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Abstract. The results of the researching process of obtaining composition powder material B,C-TiB, by carbide reduction of titanium
dioxide, using carbon reducing agent — carbon nanofibers, are presented. Furthermore, the results of studying of some properties
of ceramics made using the synthesized powder are presented. The synthesis of composite materials was carried out in an induction
crucible furnace for 20 min in the temperature range of 1200-1900 °C in an argon atmosphere. It has been established that
the optimum temperature of the synthesis is 1650 °C, irrespective of the batch composition. The characteristics of the composite
powders containing 10-30 mol. % of the TiB, phase have been studied. X-ray electron microscopy has revealed that the particles
of the powder are predominantly aggregated. There are two peaks in the particle size distribution histograms. The part
of the histogram with a smaller particle size mainly characterizes the B,C phase. The part of the histogram with a larger particle
size characterizes the TiB, phase. The average particle size of the B,C phase is in the range of 5.3—-5.5 um, and that of the TiB,
phase is in the range of 33.6-41.9 pm. The average size of 50 % of composite powder’s particles for these contents does not exceed
13.4 um. The surface area of the samples does not exceed 5 m?/g. The oxidation of the composite powder materials by atmospheric
oxygen begins at a temperature of approximately 500 °C. At the same time, when the temperature reaches 1000 °C, no more than
45 wt. % of the studied powders is oxidized. Ceramics made with the synthesized powder mixture B,C + 30 mol. % TiB, by hot
pressing has shown rather high values of relative density (99.0+1.1 %) and fracture toughness (5.0+0.2 MPa-m®5).
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AHHoOTayms. IlpeacTaBienbl pe3ynbTaThl MCCIIEN0BAHMS MPOLECCa MOoNydeHns nopomkosbix cmeceid B,C-TiB, mMeTomom

KapOuI000pHOTO BOCCTAHOBIICHHS AMOKCHA THTAHA B MPUCYTCTBHH BOCCTAHOBHTEINS — HAHOBOJIOKHHCTOTO YTIEPOJa,
a TaKKe M3YyYEHHs] HEKOTOPHIX CBOMCTB KEPaMUKH, M3TOTOBICHHOW C HCIONBb30BAHHMEM CHHTE3MPOBAHHOIO IIOPOLIKA.
CuHTe3 MOPOUIKOBBIX CMECei MPOBOAWIN B HWHIYKIMOHHOW THTENbHONH Iedn B TedeHHe 20 MHH B JAMana3oHe
temneparyp 1200-1900 °C B cpene MHEPTHOrO raza — aproHa. YCTaHOBJIEHO, YTO ONTHMalbHas TeMIeparypa mpouecca
CHHTE3a HE3aBHCHMO OT COCTaBa HIMXTHI cocTaBmsaeT 1650 °C. M3ydueHB! XapaKTepHCTHKH IOPOIIKOB, COAEPIKAIINX
10-30 mon. % ¢azer TiB,. MeToaoM pEeHTTeHOBCKOH 371€KTPOHHON MHUKPOCKOIHMH YCTaHOBJICHO, YTO YacTHIbI MOPOMIKA
IPEUMYIIECTBCHHO arperHpoBaHbl. Ha rucrorpaMmax pacmpeneneHHs YacTHI[ 110 pa3MepaM IIPHUCYTCTBYIOT JBa MHKA:
HEPBbIHA (C MEHBIIMM Pa3MEPOM HacTHIl) B OCHOBHOM XapakrepusyeT ¢asy B,C, a Bropoii (C KpyNHbIMM YacTHULAMM) —
¢asy TiB,. Cpennuii pasmep dactun dasel B,C cocrapnser 5,3-5,5 MM, a daswl TiB, — 33,6-41,9 mxm. Cpennuii pazmep
50 % 4YacTUI MOPOLIKa ISl UCCIEAYEMBIX cOcTaBoB He Oonbiie 13,4 MkM. Bennunna ynenbHOM OBEPXHOCTH 00pa3IoB
He npeBbimaer 5 M. OKUCIEHUE MONYYECHHBIX CMECEH KHUCIOPOAOM BO3JyXa HAYMHAETCSA IIPH TEMIIEPATYPE OKOJIO
500 °C. Tlpu stom npu goctuxenuu temmneparypsl 1000 °C okucnsiercs He Oonee 45 mac. % HUCCIENyeMbIX MOPOIIKOB.
Kepamuka, H3roTOBIEHHAs C MCIOJIb30BAHMEM CHHTE3MPOBaHHOM mopomkosoii cmecu B,C + 30 mon. % TiB, meromom
rOpsIYero MpeccoBaHUs, POAEMOHCTPUPOBAIa JOCTaTOYHO BBHICOKHE 3HAYEHUSI OTHOCHTENbHOM miotHocTH (99,0+1,1 %)
u TpemuHOocTONKOCTH (5,0+0,2 MITa-M%?).

