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HIGHLIGHTS GRAPHICAL ABSTRACT

o Ultra-fine $-SiC nanowires were synthe-
sized via a carbothermic reduc-
tion—carburization process.

The preparation conditions:
e Improvement in the efficiency of the

processes was achieved by a mechano-
chemical preparation.

o The synthesis reactions were carried out
at relatively low temperatures.

e Monophasic -SiC powder was success-
fully synthesized at 1475 °C for 4 h.

e The SiC superfine crystallites with
50-100 nm in diameter were obtained.
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L]
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ARTICLE INFO ABSTRACT

Keywords: This work was focused primarily on the investigation of the parameters effecting the formation of $-SiC and their

Carbid? crystallite diameter. Previous works revealed that the preparation of silica used as a precursor was the key factor

Nanowire . o on the resulting particle features. Therefore, the work aimed to achieve obtaining ultrafine silica precursor with

Carb}c:thgrmal reduction carburization superfine crystallites at relatively low temperatures. In the result, a clear difference was observed between the

f,iz;::;anical activation finally obtained SiC powders in terms of conversion and particle morphology according to the preparation
process. The use of a modified high energy ball milling system resulted in a considerable reduction in the size of
the starting particle’s diameter (>100 nm). The FTIR transmission spectra of the yielded nanowires confirmed
the SiC composition with the peak near 950 cm—1, which represents the LO stretching Si—C bond. The precursor
preparation process improved the efficiency of Carbothermic Reduction and Carburization process used in the
synthesis of SiC nanowires. The XRD findings indicated that all the precursors consisted of only amorphous silica,
and the modified high energy ball milling system thermodynamically supported the crystal to amorphous con-
version. The SEM micrographs revealed that the SiC nanowires had diameters of 50-100 nm with hundreds of
microns in length. The SiC nanowire composed of ultrafine crystalline cubic SiC in beta form. As a result, the
silica conversion to silicon carbide was successfully completed at a faster reduction rate and relative lower
temperature (1475 °C for 4 h).
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1. Introduction

Silicon carbide is very important ceramic material due to its superior
properties such as high hardness and strength, excellent resistance to
oxidation and corrosion, low thermal expansion coefficient and high
heating transfer capabilities [1,2]. In addition, the whisker form of SiC
can be used as a reinforcement in composite ceramics due to increased
room and high-temperature fracture toughness [3]. This material is
mostly used in the industrial area each as electrical industries,
high-temperature ceramic devices and as reinforcement for ceramic
composites [4-7]. These have excellent chemical properties accounting
strong bonds between carbon atoms and such cations as Si, B, Ti, etc. [8].
As an important product, the cost of SiC widely depends on its purity and
some studies are trying to reduce cost nowadays [9]. The silicon carbide
powders can be produced by many methods. Four basic methods are
used in the synthesis of silicon carbide, namely; (1) direct carbonization,
(2) chemical vapor deposition, (3) sol-gel method, (4) carbothermic
reduction [8,10].

Carbothermic reduction and carburizing (CRC) are generally known
as easy methods to produce silicon carbide powders [11]. It is an
economically attractive production route because of the use of inex-
pensive various carbon and low-cost silica sources chosen as the starting
materials [12,13] The Acheson process which was generated from the
CRC method is the most popular method nowadays [10,14].

Silicon carbide was synthesized in an appropriate atmosphere by
carbothermic reduction and carburizing of silica (Si03) according to the
overall reactions. Two silicon carbide modifications can be produced
depending on the reaction temperature, namely, a-SiC occurred above
2400 °C and B-SiC formed between 1400 and 2000 °C. Reaction one had
an endothermic character with AH ;95 = 618.5 kJ and the SiC formation
began at a temperature about 1500 °C. This result is determined with the
Gibbs free energies of each component in the equilibrium conditions.

Si0s(s) +3C(y—SiC, +2CO) )

Reaction (1) is believed to be going by two steps of the CRC process.
First, until 1500-1600 °C is reached, the reactions (2) and (3) pro-
ceeded. The reaction is carried out under 1500 °C or lower as a gas-solid
(SiO(g).C(s)), favouring powder formation. Reaction (2) is extremely
endothermic and it is needed to elevate the temperature. Reaction (3) is
of exothermic character and it is quite important for $-SiC nanopowder
formation.

