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Cubic SiC nano-powder particles were synthesized by a sol–gel process with an average grains size of
9.5 nm which were subsequently densiﬁed by using a high-pressure “anvil-type with hollows” apparatus
at a pressure of 4 GPa in order to obtain nanostructured bulk ceramic compacts. The density obtained
was 4 98% at a sintering temperature of 1500 °C with a holding time of only 60 s. The calculation of the
average crystallite size (D) was performed on the basis of the full width at half maximum intensity
(FWHM) of the XRD peaks. Williamson–Hall plots were used to separate the effect of the size and strain
in the nanostructured SiC compacts. Sintered nanostructured SiC ceramic exhibits hardness and elastic
modulus of 32–420 GPa respectively. Wear properties were investigated and the average value of dynamic friction coefﬁcient obtained was 0.16.
& 2015 Elsevier B.V. All rights reserved.

Keywords:
Structural
SiC ceramic
Sintering
Nanoparticles
X-ray techniques

1. Introduction
Silicon carbide (SiC) possesses a good combination of thermomechanical and chemical properties due to its high covalency,
which makes it one of the most useful materials for high temperature structural applications [1,2]. SiC is the fourth hardest
material with low thermal expansion coefﬁcient, good thermal
conductivity and high fracture strength which can be retained
even at temperatures above 1000 °C [3–5]. Its good thermal and
chemical stability, excellent oxidation, corrosion and wear resistance and relatively good resistance to high neutron irradiation
make SiC promising material for extremely harsh environments
[6–10]. It is believed that these properties can be exploited at even
higher temperatures, i.e., above 2000 °C if SiC can be protected by
ultra-high temperature ceramics in the form of coatings (UHTCs)
[11,12]. Also, ceramic materials with grain size in the nanoscale
possess greater hardness and fracture strength, leading to immense interest in obtaining nanostructured bulk SiC ceramics
[13,14].
As a consequence of the strong covalent bonding and extremely
slow diffusivity, the properties of the SiC grains do not change up
n
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to temperatures of 1700 °C [15,16]. However, the grain boundary
phase already begins to soften at lower temperatures in a liquid
phase sintered SiC. Depending on composition and amount of the
grain boundary phase, various processes, such as diffusion, creep,
slow crack growth, oxidation, corrosion, may occur at elevated
temperatures with the consequence that a new defect population
is generated, which determines the failure behavior and limits the
lifetime. The extent to which these processes occur is mainly inﬂuenced by the refractoriness and viscosity of the amorphous
grain boundary phase. Thus, one of the greatest drawbacks in the
manufacturing of nanostructured SiC is the difﬁculty in sintering
dense nanostructured ceramic without the use of sintering additives. The densiﬁcation of nanocrystalline powders is a competition between the processes of densiﬁcation and microstructure
coarsening, which occur in parallel. To obtain SiC compacts free of
any sintering additives and with full density, ultra-high pressure
sintering techniques have been developed [17,18]. This process can
reduce the sintering temperature and time activating solid state
diffusion. Sintering at ultra-high pressures enables effective densiﬁcation and sintering of the powder particles [19].
The objective of this paper is to the fabricate nanostructured
SiC ceramics free of any sintering additives by ultra-high pressure
sintering method and investigate its mechanical properties.

