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Abstract

The work deals with the preparation of dense SiC based ceramics with high electrical conductivity. SiC samples with different content of conductive
Ti—Nb—Si—C—O0 based phase were hot pressed at 1820 °C for 1 h in Ar atmosphere under mechanical pressure of 30 MPa. The conductive phase is
a mixture of 50 wt% Ti—NbC (molar ratio of Ti/NbC is 1:1.8) and 50 wt% eutectic composition of Y,03—Si0O,. Composite with 30% of conductive
Ti—Nb—Si—C—O phase showed the highest electrical conductivity 28.4 S mm~!, while the good mechanical properties of SiC matrix were preserved

(fracture toughness K;c =5.4 MPam"? and Vickers hardness 17.8 GPa).

The obtained results show that the developed additive system is suitable for the preparation of SiC-based composite with sufficient electrical

conductivity for electric discharge machining.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide (SiC) is a promising material for structural
and electronic applications owing to its excellent oxidation resis-
tance, high mechanical strength at elevated temperature, high
hardness, high corrosion resistance, high thermal conductivity
and high thermal shock resistance.' 3

SiC ceramics are known as very difficult to machine
materials.* The main factors that cause SiC ceramics to be hard
to shape are their high hardness, high strength and brittleness.
Diamond grinding is one of the commonly used techniques for
SiC ceramics, but it is a costly process with limitation on the
complexity of the final shapes. One way to solve this prob-
lem was to add electroconductive phases, such as MoSi,>0 and
Ti—NbC” to extensively 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. EDM enables to
machine extremely hard materials and complex shapes can be
produced with high precision. Therefore, EDM is a potential and
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attractive technology for the machining of ceramics, providing
that these materials have a sufficiently high electrical conduc-
tivity. A minimum electrical conductivity of 107> Smm™! is
considered as a limit for EDM.8

SiC is a semiconductor with a large bandgap ranging from
2.4eV (B-SiC) to 3.4eV (2H-SiC) according to the polytype.’
However, a number of experimental results showed that impurity
doping in SiC has led to the wide range of electrical conductivity
(10_4—10_16 Smm~!) measured at the room temperature.

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 was selected for densi-
fication and the goals were achieved by two steps. First the
Y,03—-Si0>,—NbC-Ti additive system was studied and charac-
terized (details of preparation of the additive system is described
in Ref. 7). In the second step the electroconductive SiC compos-
ite was prepared by addition of the electroconductive system
developed in the first step to the SiC matrix. The present paper
is devoted to the second step, i.e. to the fabrication of electro-
conductive SiC ceramics.

The successful preparation of such composite would extend
the application potential of such a composite. The possible appli-
cations of electroconductive SiC ceramics could be widened, e.g.
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Table 1
Chemical composition of the electrically conductive N-phase.

Composition (Wt%)

Si0; Y,03 Ti NbC

N-phase 20 30 18 32

as heat exchangers, furnace heating elements, bearings without
surface charging, aircraft engine parts, etc., and moreover allows
the discharge machining of electrically conductive SiC.

2. Experimental

Commercially available powders of 3-SiC (HSC-059, Supe-
rior Graphite, USA), SiO; (Aerosil OX-50, Degussa, Germany),
Y;03 (grade C, H.C. Starck, Germany), Ti (TOHO Titanium
Co., Japan) and NbC (Japan New Metals Co., Japan) were used
for the starting powders preparation. The SiC-based composites
were prepared by the addition of different amount of electri-
cally conductive Ti—-Nb—Si—C—O phase (hereafter be cited as
“N-phase””) which is a mixture of 50wt% Ti—NbC (molar
ratio of Ti/NbC is 1:1.8) and 50 wt% eutectic composition of
Y203—Si05. The chemical composition is listed in Table 1.

The compositions of studied composites and reference SiC
materials are listed in Table 2. In the case of composites the
ratio Si0,:Y,03 was 0.39, corresponding to the lowest eutectic
temperature Tg = 1660 °C in the binary diagram SiO;—Y;,03,
and the ratio Ti:NbC was 1:1.8.7 The reference material (SiCref)
was prepared for a comparison of the mechanical properties and
the electrical conductivity.

The powder mixtures were ball milled in isopropyl alco-
hol with SiC balls for 24h. The homogenized suspension
was dried and subsequently screened through 71 wm sieve
in order to avoid large hard agglomerates. The pre-pressed
pellets were hot pressed according to the following regime:
1500°C/1 h+ 1820 °C/1 hin Ar atmosphere under 30 MPa pres-
sure. The reference material was hot pressed at 1820°C for
1 h in Ar atmosphere under 30 MPa. The densities of the sam-
ples were measured by Archimedes method in mercury. The
theoretical densities were calculated according to the rule of
mixtures. The microstructures were observed by scanning elec-
tron microscopy (Zeiss, EVO 40HV, Germany). The elemental
analysis of crystalline phases was examined by EDX. For this
purpose the sintered samples were cut and polished. The crys-
talline phases present in the ground samples were identified

Table 2
Chemical composition of composites and reference material.

