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Abstract

Composite powders containing silicon carbide (SiC) particles and silicon nitride nanowires (SizN4,-NWs) were synthesized by combustion
synthesis, using elemental Si, carbon black, PTFE and small amount of metal powders as raw materials. The catalyst types and environmental gases
and pressures have been altered to study their influence upon the crystal growth and the nature of the products. The products were characterized by
X-ray diffraction, scanning and transmission electron microscopy. Results reveal that the metal/silicon liquid (e.g. Ni,Si and Fe;Si) formed during
the combustion process is a key factor for the growth of Si3N,-NWs in nitrogen. For the process carried out in non-nitrogen gas (Ar, CO, or mixed
CO,/0,), pure SiC particles were obtained. The rise in nitrogen pressure can promote the growth of Si;N,-NWs as well as large SiC particles. The
growth of Si3N4-NWs could be explained by the SLGS mechanism, and the growth of SiC particles was involved in the gas-phase and liquid-phase

mechanisms.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Combustion synthesis (CS) is a unique process which
involves that the heat generated by an exothermic reaction
sustains the reaction itself along a combustion wave after
external ignition. CS has attracted especial attention to prepare
a large variety of advanced materials such as refractory
materials, intermetallic materials, cermets, and superconduc-
tors [1,2], since it offers advantages with respect to process
economics and process simplicity. SiC and silicon nitride
(Si3Ny) based ceramics have been intensively studied over
many years for their potential application as structural ceramics
at both room and elevated temperatures. For example, SiC
based materials have been widely considered as the potential
materials for fusion reactors, primarily due to their inherently
low induced radioactivities. CS is widely used to fabricate SiC,
SisNy and SiC/Si3N4 composite powders [3—12]. In addition,
SiC and SizN, fibers/whiskers have been successfully
synthesized by the CS [13-17].
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Transition metals, particularly iron, have been widely used
as the catalyst for the growth of SiC or Si;N,4 whiskers [18-24],
due to their good affinities to the constituent atoms of the
whiskers. On the other hand, it is well known that transition
metals can regulate kinetics of silicon nitridation as well as a-/
B-phase formation [25-31]. Thus transition metals offer an
opportunity to regulate SiC/SizN4 formation in the Si—-C-N
system. Recently we reported that [32], for the CS carried out in
nitrogen, Fe powders could catalyze in situ formation of Si;Ny-
NWs among the SiC particles while pure SiC particles were
synthesized for the samples without Fe additives. The as-
synthesized SiC/Si;N4-NW composite powders have great
potential in the fabrication of high-performance ceramic
composites due to their initially dispersive state.

In the present work, CS was carried out under different
parameters (catalyst type, environmental gas and pressure) to
optimize the processing parameters, and to study their influence
upon the crystal growth and the nature of the products.

2. Experimental procedure

Raw materials used in this study included Si powders
(1-3 pm, 99% pure), carbon black (24 nm, 99% pure),
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polytetrafluoroethylene (PTFE) powders (99% pure) and metal
powders (Al, Ti, Ni, or Fe). The starting materials had a mixing
ratio of PTFE: (Si+ C) =15:100 (wt), Si:C =1:1 (mol) and a
small amount of metal catalysts. The combustion process was
carried out in a high pressure combustion vessel. To optimize the
processing parameters and study the influence of parameters
upon the crystal growth, the vessel was filled with various gases at
different initial pressures, or the experiments were carried out on
the samples with different catalyst types. All other variables (e.g.
silicon—carbon ratio and PTFE content) were kept constant. The
temperature history was recorded by a W-5%Re/W-26%Re
thermocouple of 0.5 mm, whose tip was embedded in the
reactant. After the vessel was cooled down, the gas was vented
and the products were collected for further examination. X-ray
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diffraction (XRD) was used to analyze the solid products. The
morphologies were observed by field-emission scanning electron
microscope (FESEM). Transmission electron microscope
(TEM) was used to further characterize the nanowires.