B. Matovic et al. / Materials Letters 164 (2016) 68–71

69

2. Experimental

3. Results and discussion
Fig. 1 shows that the XRD of the starting powder is SiC of type β
(i.e., polytype 3C). Also, the additional diffraction peak was detected at 2θ ¼33.6°, which represents stacking faults on the {1 1 1}
planes in cubic SiC crystals [23]. The calculation of the average
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The starting material was high purity β-SiC powder fabricated
by a sol–gel process [20]. In the present work, the source of silicon
was TEOS (tetraethyl orthosilicate, Si(OC2H5)4) whereas the source
of carbon was carbon cryogel. The carbon cryogel, was synthesized
by polycondensation of resorcinol, R, C6H4(OH)2 with formaldehyde, F, HCHO. RF solutions with TEOS were prepared by
mixing in deionized water with carbon/silicon ratios: 1–1. RF sols
with TEOS were decanted in glass tubes and aged at 85 °C for
4 days. The gels obtained after polymerization were carbonizated
at 800 °C in nitrogen ﬂow and in order to obtain SiC, material was
compacted and subjected to carbothermal reduction at 1200 °C for
1 h.
The mean grain size was 5 nm. The SiC nanopowder particles,
after drying, were preliminarily consolidated into pellets of diameter 15 mm and height 5 mm under pressure of  200 MPa following high pressure (4 GPa) and annealing at 1500 °C using a
Bridgman-type toroidal apparatus [21]. Apparatus is a simple design with two opposite ﬂat surface where a pre-compacted powder specimen is mounted. It gives high pressure and, depending on
the thickness of the specimen, high-pressure gradients due to the
ﬂow of the powder compact. The Bridgman anvil is set-up in
vertical furnace, which can achieved high temperature with very
fast heating and cooling rate (we used heating rate 300 °C/s and
cooling rate was 20 °C/s).
The duration of the sintering process was 60 s. The sintered
compacts were subsequently ground to remove remains of graphite after the technological process of sintering and to obtain the
required quality and surface parallelism for physical and mechanical studies. The density of the sintered body was measured
by the Archimedes method. The crystalline phases present in the
raw powders, mixtures and sintered ceramics were identiﬁed by
X-ray powder diffraction using a Rigaku diffractometer model
UltimaIV (Ni-ﬂltered Cu Kα radiation; λ ¼1.5406 Å). The X-ray tube
was operated at 40 kV and 40 mA. The diffractograms of the
samples were recorded over the 2θ range from 20° up to 80° with
the step of 0.02° and scanning time of 1 s per step.
Vickers macro-hardness was measured using LECO hardness
tester by the indentation method with a load of 9.8 N and dwell
time of 10 s. In order to determine the indentation toughness at
least 15 Vickers indentation were introduced with load of 49 N.
The indentation toughness was calculated from the lengths of
radial cracks and indents diagonals using a formula valid for semicircular crack system as proposed by Anstis [22].
Nano-hardness was determined by depth sensing quasistatic
tests on a Hysitron Triboscope mounted on the scanner head of a
atomic force microscope (AFM) using the Berkovich indenter. This
device allows positioning of the indents with an accuracy of
o20 nm. Each sample was indented more than 50 times, and the
imprints in the vicinity of microstructural defects (pores, removed
grains, etc.) were excluded from the evaluation of measured data.
Dry linear reciprocating sliding contact between the ﬂat sample
of the SiC material and ruby ball was investigated. Normal loads of
500 and 1000 mN and linear speed of 12 mm/s were varied in dry
conditions. Duration of each test was 10,000 cycles. Dynamic
friction coefﬁcient was recorded for each test and wear mechanisms were investigated.
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Fig. 1. XRD of as-prepared SiC powder, (Sf-stacking fault) (the inset exempliﬁes the
Williamson–Hall plot).

crystallite size (D) was performed on the basis of the full width at
half maximum intensity (FWHM) of the 111, 200, 220 and 311
reﬂections of cubic SiC by using Scherrer’s formula:

Dhkl =

Kλ
β cos θ

(1)

where λ is the wavelengths of the X-rays used, θ is diffraction
angle, β is corrected half-width for instrumental broadening β ¼ (
βm  βs), βm observed half-width and βs is half-width of the
standard β-SiC sample. The calculated crystallite size is about
9.5 nm.
Internal strain of starting SiC sample (as prepeared at 1200 °C)
and sintered sample at 1500 °C for 60 s was estimated from the
Williamson–Hall plots, which were drawn using following equation [24]:

βtotal cos θ = 0.9λ/D + 4Δd/d sin θ

(2)

where βtotal is the full width half maximum of the XRD peak, λ is
the incident X-ray wave length, θ is the diffraction angle, D is the
crystallite size and Δd is the difference of the d spacing corresponding to a typical peak. The obtained values of strain along
with the values of crystallite size and lattice parameter are listed in
Table 1. It is evident from Eq. (2) that the strain of nanocrystals,
Δd/d, can be estimated from the slope of function β cos θ vs. sin θ
whereas crystallite size, D, can be estimated from the y-intercept.
As Table 1 shows, crystallite size as well as value for strain are
signiﬁcantly different for starting SiC powder and sintered SiC
ceramic. This decrease in internal strain is considered to be the
consequence of an ordering of atoms during sintering. Atomic
ordering leads to a reduction in the concentration of dislocations.
Furthermore, it is well known that the signiﬁcant amount of strain
is localized at the surface of crystallites as a result of a high concentration of broken bonds. Therefore, it is expected that the internal strain decreases with an increase in crystallite size due to
decrease in the surface area of crystallites.
The XRD of sample sintered at 1500 °C for 1 min under the
pressure of 4 GPa (Fig. 2) depict sharpened diffraction lines resulting from increased the crystalline size. The calculated crystalline size is about 42 nm.
Low-magniﬁcation TEM image of the sample sintered at
Table 1
Crystallite size and lattice strain of as-synthesized powder and sintered SiC ceramic
at 1500 °C for 1 min.
Temperature (°C)