Knrouessbie cnosa: xapbun 6opa, TuOOpH] TUTaHA, KapOHIOO0PHOE BOCCTAHOBIICHUE, HAHOBOJIOKHUCTHIH yriepos (HBY), Beicoko-

TeMIepaTypHbIi CHHTE3

BbnarogapHocTy: VccienoBanne BBIOIHEHO B COOTBETCTBUHM C roc3aianneM MunoOpHayku (kox FSUN-2023-0008).

Ans untnposanus: I'yneiva T.C., Kpyrckuit FO.J1., Makcumosckuii E.A., Uepkacosa H.YO., Jlanekun H.U., Jlapuna T.B. Cun-
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Introduction

Over the past 20 years, the study of the production and
properties of B,C-TiB, composite ceramics has attracted
a great interest, driven by the combination of the unique
properties of their components — boron carbide and tita-
nium diboride.

Boron carbide exhibit a high melting temperature
(2447 °C) and possesses a unique combination of high
hardness (up to 43 GPa) and low density (2.52 g/cm?)
[1; 2]. However, ceramics based on it are characterized
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by poor sintering and low fracture toughness. The use
of modifying additives, such as titanium diboride, can
significantly increase these indices by 10—40 % [3; 4].

Titanium diboride, as well as boron carbide, is
a refractory compound, its melting temperature is
~3225 °C [5]. The microhardness of TiB, ceramics is
rather high and amounts to 25-35 GPa. Titanium diboride
exhibit a relatively high thermal conductivity coefficient
(66.4 W/(m'K)) and low specific electrical toughness
(~107 Ohm'm) [6; 7]. Furthermore, TiB, is quite stable
when heated in air, and it is not oxidized at a temperature
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of up to 800 °C. At a temperature of 900 °C, it is slightly
oxidized with the formation of a vitreous protective film
on the surface of the material, which prevents its further
oxidation [8].

Many researchers note an increase in the fracture
toughness and sinterability of the ceramics based on
B,C-TiB, system in comparison with the ceramics con-
taining only B,C [9; 10]. The presence of TiB, prevents
the growth of B,C grains, reduces the sintering tempera-
ture and improves the mechanical properties of the result-
ing composite [11; 12]. Besides, there are data [13; 14]
being indicative of the fact that the presence of TiB,
increases the electrical conductivity of B,C-TiB, mate-
rial. B,C-TiB, composite of eutectic composition can
itself act as a modifying additive for refractory ceramics,
increasing its mechanical properties [15].

In most cases, ready-made B,C and TiB, powders are
used as batch components for the production of B,C-TiB,
composite ceramic material [14; 16]. The preparation
of such a batch before compaction involves mixing using
a planetary ball mill.

The literary sources present the data on the produc-
tion of B,C-TiB, composites by in situ methods in accor-
dance with reactions (1) [17], (2) [3] and (3) [18]:

Ti+ 6B + C=B,C+TiB,, (1)
TiC + 6B = B,C + TiB,, )

(1+x)B,C + 2xTiO, + 3xC =
= B,C + 2xTiB, + 4xCO. 3)

The advantage of running the processes in accor-
dance with reactions (1) and (2) is the absence of gas-
eous products, which is particularly important for
the simultaneous synthesis and compaction of the mate-
rial. On the other hand, the use of expensive boron and
long-term mixing of the batch are required. Reaction (3)
is prospective for the preliminary production of B,C—
TiB, batch due to the use of cheaper reagents. For
instance, in terms of producing a mixture with a molar
ratio of B,C:TiB, = 1:1, the cost of reagents for reac-
tion (3) is almost 5 times lower than for reactions (1)
and (2). In addition, the gaseous product release during
the heat treatment can contribute to additional mixing
of the batch and more uniform heating.

Acetylene black is most often used as a carbon source
in carbide synthesis. This material exhibit a rather high
surface area of ~50 m?/g. However, nanofibrous car-
bon (NFC) with a developed surface area (~150 m?/g)
can serve as a more efficient carbon material [19].
A highly dispersed carbon agent can accelerate the for-
mation of titanium diboride due to more intensive dif-

fusion of carbon into titanium dioxide particles. It
should be noted that there are some technological chal-
lenges in using NFC. This highly dispersed material is
prone to caking and requires thorough homogenization
of the reaction mixture before the heat treatment. Besides,
NFC is a more expensive reagent, its price is about
5 times higher than that of acetylene black. However,
in light of the fact that the mass fraction of carbon agent
in the reaction mixture for reaction (3) is relatively low,
the cost of final product increases insignificantly.

