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Abstract
Silicon carbide–carbon nanotube composite was fabricated using the high
pressure reactive sintering technique. Samples were synthesized at high
pressures, 2 and 8 GPa, and temperatures, 1770 and 1970 K. Their structures
were studied using x-ray diffraction, x-ray photoelectron spectroscopy,
transmission electron microscopy, and Raman scattering techniques. The
composites produced at high pressure have pronounced nanocrystalline
structure (the mean crystallite size of the SiC matrix was 32–37 nm) and very
promising mechanical properties: fracture toughness of 6.8–7.1 MPa m0.5 and
Vickers hardness of 20–21 GPa.

1. Introduction

Carbon nanotubes (CNT) have been a subject of extensive research because of their exceptional
mechanical and physical properties. Due to these properties, CNT have great potential for a
variety of applications [1–3]. One of most promising among them is composite reinforcement.
Most of the works in this field are devoted to processing and characterization of polymer–
CNT and metal–CNT composites [4–10], while research on the development of ceramic–CNT
composites is limited [11–15]. In most cases, ceramic–CNT composites were sintered by a
conventionalhot isostatic press sintering method and have shown only a slight enhancement, or
even a deterioration, of the mechanical properties. The main reason for such modest progress
in the development of CNT-reinforced ceramics is most probably the absence of substantial
adhesion between the ceramic matrix and the slick sp2 plane of the nanotube, which prevents
taking full advantage of the great strength of carbon nanotubes. In this work we report results
on SiC–CNT nanocomposite synthesis by the high pressure reaction sintering technique and
discuss their structure and mechanical properties. The reaction sintering technique allows
alleviation of some of the above-mentioned problems and may be a promising method for
processing ceramic–CNT composites with advanced mechanical properties.
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Figure 1. Typical TEM image of the initial silicon–MWNT mixture.

2. Experimental details

Silicon nanopowder of particle size 30–50 nm and purity 98+% and multiwall carbon nanotubes
(MWNT) of purity 95+% and outside diameters between 60 and 100 nm, from Nanostructured
& A morphous Materials, Inc., were used in this study. The lengths of the MWNT varied, but
in most cases they were several micrometres long.

Homogeneous mixtures of Sinanocrystals and multiwall nanotubes in weight proportion
3:2 were made by high energy sonication in ethanol for 30 min and subsequent drying in
argon at temperature 400 K. Transmission electron microscope (TEM) images showed that
silicon particles were fairly homogeneously dispersed around nanotubes,although some small
Si agglomerates and nanotube bundles were observed (figure1).

Composite samples were made by the high pressure sintering technique [16]. Sintering
experiments at 2 GPa were run in a cylinder cell equipped with a tight-fitting piston.
Experiments at the higher pressure, 8 GPa, were run in a toroidal cell that consisted of
two identical anvils with toroidal grooves and a lithographic stone gasket that matched the
contours of the grooves [17]. Si–MWNT mixtures were packedinside a cylindrical graphite
heater placed inside the cylinder (2 GPa) or in the hole in the centre of a gasket (8 GPa).

Pressure calibration of the toroidal cell wascarried out by recording phase transitions of
Bi and PbTe. Temperature calibration was carriedout by measuring the temperature in the
centre of the high pressure cell using a W3%Re/W25%Re thermocouple, as a function of the
electric power dissipated in the apparatus. The power–temperature and load–pressure plots
obtained were used as the calibration curves for subsequent HPHT sintering. The precisions of
the pressure and temperature measurements were 0.2 GPa and 50 K, respectively. In the case
of the cylinder–piston cell, pressure was measured directly by a pressure gauge with precision
of about 0.1 GPa and temperature by a thermocouple placed inside the specimen with accuracy
better than 25 K.

The experiments were run according to the following protocol. The pressure was raised
to the terminal value at room temperature. Next, temperature was increased to 1770 K or
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Table 1. SiC phase structural parameters, hardness, and fracture toughness of SiC–MWNT
composites sintered at the pressure 8 GPa and different temperatures.

Vickers Fracture
Sintering SiC structural parameters hardness toughness
temperature HV (GPa) KIC,
(K) 〈x〉vol (nm) ε (%) (P = 4.9 N) (MPa m0.5)

1770 37± 5 0.4 21± 2 7.1 ± 0.9
1970 34± 6 0.4 20± 2 6.8 ± 0.8

1970 K at a rate of 200 K s−1, and the samples were kept at that temperature for 30 s. Finally,
temperature was decreased to room level and the pressure released.

The sintered samples were ground to form tablets of diameter 7 mm and height 2.5 mm.
Both bases of the tablets were polished using diamond powders and sprays with particle sizes
decreasing gradually from 5 to 0.5µm. Three differentsamples of each material were prepared
and the results listed in this paper are the average data obtained for these specimens.