SiO(g) + 2C(5)—>SiC(5> + CO(g) (3)

Just above 1600 °C, the dominated reaction is believed to be a
SiO(g)+CO(q) gas-gas reaction, favouring whisker formation. Acting as
catalysts, the transition metals (especially Fe, Co, Ni) promote in the gas-
gas reaction to form whiskers [8,10,11,15,16]. As a consequence, the
SiC yield of carbothermal reaction depends on such parameters as
non-stoichiometric silicon-carbon ratio, process temperature, and
high-pressure inert atmosphere [17]. In addition, enough time is ther-
modynamically needed to complete the transformation reaction.

The SiC powder obtained by carbothermal reduction and carburi-
zation process is in the form of large chunks [18]. The carbothermic
reactions (reducing/carburizing) require a high temperature of synthe-
sis [19]. The conventional way of producing SiC powder provides the
non-uniform particle morphology [20]. The obtained powder is gener-
ally included fine particles, agglomerates, coarse particles, which are
due the high temperature of synthesis [21,22].

The CRC method can be used for synthesis of nanoscale whiskers or
rods [23,24]. In this case, often the product is not a uniformly submicron
SiC powder. The SiC powder produced by commercial CRC process is
extremely hard, but fine. To obtain a superfine powder, the milling of
this material down to a submicron powder requires a high exertion.
Frequently, the conversion is not complete [18,25].
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Other production methods of super fine and pure SiC powders (such
as sol-gel [26], xerogels [27], reaction milling [4], microwave heating
[28], direct pyrolysis of RH [29], CVD [30], polyethylene pyrolysisi etc.)
are less suitable for mass production due to low efficiency, high
agglomeration and high-cost [31]. Thus alternative techniques to
improve the carbothermal reduction process are of interest.

With the further development of the milling of the starting materials,
it creates new possibilities for the mechanochemical synthesis of silicon
carbide powders and the time for the formation of the SiC is reduced [4].
After a certain milling time, as the particle size decreases, during which
the components are thoroughly mixed, while the number of chemically
active defect sites increases, the energy barrier required for SiC nuclei
formation is significantly reduced and the conversion reaction pro-
gresses [4,31,32].

Limited studies reported on improvements in the quality and yield of
B-SiC nanowires. There is the large supply-demand gap. Therefore,
further investigations are necessary to improve and optimize the syn-
thesis of nanocrystalline SiC via the CRC method. In addition, extensive
research has been conducted to develop a method for lowering the re-
action temperature of the carbotermal reduction method [25].

The objective of this present work is to carry out the efficient solid-
state synthesis of SiC by the CRC process. For this reason, this experi-
mental research aims to produce the monophasic ultra-fine p-SiC
nanowires by carbothermic reduction and carburizing of mechanically
high activated silica with carbon black in a tube furnace at the
comparatively low temperatures. The conversion SiC from silica by the
CRC process was achieved accompanied by a considerable decrease in
the plateau temperature. The modified high energy ball milling process
for the precursor improved the efficiency of the CRC process used in the
synthesis of nanocrystalline SiC. The formation of silicon carbide was
investigated and characterized using conventional analytic methods
(SEM, EDS, XRD, FTIR). In addition, the technological parameters were
optimized to reach cost-effective CRC process and increase the purity of
final SiC products.

2. Materials and method

In this method, the properties of the starting materials are important
to obtain the silicon carbide in terms of cost-effectiveness and purifi-
cation. Two basic materials, quartz mineral as Si source and carbon as a
reducing agent, were used in this study. Quartz mineral was received
from Ege Kimya Company (Turkey) whose properties are given in
Table 1. Carbon black was received from CABOT (coded as Vulcan XC
72), 99.7% purity having a specific surface area of 110 m? g~ 1. Also, a
commercial SiC (>98% purity, 40 pm) was supplied from EGE-Nanotek
Company to reveal the seeding effect.