3. Results and discussion
3.1. The catalysts

The combustion experiments were initially carried out on
the samples with different metal catalysts in nitrogen gas. The
morphologies and crystalline structures of the products were
analyzed using FESEM (Fig. 1) and XRD (CuKa) (Fig. 2)
respectively. In order to clearly exhibit low-intensity peaks (e.g.
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Fig. 1. FESEM images of the products obtained from the samples with different metal catalysts in nitrogen atmosphere: (a) Al; (b) Al, image of white materials from
the upper surface with EDS data (inset) of leaf-like crystals; (c) Ti; (d) Ni; (e) and (f) Fe.
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Fig. 2. XRD patterns of the products obtained from the samples with different
metal catalysts in nitrogen atmosphere.

a-Si3Ny peaks), upper parts of B-SiC (1 1 1),(220)and (31 1)
peaks have been cut.

When Al powders were used as the catalyst, pale green free-
flowing powders were obtained. The FESEM images (as shown
Fig. 1(a)) show that the product consists mainly of particles
with few nanowires. The XRD patterns (as shown in Fig. 2)
demonstrate that the product is mainly 3-SiC with traces of 3-
SizN4. Mitomo [25] has reported that the addition of Al
powders can promoted the growth of [-SizN4. The peaks
indicative of aluminum compounds cannot be found in the
XRD patterns. Over the upper surface of the product we found a
thin layer of white materials which contained lots of leaf-like
and island-like crystals (Fig. 1(b)). The EDS (inset of Fig. 1(b))
shows that such crystals contain large amount of element Al,
which indicates that quite a lot of Al was vaporized during the
combustion process due to its low melting point (660 °C). This
is the main reason why such few nanowires were grown when
Al was used as the catalyst.

When Ti powders were used as the catalyst, the as-
synthesized product has similar appearance to Al-catalyzed
product. The FESEM images (shown in Fig. 1(c)) and XRD
patterns (shown in Fig. 2) demonstrate that the product contains
mainly 3-SiC particles with small amount of TiN particles. The
reason why no nanowires were grown with Ti catalyst is easily
understood. During the combustion process, Ti powders rapidly
reacted with N,, producing solid-state TiN particles, and Ti/Si
liquid which should be a key factor for the growth of nanowires
was not produced. Therefore, Ti powders cannot catalyze the
growth of nanowires in N, atmosphere.

When Ni or Fe powders were used as the catalyst, the as-
obtained products were both found to be viscous powders. As
shown in Fig. 1(d), the product obtained from Ni-catalyzed
process is composed of particles and nanowires. These thin
nanowires are randomly distributed among the particles. It can be
clearly seen from the XRD pattern (Fig. 2) that the main phase of
the product is 3-SiC and the Ni catalyst worked in the form of
Ni,Si. The combustion temperature profile for the process with
Fe catalyst (Fig. 5,2 MPaN,) shows that the temperature reached
as high as 1337 °C during the CS. We suppose catalyst types have
little influence on the combustion temperature. According to Ni—
Si phase diagram, Ni,Si was completely in the liquid state at
1337 °C. Hence, Ni catalyst worked in the form of liquid Ni/Si
alloy during the combustion process. Further characterization of
the nanowires was carried out using TEM. As shown in Fig. 3(a),
the nanowires have smooth surface and uniform diameters of 15—
230 nm. The crystalline structures of the nanowires were
examined using HRTEM and SAED. Fig. 3(b) depicts a typical
HRTEM image with the corresponding SAED pattern of the
nanowires, which demonstrate that the nanowires are a-SisNy
single crystals grown along the [1 O 1] direction. The HRTEM
image reveals that the nanowires possess a perfect crystal
structure with few structure defects.

