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INTRODUCTION

Recently, increasing attention is paid to the elabo�
ration and studies in the field of ultra�high�tempera�
ture ceramics (UHTC). Due to its unique properties to
withstand oxidation in the air medium at temperatures
higher than 2000°C, UHTC is applied in such fields as
rocket production, metallurgy, and power engineering
[1–7]. The ZrB2–SiC system is the most promising for
the elaboration of the new�generation materials. This
work is a continuation of the earlier research [8–15].
In [8, 9] the optimal composition of (wt %) 70ZrB2 ·
30SiC was determined and it was shown that it can
serve as the basis of the high�temperature protective
coating on graphite. Thus, this work is aimed at study�
ing the oxidation processes and properties, such as the
thermal coefficient of linear expansion (TCLE) and
electrical resistivity of compact samples based on the
ZrB2–SiC composition.

EXPERIMENTAL 

The 70ZrB2 · 30SiC composition was chosen as the
object of the studies. The size of the particle powders
d50 for zirconium boride was 12 µm and for silicon car�
bide it was 5 µm. A 2% water solution of carboxyme�
thylcellulose (CMC) was used as a binder and sus�
pending compound. CMC burns away in the thermal
treatment process. Samples were prepared by the slip
casting method. The size of the samples was 5 × 10 ×
15 mm. The samples were dried at room temperature
for 2–3 days. The preliminary thermal treatment of
the samples was performed in an electric furnace with
silit heaters in the air medium. To this end, the samples
were placed in the furnace on supports of fused zirco�

nium dioxide and heated in accordance with the given
mode. In the case of the isothermal mode the samples
were placed in the furnace preliminarily heated to the
given temperature, and in the case of the nonisother�
mal mode the samples were heated from room temper�
ature to the given temperature at the rate of
7 degrees/min. After annealing the samples were taken
from the furnace and cooled in air.

A setup of continuous weighing modernized by the
authors, which records the variation of the mass due to
the oxidation and evaporation of boric oxide, was used
for studying the oxidation kinetics of the samples. The
setup was equipped with a corundum tube with a tem�
perature gradient over the length, which was used as a
trap for the boric oxide vapors, for measuring the evap�
oration of boric oxide from the surface sample (Fig. 1).

The electrical resistivity was measured in the elec�
tric furnace with nichrome heaters using a ceramic
measuring cell by the two�contact method (Fig. 2).
The experimental technique is described in [16].

The TCLE was measured on an automated quartz
dilatometer of the system of the Institute of Silicate
Chemistry, Russian Academy of Sciences [17, 18].
Samples for the measurements in the shape of bars
with a size of 5 × 10 × 15 mm were treated thermally
according to the isothermal and nonisothermal modes
at 1350°C for 6 h.

DISCUSSION OF RESULTS

When heated in air, zirconium boride oxidizes with
the formation of zirconium dioxide and boric oxide
according to the reaction

ZrB2 + 2.5O2 = ZrO2 + B2O3.
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At a temperature above 1000°C the B2O3 vapor has
a noticeable pressure leading to its evaporation [19].
Figure 3 shows the kinetic curves of the oxidation of
zirconium boride at 1300°C. It can be seen from the
figure that in 60 min at 1300°C the mass loss of the
sample due to the evaporation of boric oxide is 50% of
the total gain in weight (curve 3).

The introduction of silicon carbide in the system
favors a decrease by a factor of five in the gain of the
weight during oxidation (Fig. 4, curve 1), and also the
decrease in the evaporation of boric oxide (curve 2),
because it participates in the formation of the borosil�
icate glass�forming melt.

It can be seen from the comparison of Figs. 3 and 4
that the resultant gain in weight during the oxidation
of ZrB2 and ZrB2–SiC is 47 and 8 mg/cm2 (curves 3),
respectively, and the losses due to the evaporation of
boric oxide are 24 and 2.5 mg/cm2 (curves 2), respec�
tively.

The results of the thermogravimetric analysis and
the measurements of the electrical resistivity of “raw”

(with the preliminary thermal treatment) samples are
combined for the detailed study of processes affecting
the electrical resistivity of compact ZrB2 samples
(Fig. 5). The graphite plates of the GMZ grade
(graphite fine�grained) were used as electrodes.
Graphite electrodes were chosen because they are
inert with respect to the studied material to 700°C,
which made it possible to reveal the beginning of the
oxidation of zirconium boride.

It can be seen from the plot that in the temperature
interval of 600–700°C both curves have an analogous
shape associated with the formation of reaction prod�
ucts as a result of the oxidation of zirconium boride by
air oxygen. Above 700°C the graphite electrodes start
to loosen, increase in volume, merge as a result of
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Fig. 1. Setup for continuous weighing with a B2O3 trap.
1—thermocouple, 2—platinum winding, 3—ceramic
insulator panel, 4—platinum suspension (to scales), 5—
corundum tube (trap), 6—sample, 7—platinum support
with a hafnium dioxide cushion.
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Fig. 2. Setup for measuring the electrical resistivity.
1—tension clip, 2—rest plate, 3—ceramic punch, 4—
furnace insulator panel, 5—nichrome winding, 6—sam�
ple, 7—ceramic cell frame, 8—thermocouple, 9—plati�
num or graphite electrodes.
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burning away, and as a consequence, the experiment is
terminated (curve 2).