Quartz mineral was mixed with carbon black just above the stoi-
chiometric ratio according to the reaction (1). The mixture was ground
three times for 5 min and milled with a modified high energy ball milling
system (MHEM) for 24 h at room temperature in order to have a ho-
mogeneous mixture. Some compositions were only mixed with the CPM
(not ground) to investigate the grinding effect on powder morphology.
The carbothermic reduction and carburizing reactions were carried out
using a tube furnace (Protherm PTF Series) under the flowing argon
atmosphere (99.999% purity from The Linde Group, Turkey). More than
one type of temperature procedures were used to heat the compositions.
The implemented temperature range was chosen to expand upon pre-
vious research on the carbothermal reduction method. The mixture
powders were then transferred to hot zone of a horizontal alumina
tubular furnace using alumina crucible. After the carbothermal

Table 1
Properties of quartz mineral supplied by Ege Kimya A.S., Turkey.

Main phase (wt%) Impurity (wWt%) Metallic Fe (wt%) Density g/cm®

SiO (min 98%) Max. 2% Max. 0.05 2.65
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reduction, the product was heated in an ash furnace to burn the residual
carbon out in an air atmosphere at 900 °C for 2 h. All powder compo-
sitions used in this study are given in Table 2.

The powder morphology was analyzed using a scanning electron
microscope (SEM, JEOL 6060LV). The transformation characteristics
were determined by X-ray diffraction (XRD) analysis using a Rigaku D/
MAX 2000/PC (Japan) X-ray diffractometer with Cu-Ka radiation and
the phase identification was performed using X Pert High Score soft-
ware. The particle size measurement on SEM micrographs was carried
out by the Clemex Vision Lite program.

The measurement of particle size distribution of the quartz mineral
was made by using a Mastersizer 2000 (Malvern Instruments, Worcs.,
UK). The particle size distribution can be seen in Fig. 1. The particle size
analyser showed that the average particle size was 15 pm. It could be
accepted as a monomodal distribution. There was a minor amount of
powder under 1 pm. That is to say, the starting powder was in micro-
size.

3. Results and discussion
3.1. PXRD results

In this work, the effect of different experimental conditions such as
temperature, duration, milling and composition parameters on the
synthesis of SiC was investigated. Four different synthesis time of 1-4 h
was chosen according to previous studies. Among ten samples, eight
samples were ground by using both a modified ball milling developed by
Caliskan et al. [33] and high energy milling systems about 24 h before
sintering. The synthesis reactions were produced at the temperature
ranging from 1475 to 1550 °C for 1-4 h.

3.1.1. PXRD analysis of starting powder after the MHEM process

The unreacted ultrafine silica nanoparticles were obtained after high
energy milling. The XRD pattern of the SiOy product corresponds to
amorphous state of silica (Fig. 2). The silica particles showed entirely the
amorphous nature and XRD pattern similar to that observed in the
previous investigations [34,35]. The powder diffraction pattern contains
a very wide peak with maximum at 20 = 22°. Further, the XRD pattern
confirms the absence of any ordered crystalline structure.

Yves Fleming et al. explained that, the Si and O atoms are arranged
differently even of the similar chemical composition. The difference in
their crystal structure is reflected in their different diffraction patterns
[36,37] -rays of an amorphous phase are scattered in many directions
leading to a large bump distributed in a wide range in place of high
intensity narrower peaks [38].

Tunca et al. and Mustafa Boyrazli et al. reported that, if milling
period is increased, all crystalline features in the XRD patterns gradually
decrease. The prolonged milling time can be caused to decrease in peak
lengths of the amorphous phases. During the milling process, the me-
chanical energy is transferred from structural irregularities [39,40]. The
high energy milling stage of the starting powders is described by
intensive plastic deformation of the particles at very high strain rate,

Table 2

Powder compositions in experiments.
Experiment Temperature (°C) Time (hr.) C/Si0y SiC (%) Grinding
1 1550 4 1/3 - +
2 1525 4 1/3 - +
3 1500 4 1/3 - +
4 1475 4 1/3 - +
5 1475 3 1/3 - +
6 1475 2 1/3 - +
7 1475 1 1/3 +
8 1475 4 1/3 - -
9 1475 4 1/3 10 +
10 1475 4 1/3 10 -
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Fig. 1. Particle size distribution of quartz mineral.

formation of the high-density defects. In the early stages of ball milling,
the average atomic level strain increases due to the increasing disloca-
tions density. These sites due to the stored energy in the starting pow-
ders during the mechanical treatment are potential sites for the
nucleation of new crystallites. Creation of fresh surfaces during the
milling process is accepted to be one of the main sources of the reactivity
[41-43].