As reported in our previous work [32], composite powders
containing (3-SiC particles and «-Si;N4 nanowires (shown in
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Fig. 3. (a) TEM image of the Ni-catalyzed nanowires. (b) HRTEM image with corresponding SAED pattern (inset) of one nanowire shown in (a). The measured d
spacings of 0.671, 0.562 and 0.431 nm are in good agreement with (1 0 0), (00 1) and (1 0 1) planes of bulk a-SizNy (a =7.758 A, ¢ =5.623 A, PDF Card. No. 09-

0250).
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Fig. 4. FESEM images of the products synthesized under different conditions: (a) 2 MPa Ar; (b) 2 MPa CO,; (c) 1.9 MPa CO, and 0.1 MPa O,; (d) 0.6 MPa N5; (e)

2 MPa N; (f) 4 MPa N,

Fig. 1(e)) could be obtained when Fe powders were used as the
catalyst. The Fe catalyst worked in the form of Fe;Si (shown in
Fig. 2) which is a key factor for the growth of nanowires. As
shown in Fig. 1(d) and (e), Fe-catalyzed nanowires generally
have larger diameters than Ni-catalyzed nanowires. We
believe that the difference in diameters between Fe-catalyzed
and Ni-catalyzed nanowires is ascribed to that the sizes of
catalyst liquid are different. From Fe—C and Ni—C phase
diagrams we can get that C has much higher solubility in Fe
than that in Ni at about 1300 °C. When Fe and Ni powders
have close diameters, Fe/Si alloy could absorb more carbon
and formed a larger droplet than Ni/Si alloy during the
combustion process, and larger droplets would produce larger
SizN4-NWs. So Fe-catalyzed nanowires have larger diameters

than Ni-catalyzed ones. In this study, large Si;N4-NWs have
more advantages to reinforce ceramics than small ones, and
thus Fe powders are employed as the catalyst in later studies,
which emphasize the influence of gas types and pressures.
Besides, the combustion experiments were also carried out on
the samples without the addition of metal catalyst and pure
SiC particles were obtained.

It has been well known that transition metals can regulate the
kinetics of silicon nitridation [25-31]. Here, if metal/silicon
liquid (e.g. NiySi and Fe;Si) could be formed during the
combustion process, SizN4-NWs were produced in addition to
SiC particles. If not, only SiC particles were obtained (e.g.
addition of Ti powders). Fig. 1(f) shows that, during the
combustion process, the nanowires grew from the molten alloy
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Fig. 5. Combustion temperature profiles for the processes under different
nitrogen pressures.

by the SLGS mechanism, which has been carefully demon-
strated in our previous work [32].

3.2. The gases

In addition to N,, Ar, CO, and mixed CO,/O, gases were
employed as the combustion environments. For each process,
Fe powders were used as the catalyst. The products obtained
from Ar, CO, or mixed CO,/O, gas are all green free-flowing
powders. As shown in Fig. 4(a)—(c), the products synthesized in
non-nitrogen gases are pure particles. XRD patterns reveal that
the silicon has been completely transformed to 3-SiC. This
shows that the reaction between Si and PTFE can provide
enough heat to activate the weak exothermic reaction between
Si and C. Besides, the particles synthesized in Ar atmosphere
possess more smooth surface than in CO, or mixed CO,/O,
atmosphere. This indicates that the SiC particles in Ar were
mostly formed by the liquid-phase mechanism [4] while CO,
and O, may have participated in the combustion reactions in
CO, and mixed CO,/O, atmosphere. As shown in Fig. 4(e),
nanowires can be efficiently formed in N, atmosphere. Hence,
we can get a conclusion that SiC whiskers cannot be formed
under present conditions, which further confirms that the
nanowires synthesized in N, atmosphere are SizN4-NWs.

The combustion experiments were also carried out under
different nitrogen pressures, using Fe as the catalyst. With
rising initial pressure, the fibrous character of the products was
enhanced, and as shown in Fig. 4(d)—(f), the nanowire content
increased with nitrogen pressure. The enhancement of
nanowire growth was especially distinct when the initial
pressure was increased from 0.6 to 2 MPa. In addition, two
kinds of SiC particles, namely small particles (below 1 pm, as
shown in Fig. 4(d)) and large particles (1-10 wm, as shown in
Fig. 4(f)), were observed within the products. The ratio of large
particles in the products also increased with initial pressure. For
the product synthesized under 4 MPa N,, most of SiC particles
belong to large particles. Fig. 5 depicts the combustion
temperature profiles for the processes under 2 and 4 MPa

