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Abstract: Plasma synthesized SiC powder obtained from quartz and carbonaceous residue of waste

tires was successfully sintered at 1925 ‘C by pressureless liquid-phase method using yttria and

alumina as sintering aids (T-SiC). Comparison with sintered SiC obtained from commercial powder
(C-SiC) put in evidence of similar sintered density (98%T.D.), but much finer microstructure of T-SiC
than that of C-SiC. T-SiC also showed higher flexural strength than C-SiC both at room temperature
(508 vs. 458 MPa) and at 1500 ‘C (280 vs. 171 MPa). Difference in liquid phase was responsible for
the differences in hardness and fracture toughness. The high value of the Young’s modulus of T-SiC
(427 MPa) confirmed the high degree of sinterability of this powder and that it can be a promising
candidate for structural applications with high added value.
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1 Introduction

Silicon carbide (SiC) is one of the most widely used
non-oxide ceramic materials for many industrial
applications for both structural and electrical purposes.
Superior properties, such as low bulk density, high
strength, high hardness, high wear and thermal shock
resistance, high oxidation and chemical resistance, and
good semiconductivity, make SiC an excellent
candidate for high power, high temperature electronic,
high performance abrasive and cutting applications
[1,2].

To date, the cheapest and still most industrially used
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method to synthesize SiC powder is the carbothermal
reduction of SiO,, also known as Acheson process [3].
Starting from inexpensive silica sand and low-ash
petroleum coke carbon (or other carbon source),
Si0,—C reaction occurs in a graphite electric resistance
furnace at very high temperature (from 1400 up to
2700 C), leading to polycrystalline SiC varying in
purity [3-5]. Depending on temperature, two main
phases are possible: a-SiC, having hexagonal crystal
structure, is the stable form at elevated temperature as
high as 1700 ‘C; B-SiC, having cubic zinc-blende
structure, is formed at temperature below 1700 C.

In order to obtain high performance SiC ceramics,
several alternative methods have hence been proposed
for the synthesis of high purity and selected quality
powder over the last decades. Among these, the most
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common methods are: physical vapor transport (PVT)
technique, chemical vapor deposition (CVD),
self-propagating high temperature synthesis (SHS),

sol-gel, microwave, and plasma driven reactions [6—12].

In addition, special attention was given in recent years
towards synthesis of nanosized SiC powder to allow the
production of high performance products like structural
components. Particularly, plasma techniques have been
attractive for nanoscale synthesis due to the high energy
available and the short reaction time required. Many
examples could be found in literature using different
types of precursors or plasma sources (i.e., transfer arc,
DC, or RF thermal plasma) [13—-18]. Ultrapure -SiC
powder was successfully synthesized in RF-plasma
systems from different types of precursors, such as
silicon and CHy4 [13,14], trichloromethyl silane [15],
silicon monoxide and methane [16], chlorosilane and
methane [17], organosilanes [18], and coarse SiC
powder [19]. Furthermore, many efforts have been
made to produce SiC and other technical ceramics from
secondary raw materials like biomass residues (e.g., rice
husk) and wastes [12,20-22]. In this last context, even
more recently, plasma technique was applied for the
synthesis of SiC powder using low cost silica and
carbonaceous residue of tire pyrolysis as starting
materials [23]. Although this process belongs to plasma
synthesis methods, reaction between low cost silica and
carbon source powder occurs similarly to the rapid
carbothermal reduction but in a continuous process and
resulting in submicronic powder mainly crystallized in
B phase.

In this work, sintering and characterization of
sintered SiC from waste tires were carried out. In
particular, pressureless liquid-phase sintering process
was applied to SiC powder using yttria and alumina as
sintering aids. In order to assess the quality of the
obtained product for making components usable in
industry, comparison with SiC commercial powder was
then proposed. Microstructure and mechanical
properties of sintered SiC samples were examined and
discussed.

2 Experimental procedure

B-SiC powder from waste tires (T-SiC) was synthesized
following a process based on a plasma method using
quartz sand and char from gasification of waste tires as
silica and carbon sources, respectively. Synthesis and
purification conditions are described elsewhere [24,25].

In order to achieve high sintered density, yttria (4.1 wt%)
and alumina (5.2 wt%) were added to T-SiC powder as
sintering aids, taking into account the residual alumina
contained in the synthesized powder (0.5 wt%). Mixing
in ethanol was performed by Turbola mixer; then, the
mixture was dried and sieved. Commercially available
ready-to-press a-SiC powder (C-SiC) for liquid-phase
sintering with appropriate amounts of organic binder
and sintering aids (SIKA Densitec-L, Saint Gobain,
Norway) was used for comparison. The main
characteristics of T-SiC and C-SiC powder are reported
in Table 1.

Discs of both T-SiC and C-SiC with diameter of
40 mm and thickness of 3 mm were prepared by
uniaxial pressing at 100 MPa followed by cold isostatic
pressing at 200 MPa. Sintering was performed in a
graphite resistance high temperature furnace in flowing
argon at 1 atm. Sintering for T-SiC was conducted at
1925 “C for 0.5 h, while for C-SiC was done at 1930 C
for 1h. Both sintering processes were conducted
without sintering bed.