The purpose of this paper is to research the synthesis
and study the properties of B,C + TiB, composite pow-
der materials obtained by the carbide reduction of tita-
nium dioxide (reaction (3)) using NFC.

Research methods

To obtain B,C + TiB, powder composites, the follow-
ing reagents were used:

— highly dispersed boron carbide B,C (assay
98.5 wt. %, average particle size d = 2.1 um) synthesized
from simple substances according to method [20];

— titanium dioxide (TU 6-09-3811-79, assay 99.0 wt. %,
d=1.0 um);

— nanofibrous carbon (carbon content 99 wt. %)
[21; 22].

The used NFC contained catalyst residues: ~0.1 wt. %
Al,O, and 0.9 wt. % Ni. In its initial form, the carbon
material consisted of pellets being 0.4-8.0 mm in size
formed by densely intertwined fibers with an average
diameter of 73 nm. The NFC pellets were pre-ground
in the AGO-2S planetary ball mill for 5 min at an accele-
ration of 15g and a NFC to ball mass ratio of 1:15.
The average particle size of NFC after grinding was
3.9 um.

According to the diagram of B,C-TiB, sys-
tem state at the eutectic point, the content of TiB, is
~26 mol. % [23]. The composite powder materials,
the composition of which corresponds to the eutectic
point and beyond it, were selected for research. The ratio
of reagents was selected so that the composite powder
materials containing 10, 20, 25, and 30 mol. % of TiB,
were obtained in accordance with reaction (3). In calcu-
lating the batch composition, the presence of impurities
in the composition of reagents was taken into account.
The samples were designated as T10, T20, T25 and T30,
respectively. The initial powders were mixed in a plane-
tary ball mill for 5 min at an acceleration of 20g, and
then they were sifted through a sieve with a mesh size
of 100 pm.

The synthesis was performed in the VCh-25AV
induction crucible furnace (Russia). Argon was chosen
as an inert atmosphere preventing nitriding of boron
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carbide and titanium diboride. During carbide reduction
of titanium dioxide, gaseous products (CO and CO,)
are released and the pressure in the system increases.
To ensure the safety of the process, the synthesis should
be performed in a flow reactor, ensuring continuous
removal of the resulting gases by an argon flow. The tem-
perature was controlled using the Kelvin Compact 2300
optical pyrometer (PC EUROMIX, Russia). The pressure
in the reactor was almost atmospheric. The temperatures
of the beginning of titanium dioxide reduction were
determined by performing the thermodynamic calcula-
tions in accordance with the procedure [24]. The tem-
peratures were calculated for different CO pressures,
since it is difficult to estimate the partial pressure of CO
in Ar + CO gas mixture.

The value of the isobaric-isothermal potential
of the reaction of carbide reduction of titanium diox-
ide turns negative at the temperatures of 745, 849 and
994 °C for CO pressures of 0.001, 0.01 and 0.1 MPa,
respectively.

In this research, the heat treatment of the batch
was initially performed to prepare a mixture of B,C—
25 mol. % TiB, (T25) at ¢=1200, 1400, 1650 and
1900 °C for 20 min in accordance with reaction (3).
The completeness of the process was evaluated
by weighing the batch and the reaction products, as well
as by comparing experimental data with the theoretical
ones. The estimated weight loss upon the completeness
of this reaction was 19.05 wt. %. In practice, this value
may slightly differ from the estimated value. This is
due to the presence of impurities in the reagents used,
as well as due to the possibility of the formation of alu-
minum borocarbide Al,B,C,, being prone to oxidation
and hydration, during the synthesis. Since the results
of the conducted studies revealed that the optimal syn-
thesis temperature is 1650 °C, further experiments
with a batch of a different composition were performed
at the same temperature for 20 min.

The X-ray phase analysis (XPA) of the obtained pow-
ders was performed by means of DRON-3 diffractometer
using CukK -radiation. The diffraction patterns were inter-
preted using Power Diffraction File (PDF-2) database.
The ratio of B,C and TiB, phases was estimated using
the corundum number method.

The total carbon content was determined by infrared
absorption spectrometry using the CS 844 sulfur and
carbon analyzer (LECO Corporation, the USA) as per
GOST 12344-2003.

