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Abstract Monophase polycrystalline SiC, B4C, TiC and
their SiC-TiC, SiC-B4C composite sinters with a theoretical
density of 97% are characterized by good mechanical and
thermal durability as well as a wide range of electrical
conductivity values. SiC, which has semiconductor con-
ductivity and negative TCR, was combined with TiC,
which has metallic conductivity and positive TCR. Pro-
duced in this way resistive elements, within a temperature
range from 293 K to 348 K, exhibit a TCR close to zero,
and an impedance independent of frequency within a range
from 100 Hz to 1 MHz. The combination SiC with 40 wt%
of B4C has been produced resistive elements, which are
resistive to oxidation. This combination has also completly
resistive character, within a range of 100 Hz to 1 MHz.
Most of the investigated materials are suitable for high
temperature, noninductive volume resistors.
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1 Introduction

The development of new technologies allows the creation
of materials, which are chemically and physically highly
resistant. The monophase polycrystalline SiC, B,C and TiC
sinters and their SiC-TiC, SiC-B4C composites which are
described in this article, are examples of high durability
materials [1-7]. They were investigate to use them as
volume resistors.

Volume resistors manufactured, as monolith blocks,
conduct electricity throughout their volume. These resistors
are used in electrical circuits with a high constant power
load, high voltage impulse load, and also in high frequency
circuits [8]. For example, they are use in the power supply
to X-ray machines roentgen, as artificial antennas in radio
stations and radars, as anti-noise resistors, and as resistors
for extinguishing electrical arcs. These resistors are char-
acterized by high reliability.

Silicon carbide is a covalent bond compound. It
crystallizes in cubic, hexagonal and rhombohedral crystal
systems [3, 4, 9, 10]. Depending on the dopant used, it can
be a p or n type semiconductor. At high temperatures
~1000°C, SiC is an intrinsic semiconductor [9, 10].
Nitrogen is a classic n type dopant [15]. A few donor
levels were determined by lkeda [13] and Tajim [14]:
93 meV from Raman spectrum investigations, 100 meV
from luminescence spectrum observations [12] and 80—
100 meV from Hall constant measurements and infrared
absorption [17]. Boron is the most common p type dopant
for SiC [11-19]. The activation energy of acceptor levels
for SiC with boron doping varies from 300 meV to
400 meV [18]. It was determined by measurment of
conductivity in function of temperature by Vodakov.

Boron carbide is a compound with covalent bonding. It
crystallizes in a rhombohedral system. The basic cell,
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B1,C;, consists of 12 boron atoms, and 3 coal atoms. It is
the best known phase in the system, conventionally referred
to as B4C. In the boron carbide rhombohedral structure
there is an icosahedron (20 walls) boron B, sub-cell. The
icosahedrons are connected directly with each other, via a
covalent bond, and indirectly with carbon chains. Investi-
gation of the electron structure carried out by Emin [20, 21]
shows that the B, icosahedron has 13 molecular orbits
related to its inner bonds. Every boron atom in the twenty-
wall structure has only two electrons in the inner bonds and
one electron in the covalent outer bond. The number of
electrons supplied for the inner bonds amounts to 24, (2x
12) which is two electrons fewer than the 26 required. In
the inter-icosahedron carbon chain some of the middle
carbon atoms are replaced with a boron atom forming a =C-
B-C= chain, which was confirmed by NMR (Nuclear
Magnetic Resonance) and IRS (Infrared Spectroscopy).
The central boron atom has one more electron than is
required for a covalent bond, and it can be transferred as
first to the unoccupied bonding orbital in the B,
icosahedron. That is why, boron carbide generally has a p
type conductivity [1, 20, 21].

Titanium carbide TiC crystallizes in a regular, flat
centered system. Titanium atoms are densely packed and
the carbon atoms are formed in octahedron gaps. A
homogenous TiC phase occurs for carbon concentrations
ranging from 22 at% to 50 at.% [22]. Based on the
physical properties of TiC it has been established, that the
bonds between titanium and carbon are metallic in
character. This can be described as carbon atoms trapped
in a sea of electrons. According to the data in papers [23]
TiC resistivity ranges from 107" Qm to 10°® Qm. With a
carbon concentration increase, TiC structure resistivity
ZrOWS.

