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ABSTRACT

This work deals with the preparation of dense SiC based ceramics with high electrical conductivity without oxide sintering

additives. SiC samples with different content of conductive Ti-NbC phase were hot pressed at 1850 °C for 1 h in Ar atmosphere

under mechanical pressure of 30 MPa. The conductive phase is a mixture of Ti-NbC in weight ratio of Ti/NbC 1:4. Composite

with 50% of conductive Ti-NbC phase showed the highest electrical conductivity of 30.6 × 103 S·m−1, while the good mechanical

properties of SiC matrix were preserved (fracture toughness 4.5 MPa·m1/2 and Vickers hardness 18.7 GPa). The obtained results

show that use of NbC and Ti as sintering and also electrically conductive additives is appropriate for the preparation of SiC-

based composite with sufficient electrical conductivity for electric discharge machining. 
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1. Introduction

ilicon carbide (SiC) is of major interest in various
branches of science and technology due to its excellent

oxidation, corrosion and creep resistance, extreme hard-
ness, thermal conductivity and thermal shock resistance as
well as its electronic and optical properties.1) One important
obstacle to its more widespread use is that SiC components
must be diamond machined because of their extreme hard-
ness and low electrical conductivity. Diamond grinding is a
costly process with limitation on the complexity of the final
shapes. One way to solve this problem was to add electro-
conductive phases, such as MoSi

2 

2,3) and Ti-NbC 4) to exten-
sively resistive SiC ceramics in large quantities for electric
discharge machining (EDM). However, the addition of large
amount of secondary phases leads to the degradation of
high-temperature stability of SiC ceramics. Over the past
years, the advances in the field of EDM have permitted the
application of this technology to the manufacture of conduc-
tive ceramic materials. The main inconvenience when
applying EDM technology to the field of ceramic materials,
is the electric conductivity of these materials, where the lim-
its are fixed between (1-3) ×102 S·m−1.5) 

SiC is a semiconductor with a large bandgap ranging from
2.4 eV (β-SiC) to 3.4 eV (2H-SiC) according to the polytype.6)

Impurity doping in SiC has led to the wide range of electri-
cal conductivity (10−1–10−13 S·m−1) measured at the room
temperature.7)

The main goal of this work was the preparation of dense
SiC-based composite with high electrical conductivity, and

maintaining the good mechanical properties of the original
SiC ceramics. Liquid phase sintering using Y

2
O

3 
-SiO

2
-NbC

-Ti additive system was selected for densification of SiC
(details of preparation of the additive system is described in
ref. 4). The electroconductive SiC composite was prepared
by addition of the electroconductive system (developed in
ref. 4) to the SiC matrix. Details of the preparation of SiC
composites is described in ref. 8. This work is focused on the
preparation of dense electrically conductive SiC composites
without oxides additives (Y

2
O

3
, SiO

2
), using NbC and Ti as

sintering and also electrically conductive aids. The success-
ful preparation of such composite would extend the applica-
tion potential of SiC-based ceramics. The possible applications
of electroconductive SiC ceramics could be widened, e.g. as
heat exchangers, furnace heating elements, bearings with-
out surface charging, aircraft engine parts, etc., and more-
over allows the discharge machining of electrically conductive
SiC. 

2. Experimental Procedure

Commercially available powders of β-SiC (HSC-059, Supe-
rior Graphite, USA, the average particle size of 0.6 µm), Ti
(TOHO Titanium Co., Japan, the average particle size of
about 5-10 µm) and NbC (Japan New Metals Co., Japan, the
average particle size of 1 µm) were used for the starting
powders preparation. The SiC-based composites were pre-
pared by the addition of different amount of electrically con-
ductive Ti-NbC phase (hereafter be cited as “N-phase” 4))
which is a mixture of Ti-NbC in weight ratio of Ti/NbC 1 : 4.
The compositions of studied SiC composites are listed in
Table 1. 

The powder mixtures were ball milled in isopropyl alcohol
with SiC balls for 24 h. The homogenized suspension was
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dried and subsequently screened through 71 µm sieve in
order to avoid large hard agglomerates. The pre-pressed
pellets were hot pressed at 1850oC for 1 h in Ar atmosphere
under 30 MPa pressure. The densities of the samples were
measured by Archimedes method in water. The theoretical
densities were calculated according to the rule of mixtures.
The microstructures were observed by scanning electron
microscopy (Zeiss, EVO 40 HV, Germany). The elemental
analysis of crystalline phases was examined by EDX. For
this purpose the sintered samples were cut and polished to
1 µm surface finish and then plasma etched in a mixture of
CF

4 
and O

2
 gasses. The crystalline phases present in the

ground samples were identified using X-ray diffraction
(XRD), (STOE Stadi-P, Germany, CoKα radiation). The
electrical conductivity measurement was performed by four-
probe method. Vickers hardness and fracture toughness
were measured using Leco hardness tester (LV-100, Leco
Co., USA) by indentation method with a load of 9.8 N and
98 N, respectively. The fracture toughness was calculated
using the Shetty formula.9) 

3. Result and Discussion

3.1. XRD phase analysis of the samples

The phase composition of samples sintered at 1850oC is
summarized in Table 2 together with their densities and
relative densities.

