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The growing interest in nanostructures stems from their
unique physical and chemical properties that differ from
properties of bulk materials of the same composition. Sil-
icon carbide (SiC) nanoparticles are of particular interest,
because of their high hardness, high melting temperature,
excellent resistance to heat, and distinctive electronic and
optical properties [1, 2]. Previously it has been noted that
nanosize materials exhibit increased hardness, and attempts
to utilize that property have lead to new applications,
including the incorporation of nanosize materials in com-
posites [3].

High pressure investigations of structure and properties
of nanosize materials are rare. For the most part,
researchers have focused their study of size related effects
on phase transitions, such as in CuS, [4], AIN [5], ZnS [6],
CdS [7], Si [8]. Size effects on bulk modulus have been
less often investigated, and, to the best of our knowledge,
bulk moduli for nanosize grains have been determined only
for diamond [9], Ni [10], and Si [5]. Recently Si [1], SiC
[1, 11, 12], GaN [1], and SiO, [13] nanowires have been
produced in large quantities, and their physical properties
have been investigated. Compressibility data for these
nanowires are scarce, and the goal of this study is to pro-
vide such information on SiC nanowires for comparison
with data on nanosize powders.
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Silicon carbide nanowires were sintered from silicon
powder of average grain size 30 nm and carbon nanotubes
of average diameter between 15 and 30 nm and length
ranging from 200 nm to 1.5 cm. Carbon nanotubes were
purchased from Nanostructured and Amorphous Materials,
Inc. and silicon from Sigma-Aldrich Co. The precursors
were not mixed but placed inside a quartz tube at two
separate locations. After the tube had been evacuated to a
pressure less than 1 millitorr, temperature was raised to
1,200 °C. Following 1 h of sintering, temperature was
quickly reduced, and a small amount of SiC nanowires was
found mixed with carbon nanotubes. The carbon nanotubes
were removed by heating the mixture in air at 700 °C for
2 h. Subsequent to the heat treatment, X-ray diffraction
patterns showed only reflections due to SiC and none due
to carbon nanotubes. Raman microanalysis also showed
peaks due to SiC and none due to organized carbon or
amorphous carbon.

TEM images of SiC nanowires after the heat treatment
were obtained using JEOL 2100. Energy dispersive X-ray
analysis (EDX) was performed using a system manufac-
tured by EDAX.

Pressure was applied using a diamond anvil cell. The
powder samples were loaded into a preindented inconel
gasket along with pure gold which acted as a pressure
calibrator. The pressure was calculated by determining the
location of the gold (111) reflection and comparing it to
data collected by Anderson et al. [14]. A mixture of
methanol, ethanol, and water (16:3:1) was added as a
pressure medium, and the sample was squeezed between
the two diamond anvils by four manually operated screws.

High pressure XRD measurements were conducted on
beamline X17B3 at the National Synchrotron Light Source
in Brookhaven, New York. This beamline utilized a
digital pinhole-camera apparatus with radiation measuring
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0.404067 A in wavelength. The recorded images were
integrated using the program Fit2D [15], producing the
usual diffractogram. A sum of Voigt functions was fitted to
each image with the program Fityk [16].

TEM images indicated the presence of nanosize wires
with smooth surfaces and abundant stacking faults, as seen
in Fig. 1. The diameters of the nanowires were measured,
and they followed the log-normal distribution with the
maximum at about 30 nm, see Fig. 2. From high resolution

Fig. 1 HRTEM image of a silicon carbide nanowire. The crystalline
core is surrounded by an approximately 5 nm layer of amorphous
material. The inset shows a magnified image of the nanowire interior
with regularly spaced crystalline structure
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Fig. 2 Log-normal distribution of SiC nanowire diameters

TEM images, inset in Fig. 1, it is evident that the interior
was crystalline with average distance of 2.5260 A between
(111) crystallographic planes, as determined by XRD. EDX
analysis showed that the interiors of the nanowires were
pure silicon carbide, while the amorphous layer was mainly
SiC with some oxygen present. Si—-O bonds were detected
by FTIR analysis, and they were probably formed during
the removal of excess carbon nanotubes by post production
heating.