2 Material

The polycrystalline, monophase cuboid shaped sinters of
SiC, B4C, TiC and their composites SiC-TiC, SiC-B4C,
which are presented in this paper, were obtained by
pressing powders with grains from 1 to 2 pum, under a
pressure of 150 MPa, and then sinter at a temperature of
2000°C for 60 min. in an argon atmosphere. The samples
were fired with a steady rate of 15°C/min. The sinter
activators had 0.5 wt% of boron and 3 wt% of carbon.
Boron was introduced before the Self Propagating High
Temperature Synthesis process (SHS) in order to activate
the diffusion mechanisms to sinter SiC grains. Before the
sinter process, carbide grains were coated with carbon, in
the form of resin dilutions. The layer of amorphous coal
was 1.5-2 nm thick and it acted, as a deoxidant on the grain
surface. Sinters made by this method are very dense, 97%

of theoretical density, and they are mechanically and
thermally durable; they have a wide range of electrical
conductivity and they have been investigated for applica-
tion as volume resistors. The samples described in this
paper are a part of large series with common characteristics.
Samples were a monolithic blocks of 5x107 m in length
and a cross section ranging from 25x10°° m? to 125x
107° m”.

3 Investigation of resistivity p, temperature coefficient
of resistance TCR and electric conductivity activation
energy AE of SiC, B,C and TiC sinters

The investigation of resistivity, the temperature coefficient
of resistance (TCR) and the activation energy AE of
electric conductivity, was carried out within a range of
233 K to 433 K, which is typical in work on volume
resistors. Measurements were performed by a computer
controlled system composed of a Keithley 2002 multimeter,
a measurement collector and a Heraeus Votsh firing
chamber (with temperature stabilization of £1°C).

The TCR, which indicates the rate and direction of
resistance change under varying temperature, was deter-
mined by Eq. 1:

TCR ) = o G 107 o/ (1)
In the calculations resistance Rty was replaced with
resistivity pr) which is independent of sample dimensions.

The activation energy AE of electric conductance was
calculated from the relation of electric conductance o vs.
temperature according to the Arrhenius relationship:

o ~ exp (— i—li) (2)

(k — Boltzman constant)
3.1 SiC monophase polycrystalline sinter

The investigation of the electrical properties of the mono-
phase polycrystalline SiC sinter were conducted on two sets
of samples, one with copper electrodes and the other one
with silver electrodes. The thermal treatment process for
the copper electrodes was conducted in an argon atmo-
sphere where they were fired from 20°C to 600°C, while
the silver electrodes were fired in an air atmosphere at 20°C
to 570°C. In both cases the firing rate was 20°C/min. The
samples were held at peak temperatures for 15 min. The
firing conditions were compliant with the requirements for
the thermal treatment of electrodes.

The relationship between temperature and resistivity p,
TCR and conductivity o for monophase polycrystalline SiC
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Fig. 1 (a) Resistivity p and TCR vs. temperature, (b) conductivity vs.

fired in an argon atmosphere is presented in Fig. 1(a) and
(b). For Ino error propagation is 7-107°[1/Q2¢m]. The p=f
(T) plot indicates that with increasing temperature there is
only an insignificant decrease in the value of resistivity
from 0.65 Qm to 0.62 2m. The TCR has a negative value
and it ranges from —280 ppm/K to —120 ppm/K. The
calculated activation energy was very small: 3 and 4 meV.
The results obtained indicate a large doping concentration
in the samples.

The relationship between temperature and resistivity p,
TCR and conductivity o for polycrystalline SiC fired in air
atmosphere is presented in Fig. 2(a) and (b). For Ino error
propagation is 9-10°[1/2cm]. A comparison of the curve
in Fig. 1(a) with the curve 1 in fig. 2(a) indicates that the
resistivity of samples after firing in an air is three orders of
magnitude higher than that of samples fired in an argon
atmosphere. The TCR is negative and has a high absolute
value from —4,000 ppm/K to —17,000 ppm/K. Electric
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converse temperature for polycrystalline SiC fired in an argon

conductivity is thermally activated. Sample firing process in
air at 570°C was repeated twice. Each time the old
electrodes were removed and new electrodes were applied
to avoid mistakes connected with ageing of the electrodes.
Each consecutive thermal cycle of the sample, caused
resistivity and the absolute TCR value increase (curve 2 and
3 in Fig. 2(a)). At temperature of 433 K, the resistivity
value is similar for all samples fired in air. The calculated
activation energy values are included in Table 1. For lower
temperatures, the activation energy is in range from 65 to
102 meV and is close to the literature values for nitrogen
donor levels [11, 13, 14]. For higher temperatures, the
energy is range from 67 meV to 398 meV and is close to the
literature values for boron acceptor levels [13-18]. As
described before, boron (0.5%) is one of the SiC sintering
modifiers. It can be assumed, that for high temperatures,
increase of activation energy is caused by the conduction
mechanism change, from donor to acceptor.