At low temperatures (Fig. 6) the electrical resistiv�
ity of samples containing silicon carbide (curves 2,
3, 4) is much less than the electrical resistivity of sam�
ples containing only zirconium boride. The increase in
the temperature of the preliminary thermal treatment
of samples leads to the increase in the electrical resis�
tivity.

In the high�temperature region the electrical resis�
tivity samples decreases to 106–102.5 Ohm ⋅ cm when
the temperature increases from 600 to 1000°C. 

The inflections of curve 1 at the temperatures of
400 and 650°C apparently correspond to the softening
of borate glass and the oxidation of zirconium boride.
The same inflections are also observed on curves 2, 3,
and 4. It should be noted that with the increase in the
temperature of the preliminary thermal treatment
from 1100 to 1300°C the first inflection point is dis�
placed to the higher temperature region from 450 to
600°C. 

For dilametric measurements the sticks were
pressed from the composition, then they were ther�
mally processed, and then polished for obtaining par�
allel end�butts. A part of the oxidized surface was
stripped, and the further oxidation occurred during
the measurement of the elongation in the heating pro�
cess. It can be seen from Fig. 7 that the heating and
cooling curves do not coincide, since the oxidation of
the sample continues and the composition of the sur�
face layer varies. As a result of the first cycle, the con�
siderable elongation of the sample to 350 µm at 650°C
(650°C corresponds to the temperature of the oxida�
tion of zirconium boride) is observed. The elongation
becomes less expressed in the subsequent cycles,
which indicates the formation of a film that is more
stable to oxidation.

At a temperature of 300°C the elongation of the
sample is observed, which is associated with the ther�
mal expansion of boric oxide (Fig. 8). In the fifth cycle
heating and cooling curves almost coincide, and the
TCLE values of 95 × 107 K–1 for the interval of 350–
450°C and 43 × 107 K–1 for the interval of 550–800°C
were calculated from these data.

Curves 2, 4, and 5 coincide in the interval of 450–
650°C (Fig. 9). In this interval the TCLE value is
74.6 × 107 K–1. The elongation of the sample is associ�
ated with the thermal expansion of the glass matrix.
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Fig. 3. Kinetic oxidation curves of ZrB2 at the temperature
of 1300°C: disregarding the evaporation of boric oxide (1),
evaporation of boric oxide (2), and with allowance for the
evaporation (the total variation of the mass) (3).
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Fig. 4. Kinetic oxidation curves of the 70ZrB2 · 30SiC
composition at a temperature of 1300°C (notations to
curves, see Fig. 3).
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Fig. 5. Temperature dependence of the specific electrical
resistivity (2) and the variation of the mass (1) of the initial
ZrB2 samples.
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No elongation associated with the oxidation of zirco�
nium boride is observed, since the oxidation occurred
at a larger depth in this mode. 

CONCLUSIONS

The kinetics of the oxidation of compact samples of
the ZrB2–SiC composition in the isothermal heating
mode at 1300°C was studied. 

—It was shown that during the introduction of sil�
icon carbide in the composition of samples the electri�
cal resistivity in the low�temperature region decreases
by three orders of magnitude and in the high�temper�
ature region by the order of magnitude that is associ�
ated with the difference of the composition of the sur�
face layer. The electrical resistivity increases with the
increase in the temperature during the measurement
of the electrical resistivity of samples not preliminarily
treated thermally, which indicates the formation of the
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Fig. 6. Dependence of the specific electrical resistivity in
the inverse temperature of samples preliminarily treated
thermally at 1100, 1250 and 1300°C for 20 h. 
1—ZrB2 (1250 °C), 2, 3, 4—ZrB2–SiC (1100, 1250,
1300°C, respectively).
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Fig. 7. Dilatometric curves of the ZrB2–SiC sample pre�
liminarily treated thermally according to the isothermal
mode at 1300°C for 3 h.
1, 2, 3—heating and cooling cycles.
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Fig. 8. Dilatometric curves of the ZrB2–SiC sample pre�
liminarily treated thermally at 1300°C for 3 h.
4 and 5—heating and cooling cycles.
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Fig. 9. Dilatometric curves of the ZrB2–SiC sample, pre�
liminarily treated thermally according to the nonisother�
mal mode 20–1300°C at a rate of 10°/min.
1, 2, 3, 4—heating and cooling cycles.
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reaction products. The electrical resistivity decreases
during the heating of samples after the preliminary
thermal treatment that is associated with the softening
of the borate and borosilicate glass and the continua�
tion of the oxidation process of zirconium boride.

—The dilatometric properties of samples after dif�
ferent modes of the preliminary thermal treatment
were studied: in the nonisothermal mode the thermal
broadening of the sample is observed to be associated
with the broadening of the glass matrix, and in the iso�
thermal mode also with the oxidation of zirconium
boride. The TCLE value is 95 × 107 K–1 for the interval
of 350–450°C, 74.6 × 107 K–1 for the interval of 450–
650°C, and 43 × 107 K–1 for the interval of 550–
800°C.
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