Sample Composition (Wt%)

SiC SiO, Y>03 Ti NbC AIN
SiC5 90 2 3 1.8 32 -
SiC10 80 4 6 3.6 6.4 -
SiC20 60 8 12 72 12.8 -
SiC30 40 12 18 10.2 19.8
SiCret 90.7 - 3.9 - - 5.4

using X-ray diffraction (XRD) (STOE Stadi-P, Germany, Co
Ka radiation). The electrical conductivity measurement was
performed by four-probe method. The X-ray microtomography
(Nanotom 180) was used to observe the distribution of Ti and Nb
particles in the composite. Vickers hardness and fracture tough-
ness 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.

3. Result and discussion
3.1. XRD phase analysis of the samples

The phase composition of samples sintered at 1820 °Cis sum-
marized in Table 3 together with the weight loss data and their
densities.

From the results listed in Table 3 it is obvious that the weight
loss of the composites after sintering increases linearly with
the addition of N-phase. It can be assumed that the weight loss
is mainly related to the reduction of SiO, to gaseous products
(e.g. Si0O), because the portion of SiO» in the starting mixture is
almost identical with the observed weight loss of the composites
(Table 3). This assumption confirms the results of XRD phase
analysis. In the composites with 5-20 wt% of N-phase (SiC5,
SiC10, SiC20) yttrium silicate Y,SiOs was identified, whereby
the intensity of its diffractions gradually decreases with the
increasing portion of N-phase. 3-SiC was detected as a majority
phase in the mentioned composites, together with the minority
NbC and TiC phases. In the composite with 30 wt% of N-phase
(SiC30) both B and o modifications of SiC have been detected
as a majority phases, and neither yttrium silicate, nor SiO; were
observed. The minority phases were the carbides of niobium and
titanium (NbC, TiC) and their silicides (NbsSi3, TisSiz). The
silicides were not confirmed in the composites with 5-20 wt%
of N-phase, but it does not exclude their presence, since their
content may be below the detection limit of XRD analysis. The
XRD analysis of SiCer shows the presence of 3-SiC, a-SiC,
Y>Si,07 and Y 9Al>SizO1gNy.

3.2. Microstructure

The results of SEM analysis of the polished surfaces of the
composites with 5-30 wt% of the conductive N-phase are shown
in Fig. 1.

The micrographs show that the amount of pores decreases
with the increasing proportion of N-phase. This is in accor-
dance with the observed increasing density (Table 3) with the
rising N-phase content. However, we must keep in mind that also
the theoretical density increases from SiC5 to SiC30 samples,
because the amount of heavy elements (Ti, Nb) also increases
and the measured density values do not reflect the real poros-
ity. 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 shown in
Fig. 1 was estimated on the basis of the area of the pores in the
microphotographs and is 47%, 34%, 28% and 16% for samples
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Table 3

Mass changes, densities and phase composition of composites and reference material after sintering at 1820 °C.

Sample Mass changes (%) Density (gcm ™) Phase composition

SiC5 —4.1 2.14 B-SiC, Y»03, Y»SiOs, NbC, TiC

SiC10 —4.8 2.62 B-SiC, Y203, Y,SiOs, NbC, TiC

SiC20 —9.8 3.53 B-SiC, Y»03, Y»SiOs, NbC, TiC

SiC30 —12.9 3.69 B-SiC, a-SiC, C (graphite), CoNbg ¢Tij 1, NbC, NbsSis, TisSi3, Y3Si,Cz, Y203, TiC
SiCret -10 3.32 B-SiC, a-SiC, Y2Si207, Y190ALSiz 013Ny

SiC5, SiC10, SiC20 and SiC30, respectively. The decrease of
the porosity is accompanied by the significant grain size reduc-
tion, from 5 wm in the case of the composite SiC5 to 1 wm grain
size in the composite SiC30. The reduction of the grain size is
related to the § — «-SiC phase transformation that was also con-
firmed by the results of XRD phase analysis of the composites
(Table 3). While in the case of composites SiC5-SiC20 cubic
B-SiC was detected, in the composite SiC30 also the hexago-
nal a-SiC was observed. One can suppose that in sample SiC30
larger amount of temporary liquid phase (mainly consisting of
N-phase) was present at 1820 °C and the 8 — «-SiC phase trans-
formation through solution-reprecipitation process reached a
higher degree. The growth of hexagonal a-SiC plates (prefer-
ential growth in a direction of g-axis) is slower than that of
cubic B-SiC at this sintering temperature.'” Moreover, the grain
growth is inhibited also by the carbides of titanium and niobium

which crystallize from the melt in the composite SiC30. For the
comparison the microstructures of reference material SiCyef are
shown in Fig. 2. The particle size of a-SiC in the sample SiC30
is close to the particle size of SiCret.

