experimental procedure

In this study, elemental Si (1-3 pwm, 99% pure), carbon
black (24 nm, 99% pure) and PTFE (99% pure) powders were
used as raw materials. The starting materials had a mixing
ratio of PTFE: (Si + C) = 15:100 (wt) and Si:C = 1:1 (mol). A
small amount of Fe powders (3 wm) were also introduced as
the catalyst. The mixture was thoroughly ball milled in
ethanol for 10 h and then dried in air. The resulting powders
were packed directly into a porous graphite crucible. The
combustion experiments were preformed in a high pressure
combustion vessel (60 L in volume) under 2 MPa nitrogen
pressure. The combustion was initiated by burning the
titanium powder placed on the top of the reactant using a
tungsten coil. The temperature—time curve was measured by a
W-5%Re/W-26%Re thermocouple of (0.5 mm, whose tip
was embedded in the powder near the surface. The
experiments were also performed on the samples without
Fe additives for comparison. In each batch, several hundred
grams of product could be obtained. The combustion
products were characterized by X-ray diffraction (XRD).
The morphologies were analyzed by a field-emission
scanning electron microscope (FESEM). The transmission
electron microscope (TEM) was used to characterize the
microstructures of the products.
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3. Results and discussion

Two-group experiments were carried out for comparison.
The product of Fe-assist experiment was labeled as product A
and the product of catalyst-free experiment as product B. The
product A was found to be gray viscous powders. After the
product A being treated in air at 650 °C for 1 h, the powders
turned yellow-green, indicating that there was quite a lot of
elemental carbon in the primary product. On the other hand, the
product B was yellow-green free flowing powders.

3.1. Morphologies of the combustion products

The morphologies of as-obtained powders were studied by
FESEM and TEM firstly (Figs. 1 and 2). Fig. 1 is the FESEM
images of the product A at different magnifications, showing that
a number of nanowires randomly distribute among the particles.
Most of the nanowires are straight with uniform diameters of 20—
350 nm and lengths of up to tens of microns. The particles are
equiaxed with diameters in the micron range, and several to tens
of particles were usually sintered together to form a larger one.
Besides, no nanowires were observed in the product B, which
reveals that iron powders played a key role in the formation of the
nanowires. TEM was also used to further characterize the
morphology of the nanowires (shown in Fig. 2). It can be clearly
seen from Fig. 2 that the as-produced nanowires have smooth
surface with similar dimensions to those observed by FESEM.
The nanowires are almost transparent, for the lower nanowire can
be seen through the upper one at the intersection.

3.2. Crystallography and chemical compositions

The crystalline structures of the combustion products were
first examined using XRD (CuKa) (shown in Fig. 3). The
patterns show that the product A predominantly consists of 3C-
SiC and a-Si3N4 while the product B is pure cubic SiC. The unit
cell refinement gave the cell parameters a = 4.364 A for 3C-
SiCand a =7.766 A, ¢ = 5.596 A for a-Si;Ny, which are close
to the reported value for 3C-SiC (a = 4.359 A, PDF Card. No.
29-1129) and «-SisN, (a =7.758 A, ¢ = 5.623 A, PDF Card.
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Fig. 1. FESEM images of the product A (Fe as the catalyst) at different magnifications.



C.-S. Zheng et al./Ceramics International 38 (2012) 487-493 489

Fig. 2. TEM images of the nanaowires from the product A (Fe as the catalyst).

No. 09-0250) respectively. Clearly, the intensities of the a-
Si3N, peaks are much lower than that of the 3C-SiC peaks. The
peak near 20 =45.2° (labeled with <) indicates that the
catalyst of Fe is being in the form of Fe;Si in the product A. The
XRD patterns reveal that iron powders promoted the formation
of a-SizNy crystals during combustion process. Fig. 4 depicts
the typical EDS images of an individual particle and nanowire
from the product A. The images show that the particles consist
of the elements Siand C (Fig. 4(a)) and the nanowires consist of
elements Si and N (Fig. 4(b)). The Cu peaks are from the copper
plate on which the powders were loaded, and the peak near
2.15 keV can be assigned to Au, which was introduced during
the specimen preparation. Hence, we can get a conclusion that
the particles are 3C-SiC and the nanowires are a-SizN,4. This
can explain why the product A contains a lot of free carbon. Itis
simply because quite an amount of element Si has been
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Fig. 3. XRD patterns of the combustion products (A and B).

transformed to SizN,4 instead of SiC when the raw material had
a mixing ratio of Si:C = 1:1 (mol). There are two main reasons
why a-Si3;N4 exhibits such low intensity peaks relative to 3C-
SiC in the XRD pattern of the product A. Firstly, materials with
cubic structure (3C-SiC) have stronger diffraction intensities
compared to hexagonal structures (a-SizNy). In quantitative
analysis, this is incorporated to the Kj, 5, what is a constant
for the reflection (4 k ) plane [29]. Secondly, the SizN4-NWs
have much smaller diameters (most below 100 nm) and
preferred orientations compared to the SiC particles.

