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Hard nanostructured SiC material was produced within 3 minutes from mechanically activated powder by the
simultaneous application of a pressure of 500 MPa and a 2,800 A pulsed current. The pulsed current activated sin-
tering was performed on SiC of various grain sizes. With a finer initial SiC powder size, the resulting density was
higher and the SiC possessed improved mechanical properties. The fracture toughness, hardness, and grain size of
the sintered SiC were investigated.
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Introduction rapid grain growth during conventional sintering processes.
Therefore, controlling grain growth during sintering is one
SiC has received much attention as a promising semicon- of the keys to the commercial success of nanostructured
ductor with a high electric breakdown threshold and thus, materials. In this regard, the pulsed current activated sintering
SiC is attractive as an electronic material for high tem- method, which can make dense materials within 2 minutes,
perature, high frequency, and high power electronic devices is effective in controlling grain growth [15].
[1]. In addition, SiC possesses the unusual combination of In this study, we investigated the fabrication of nano-
a low density, high hardness, chemical stability, low thermal powder and the sintering of SiC by the pulsed current
expansion, and high strength at high temperatures. activated sintering (PCAS) method without the use of a
Nanostructured materials have been widely investigated binder. In addition, we also studied the effect of ball milling
because they demonstrate wide functionality and exhibit on the sintering behavior, grain size, and mechanical
enhanced or different properties compared to bulk materials properties of binderless SiC.
[2, 3]. Particularly, in the case of nanostructured ceramics,
the presence of a large fraction of grain boundaries can Experimental procedure
lead to unusual or better mechanical, electrical, optical,
sensing, magnetic, and biomedical properties [4-10]. Re- The silicon carbide powder used in this study was supplied

cently, nanocrystalline powders have been developed by by the Alfa Company and had a purity of 99.8% with a
high energy milling [11]. The sintering temperature of high grain size of <1 um. The powder was first milled in a
energy mechanically milled powder is lower than that of high-energy ball mill (Pulverisette-5 planetary mill) at

unmilled powder due to the increased reactivity, internal and 250 rpm for various periods of time (0, 1, 4, 10 h). Tungsten
surface energies, and surface area of the milled powder, carbide balls (8.5 mm in diameter) were used for the milling
which contribute to its so-called mechanical activation in a sealed cylindrical stainless steel vial under an argon
[12-14]. atmosphere. The weight ratio of the balls : powder was
However, the grain size of sintered materials becomes 30 : 1. The milling resulted in a significant reduction of
much larger than that of pre-sintered powders due to the the grain size and the powder size of the SiC decreased with
increasing milling time. The grain size of the SiC was
*Corresponding author: calculated from the full width at half-maximum (FWHM)
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die (outside diameter of 45 mm, inside diameter of 5 mm,
and a height of 40 mm) and then introduced into the
PCAS apparatus [15]. The PCAS apparatus used a 30 kW
power supply which provided a pulsed current (on for
20 us and off for 10 ps) through the sample and applied a
uniaxial pressure of 50 kN. The system was first evacuated
and a uniaxial pressure of 500 MPa was applied. The
pulsed current was then activated up to 1,400 °C with a
heating rate of 600 K-munite™' and then turned off without
a holding time. At the end of the process, the pulsed current
was turned off and the sample was cooled to room
temperature. The process was carried out under vacuum at
a pressure of 4 x 107* Torr (5.3 Pa).

The relative density of the sintered sample was measured
by the Archimedes method. Microstructural information
was obtained from product samples which were polished
and etched using Murakami’s reagent (10 g potassium
ferricyanide, 10 g NaOH, and 100 ml water) for 1 minute
at room temperature. The compositional and microstructural
analyses of the products were performed by X-ray diffraction
(XRD), field-emission scanning electron microscopy
(FE-SEM) in conjunction with energy dispersive X-ray
spectroscopy (EDS), and transmission electron micro-
scoy(TEM).

Results and Discussion

Fig. 1 shows SEM images of the SiC powders milled
for various times. It can be seen that the powders are
agglomerated and the particle boundaries are not clear.
Therefore, the powders were observed by TEM and the
images are shown in Fig. 2. The powder size decreased and
the diffraction patterns changed from spot patterns to ring
patterns with increasing milling time. The average grain sizes
of the SiC powders milled for 1, 4, and 10 h were about
51 nm, 28 nm, and 26 nm, respectively, as determined by
applying Suryanarayana and Grant Norton’s formula.