In addition, a shrinkage appears in the XRD peak profile with
regarding semi-stable amorphous phases after a mechanical milling
[37]. In this study, it was considered that similar behaviour was carried
out for the high energy milled silica.

3.1.2. PXRD analysis after the CRC process

3.1.2.1. Time and temperature effects in the CRC reaction. The XRD
patterns recorded for the powders synthesized by the CRC processing at
1475 for 1-4 h and at 1500-1575 °C for 4 h are shown in Fig. 3. In
addition, as a reference, the XRD pattern of as-received commercial SiC
powder is presented in Fig. 3.

The XRD patterns of commercial SiC and synthetic products obtained
at 1475 °C for different reaction times are given in Fig. 3(a). It is obvious
that longer sintering times enhance SiC formation. With increasing
sintering time, the peak intensity of B-SiC increases while those of other
phases decrease. As it is seen, the peak intensity of SiC sharply increases
when the synthesis time changes from 1 to 4 h. As can be seen in Fig. 3a,
the intensity of the peak of $-SiC for “1475 °C for 4 h” at 20 of 71.84° has
risen slightly; meanwhile the intensity of silica peaks decreased slightly
compared to “1475 °C for 3 h”. In the CRC reactions for >3 h at 1475 °C,
no signal of the unreacted SiO; is observed. When the time reaches 4 h,
almost all SiO, and C transform to B-SiC. Therefore, the synthesis of SiC
needs sufficient sintering time and temperature. But, incremental in the
plateau decreases the reaction time, ie. the time varies inversely with the
temperature in a certain range. It is well-known that silicon carbide has
two different crystalline forms: hexagonal a-SiC is a high-temperature
form, while cubic B-SiC is a low-temperature form [44].

Xingzhong GUO et al. [45], Ceballos-Mendivil et al. [46], Jiang S.
et al. [47] and Changhong D. et al. [28] also reported the five charac-
teristic diffraction peaks for 3-SiC, 260 of values 35.6°, 41°, 60°, 71.8° and
75.6° corresponding to (111), (200), (220), (311) and (222) cubic re-
flections, respectively. In the XRD patterns (Fig. 3), there is a similar
observation that the as-prepared SiC powders have diffraction peaks at
20 values of 35.6°, 41°, 60°, 71.8° and 75.6°, confirming the monopasic
B-SiC phase. The XRD results were coherent with this phenomenon of
SiC.

Above 1475 °C, the synthesized powders belong predominantly to
SiC and no trace of silica was found. The yield of SiC transformation
increased with increasing temperature. In the previous studies, it was
reported that the reaction yield decreases when reaction temperature is
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Fig. 3. XRD patterns of the samples synthesized by the CRC processing a) at 1475 °C for 1-4 h and b) at 1500-1575 °C for 4 h. (q: SiOq, a: a-SiC) p-SiC (JCPDS

29-1129, Quartz (SiO,) (JCPDS 46-1045), a-SiC (JCPDS 29-1127).

below 1475 °C [20,48]. However, for the samples synthesized at the
lowest temperature (1475 °C), the yield of synthesized SiC is similar to
commercial SiC. The theoretical reaction temperature of SiC is around
1700 °C. However, in this study, SiC can be synthesized at about 1475 °C
because of high milling time that behaves as a mechanical activation.
As aresult of mechanical activation of the starting materials, the area
of contact between the reactant powder particles increases due to
reduction in particle size. This case allows fresh surfaces to come into
contact. This effect results in the homogenous mixing the starting ma-
terials, which prevents the formation of the secondary phases during the

CRC conversion. Therefore, SiC powder product free from undesired
secondary phases can be achieved. This result can be seemingly seen for
4 h at 1475 °C in Fig. 3a [42,49,50].