Further characterization of the crystalline structures of the
nanowires was operated using SAED and HRTEM (Fig. 5).
Panels of Fig. 5(b) and (d) are corresponding HRTEM lattice
images of the nanowires shown in Fig. 5(a) and (c¢)
respectively. SAED patterns obtained from the [0 1 0] (inset
in Fig. 5(a)) and [0 O 1] (inset in Fig. 5(c)) zone axes confirm
that the nanowires are single crystals of a-SisNy. HRTEM
images reveal that the nanowires possess a perfect crystal
structure with few structure defects such as dislocations and
stacking faults. The measured d spacings 0f 0.672,0.562, 0.433
and 0.386 nm are in good agreement with (1 00), (00 1),
(101) and (110) planes of bulk a-SizN4 (a=7.758 A,
¢=5.623 A, PDF Card. No. 09-0250). Both SAED patterns
and HRTEM images suggest that [1 0 1] (Fig. 5(a) and (b)) and
[1 0 0] (Fig. 5(c) and (d)) are growth directions for the a-SizNy
nanowires. Besides, the surface of the nanowire shown in
Fig. 5(a) and (b) possesses a thin amorphous layer, which is
amorphous SiO,, while the other nanowire shown in Fig. 5(c)
and (d) has a clear surface.

3.3. Growth mechanisms

The combustion synthesis is involved with abrupt release of
large amount of heat resulting in high temperature. Fig. 6
depicts the variation of temperature with time during
combustion synthesis under 2 MPa nitrogen pressure. The
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Fig. 4. (a) Typical EDS image of the individual particle from the product A. (b) Typical EDS image of the individual nanowire from the product A.

combustion temperature increased abruptly to 1120 °C (T,)
within 1 s, which was ascribed to the nitridation of Si occurred
from the particle surface [21]. After several seconds, the
temperature dropped suddenly to 960 °C and then increased to
1337 °C (T) due to the reaction of silicon and PTFE which will
be mentioned later. 75 is the highest temperature during the
combustion process. However, Si3N4 was thermodynamically
more stable than SiC in this temperature range under 2 MPa N,
[30]. From the mechanism reported by Yamada et al. [21], SiC
was formed via the reaction of silicon and carbon in a
nonequilibrium process due to the difference in vapour pressure
of Si for SizNy and SiC at experimental temperatures. In
addition, we suppose the nanowires should be formed after the
nitridation of silicon particles.

Several models including VLS (vapour-liquid—solid) [31],
VS (vapour—solid) [18], OAG (oxide-assisted growth) [32], and
SLS (solution-liquid—solid) [33] mechanisms have been
proposed to explain the growth of 1-D structures. In our work,
the catalyst of Fe played a key role in the growth of a-SizNy
nanowires, and catalyst-assist growth of whiskers has been
widely explained by the VLS mechanism [14,15,31]. The main
feature of the VLS mechanism is the existence of intermediates
that act as the energetically favored site for absorption of gas-
phase reactant, and the morphology feature is a catalyst droplet
on the tip of the whisker. As shown in Fig. 7(a), the as-
synthesized nanowires include some wires with a ball on the tip.

Chemical analysis reveals that the ball should be a catalyst
droplet with the chemical composition of Fe, Si and C elements,
and the nanowire only consists of Si and N elements. Hence,
such nanowires were formed by the VLS mechanism. Firstly,
Fe particles reacted with Si and C particles to form liquid Fe—
Si—C alloy at a temperature higher than the eutectic temperature
of Fe-Si—C ternary system. The Si atoms in the liquid alloy
reacted with N, gas in the liquid/gas interface to form SizNy
embryos. When the embryos grew large enough, a small
amount of liquid alloy was lifted by the crystal, producing a
catalyst droplet. Then, the silicon atoms for the nanowire
growth were only supplied through vapour-phase migrations
(silicon vapour, SiO, and SiF;) instead of liquid-phase
diffusion. The O element may come from the N, atmosphere
and silicon oxides due to partial oxidation of silicon particles
before combustion, and that some nanowires posses SiO, layer
(Fig. 5(a) and (b)) may relate to this growth process. The origin
of SiF, will be mentioned later.

After careful examination, however, we find that most of the
as-synthesized nanowires have no catalyst droplets on their tips,
which indicates that another growth mechanism should be
responsible for the growth of most nanowires. Recently, Yang
et al. [34,35] proposed a unique SLGS (solid-liquid—gas—solid)
mechanism to explain the growth of a-SizN, nanobelts and
nanowires, which were synthesized by thermal decomposition
of a polysilazane preceramic polymer using FeCl, as catalyst.
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Fig. 5. (a) TEM image with corresponding SAED pattern (inset) of one Si3N4,-NW grown along [1 0 1] direction. (b) The corresponding HRTEM lattice image of the
nanowire shown in (a). (c) TEM image with corresponding SAED pattern (inset) of one SizN4-NW grown along [1 0 0] direction. (d) The corresponding HRTEM
lattice image of the nanowire shown in (c).
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Fig. 6. Temperature histories of the combustion synthesis.