From the results listed in the Table 2 it is obvious that the
relative density of the samples after sintering increases lin-
early with the addition of N-phase. It can be assumed that
addition of N-phase promotes the sintering process. By XRD
phase analysis β-SiC together with Ti

1.1
Nb

0.9
C

2 
were found

as major phases in all samples, and on the other hand α-SiC
and NbSi

2 
as minor phases. The intensity of diffractions of

Ti
1.1

Nb
0.9

C
2 

and NbSi
2 

gradually rises with the increasing
portion of N-phase in the composites (Fig. 1). The XRD anal-
ysis of the sample SiCN50 also showed the presence of free
Si. 

3.2. Microstructure

The results of SEM analysis of the polished and etched
surfaces of the composites with 30-50 wt% of the conductive
N-phase are shown in the Fig. 2. All samples had the average
grain size of about 1.4 µm determined by linear intercept
method. The microstructures show the slight etching of the
SiC matrix but strong etching of the conductive phases. The
line in the Fig. 2(c) documents clearly visible interconnection
of the conductive phases etched out from the sample SiCN50. 

From the results listed in the Table 2 it is evident that
overall porosity of the samples decreases with the increas-
ing proportion of N-phase. This is in accordance with the
observed increasing density (Table 2) with the rising N-
phase content. However, we must also keep in mind that
the theoretical density increases from SiCN30 to SiCN50
samples because the amount of heavy elements (Ti, Nb) also
increases but the measured density values do not reflect the
real porosity. Moreover, the calculation of the theoretical
density from the volume fraction of various phases in the
starting mixture can be misleading, because the final phase
composition after sintering is different. The porosity of the
composites was calculated using Archimedes method of
weighing in water and is 15%, 3%, and 0.3% for samples
SiCN30, SiCN40, and SiC50, respectively. 

The results of XRD phase analysis (Table 2) of all samples
have revealed that -SiC phase transformation has
occurred at 1850oC, besides the cubic β-SiC and also the
hexagonal α-SiC was detected. The -SiC phase trans-
formation is proceeding through solution-reprecipitation
process.

β α→

β α→

Table 1. Chemical Composition of SiC Composites

Sample
Composition (wt%)

SiC Ti NbC

SiC30 70 10.2 19.8

SiC40 60 14.4 25.6

SiC50 50 18 32

Table 2. Phase Compositions, Densities and Relative Densities of Samples after Sintering at 1850oC

Sample Density (g·cm−3) Relative density (%)
Phase composition

Major phases Minor phases

SiCN30 3.20 85.15 β-SiC, Ti
1.1

Nb
0.9

C
2

NbSi
2
, α-SiC, SiO

2

SiCN40 3.85 96.96 β-SiC, Ti
1.1

Nb
0.9

C
2

NbSi
2
, α-SiC, SiO

2

SiCN50 4.21 99.74 β-SiC, Ti
1.1

Nb
0.9

C
2

NbSi
2
, α-SiC, SiO

2
, Si

Fig. 1. XRD patterns of the samples SiCN30, SiCN40 and
SiCN50.
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3.3. Mechanical properties 

Fig. 3 shows the dependence of fracture toughness (K
IC

)
and Vickers hardness (HV) of the samples SiCN40 and
SiCN50 on the conductive phase content. In the case of sam-
ple SiCN30 the mentioned characteristics could not be mea-
sured due to the high porosity. It is obvious that with rising
conductive phase content, also the hardness increases. It is
related to the increasing content of phases with high hardness
((Nb, Ti) C) in the samples. The porosity (P) of the samples
also affects the hardness (H) of the material, which decreases
exponentially with the increase of porosity (H ~ e−bP ).10) 

The hardness of the samples SiCN40 has been 14.0 GPa
while in the case of the sample SiCN50 the hardness has
reached value 18.7 GPa. Increase of the hardness can be
attributed to the decrease of the porosity of the sample. The
sample SiCN40 had the overall porosity 3% while the sam-
ple SiCN50 only 0.3%. In comparison with the materials
described in ref. 8 where SiO

2
 and Y

2
O

3
 have been used as

sintering additives, aforementioned materials have shown
higher values of hardness. 