The milling of the starting powders also causes the formation of a
large number of lattice defects, high-density of dislocations and free
surfaces. These defects quicken the diffusion of SiO,. As a consequence,
while the traditional solid-state reactions for the synthesis of SiC
necessitate high temperatures, the solid-state reactions carried out after
the mechanical activation will occur at lower temperature. In other
words, the high-density defects induced by high energy milling of the
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starting powders promote the diffusion process. The particle refinement
and the reduction in diffusion distances due to microstructural refine-
ment can at least significantly reduce reaction temperatures [49].

Fig. 3a revealed that the activation energy needed for a reaction
between SiO, and C to proceed was obtained by heating at temperatures
below 1500 °C. There is no noteworthy difference in XRD peaks when
the temperature increases from 1475 to 1500-1525 °C. In these tem-
peratures, the unreacted silica remains in amorphous phase with a small
peak over 20-30°.

When the reaction temperature increased to 1550 °C, the remained
phases transformed to SiC substantially (Fig. 3(b)). Still, other phases
were detected in the XRD results. The origin of these undesirable phases
can come from contamination due to grinding operations.

3.1.2.2. Seeding effect on synthesizing of the f-SiC phase. The XRD pat-
terns of the powder samples prepared under different conditions
(seeding addition, milling conditions) by the CRC reaction at 1475 for 4
h are given in Fig. 4. Long milling time causes the contamination which
can be explained by the presence of the FeSi, phase. It is reported that Fe
has a positive effect on the synthesis of SiC by the enhancement of the
SiO(g) formation [14]. The second step of SiC formation proceeds
readily to the right side of equation (3) when the concentration of SiO(g)
increases. But the purity of product decreases with the increasing of
impurity elements. The purity of SiC can be enhanced by eliminating
FeSi; and residual SiO5 using the appropriate leaching method. In Fig. 4,
the XRD pattern of unmilled samples shows the amorphous phase peak
between 20 and 30°. The seeding effect was investigated by adding
commercial SiC about 10%wt. to milled and unmilled samples. When
10%wt. SiC is added, the samples are affected morphologically, but the
XRD results are unchanged.
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3.2. FTIR results

FTIR is a complement method that provides the spectroscopic in-
formation about the chemical groups present in the structure, support-
ing the data obtained from XRD. The FT-IR spectrum of silica can be seen
in Fig. 5. The FTIR investigation is aimed at the determination of the
characteristics of activated silica by observing functional groups in silica
powder.

In the work of Bock and Su, the IR bands at 377, 465, 800, 950, 1100,
and 1190 cm ™! were revealed for fused silica. They compared it with the
results of vibrational calculations. Crystalline silica (all polymorphs)
also had these IR bands. Bock and Su. [51], Tomozawa et al. [52] and
Chmel et al. [53] used FTIR to exhibit the changes in amorphous silica.

A strong band at 1136 cm™! is caused by the presence of Si-O-Si
(siloxane) stretching. This suggests the partial bonding structure of Si
and O atoms at nano size particles. A sharp and intense peak can be
easily seen at 891 cm ™. This feature is caused by the Si-O bending vi-
brations [54,55]. The peak at 457 emLis assigned to the Si-O out of
plane bending vibrations. The very strong and broad IR band at 1111
cm ™! with a shoulder at 1188 cm™! is usually assigned to the longitu-
dinal and transverse modes of the Si-O-Si asymmetric stretching vi-
brations. The IR band at 956 cm-1 can be assigned to silanol groups [56].
In the FTIR spectrum of SiO; (Fig. 5), the absorption band at 1635 cm !
is attributed to Hy0. In general, HO is present on the surfaces of SiO;
particles [57]. In Fig. 5, the FTIR spectrum of SiO, agrees well with the
spectrum obtained by Musi¢I S. et al. [56] and Cai X. et al. [58].

The reaction of beta-SiC formation from silica with elevated activity
and active carbon is between two solid phases and, in the reaction, silica
migrates over the silicon carbide surface to the carbon [59-61]. F. K. van
Dijen and R. Metselaar reported that TEM results concerning the reac-
tion mechanism of $-SiC formation from the silica and the carbon seem
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Fig. 4. XRD patterns of the samples prepared in different conditions by CRC reaction at 1475 °C for 4 h.
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to indicate that the SiOy migrates over the silicon carbide particles to-
wards the carbon. The carbothermal reduction and carburization reac-
tion occurs in which the SiO; and the C contact. When SiO is first
formed, it is thought that all carbon black particles attend the reaction to
form SiC crystalline. It should be noted, however, that only carbon
particles in contact with SiO; react [18].