Fig. 3 shows SEM images of SiC sintered at 1,400 °C
from the various milled powders. The pores decreased

Fig. 1. SEM images of the SiC powder milled for (a) 0, (b) 1, (c)
4 and (d) 10 h.
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Fig. 2. TEM micrographs of the pure SiC powder milled for (a)
0,(b) 1,(c)4 and (d) 10 h.
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Fig. 3. SEM images of the sintered SiC powders milled for (a) 0,
(b) 1,(c)4and (d) 10 h.

with increasing milling time and the corresponding relative
densities of the SiC obtained from the powders milled
for 0, 1, 4, and 10 hr were approximately 94, 90, 79, and
61% theoretical, respectively. The high energy ball milling
affected the final density. The density of the high energy
mechanically milled SiC is higher than that of the unmilled
powder due to increases in the reactivity, internal and surface
energies, and surface area of the powder, which all
contribute to its so-called mechanical activation [17-19].
Fig. 4 shows the XRD patterns of the sintered SiC obtained
from all four powders used in this study. Only a SiC phase
is present in the XRD patterns. The full width at half-
maximum (FWHM) of the diffraction peak in the sintered
SiC increased with increasing milling time, due to grain
refinement. Fig. 5 shows plots of BrcosO versus sinf,
which were used to calculate the average grain sizes of
the SiC using Suryanarayana and Grant Norton’s formula.
As a result, the grain sizes were about 313, 231, 96,
and 60 nm for the samples produced with milling times
of 0, 1, 4, and 10 h, respectively. An FE-SEM image of SiC
sintered from the powder milled for 10 h is shown in
Fig. 6, in which the SiC consists of a nanophase.
Ohyanagi ef al. sintered SiC from milled SiC at 1,400 °C
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Fig. 4. XRD patterns of the binderless SiC obtained by sintering
the powders milled for (a) 0, (b) 1, (c) 4 and (d) 10 h.

under a pressure of 40 MPa by spark plasma sintering
(SPS) and the corresponding relative density was only 55%
[20]. The relative density of the SiC in our study was
higher than that obtained by Ohyanagi et al. using SPS at
a pressure of 40 MPa at the same sintering temperature.
The reasons for the higher SiC density obtained in our
study are as follows. Firstly, the application of pressure
during the initial stage of sintering adds another term to
the surface energy driving force such that the total driving
force, Fp, becomes [21] :

Fp=y+ (Par/p), (1
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Fig. 6. FE-SEM micrograph of the pure SiC obtained by
sintering the powder milled for 10 h.

where vy is the surface energy, P, is the applied pressure,
and r is the radius of the particle. The effect of pressure
on the densification of nanometric, stabilized ZrO, during
high frequency induction heated sintering was investigated
by Kim et al. [21]. A significant increase in the relative
density was observed as the pressure was increased from
about 60 to 100 MPa during sintering at 1,000 °C. Secondly,
the role of the current (resistive or inductive) in sintering
and or synthesis has been the focus of several studies
aimed at providing an explanation of the observed enhan-
cement of sintering and the improved characteristics of
the products. The role played by the current has been
interpreted in a number of ways with the effect being
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Fig. 5. Plot of Brcos6 versus sin6 of the pure SiC obtained by sintering the powders milled for (a) 0, (b) 1, (c) 4 and (d) 10 h.
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explained in terms of a fast heating rate due to Joule heating,
the presence of plasma in the pores which separates the
powder particles, and the intrinsic contribution of the
current to mass transport [22-25].

Vickers hardness measurements were performed on
polished sections of the SiC samples using a load of 10 kg
and a dwell time of 15 s. Indentations with sufficiently
large loads produced radial cracks emanating from the
corners of the indent. The length of these cracks permits
the fracture toughness of the material to be estimated using
Anstis el al. expression [26]. The Vickers hardnesses of
the SiC samples ball milled for 1, 4, and 10 h were
440 kg/mm?, 1,040 kg/mm?, and 1,420 kg/mm?, respectively,
and the fracture toughness for the SiC milled for 10 h
was 2 MPa-m'?. The hardness of the SiC powders was
remarkably increased by the refinement of the grain size
and the increased density.

Summary

SiC nanopowder was fabricated by high energy ball
milling. Dense nanostructured SiC was obtained from
mechanically activated SiC powder by pulsed current
activated sintering within 3 minutes. The relative densities
of the SiC samples with milling times of 0, 1, 4, and 10 h
were approximately 61, 79, 90, and 94% theoretical,
respectively. The Vickers hardness and fracture toughness
of the SiC obtained from the sintered powder milled for
10 h were 1,420 kg/mm? and 2 MPa-m'?, respectively.
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