The SLGS mechanism could well explained the growth of the
nanowires without catalyst droplets in present work. In the
process of combustion, Fe particles firstly reacted with Si and C
particles and liquid Fe-Si—C alloy was formed. Further reaction
of these elements made the liquid alloy supersaturated with Si
and C. The supersaturated liquid reacted with N, in the liquid/
gas interface, thus resulting in the precipitation of Si3N4,-NWs
due to the size confining effect of the liquid phase. In this
process, Si atoms for the nanowire growth were supplied
through liquid-phase diffusion. From Fig. 7(b) we can see that
several nanorods have grown from the points (labeled with
black arrow) between crystalline grains, and Fig. 7(c) clearly
depicts that one nanowire has grown from the interspace among
several particles. In the process of combustion, the liquid alloy
flowed in the interspace between neighboring particles and the
nanowires grew from the liquid phase via the SLGS process.
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Fig. 7. (a) FESEM image of one nanowire with a droplet and corresponding nanochemical data: EDS (top) of the nanowire, and EDS (bottom) of the droplet. (b)
FESEM image showing the roots of nanowires (labeled with black arrow). (c) FESEM image showing that a nanowire grew from the interspace among several

particles.

Besides, Si atoms were limited in the vapour phase at the
experimental condition, so most nanowires grew via SLGS
mechanism instead of VLS mechanism. The comparatively
wide range of the nanowire diameters could be ascribed to
abrupt fluctuations in experimental temperature which can
influence the size of Si3N, crystal nucleus. Several reasons exist
to explain why only SizN4 (and not SiC) nanowires were
formed. Firstly, SizN, is thermodynamically more stable than
SiC in the experimental condition, namely below 1400 °C and
under 2 MPa N, [30]. Secondly, Yang et al. [36] reported that
the stoichiometry of the iron silicide is a key parameter for
precipitation of SiC. If the Fe content is high (e.g. Fe;Si),
carbon will be precipitated instead of SiC. The XRD pattern
(Fig. 3) indicates that, during combustion process, the catalyst
of Fe worked in the form of Fe3Si, which was unfavorable to the
precipitation of SiC from the liquid alloy. Lastly, it is well
known that iron promotes the dissociation of N, thus the
presence of iron facilitated the formation of SizNy in the liquid
alloy [14,37]. The relationship between growth mechanisms
and growth directions of SizN4 nanowires needs a further study.

Besides, PTFE additives played an important role in the CS
of the composite powders. Firstly, it can promote the reaction of
silicon and carbon. It is well known that the reaction of silicon

and carbon is a weak exothermic reaction (AH = —16.6 kcal/
mol) and the released heat can not ensure a self-propagating
mode of the reaction. In combustion synthesis, silicon carbide
can be synthesized via using the heat of other highly exothermic
reactions. In our study, two highly exothermic reactions were
used to activate the weak exothermic reaction of silicon and
carbon. One is the nitridation of silicon (AH = —198.15 kcal/
mol) which has been mentioned previously, and the other is the
following reaction [22]:

Si(s) + (—CaFs—),(s) — SiF4(g) + C(s).

Secondly, after decomposition, PTFE can provide a sufficient
space for the growth of SizN4,-NWs. Lastly, PTFE can also
promote the growth of Si;N4-NWs by creating higher temperature
gradient.

Summarily, the combined thermal effects of highly and weak
exothermic reactions provided a moderate temperature between
1200 °C and the melting point of Si (1412 °C), which is widely
used for the fabrication of a-SisN, nanowires [13-15,17-19].
During the combustion process, SiC particles were formed by the
reaction of silicon and carbon in a nonequilibrium process and
the iron powders catalyzed the in situ formation of Si3N,-NWs by
VLS and SLGS mechanisms.
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4. Conclusions

In summary, large-scale composite powders containing SiC
particles and SizN4-NWs were prepared by cost effective
combustion synthesis, using the mixture of Si, carbon black,
PTFE and a small amount of iron powders as the precursor. The
SiC particles are equiaxed with diameters in the micron range.
The Si;N4-NWs are straight with uniform diameters of 20—
350 nm and lengths of tens of microns. The growth directions of
the nanowires were characterizedtobe [1 0 1]and [1 0 0]. VLS
and SLGS processes are proposed as the growth mechanisms of
the nanowires, and the SLGS mechanism played a main role.
We believe the as-synthesized composite powders have great
potential in the fabrication of high-performance SiC/Si3N4,-NW
composites. Further studies of their applications on ceramics
are in progress.
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