According to the results found in the literature, the SiC nanowire
growth occurs along the [111] direction and the growth mechanism can
be attributed to a typical vapor—solid (VS) process. This mechanism was
accepted because there were no droplets [59-61].

FT-IR spectroscopy was used to confirm the composition of SiC. As is
obviously shown in Fig. 5, the highly intense band that appeared at 834
cm™! can be attributed to Si-C stretching vibrations and this strong and
sharp absorption peak corresponds to longitudinal optic (LO) vibration
mode [62,63]. The peaks at around 890-950 cm ! are related to the
longitudinal optic (LO) vibration mode [62].

The changes in the position of the IR absorption of the Si~C bond may
arise due to intrinsic stress. The intrinsic stress in the SiC nanowires may
induce strain in the chemical bonds of the IR absorber and cause a shift
in the frequency of the IR absorption band. The peak near 950 cm—1
represents the LO stretching Si-C bond; and the peak near 1100 cm—1
correspond to stretching mode Si-O bond [62].

The peak that appeared at 1165 cm™! can be related to the Si-O-C
and Si-O-Si stretching vibrations. This weak peak can be attributed to
the surface silica on SiC particles. This can be due to the phenomenon of
Si to bond as siloxane [64]. The kinetics of SiC-SiO, formation can be
complex and the siloxane process is a mainly diffusion-controlled
mechanism. The pronounced anisotropy of SiC expressed itself by
quite different oxidation rates for the various crystallographic faces. The
SiC nanowire has a high surface area due to the nano-sized diameter and
preferential growth [65-67]. The FT-IR results obtained in the present
study for starting silica and synthesized SiC are similar to those reported
previous works [62,63,68].

3.3. Scanning electron microscopy

3.3.1. Starting materials after the HMEM

The agglomerate particles are detected in the SEM image, and the
particle size varied over 50-100 nm in diameter, with an average
diameter of 60 nm. This situation could arise from semi/unstable fresh
surfaces after high energy mill. Thus, the mechanical activation can
ensure the chemical reactions normally occurring at elevated tempera-
tures. This mechanokinetic situation is similar to that obtained by
Boyrazli M. et al. [40] who reported the reduction in activation energy
achieved by the high energy milling process.

The morphology of the quartz mineral is shown in Fig. 6. It is shown
that quartz particles are spherical and they are strongly agglomerated.
The PSD exhibits homogeneous distribution and characteristics in a
narrow range, as shown in Fig. 1. The specific surface area (SSA) of the
SiO4 powder was calculated, approximately, to be equal to at 0.67 m?/ g.
The SiO5 powder is mostly fine and has a great surface area to react with
carbon.

Reaction (1) kinetically proceeds very slowly and, so, this reaction
occurs in two steps, as solid-solid and solid-gas phase reactions. CO gas
which is important for reducing SiO; (reaction 4) has been produced
during the reaction (2) and (3). Another source of CO gas was produced
from the Boudouard reactions (5) spontaneously which had a negative
standard Gibbs free energy (AG = —118.7 kJ mol ! at 298K). The p-SiC
nanopowder particles nucleate heterogeneously on carbon surface by
gas-solid state interaction between SiO gas and solid carbon, according
to reaction (3). Hovewer, the p-SiC nanowhiskers were mostly a product
of the reaction of SiO gas with CO gas (Reaction (6)) via gas-gas phase
mechanism.

SiOz(s) + CO(g)*SiO(g) + CO(g) (4)

COsg) +C(=2C0(, ®



E. Kocaman and F. Galigkan

Zeky | X198, 880

Materials Chemistry and Physics 256 (2020) 123716
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particles

1 sien

(©)

Fig. 6. SEM micrographs of a) as-received SiO, powder, agglomerated starting SiO, powders after MHEM at magnification of b) X5000 c) X10000.