nitrogen pressure. The combustion temperatures increased
abruptly to 77 (1120 °C) and 7, (1912 °C) for 2 and 4 MPa
nitrogen pressure respectively, which were ascribed to the
highly exothermic nitridation of silicon [3], and dropped
suddenly after several seconds. Subsequently, the temperatures
increased again due to the other highly exothermic reaction
between Si and PTFE. As shown in Fig. 5, the rise in nitrogen
pressure results in significant increase in nitridation tempera-
ture, while they have similar temperature profiles during their
later combustion periods. Hence, large amount of silicon liquid
and metal/silicon liquid, which promoted the growth of large
SiC particles and SisN4-NWs respectively, could be rapidly
formed under high nitrogen pressure. Besides, the nitrogen
pressure can also influence the kinetics of reaction between
silicon and nitrogen, and thus influence the yield of SizNy-
NWs.

3.3. The formation mechanisms

There are two main mechanisms, namely the gas-phase
mechanism [3,5] and the liquid-phase mechanism [4,5], which
have been proposed to explain the growth of SiC particles
during the CS. For the CS carried out in N5 in the present study,
both of the two mechanisms were involved. During the process,
silicon was firstly nitridated from the surface of each particle.
This highly exothermic reaction produced large amount of heat,
and the temperature increased rapidly. Then the initially formed
Si3N4 decomposed by its own reaction heat and the released
silicon vapor reacted with C to form SiC particles. The growth
of SiC particles was dynamically favored because the vapor
pressure of Si for Si;Ny is much higher than that for SiC [3].
The growth of small SiC particles (below 1 wm) was involved
in this mechanism. As the combustion reactions proceeded, part
of silicon particles were melted and C was dissolved in the
molten silicon. Then large SiC particles (1-10 um) were
precipitated from the Si/C liquid. The growth of SiC was
favored in the silicon liquid because the solubility of carbon in
liquid silicon (e.g. 79 ppm at 1685 K) is higher than that of
nitrogen (e.g. 4 ppm at 1685 K under 0.08 MPa) [33,34].
Hence, with rising N, pressure, more silicon particles were
melted due to higher nitridation temperature and thus the ratio
of large SiC particles was increased.

Our previous work [32] suggested that the growth
mechanism of Si;N4,-NWs synthesized via catalyst-assisted
CS is a SLGS process. In this process, metal (M, e.g. Fe or Ni)
powders initially reacted with Si and C particles to form Si-M—
C alloy at a temperature higher than the eutectic temperature of
Si-M-C ternary system. When the liquid alloy became
supersaturated with Si and C, Si atoms within liquid alloy
reacted with N, in the liquid/gas interface, and then SizN4-NWs
were precipitated from the liquid alloy due to its size confining
effect (as shown in Fig. 1(f)). The kinetics of reaction between
Si and N, was greatly promoted due to the presence of
transition metal, which promote the growth of SizN4-NWs. The
liquid alloy was generally formed at the stage after nitridation
when the temperature was relatively low, so a-SizN, crystals
could be formed and Si;N4-NWs could be preserved instead of
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decomposition. Lastly, the carbon element within the alloy was
precipitated with the temperature dropping.

4. Conclusions

In summary, we have completed a parametric investigation
of fabrication of composite powders containing SiC particles
and SizN4-NWs by the CS. Elemental Si, carbon black, PTFE
and small amount of metal powders were employed as raw
materials. When metal/silicon liquid (e.g. Ni,Si and Fe;Si) was
formed during the combustion process in nitrogen, Si3N4,-NWs
were uniformly grown among the SiC particle. Contrarily, if no
metal/silicon liquid was formed during the process in nitrogen
(no catalyst or Ti as the catalyst) or the process was carried out
in non-nitrogen gas (Ar, CO, or mixed CO,/O,), pure SiC
particles were synthesized. The increase in nitrogen pressure
can greatly promote the growth of SizN4-NWs as well as large
SiC particles. We conclude that the Siz;N4-NWs were grown
from the metal/silicon liquid by the SLGS mechanism, and the
growth of SiC particles was involved in the gas-phase and
liquid-phase mechanisms.
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