TEM, x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and Raman spectroscopy were used to characterize the structure of the
initial Si–CNT mixtures and sintered specimens. TEM images were taken on a Philips EM300
operated at 60 kV. X-ray diffraction patterns were measured with a PW Philips diffractometer
with Cu Kα radiation (λ = 1.540 56 Å), operated at 35 kV and 30 mA. The measurement range
of 2� wasfrom 20◦ to 150◦ with a step of 0.02◦ and an exposure time of 3 s. XPS spectra
were recorded using the multitechnique electron spectrometer PHI 5700/660 from Physical
Electronics. The x-ray tube was operated at 15 kV and 17 mA. A quartz monochromator was
used to separate Al Kα x-ray radiation, which was focused on the sample. Photoelectrons
were collected from the area with the diameter of 0.8 mm using a multichannel detector. The
XPS spectra were analysed using a Multipak program from Physical Electronics. An SEM
microscope, JEOL SM-6100, was used to examine the surfaces of the sintered specimens. The
probe current ranged from 10−12 to 10−6 A and magnifications ranging from 750 to 3000 were
used. Raman scattering spectra were obtained at room temperature using a homemade Raman
microimaging system. Two lasers operating at 780 and 514 nm wavelengths were used to
study Raman scattering.

The Vickers microindentation hardness was measured using a Buehler Micromet 2003
tester; the load applied to the indenter was 4.9 N. The fracture toughness stress intensity factor
KIC was measured using a Buehler Macromet tester by the indentation method [18] with a load
147 N using a Vickers diamond indenter.

3. Results

X-ray diffraction patterns of the initial Si–MWNT mixture and selected composites are shown
in figure 2. The x-ray diffraction peaks of SiC demonstrate significant line broadening,
comparable to that of the initial silicon powder. X-ray diffraction patterns of composite samples
sintered at 8 GPa have been refined with General Structure Analysis Software (GSAS) [19].
Individual peaks were fitted with a pseudo-Voigt function. The volume-averaged crystallite
sizeand microstrains were estimated using theWarren–Averbach approach. The results of the
GSAS analysis are listed in table1.

XPS scans reveal the presence of carbon, silicon, and oxygen. The carbon C 1s peak
clearly has two components, one at 284.4 eV and another at 283.5 eV; figure3. Thesebinding
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Figure 2. XRD of the initial Si–MWNT mixture (a), and SiC–CNT samples sintered atT = 1770 K
and 2 GPa (b) and 8 GPa (c). Squares—reflections due to silicon; diamond—CNT.
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Figure 3. XPS spectra of composites sintered at 1770 K and 2 GPa, broken line, and 8 GPa, solid
line. C 1s region.

energies are indicative of graphite-like systems and SiC, respectively [20]. From figure3 it is
seen that the relative intensityof the SiC peak increased with pressure. Samples prepared in
the low pressureregion, see figure4, have asilicon Si 2p peak composed of two bands, one
centred at about 101.3 eV (due to SiC) and another at 103.5 eV (8 GPa) or 104.7 (2 GPa) eV
(identified as due to SiO2). At certain locations on the surface of the specimen sintered at
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Figure 4. XPS spectra of composites sintered at 1770 K and 2 GPa, broken line, and 8 GPa, solid
line. Si 2p region.

2 GPathere was also a small peak at about 99 eV due to crystalline silicon [20]. In the spectra
obtained for the specimens sintered at 8 GPa, the SiC peak was strong and the other two
components were negligibly small. The oxygen O 1s peaks were detected for all composites
and had similar binding energies and band shapes; they are not shown here. It is worth noticing
that the intensities of the oxygen peaks were small for the 8 GPa specimens.

For the XPS measurements all samples wereplaced inside the vacuum chamber and
mechanically broken under ultrahigh vacuumconditions into two segments; the freshly
uncovered surfaces were never exposed to the atmosphere. To ensure that observed spectra
are due to atoms chemically bonded to the composite and not ones physically adsorbed by
the surface, spectra were recorded before and after the specimens were sputtered for 2 min
with Ar ions with the energy of 1 keV. No changes in band positions were observed. It is
very likely that the specimens broke where their structure was the weakest, probably where
the concentration of silica and/or nanotubes was high. Therefore, the intensities of the bands
measured by the XPS technique do not necessarily provide information on the composition of
the body of the specimens, but rather are limited to the exposed surface.