As-synthesized

1500

Crystallite size (nm)
Lattice strain (ε)

9.5
6.02  10  3

42
5.29  10  3
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Fig. 2. XRD of sintered SiC ceramic at 1500 °C for 1 min (the inset exempliﬁes the
Williamson–Hall plot).

grain boundaries, that cause a larger scatter in case of microhardness testing. As reported in literature, value for nano-hardness obtained in this study (ultra high pressure at 1500 °C) is
comparable with nano-hardness (33 GPa) obtained by liquid phase
sintered SiC. However this ceramic is sintered by using Y2O3 and
Yb2O3 additive system (15 wt%) and hot pressed at 1850 °C for 1 h
under mechanical pressure of 30 MPa in Ar þN2 atmosphere and
annealed for 10 h at 1850 °C in Ar þN2 atmosphere [27].
The average values of dynamic friction coefﬁcient were 0.16 for
the sintered ceramic sample. Long running-in periods was exhibited for sample with stable friction coefﬁcient curve. Very mild
adhesive wear was observed as the governing wear mechanism,
together with a very low abrasive wear in a form of a few shallow
scratches along the wear tracks. In general, a very low wear behavior was exhibited for all tests.

4. Conclusions
High pressure sintering of β-silicon carbide nanoparticles has
bene reported in this work. Densiﬁcation of green compact has
been achieved without addition of sintering aids. A relative density of about 98% of has been obtained by applying a high pressure
of 4 GPa at 1500 °C for 1 min. The microstructure of the obtained
sintered SiC shows no porosity with grain size in nano range.
Sintered material is a monolithic nanocrystalline SiC ceramic. High
values for nano-hardness (32 GPa) as well as elastic modulus
(420 GPa) has been obtained. Tribological tests showed that
monolithic nanocrystalline SiC ceramic has a potential for application in extreme conditions.

Fig. 3. Transmission electron micrograph of SiC sintered at 1500 °C for 1 min.

1500 °C is shown in Fig. 3. It reveals that very large pore-free areas
were observed in the sample, indicating effective densiﬁcation
process under the ultra-high pressure. The main SiC phase is the
cubic modiﬁcation 3C–SiC or β-SiC, as already shown by XRD
analyses. However, β-SiC grains contain many hexagonal-type
defects. The majority of the SiC grains are about 50 nm and they
are in a direct contact without the presence of any amorphous or
secondary phase at the grain boundaries, which is a very important for the mechanical and properties of the obtained ceramic.
The effect of pressure has a direct inﬂuence on particle redistribution, the elimination of pores and the destruction of agglomerates [25] for SPS, therefore, it is expected that the applied
pressure has a more pronounced inﬂuence on the densiﬁcation
compared to SPS. Therefore, it is not surprising that the sample
sintered at 1500 °C for only 60 s exhibits such high relative density
(4 98%).
The micro-hardness and the fracture toughness for this sample
are 25.38 GPa and 4.42 MPa m1/2, respectively. Also a very high of
elastic modulus (420 GPa) is obtained. The obtained value for
micro-hardness is very high and moderate value for fracture
toughness. Nano-SiC ceramics obtained under high pressure (2–
8 GPa) at temperature at 1200 °C for 60 s [26] showed that the
microhardness of ceramics increases depending of applied pressure (2–8 GPa) from 7.6 to 17 GPa, respectively. In the other side,
densiﬁcation process at 1200 °C is not effective enough to create
strong chemical bonding at the nano-particles interfaces during
sintering time of 60 s.
However, nano-hardness is signiﬁcantly higher in comparison
with macro-hardness measurement (32 GPa). This disagreement
can be explained by inﬂuence of several factors such as microstructure, hardness of individual grains, indentation size effect,
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