Prior to high pressure measurements, XRD measure-
ments were performed on all specimens using a Phillips
diffractometer with copper K,; excitation. Broadening of
the (111) reflection for nanosize samples, depicted in
Fig. 3, is directly related to reduced crystallite sizes. Due to
physical limitations of the high pressure anvil cell, the
diffractograms were limited to angles less than 20°. The
short wavelength of incident radiation allowed us to record
two reflections due to gold and three peaks due to SiC
(111), (200), and (220) reflections. To find their positions,
experimental contours were fitted to a sum of seven Voigt
functions: five for SiC and two for gold. Peak positions
enabled calculations of the lattice constant, and lattice
constant calculations performed on gold allowed the
determination of pressure within the diamond anvil cell.
Figure 4 illustrates pressure induced shifts of the (111)
reflection of SiC. Lattice parameter calculations carried out
on SiC diffraction data were later used to determine the
volume of the SiC lattice cell. The bulk modulus was
calculated by fitting experimental data to the Birch—
Murnaghan equation
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Fig. 3 Size related broadening of the (111) reflection of SiC
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Fig. 4 Pressure induced shift of the (111) reflection for the
nanowires. To guide the eye, experimental points recorded at
different pressures are connected by lines
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where V/V,, is the reduced volume, P is the applied pres-
sure, and K and K’ are the fitting parameters, the bulk
modulus and its derivative, respectively. Initially we con-
sidered K’ an independent variable but the improvements in
the fitting routine, judged by the %% values were insignif-
icant. Following previous calculations, we assumed that
K' = 4 [17]. The results of the fittings for all specimens are
shown in Fig. 5. Some of the experimental data points
shown in that figure are averages of two independent
measurements. For clarity reasons experimental points for
the 50 nm powder are not shown. Often, these points
overlapped with the values obtained for the 130 nm
sample.

The bulk moduli of the 50 and 130 nm samples agree
with available literature data for bulk SiC [18]. The 20 nm
grains showed a significantly higher bulk modulus of about
260 GPa. The nanowires showed a bulk modulus between
that of the 20 and 50 nm grains.

The elevated bulk modulus of 20 nm grains is explained
by the core—shell model developed by Palosz et al. [19].
This model assumes that the individual SiC grain contains
two distinct atomic arrangements: the core and the shell. In
the core, the majority of the Si and C atoms are arranged in
a manner consistent with bulk SiC. In our case, both the
core and the shell consist of 3C SiC. It is important that the
reader not confuse the shell with the amorphous layer seen
in Fig. 1. The core atoms exhibit all the properties asso-
ciated with the bulk material, such as bulk modulus and
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Fig. 5 Experimental data points for the 130 nm SiC powder (stars),
the 20 nm powder (squares) and the 30 nm nanowires (triangles).
Data points corresponding to 50 nm powder were omitted for clarity.
The solid line represents the best fitting of Eq. 1 to the data obtained
for the nanowires, the broken line—the 20 nm SiC powder, the dotted
line—the 50 nm powder, and the dash-dotted line for the 130 nm SiC
powder

lattice parameter. The shell atoms, on the other hand,
possess unique qualities due to the fact that their inter-
atomic distances may differ when compared to bulk/core
atoms. With nanosized materials, a much larger percentage
of the constituent atoms belong to the shell, and this may
lead to unique properties dependent upon particulate size.

Previous studies show that SiC particles 20 nm or
smaller have shell structures with decreased interatomic
distances [20]. In other words, the shell atoms are com-
pressed. The effects of this phenomenon are seen in this
study, as the 20 nm grains exhibited a high bulk modulus.
It is logical that these particles better resist compression,
because the shell atoms are initially compressed and
therefore resist further changes. As seen in Table 1, the 50
and 130 nm particles have bulk moduli very similar to that
of bulk SiC [18]. Palosz et al. [19] showed that the shell
atoms belonging to particles of 80 nm or larger in size have
similar interatomic distances as the core atoms. The shell
of large crystals is also compressed but to a lesser extent. In

Table 1 Bulk moduli from X-ray diffraction experiment

Sample K

(GPa)
Bulk SiC [18] 203 £ 6
130 nm grains 193 £ 6
50 nm grains 198 £ 12
Nanowires (30 nm) 241 £ 17
20 nm grains 260 + 39
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addition, the relative volume of the shell is much smaller
than that of the core, and therefore, the high-pressure
properties of large size crystals are similar to those of the
bulk material.

It is assumed that the amorphous layer has little effect
on the compressibility of the core—shell structure of the
nanowires.

In summary, high-pressure X-ray diffraction of SiC
particles in three sizes were conducted: 20, 50, and
130 nm. The bulk moduli of the two largest sizes were
consistent with bulk material, while the bulk modulus of
20 nm grains was greatly elevated. This is consistent with
the core—shell model, in which studies have shown that
grains 20 nm or smaller possess compressed shell atoms.
Results for the 30 nm SiC nanowires indicate that their
bulk moduli are smaller than those for the 20 nm grains but
larger than for the 50 nm grains. At this stage of this
research it is impossible to separate the size effect from the
effect of the morphology.
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