SiO/y) + 3CO(y —SiC(s) + 2COn) (6)
3.3.2. After the conversion reaction

SEM can reveal critical morphological details. The morphology of the
synthesized SiC particles is shown in Fig. 7. The pure SiC products were
obtained from the activated powder by MHEM after CRC at 1475 °C for
4 h. SiC nanowhiskers occurred with the changing reaction time and/or
temperature. The nucleation and growth of solid p-SiC nanowhiskers
occur during the SiO and CO gas reaction, according to reaction (6). The
reaction time was chosen as enough long for the $-SiC nano whiskers

10m

ZekV Xl©, 008

a)

growth, on the base of our previous related studies, but the temperature
was taken just below the upper boundary of formation of ‘f’ modifica-
tion. As minimum synthesis temperature, 1475 °C was selected in this
study. When the temperature is above 1475 °C, the development of
whisker clusters is observed. It is observed that whiskers formed at
increased temperatures are thicker and the thickness reaches maximum
values at the maximum test temperature of 1550 °C. It is desirable that
SiC has whisker form, which is used to increase fracture toughness.
However, in other applications, where compacted and sintered powders
are used, the coaxial powders are preferred due to high density. The
yield of synthesized SiC is at minimal experimental time of 1 h. The

X185 E

-

ZBkU

Fig. 7. SEM images of SiC grain morphologies after the reduction and carburization process using a) the activated powder obtained by high energy milling b) the

powder composition without any pre-processing at 1475 °C for 4 h.
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amount of the conversion from SiO, to p-SiC phase increased with the
increasing of time and temperature. However, it is observed that pow-
ders are coaxially retained at the reaction end. This result led to the
growth of whiskers in the form of nucleation over small impurities like
Fe in the resulting structure during contamination from the initial
powders during grinding. So, it can be said that one of the criteria for
coaxial powder production is that the starting powders must be of high
purity.

The SEM micrographs reveal that SiC whiskers are of nano-sized
diameter when synthesized at 1475 °C for 4 h for the powder pre-
pared with mechanical activation. However, full conversion to SiC is not
observed in the samples fired at 1475 °C for 2 h. (Fig. 3a). In fact, it was a
clear difference as to the morphology of SiC particles when synthesized
for 4 h at 1475 °C for the sample prepared with mechanical activation
and without any mechanical activation. There is a meaningful rela-
tionship between crystallite diameter of fibrous particle and holding
time during CRC process. As can be seen in Figs. 7b and 8b, a clear
coarsening in the p-SiC whisker size is observed in CRC process at 1475
°C for 4 h, in comparison with 2 h.

The driving force is a surface area increment, which can improve the
reaction ability for the SiC whiskers in the yielded powder, as shown in
Fig. 7 (a). The whisker diameter and length change with the preparation
process. While the characteristic feature of Fig. 7(a) is the nano-sized
whiskers, a conventionally prepared sample in Fig. 7(b) had submi-
cron characteristics. This formation mechanism can be related to more
nuclei points for SiC due to more surface area with high energy. This
situation can facilitate the development of nano-sized SiC whiskers.

As shown in Fig. 7(a), when the directly prepared batch is converted
at 1475 °C, the structure has coarse fibrous SiC grains and the single
particle diameter is about 250-300 nm. When the sample obtained after
mechanochemical process is converted at 1475 °C, the SiC product
contains nano-whiskers with higher aspect ratios and has regular par-
ticle morphology and distribution (8-12 pm in length and 50-100 nm in
diameter). As seen in Fig. 7(b), the directly prepared sample converted
at 1475 °C for 4 h contains inhomogeneous particle morphologies (large

(@)
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(o} e
C
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and small particles together) compared to Fig. 7 (a).

As shown in Fig. 8(a) and (b), the results of EDS analysis reveal Si and
C, components of SiC, and O elements. Generally, the EDS patterns
presented in Fig. 7(a) show dominance of Si and C elements and O as a
minor element. The presence of oxygen can be attributed to surface
silica on SiC. In comparison with Fig. 8(a) and (b) indicates a higher
oxygen amount that means the presence of unreacted silica. It can be
concluded that the difference between the oxygen peaks in Fig. 8a and b
confirms that there is a better conversion of SiO5 to SiC for the powder
obtained by using the MHEM system with the CRC processing. The in-
crease in the specific area of the powders (due to the MHEM) causes the
formation of a large density of finer crystallites in the resulting mate-
rials. SEM micrograph of the CRC resulting sample in Fig. 7a is evident
for this mechanism, in contrast to Fig. 7b sample as [41,42]. These re-
sults are consistent with the XRD and SEM analyses results in the present
study. The solid-state reactions initiated by mechanical activation in
high energy ball mills appeared to be a good choice for the ultrafine
B-SiC powder preparation.