Density of the samples was determined by the
Archimedes method (ASTM C373). Polished and
plasma etched (70%CF4—30%0,) sintered SiC samples
were observed using scanning electron microscopy
(SEM; LEO 438-VP). X-ray diffraction (XRD) analysis
was used to determine the qualitative composition in
terms of crystalline phases of the sintered samples.
X-ray patterns were collected with a Philips powder
diffractometer with a Bragg—Brentano geometry and
equipped with a copper anode operated at 40 kV and
30 mA (step 0.02°, time 6 s). The phase analysis was
carried out with the PC X’pert High Score software
Version 2.2a (PANalytical B.V., Almelo, the
Netherlands).

The flexural strength at room temperature, 1300 C,
and 1500 C was determined by four-point bending tests.
Ten samples as bars with dimension of 2 mm % 2.5 mm x
25 mm were prepared and tested in accordance with the

Table 1 Physical and chemical characteristics of
T-SiC and C-SiC
Property T-SiC C-SiC

Specific surface area (m%/g) 31 13
Bulk density (g/cm®) — 0.86
Granule size (um) 0.35 100
Y,0; (Wt%) 4.1 35
Aluminium (ppm) 1410 1200
Oxygen (Wt%) 1.2 0.75
Carbon (wWt%) max 0.5 0.15
Organic binder (wt%) — 6
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standard ENV 843-1 (crosshead speed 0.5 mm/min,
support span 20 mm).

Hardness and fracture toughness were determined by
Vickers indentation method. Indentation load was set at
98 N. Fracture toughness was calculated using the
following equation for the median crack [26]:

K, =0203Ha"*(c/a)”" (1)

where H is the hardness; a is the impression radius; and
¢ is the crack length.

The elastic modulus of the bars was determined by
applying the impulse excitation method in accordance
with the standard EN 843-2 using a frequency analyzer
GrindoSonic System Mk5-Industrial (J.W. Lemmens
N.V,, Belgium). The values of Young’s modulus were
calculated in accordance with the following equation:

E =0.946(mf/b)(I/h)’[1+6.585(h/)’]  (2)
where E is the dynamic Young’s modulus; m the mass of
the test piece; b the width of the test piece perpendicular
to the flexural mode vibration; / the thickness of the test
piece in direction of flexural vibration; / the length of
the test piece; and f the fundamental frequency of
flexural vibration.

3 Results and discussion

The SEM image of the starting T-SiC powder is shown
in Fig. 1. The powder shows very fine particle size,
typical of powder synthesized by plasma technique. In
addition, particles show rounded morphology with a
very low level of agglomeration which is not usual for
powder with average particle size of 345 nm as T-SiC
(Fig. 2).

Density, shrinkage, and weight loss after sintering for
both T-SiC and C-SiC samples are reported in Table 2
(T.D.=3.24 g/em’). As it can be seen, sintered density
of T-SiC powder is identical to that of the commercial
SiC powder. The higher shrinkage obtained for T-SiC is
essentially due to the lower green density. Furthermore,
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Fig. 1 SEM image of T-SiC powder.

Table 2 Density, shrinkage, and weight loss of T-SiC
and C-SiC ceramics

Property T-SiC C-SiC
Green density (%T.D.) 47+0.2 5240.3
Sintered density (%T.D.) 98+0.2 98+0.1
Shrinkage (%) 18+0.3 16+0.3
Weight loss after sintering (%) 5.0 4.7

the weight loss is due to the well-known reactions
between silicon carbide and sintering additives with the
formation of gaseous species:
SiC(s) + ALO,(s) = ALO(g) + SiO(s) + CO(s) (3)
SiC(s) + Y,0,(s) = Y,0(g) + SiO(s) + CO(s) (4)
Thermodynamic evaluation of these reactions was
previously performed by Baud et al. [27], confirming
the formation of gaseous species in the temperature
range of 1200-2300 K. Microstructure of T-SiC and
C-SiC sintered samples is then shown in Fig. 3. Both
samples display a very low residual porosity. Sintered
T-SiC exhibits much finer microstructure (average grain
size 0.95 um) than that obtained with the commercial
SiC (average grain size 3.52 um) as a consequence of
the finer grain size of T-SiC powder than that of C-SiC.
Nevertheless, some coarse grains are also detected as
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Fig. 2 Grain size distribution of T-SiC powder.
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Fig. 3 Microstructure of (a) T-SiC and (b) C-SiC
sintered samples.

shown in Fig. 4. These grains show the typical core-rim
structure. The core presents higher SiC content than the
rim, proving that liquid-phase sintering proceeds via
solution—reprecipitation mechanism where Al,03;-Y,0;
additive system forms a reactive Al-Y—O rich liquid
phase during densification and grain growth [28].
Furthermore, liquid phase generally appears
well-distributed in both samples. The liquid phase was
identified by means of XRD analysis. X-ray patterns of
C-SiC and T-SiC sintered samples are reported in Fig. 5.
C-SiC sintered sample is composed by hexagonal a-SiC
(polytypes 6H and 4H) as main phase and yttrium
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Fig. 4  Microstructural inhomogeneity in T-SiC
sintered sample.