The microstructure of the powders and the morpho-
logy of the particles were studied using S-3400N scan-
ning electron microscope (Hitachi, Japan) equipped
with an energy-dispersive analysis attachment (Oxford
Instruments Analytical, the United Kingdom). The par-
ticle size distribution was evaluated by means of laser
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particle size analyzer MicroSizer 201 VA Instrument (VA
Instalt LLC, Russia). The surface area was determined
by the method of low-temperature nitrogen adsorption
using NOVA 2200e device (Quantachrome Instruments,
the USA).

The thermal-oxidative stability of the samples was
determined using STA 449 C Jupiter synchronous ther-
mal analysis instrument (Netzsch, Germany). During
the analysis, the sample was oxidized in an atmo-
sphere of synthetic air when heated up to a temperature
of 1000 °C at a rate of 15 °C/min.

Experiments on the production of B,C-TiB, com-
posite ceramics were performed on a hot pressing unit
designed by the Institute of Automation and Electrometry,
the Siberian Branch of the Russian Academy of Sciences
(Novosibirsk), using a synthesized powder containing
30 mol. % of TiB,. In this case, the batch was pre-ground
in a planetary ball mill at an acceleration of 20g for
5 min at a mass ratio of the batch to balls of 1:30. The pro-
cess was carried out in argon atmosphere at a pressing
pressure of 25 MPa and a temperature of 2100 °C.

The relative density and open porosity of ceramics
were evaluated in accordance with GOST 2409-2014
using AD-1653 hydrostatic weighing set installed on
GR-300 analytical balance (AND, Japan).

Vickers microhardness measurements were per-
formed on 402M VD unit (Wolpert Group, Great Britain).
The indentation load was 500 g. At least 5 punctures were
applied to the samples in such a way that the distance
between the center of one indent and the edge of the next
one was at least 2.5 lengths of the diagonal of the indent.

The fracture toughness was determined by indenta-
tion on a hardness tester of TP model No. 3534 (Russia)
with an indenter in the form of a 4-sided diamond Vickers
pyramid with a load of 5 kg. Its values were calculated
according to equation [25]

-0,5 -0,4 0,5
H ™ Ha"
K, = 0.048(1] ( v J e

a ED ()

where / is the fracture length, um; « is the half-diagonal
of impression, um; H  is the microhardness, GPa; E is
the Young modulus, GPa; ® = 3 is the constant.

Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the syn-
thesized samples of B,C-25 mol. % TiB, mixture. It can
be seen that at the synthesis temperatures ¢ = 1200 and
1400 °C the peaks of both the target B,C and TiB, phases
and the unreacted carbon are observed for condensed
products. At = 1650 and 1900 °C, B,C and TiB, phases
are formed in the reaction products, and the X-ray diffrac-
tion patterns show the impurity reflections of AL,B,.C,
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Fig. 1. The diffraction patterns of the samples
of B,C-25 mol. % TiB, mixtures obtained
at the temperatures of 1200-1900 °C

Puc. 1. lndppaxrorpammsl 00pas3roB cMecei
B,C-25 mon. % TiB,, momy4eHHbIX
npu Temneparypax 1200-1900 °C

phase. Its presence is caused by the fact that NFC has alu-
minum oxide impurity Al,O,, which reacts with the com-
ponents of the batch [20].

Fig. 2 presents the electron micrographs of mixture
samples synthesized at the temperatures of 1400, 1650
and 1900 °C. The micrographs were taken in the mode
of registration of secondary electrons. The scanning
electron microscopy (SEM) images of a sample obtained
at t=1400 °C clearly show heterogenecous particles,
some of which are fragmented. To clarify their nature,
an elemental mapping was performed, which indicated
that the particles constituted remains of unreacted NFC
(Fig. 3). Besides, the energy- dispersive analysis data
revealed the presence of oxygen in the amount of 5 wt. %.

The samples obtained at 7=1650 and 1900 °C
have aggregated particles with smooth edges, the size
of which does not exceed several micrometers. According
to the energy-dispersive analysis, these samples con-
tain titanium, boron, carbon, as well as nickel and alu-
minium (~1 wt. % in total).

The theoretical weight loss of the batch as a result
of reaction (3) is 19.05 % at a ratio of reagents corres-
ponding to 25 mol. % of TiB, in the resulting pow-
der. The experimental weight loss was 0.9, 1.7, 19.5
and 19.4 % at the processing temperatures of 1200,
1400, 1650 and 1900 °C, respectively. It follows from
the obtained results that the reaction of boride formation
is fully completed at # = 1650 °C.