(b)

400 250 TIK]
90
o5 S\ 1,2,3 - Following thermal cycles of
e o\O:Q SiC firing in the air athmospere
-10.0 \ ?\;\\0\
- N
= B\
< 105 R
=) 5\?&\‘3\& —
C
- 110 ‘ \m\‘l
K \CI 2
1.5 5
\ ;
120 L —
2.0 25 3.0 35 4.0 45
1000/T [K™"]

Fig. 2 (a) Resistivity p and TCR vs. temperature, (b) Conductivity vs. converse temperature for polycrystalline SiC fired in an air
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Table 1 Activation energy AE of electric conduction for polycrys-
talline SiC fired in air

Samples fired in the air Temperature [K]

233-333 333-433
AE (meV)

1x 65 267

2% 85 327

3x 102 398

The data presented in Figs. 1(a) and 2(a) indicate that the
resistivity of polycrystalline SiC is dependent on the
electrode firing temperature, and whether in argon or air.
In our case it ranged from 0.64 Qm to 1.0x10° Qm,
measured in ambient temperature. It may be assumed that
the resistivity increase is caused by material oxidation. The
oxidation is not visible on the material surface so samples
were compared using X-ray diffraction. The diffractograms
are identical, it means that changes in electric conduction,
caused by firing in air, do not affect to the structure of the
sinter and they are not visible on the diffractograms. It is
supposed that the sample oxidation occurs at grain
boundaries. It is known from the literature, that the slow
oxidation of SiC in the form of fiber occurs for temper-
atures above 500°C, and for solid material above 600°C
[19].

Additional procedures were performed to determine the
SiC oxidation temperature of monophase polycrystalline
sinter and to confirm previous results. Samples were fired
in an air atmosphere at temperatures of 300°C, 400°C,
500°C, and 570°C for 1 hour. After cooling to ambient
temperature sinter resistance was measured. The electrodes
were made as a ecutectic layer of Ga-In (10%). Up to a
temperature of 500°C the resistance of the sinters did not
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Fig. 3 (a) Resistivity p and TCR vs. temperature, (b) conductivity vs.
at 570°C
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Fig. 4 Resistivity p and TCR vs. temperature for polycrystalline TiC
sinter

change. After firing at 570°C the resistance of the sinters
increased by three orders of magnitude, which is consistent
with previous results.

3.2 B4C monophase polycrystalline sinter

An investigation of the electrical properties of polycrystal-
line B4C sinter was performed on the samples with silver
electrodes made by the same process as for SiC. The
electrodes were screen printed, and then the samples were
fired at temperatures ranging from 20°C to 570°C in air
atmosphere, and the samples were held at peak temperature
for 15 min. Sample firing was repeated with new electrodes
being made each time.

The relationship between temperature and the resistivity
p, TCR and conductivity o for monophase polycrystalline
B4C is shown in Fig. 3(a) and (b). For Ino error
propagation is 9-10°[1/£2cm]. The p=f(T) curve indicates
that an increase in temperature results in a decrease in the
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Table 2 Resistivity p, TCR and activation energy AE for SiC, B4C and TiC sinters within a temperature range of 233 K to 433 K

Temperature range of 233 [K] to 433 [K]

Sinter ~ Resistivity = TCR Activation energy of electric ~ Comments
p [Qm] [ppm/K] conductivity AE (meV)

SiC Argon -10% 3to4 Electric conductivity is activated thermally. Resistance value depends
0.6 on the atmosphere and temperature in which electrodes are fired

(air 570°C, argon 600°C).

Air -10* to —10* 65 to 398 In air atmosphere the sinters keep their electrical parameters to 500°C.
10 to 10°

B,C Air -10° 80 to 160 Electric conductivity is activated thermally.
1073 Firing in air to 570°C does not affect to the resistivity.

TiC 10°¢ 10° Electric conductin has a metallic character.