aluminate garnet YAG (Y3Al;05,) as liquid phase.
T-SiC sintered sample shows some differences. In fact,
the main phase is a mixture of cubic B-SiC (3C) and
hexagonal a-SiC (4H), whereas small peaks of yttrium
silicide (YSiy) and aluminum silicon carbide (AlsSiCy)
are identified together with peaks of Y3;Als04,. This
difference can be attributed to the different amount of
impurities (e.g., oxygen and free carbon) and sintering
additives. YSi, and Al;SiC,4 are two additional liquid
phases  already  identified in the  system
SiC-Y,05-AlL,0; by Ihle et al. [29,30]. In particular,
they demonstrated that the formation of these phases is
favored at 1950 ‘C in flowing argon due to the
interaction of silicon carbide powder with additives and
the carbonaceous atmosphere inside the furnace.
Mechanical properties of T-SiC and C-SiC sintered
samples are summarized in Table 3. As a consequence
of the finer microstructure at the same density, T-SiC
shows higher flexural strength than C-SiC, not only at
room temperature (508 vs. 458 MPa) but also at
1500 ‘C (280 vs. 171 MPa). In Table 3, literature data
reported by Kim et al. [31] is also reported with the aim
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Fig. 5 XRD patterns of (a) T-SiC and (b) C-SiC sintered samples.
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Table 3 Mechanical properties of T-SiC and C-SiC
sintered samples and the unbiased estimate of the
Weibull modulus, m., of T-SiC

Kim et

Property T-SiC C-SiC al. [31]

Flexural  strength at room
temperature (MPa)

Flexural strength at 1300 'C (MPa)  451+24 —
Flexural strength at 1500 'C (MPa) ~ 280+19 17116

508+31  458+26 477

Elastic modulus (GPa) 4272 41242
Hardness (GPa) 20+0.5  24+0.7

Fracture toughness (MPa-m"?) 6£0.3  4.5£0.2 4.4
Weibull modulus m.g 14 —

to underline the high mechanical performance of T-SiC
in comparison with other commercial material. High
temperature resistance of liquid-phase sintered silicon
carbide with alumina and yttria as additives is
negatively influenced by the degradation of YAG with
the consequent formation of the glassy phase y-Y,Si,0;
as clearly demonstrated in a previous work [32]. Several
studies demonstrated that improvements in high
temperature resistance of liquid-phase sintered silicon
carbide can be effectively achieved by using different
sintering aids (e.g., AIN-Y,03, AIN-Lu,03) [33,34]. In
the case of sintered T-SiC, Al4SiC,, crystalline phase
with a well-known high oxidation resistance [35], has a
beneficial effect on the high temperature resistance. The
SEM images of the fracture surface of T-SiC after
flexural strength tests performed at room temperature
and 1500 °C are shown in Fig. 6. At high temperature, it
is evident that the effect of the liquid-phase
decomposition which led to the formation of defects is
responsible for the flexural strength degradation.

An estimation of the Weibull distribution of strength
was also determined by the method proposed by
Tiryakioglu [36] for an unbiased estimate of the Weibull
modulus for sample sizes between 9 and 50. The
Weibull plot is reported in Fig. 6. The estimated Weibull
modulus (m.y) reported in Table 3 was determined by
least square method of the straight line shown in Fig. 7.
Because Weibull modulus reflects the reliability of
brittle materials and homogeneity of the testing data, it
can be preliminarily concluded that reliable, repeatable,
and homogeneous ceramics could be achieved with
T-SiC powder.

C-SiC shows higher hardness than T-SiC probably
due to the absence of the soft phases like YSi, and
Al4SiC4. The same phases lead to an increase of the
crack propagation resistance through the enhancement
of the crack deflection mechanism responsible for the
higher value of fracture toughness in T-SiC than C-SiC

L 3 ! .' : < —

Fig. 6 Fracture surface of T-SiC sintered sample
tested at (a) room temperature and (b) 1500 C.
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Fig. 7 Weibull plot of T-SiC material (o; = flexural strength,
P,=failure probability).
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as reported in Fig. 8.

Finally, very high value of the Young’s modulus for
the T-SiC sample also confirms the high density
obtained, considering that theoretical value of the
Young’s modulus of the pore free SiC is reported to be
460 GPa [37].

4 Conclusions

SiC powder obtained from waste tires (char) was
successfully pressureless sintered through liquid-phase
mechanism. Comparison with pressureless sintered SiC
obtained from commercial powder mainly showed
higher flexural strength from room temperature to
1500 ‘C of the T-SiC sintered sample. On the basis of
the results of the characterization, it can be concluded
that char can be seriously considered as a useful
raw material for production of high quality ceramic
powder.

Fig. 8 Crack paths of (a) T-SiC and (b) C-SiC
sintered samples.
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