3.3.3. The effect of synthesizing temperature on the morphology of SiC
particles

Silicon carbide fibre/whisker can be single, polycrystalline or non-
crystalline that are cylindrical in shape [68]. In addition, they can be
influenced by the synthesis process and its parameters. The length and
diameter of these SiC whiskers can be changed, and the aspect ratio is
usually above 3 [69].

A correlation is obtained between the change of the diameter of -SiC
fibrous particles and temperature in CRC process as shown in Fig. 9. The
diameter of SiC particles is in the range 50-100 nm at 1475 °C for 4 h.
The SEM measurement showed a narrow size distribution and an almost
homogeneous diameter. At 1525 °C for 4 h, the diameter increases
80-350 nm. The SiC fibrous particle coarsening and widening diameter
(df) range were clarified with a temperature increase by 50 °C. As for the
1550 °C, the diameter became even more wider and fibrous SiC particles
reach maximum of 700 nm in the crystallite diameter. It should be noted

Z0kyY Xio,B808

r

dZekV

X1, a08

Fig. 8. SEM image and EDS analysis of a) the sample prepared with mechanical activation b) the sample prepared without mechanical activation converted at 1475

°C for 2 h.
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1475°C 4h.
df=50-100nm

1525°C 4h.
df=80-350 nm

X18, poa

1550°C 4h.
df=85-700 nm

Fig. 9. Change of SiC fibrous particle diameter as a function of temperature. All samples were prepared by the MHEM. df is the diameter of SiC fibrous particle.
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Fig. 10. Mean particle diameter as a function of temperature. Mean particle diameter (dmean) was calculated by measuring the diameter of 20 particles for
each value.
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that the fibrous morphology of SiC particles homogeneously coarsened
throughout the powder with the increase in the temperature.

The holding temperature increase results in coarsening of SiC
whisker size. As shown in Fig. 10, the mean diameter size change in the
range from 68 to 285 nm.

4. Conclusion

The SiC nanowires 50-100 nm in diameter were synthesized by the
carbothermal reduction and carburization method at relatively low
temperatures from amorphous silica particles obtained with the
designed pre-mechanical preparation process (MHEM).

- The XRD results confirmed the full transformation reaction from SiO5
to B-SiC, accompanied by decreasing the amount of the remaining
silica.

- Characterization indicates that SiC obtained is composed of cubic

type SiC (p-SiC).

Synthesis of SiC is not carried out if the holding time is below the

threshold time.

- A preferred orientation was observed in growth direction after the

CRC processing.

Ultrafine fibrous and homogeneously distributed particles were ob-

tained by using the MHEM system with the CRC processing.

- The EDS analyses were used to illustrate the influence of the MHEM
treatment on SiC composition.

- The EDS analysis confirmed that the resulting fibrous grains were
silicon carbide nano-rods.

- SEM micrographs and size measurement results pointed out an
obvious increase in diameter of SiC crystallites as a function of
temperature.

- FTIR results indicate that the powder chemistry was fairly affected
by the milling conditions before synthesizing.
It was determined that a major contribution to the conversion and
crystallite diameter change was due to the behaviour of amorphous
phase obtained after high energy milling.
The carbothermal reduction and carburization process were per-
formed in a tube furnace with atmosphere control, resulting in the
f-SiC formation, accompanied by a decrease in the plateau temper-
ature (at 1475 °C for 4 h). Compared to the previous studies, pro-
duction of ultrafine f-SiC particles was achieved without any
catalysis addition and at a low temperature.

With the aforementioned reasons, the batch preparation process for

the CRC has a main effect on the yield powder morphology. This

influences the final ceramic product features.

The solid-state reactions initiated by mechanical activation in high

energy ball mills appeared to be a good choice for -SiC nano-powder

preparation.
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