In temperatures over 300°C the sinter oxidizes on the surface.

resistance of the samples, suggesting that B,C electric
conductivity is thermally activated. The temperature coef-
ficient of resistance is negative and ranges from
—=5,200 ppm/K to —6,400 ppm/K, and the resistivity of the
sinters is about 10> Qm within the investigated tempera-
ture range. Multiple firing of samples in air within a
temperature range of 20°C to 570°C did not affect their
electrical parameters. A DTA (Differential Thermal Anal-
ysis) performed by the authors showed that, slow oxidation
of polycrystalline boron carbide starts at §15°C. Calculated
activation energy was 80 meV for temperature range from
233 K to 350 K and 160 meV for temperature range from
350 K to 433 K. For higher temperatures the activation
energy value is consistent with that given by Emin [20, 21].

B4C polycrystalline sinter structure was determined
using X-ray diffraction. It can be indexed in the rhombohe-
dral R3m space group. The lattice constants are: a=5.601 A
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and ¢=12.074A. Graphite was also found in the samples.
The graphite had a hexagonal structure and lattice con-
stants: a=2.463A, ¢c=6.722A. As discussed in the intro-
duction, carbon was introduced as a sinter activator (3%).

3.3 TiC monophase polycrystalline sinter

The electrical properties investigation of TiC polycrystal-
line sinter were performed on samples with electrodes,
made of silver wire mounted with a clamp. This method
was used because of the low resistivity of the samples. The
relationship between resistivity p, the TCR, and the
temperature for TiC samples is presented in Fig. 4. The
p=f(T) curve shows that temperature increase cause
resistance increase of the samples. This indicates the
metallic characteristics of TiC conductivity. The tempera-
ture coefficient of resistance is positive, and in the
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Fig. 5 (a) Resistivity and (b) TCR vs. temperature and TiC content for SiC-TiC sinters
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Fig. 6 (a) Impedance vs. frequency for B4C sinter fired in an air at 570°C, (b) microstructure (polished cross-section)

investigated temperature range is from 1,000 ppm/K to
8,000 ppm/K. The resistivity of the sinters is 10°° Qm.
Samples firing up to 300°C, does not affect to their electric
properties. Samples firing over 300°C results in surface
oxidation, which is visible to the naked eye.

X-ray diffraction analysis of the investigated TiC sinter,
showed the homogeneity of the TiC phase.

3.4 Comparison of the electrical properties of monophase
polycrystalline SiC, B,C and TiC sinters

The values of resistivity p, TCR and activation energy AE
for the investigated polycrystalline SiC, B4C and TiC
sinters in a temperature range from 233 K to 433 K are
compared in Table 2.
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4 SiC-TiC, SiC-B4C composite sinters — electrical
and physical properties modification

4.1 Compensating for the negative TCR value of SiC
in composite SiC-TiC sinters

Investigations carried out by the authors were focused on
the possibility of compensating for the negative TCR value
of SiC, by combining this material with TiC, which has
positive TCR. The investigations were performed on
composite SiC-TiC sinters, with a TiC content ranging
from 10% to 30%. Figure 5(a) and (b) present the values of
resistivity, TCR vs. temperature, and TiC content. It can be
noticed, that an increase of TiC content results in a decrease
of the TCR value. With 15% of TiC in the composite SiC-

(b)

Fig. 7 (a) Impedance vs. frequency for polycrystalline SiC fired in an argon at 600°C, (b) microstructure (polished cross-section)
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Fig 8 Impedance vs. frequency for (a) Polycrystalline SiC, and SiC-B4C composites with (b) 10 wt% B4C and (¢) 20 wt% B4C fired in air at

570°C

TiC the TCR is close to zero, within a temperature range of
293 K to 348 K. An increase of TiC content also results a
decrease in SiC-TiC sinter resistivity.

4.2 Impedance spectroscopy for monophase
SiC, B4C sinters and SiC-B4C, SiC-TiC composite
sinters — comparative investigation

The impedance spectroscopy studies were carried out with
a Quad Tech 7600 precision meter within a range of 100 Hz
to 1 MHz. When alternating electric current flows through a
resistor it causes inductive X; and capacitive X¢ reactance
to appear. The impedance is given by:

Z =R+ (X, — Xc)* 3)
X, 2nflL
Xc  1/2mfC

(Z=impedance, L=inductivity, C=capacity, f=frequency,
R=resistance).

A resistor performs best, when its impedance is
independent from the current frequency, then it have
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122.7 1

W%c
122.5 WV‘M 0.6
122.3 m%x 0.2
g
—_ :Mmmm%
N
122.1 r-0.2
—o—|Z]|
121.9 —o— Phase angle 0.6
121.7 -1
0.1 1 10 100 1000
f [kHz]

Phase angle [°]

resistive characteristic. Impedance spectroscopy within a
range of 100 Hz to 1 MHz was used, to evaluate impedance
characteristics of the samples.