Although the presence of remaining porosity, the amount and
connection of the phase at the grain boundaries, as well as its
chemical composition should be sufficient for increasing the
electrical conductivity of prepared composites.

3.3. Mechanical properties

Fig. 3 shows the dependence of fracture toughness (Kjc) and
hardness (HV) of the composites on the conductive phase con-
tent. For a comparison the properties of reference material SiCrer
are also shown. In the case of composites it is obvious that with
increasing conductive phase content also the hardness increases.

Mag = 10.00KX

Fig. 1. The microstructures of SiC-based composites with different content of conductive N-phase (magnification 10,000x). (a) SiC5, (b) SiC10, (c) SiC20 and (d)

SiC30.
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Fig. 2. The microstructure of reference material SiCres.

It is related to the increasing content of phases with high hard-
ness (TiC, NbC) in the composites and also to the character
of the microstructure. In accordance with the Hall-Petch phe-
nomenon, the hardness of fine-grained material is higher than the
coarse-grained ones. The porosity (P) of the samples also affects
the hardness (H) of the material, which decreases exponentially
with the increase of porosity (H ~ e ~?F).!!

The low hardness of the samples SiC5 (1.1 GPa) and SiC10
(3.4 GPa) is due to the coarse-grained microstructure (5 wm the
average grain size) and the high porosity. Remarkable increase of
the hardness occurs in the case of the sample SiC20 (15.2 GPa),
which has a significantly different microstructure compared to
the previously mentioned composites SiC5 and SiC10. Sample
SiC30 has the highest hardness (17.8 GPa). Compared with the
reference material SiCper the value is lower by 2.8 GPa. In terms
of the amount of liquid phase at the grain boundaries, which
generally degrades the hardness of SiC-based materials prepared
by liquid phase sintering, even more significant difference in
hardness values of the sample SiC30 (30 wt% of SiO; and Y,03
sintering additives) would be expected compared with SiCyer
(10 wt% of AIN and Y,Os3 sintering additives). The observed
high hardness of SiC30 sample among the composites is due
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Fig. 3. The hardness (HV) and indentation fracture toughness (Kjc) of the ref-
erence material (SiC-ref) and SiC composites depending on the addition of the

conductive phase.

to the lowest porosity, the presence of hard TiC and NbC, and
also due to the significant reduction of liquid phase (reduction of
Si0,) and the phase composition change of the grain boundary
phase. Yttrium silicate with a hardness of only 4-5 GPa was
not detected in the sample SiC30. It is expected that by the
optimization of the sintering conditions, or by modifying the
chemical composition of the starting mixture of sample SiC30
in order to reduce its porosity we can achieve even higher values
of hardness.

The indentation fracture toughness Kjc was measured only on
the composites SiC20 (4.7 MPam'/?) and SiC30 (5.4 MPam'/?),
because the other composites had a high porosity. The fracture
toughness of the sample SiC30 was comparable to the reference
material (Kjc (SiCref) =5.4 MPa m'/ 2). The microstructure and
crack propagation in the composites SiC20, SiC30 and refer-
ence material SiCrer are shown in Fig. 4a—c. The similar crack
path with obvious crack deflection in samples SiC30 and SiCpef
explains their similar fracture toughness. In both cases there is
an intergranular fracture which propagates along the SiC grains.

In the case of composites the fracture toughness increases
with the addition of conductive Nb—Ti—C phase. The increasing
content of metallic phase in a ceramic matrix causes a change
of fracture mechanism. The brittle fracture, characteristic for
ceramic materials, becomes partially ductile with the addition of
a metallic phase. The metal component, characterized by elastic
deformation, dissipates the energy of propagating cracks and
thereby actually increases the fracture toughness of materials.
However, in our case the fracture toughness of the composites
had not increased because of the low content of the metallic
phase. From Table 3 is evident that in the studied system there
are various types of compounds with different coefficients of
thermal expansion. Therefore, after the sintering of composites
during the cooling process residual stresses are formed in the
materials, and these stresses may also affect the deflection and
branching of the propagating cracks and thereby influence the
mechanical properties of prepared SiC composites.