The indentation fracture toughness K
IC

 was measured
only on the samples SiCN40 and SiCN50 because the sample
with the lowest content of N-phase had a high porosity. The
fracture toughness of the sample SiCN40 (4.9 MPa·m1/2) was
higher than of the sample SiCN50 (4.5 MPa·m1/2). It can be
attributed to the higher overall porosity of the sample
SiCN40 (3%) in comparison to the sample SiCN50 (0.3%) as
the pores can be considered as defects inhibiting the crack
propagation.11)

3.4. Electrical conductivity 

The main goal of the work was the preparation of dense
SiC-based composite with sufficiently high electrical con-
ductivity suitable for EDM. It was expected that the electri-
cally non-conductive SiC systems with the addition of
conductive N-phase at the grain boundaries will follow the
percolation phenomena and from the certain volume frac-
tion of conductive phase the electrical conductivity of SiC
composite significantly increases. However, in our systems
the electrical conductivity increases parabolically with the
addition of conductive N-phase and the percolation phenom-
enon is not significant (Fig. 4). It can be caused by the for-

mation of homogeneously distributed conductive amorphous
phase based on Ti-Nb-C-(O-Si) at the grain boundaries. This
phase has a lower electrical conductivity than the crystal-
line silicides and carbides, but higher than SiC,12,13) and due
to the continuous network formation on the grain bound-
aries its effect on electrical conductivity of SiC-based com-
posite is remarkable, which is already at low contents.
According to the literature, only 5-8 vol% of electrically con-
ductive amorphous phase is necessary to achieve a uniform

Fig. 2. The microstructures of SiC-based composites with different content of conductive N-phase (magnification ×5000). (a) SiCN30,
(b) SiCN40, and (c) SiCN50.

Fig. 3. The Vickers hardness (■ HV) and indentation frac-
ture toughness (▲K

IC
) of the SiC composites depend-

ing on the addition of the conductive phase.

Fig. 4. Electrical conductivities of SiC-based composites.
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distribution of this phase at the grain boundaries14,15) while
for obtaining a similar percolation effect by the addition of
discrete crystalline particles about 15-30 vol% of electrically
conductive phase is required.16-18) The critical volume frac-
tion of electrically conductive component increases with its
increasing particle size and ~30 vol% is necessary when the
particle size of the matrix and conductive component are
approximately equal. 

It can be assumed that the electrical conductivity of SiC
composite is mainly improved by the crystalline silicides
and carbides of niobium and titanium which exhibit metal-
lic conductivity.19) 

The significant increase of electrical conductivity in our
case is partly inhibited also by the presence of pores. The
lower electrical conductivity of the sample SiCN30
(22.9 × 103 S·m−1) is mainly caused by the high porosity and
low content of conductive phases, which probably do not
form a continuous conductive network in the sample.
Higher content of conductive N-phase has not led to sharp
increase in electrical conductivity. The value of electrical
conductivity of the sample SiCN40 (23.8 × 103 S·m−1) is com-
parable to the sample SiCN30. The highest electrical con-
ductivity had the sample with 50% addition of conductive
phase referred as SiCN50 (30.6 × 103 S·m−1) due to low
porosity and coherent conductive network rich in titanium
and niobium documented by line in the Fig. 2(c). 

The results have shown that the performed additive sys-
tem and processing method can be used for the preparation
of dense SiC-based composites with continuous conductive
network.

4. Conclusions

Dense electrically conductive SiC composite was prepared
by using NbC and Ti as sintering additives and also aids
improvement of electrical conductivity. Samples with 30, 40,
50 vol % of NbC and Ti (N-phase) were sintered at 1850oC.
The partial results can be summarized as follows: 

• The conductive N-phase composed of NbC-Ti is a suit-
able additive for the densification of SiC, because at 1850oC,
it sufficiently wets the surface of the solid phase (SiC) and
the grains of sintered material (SiC) are partially soluble in
it what was evidenced by the -SiC phase transforma-
tion.

• The highest density of SiC-based composites was
achieved in the sample SiCN50, i.e. with the addition of 50
wt% conductive N-phase. The relative density of mentioned
sample was 99.7%.

• The increasing content of conductive N-phase leads to
the increase of hardness. The highest value of hardness HV

= 18.7 GPa was obtained for the sample SiCN50.
• Sample with 50% addition of conductive N-phase,

referred as SiCN50, had the highest value of electrical con-
ductivity (30.6 × 103 S·m−1) due to low porosity and continu-
ous conductive network rich in titanium and niobium. 
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