Relationship between impedance and frequency for a
resistive element of B4C is presented in Fig. 6(a). The
figure shows that the impedance of B4C is independent
from the frequency. In investigated frequency range, the
phase angle between the voltage and the current is zero.
The B4C element in the investigated frequency range has
a strictly resistive character. The microstructure of B4C
presented in Fig. 6(b) seems to be almost without
porosity.

Relationship between impedance and frequency for a
resistive element of SiC fired in argon is presented in
Fig. 7. The figure shows that the impedance of the SiC is
almost independent from the frequency. The phase angle
between voltage and current is small, and in the investigat-
ed frequency range it was —3.5°. The microstructure of SiC
fired in argon presented in Fig. 7(b) is almost nonporous.

Relationship of impedance and frequency for resistive
air-fired elements of SiC and SiC-B4C composites with
B4C content of 10 and 20 wt.% are presented in Fig. 8(a),

(b)

Fig. 9 (a) Impedance vs. frequency, (b) microstructure (polished cross-section) for SiC-B4C with 40 wt% B4C, fired in air at 570°C
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Fig. 10 (a) Impedance, vs. frequency, (b) microstructure (polished cross-section) for SiC (2)-TiC (1) sinter with 15 wt.% TiC fired in argon at

600°C

(b), (¢). The impedance of the SiC sample fired in air
exhibits a high dependence from the frequency, see Fig. 8
(a); it has a capacitive character. The phase angle between
voltage and current was as high as 60°. Based on this result,
it may be assumed that oxidation occurs at grain boundaries
resulting in an increase in the electric capacitance of the
samples. The impedance for the SiC-B4C sinter exhibits
higher independence from the frequency than the mono-
phase SiC sinter fired in air, see Fig. 8(b) and (c). With 40%
of B4C in the composite, the impedance is independent of
frequency, see Fig. 9(a). This means, that SiC-B4C
composites are more resistant to oxidation than monophase
sinter SiC. The microstructure of SiC-B4C for 40 wt% B4C
presented in Fig. 9(b) shows very low porosity.
Relationsip of impedance and frequency for SiC-TiC
composite sinters with a 15 wt% content of TiC is
presented on Fig. 10(a), and their microstructure on
Fig. 10(b). The impedance of the resistive element with
15% TiC is practically independent from the frequency. The
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Fig. 11 Impedance vs. frequency for SiC-TiC sinter with 30 wt.%
TiC fired in argon at 600°C

element with 30% TiC exhibits an inductive character for
frequencies above 10 kHz, see Fig. 11. The phase angle
between the voltage and current is 6° at 1 MHz.

5 Conclusion

Among the investigated materials, monophase B,4C sinter
is the most resistant to oxidation. Firing samples in air to
570°C during the thermal treatment process of electrodes
does not affect their electrical parameters. B,C material can
be use as a resistor in applications where a low TCR value
is not necessary, for example in power resistors and
suppression resistors. Within the investigated frequency
range from 100 Hz to 1 MHz, B4C element have a resistive
characteristic, so it can be applied wherever non-inductive
resistors are needed.

Monophase SiC sinter is resistant to oxidation at
temperatures up to 500°C, at higher temperatures it oxidizes
at grain boundaries. The non-oxidized SiC element have
almost resistive characteristic. Its phase angle is —3.5°.
Within investigate temperature, the TCR for this material is
in range from 100 to 120 ppm/K. It can be use for non-
inductive resistors.

SiC sinter fired in 570°C is oxidized, and it shows
capacitive character. The phase angle between the current
and voltage is —60°. This eliminates this material from
application as a volume resistor.

SiC resistivity to oxidation can be improved by adding
B4C. Composite SiC-B4C sinters are more resistant to
oxidation than monophase SiC sinter. With 40% of B,4C,
the element is completely resistive. This type of resistive
element can be used when low TCR is not necessary, for
example as power resistors, suppression resistors and in any
application that requires non-inductive resistors.
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Composite sinters SiC-TiC, can be use for making
resistors working in temperatures up to 300°C. Above this
temperature, electrical parameters of this material change
due to slow surface oxidation. SiC-TiC material with 15%
TiC, within temperature range from 20°C to 75°C, exhibits
TCR close to zero, and its impedance is independent from
the frequency. This material can be used for making non-
inductive resistors with low TCR.
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