3.4. Electrical conductivity

The main goal of the work was the preparation of SiC-
based composite with sufficiently high electrical conductivity
suitable for EDM. As a conductive and sintering additive so
called N-phase was used which has an electrical conductivity
238Smm~!.” The optimization of the chemical composi-
tion of electrically conductive N-phase (Table 1) is discussed
elsewhere.” It was expected that the electrically 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 fraction of conductive phase the electrical con-
ductivity of SiC composite significantly increases. However, in
our systems the electrical conductivity increases almost linearly
with the addition of conductive N-phase and the percolation
phenomenon is not significant (Fig. 5). It can be caused by the
formation 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 crystalline
silicides and carbides, but higher than SiC does have,'%13 and
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Fig. 4. The crack propagation in the composites (a) SiC20, (b) SiC30 and in the
reference material (c) SiCres.

due to the continuous network formation on the grain bound-
aries its effect on electrical conductivity of SiC-based composite
is remarkable already at low contents. According to the litera-
ture, only 5—8 vol% of electrically conductive amorphous phase
is necessary to achieve a uniform distribution of this phase at
the grain boundaries,'*!> while for obtaining a similar percola-
tion effect by the addition of discrete crystalline particles about
15-30vol% of electrically conductive phase is required.!®!3
The critical volume fraction of electrically conductive compo-
nent increases with its increasing particle size and ~30vol% is

- - N [ @
o (3] o @ o
— T T T T T 1 1
L]

Electrical conductivity (S.mm™)
(4. ]
°

SiC10  SiC20  SiC30

Sample

SiC-ref  SIC5

Fig. 5. Electrical conductivities of reference material and SiC composites.

necessary when the particle size of the matrix and conductive
component are approximately equal.

The results shown in Fig. 5 suggest that our case is probably
a combination of two mentioned phenomena, i.e. the electrical
conductivity of SiC composite is improved by the crystalline
silicides and carbides of niobium and titanium which exhibit
metallic conductivity,!” as well as by the amorphous phase based
on Ti—-Nb—C—0—(Si).”

The significant percolation phenomenon is in our case partly
inhibited also by the presence of pores. The low electrical
conductivity of the samples SiC5 (5.5Smm~!) and SiC10
(14.8Smm™") is mainly caused by the high porosity and low
content of conductive phases, which probably do not form
a continuous conductive network in these samples. Never-
theless, the conductivity of the sample SiC5 is four times
higher compared to the reference material SiCrer (1.4 S mm™).
In the case of sample SiC30 the electrical conductivity had
increased by 20 times to 28.4Smm™!, in comparison to the
reference material SiCer. The higher conductivity of sample
SiC30 was achieved by the reduction of porosity and by the
change of phase composition, as was shown by the phase
analysis (Table 3), which confirms the presence of electro-
conductive titanium and niobium silicides (NbsSis, Ti5Si3). In
other composites with lower N-phase content only carbides
were detected. The specific electrical conductivity of silicides
(0 (NbsSiz)=550Smm™~', o (TisSi3/TiSi)=418Smm™!) is
the order of magnitude higher in comparison with carbides (o
(TiC)=14.7Smm~!, & (NbC) =13.5S mm~")!° and their pres-
ence could significantly affect the electrical conductivity of the
composite.

The distribution of the phases rich in titanium and niobium
(light grey phases) in sample SiC20 are shown in Fig. 6. The
images were obtained using XRD microtomograph and provide
some idea about the connection of conductive phases. The lighter
colour phases are rich in Ti and Nb and form a continuous net-
work. This analysis confirms that the used additive system and
processing method can be used for the preparation of SiC-based
composites with coherent conductive network rich in titanium
and niobium.
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Fig. 6. XRD microtomography of SiC20 composite.

4. Conclusions

Electroconductive SiC composite was prepared by using
NbC-Ti—SiO,—Y;,03 additives and hot-pressing at 1820 °C.
The partial results can be summarized as follows:

e The conductive N-phase composed of NbC—Ti—Si0,—Y,03
is a suitable additive for the densification of SiC, because
at 1820°C 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 B — a-SiC phase
transformation.

e The highest density of SiC-based composites was achieved in
the sample SiC30, i.e. with the addition of 30 wt% conductive
N-phase.

e The increasing content of conductive N-phase which contains
hard NbC and TiC, leads to the increase of hardness. The
highest value of hardness HV = 17.8 GPa was obtained for the
sample SiC30. The hardness is lower by 2.8 GPa compared
with the reference material SiCyef, caused mainly by the higher
porosity.

e Carbides crystallize at SiC grain boundaries and thereby
inhibit their growth, resulting in finer microstructure and
increased hardness (Hall-Petch phenomena).

e The XRD microtomography results showed that the applied
additive system and processing method allowed the prepa-
ration of SiC-based composites (SiC20 and SiC30) with
continuous conductive network rich in titanium and niobium.
In the case of the sample SiC30 the electrical conductivity
increased 20 times (0 =28.4 Smm™!) in comparison with the
reference material SiCpes.
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