The Raman spectrum of one of the specimens sintered at 8 GPa is shown in figure5. A
broad peak at 794 cm−1 corresponds to the transverse optic (TO) phonon mode at the� point
of the SiC Brillouin zone [21]. This peak was broad and asymmetric. The longitudinal optic
(LO) phonon peak of SiC was completely suppressed when the 780 nm excitation line was
used. The LO band has its intensity dependent on the wavelength of the incident laser; this
effect has been discussed in detail in our previous report [22]. Close to the resonance, when the
514 nm laser excitation line carrying an energy close to that of the band gap energy of 2.4 eV
was used, the LO band appeared at about 964 cm−1 and had an intensity similar to that of the
TO band [22]. Unlike for XPS, no traces of unreacted silicon were found in the Raman spectra
for all specimens. Two strong Raman peaks at about 1558 and 1345 cm−1 were identified as
due to MWNT.

The hardness and fracture toughness of the samples are shown in table1. Samples
sintered at 2 GPa were too soft to be measured. At 8 GPa, no substantial influence of the
sintering temperature on the composite properties was observed. Differences in hardness and
fracture toughness values of the samples sintered at different temperatures were within the
corresponding error margins.
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Figure 5. Raman spectrum of the SiC–MWNT sample sintered at 8 GPa and 1770 K, after
background subtraction. A 780 nm laser was used as the excitation light.

4. Discussion

Assuming that all the silicon and carbon has reacted, the composites should contain 86 wt%
SiC, leaving about 14% of the carbon unreacted. From XRD we found that most of the
unreacted carbon was in the form of MWNT, although we cannot excludethe possibility of
the presence of amorphous carbon. X-ray diffraction peaks indicate that carbon nanotubes
survived high pressure treatment. This result is similar to that obtained by Munozet al who
synthesized SiC nanorods by placing CNT between silicon wafers and heating them up to
1000◦C [23]. Of course, the concentration of the residual carbon depended on the sintering
conditions and from XPS and XRD studies it was obvious that in specimens manufactured at
2 GPathere was less SiC than in samples prepared at 8 GPa. At the present time we cannot
explain the effect of pressure on the efficiency of the reaction. We have not observed a similar
trend during the manufacturing of diamond–silicon carbide composites [16].

Analysis of XRD peakprofiles has shown that the SiC phase of the composite has
pronounced nanocrystalline structure: its volume-averaged crystallite size is in the range
32–37 nm. The large broadening of the Raman TO phonon peak (the linewidth at half-
maximum is 20 cm−1) may be attributed to both phonon confinement in nanocrystals and
lattice imperfections [22, 24, 25].

Similar structural parameters of the SiC phase for composites sintered at 8 GPa and 1770
and 1970 K indicate the absence of noticeable recrystallization in the temperature interval
studied. This observation can be explained by the recrystallization restraining role of both
nanotubes [15] and high pressure. It is worth noticing that nanoceramics sintered by other
methods [26] showed a pronounced recrystallization tendency.

The composites obtained at 2 GPa were soft and we could not measure their hardness or
fracture toughness. Their density was about 1.20 g cm−3. As seen in figure6, the surface was
porous and contained randomly distributed MWNT. Also, the presence of oxygen, mainly in
the form of silica, but also in various C–O and C–O–Si bonds, further weakened the composite.
However, when the reaction was conducted at 8 GPa we found that the concentration of oxygen
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Figure 6. SEM images of ruptured surfaces of specimens obtained at 1770 K and (a) 2 GPa and
(b) 8 GPa. Agglomerates of silicon carbide coated MWNT can be recognized in (a).

was much lower. In the cylinder–piston-type cell used during the low pressure sintering we
employed talc as an insulating material. At high temperatures, the talc released water and
oxygen, which subsequently reacted with the mixture inside the high pressure cell. The lack
of oxygen in specimens obtained at 8 GPa is a result of the configuration of the toroidal cell,
which did not require talc. We could not quantify the amount of oxygen from XPS intensities.
XPS probes only the surface of the specimen, not its interior. Elemental analysis was also
not conclusive; the specimens were very hard and difficult to completely pulverize. The high
hardness of composites sintered at 8 GPa is also a result of the lack of graphite.

The density of the composite samples produced at 8 GPa, 1.40 g cm−3 is greater than
the density of specimens obtained at 2 GPa, 1.20 g cm−3, which isprobably a result of the
lower porosity of the samples obtained at higher pressure; compare the SEM images shown
in figure6. These samples have remarkably high fracture toughness, which may be attributed
to the reinforcing properties of carbon nanotubes. The reaction between Si and CNT should
proceed faster at defects of the outer shells, resulting in uneven penetration of the growing SiC
crystals into the multiwall carbon nanotubes.In addition, nonuniform distribution of silicon
around CNT contributed to this effect. As a result, the unreacted interior of the nanotubes,
which remain in the composite, should be interlocked with the silicon carbide nanocrystalline
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matrix. Such structure will provide an effective mechanism of stress transfer between the
composite phases.

At the present stage of this research we cannot characterize the degree of deformation of
the nanotubes in the composites after the high pressure, high temperature reaction. This topic
will be the subject of future Raman studies.
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