The results of granulometric analysis of the samp-
les of B,C-25mol. % TiB, composition synthesized
at t=1650 and 1900 °C showed that the average par-
ticle size of the obtained powders increases from 8.4
to 9.8 um upon an increase in the synthesis temperature.
Since an increase in the particle size of the powder can
lead to adeterioration in its sintering properties, the fur-
ther experiments at ¢ = 1650 °C were conducted.

To evaluate the effect of the mixture composition
on the properties of the resulting powder, the batch
with the composition corresponding to 10, 20, 25 and

Fig. 2. The SEM images of B,C-TiB, powders synthesized
at £ = 1400 °C (@), 1650 °C (b) and 1900 °C (¢)

Puc. 2. Cauvku POM nopomkos B,C-TiB,, cunTe31poBaHHBIX
npu ¢t = 1400 °C (a), 1650 °C (b) u 1900 °C (c)
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Fig. 3. The micrograph of B,C-TiB, powder
synthesized at ¢t = 1400 °C (a), and the distribution
of carbon (b)

Puc. 3. Muxpodotorpadus nopomka B,C-TiB,,
cuHTe3upoBanHoro mpu ¢ = 1400 °C (a), u pacupenencHue
yriepona (b)

30 mol. % of TiB, was heat-treated. The experimental
weight loss of the batch during the synthesis was close
to the theoretical value in all cases (the relative devia-
tion did not exceed 3 %), which indicates the complete-
ness of the synthesis process at = 1650 °C, regardless
of'the composition of the sample. This was also confirmed
by X-ray phase analysis data (Fig. 4). The diffraction pat-
terns of the condensed reaction products contain TiB,
and B,C phases for all samples. The TiB, phase content
estimated by the corundum number method was 9, 18,
24, and 29 mol. % for T10, T20, T25, and T30 samples,
respectively. These data turned out to be close to the esti-
mated values.

From the results of determining the total carbon con-
tent, presented in Table 1, it can be seen that the obtained
experimental data slightly exceed the values correspond-
ing to the given composition of the synthesized mix-
tures. This also indicates a complete synthesis process.
It should be noted that with an increase in TiB, phase
content in the powders, the excess of carbon decreases.
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Fig. 5 shows the micrographs of the samples of com-
posite powder materials with different TiB, contents.
All SEM images contain aggregated particles of several
micrometers in size, and the absence of fragmented parti-
cles indirectly bespeaks of the absence of unreacted par-
ticles of the initial components of the reaction mixture.

In the course of particle size analysis, the samples
of B,C-TiB, powders were subjected to ultrasonic disper-
sion at a power of 200 W for 30 s. Two peaks were found
in the particle size distribution histograms of T10 and T30
samples (Fig. 6), with the second peak increasing upon an
increase in TiB, phase content. Since the ratio of the heights
of the first and the second maxima on the bimodal curve
changes with an increase in the concentration of titanium
diboride in the synthesized mixture, it can be assumed

! o —TiB,
m - ALB,C,
o 4 -B,C
T30 ° R N T
a AN A AIA A S k A af ® A 1_
°
.
é\ T25 i
17} ° N A
=] A e
QL A, J A= { A 1 A A : I I
=]
—
.

20 30 40 50 60 70 80 90
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Fig. 4. The diffraction patterns of the samples
of powder mixtures containing 10-30 mol. % TiB,,
synthesized at ¢t = 1650 °C

Puc. 4. lnppaxrorpamMmsl 00pa3IioB MOPOIIKOBEIX CMECEH,
conepxamux 10-30 mon. % TiB,, CMUHTE3MPOBaHHBIX
npu ¢t = 1650 °C

Table 1. The results of determining
the total carbon content, wt. %

Tabnunya 1. Pe3ynbTarsl onpe/iesieHusl colep:KaHus
odurero yriepoaa, mac. %

Sample Experiment | Calculation
T10 19.7 19.1
T20 16.8 16.5
T25 154 15.3
T30 14.2 14.1
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Fig. 5. The micrographs of B,C-TiB, powder synthesized at z = 1650 °C
TiB, content, mol. %: 10 (a), 20 (b), 25 (¢) and 30 (d)

Puc. 5. Muxpodororpaduu o6pasios nopomkossix cmeceit B,C-TiB,, cunresuposanHbix npu ¢ = 1650 °C
Conepxanue TiB,, mon. %: 10 (a), 20 (b), 25 (¢) u 30 (d)

that the part of the histogram with a smaller particle size
mainly characterizes the B,C phase; consequently, its other
part with a larger particle size refers to the TiB, phase.
Based on this assumption, the average size of particles and
aggregates was calculated for each phase (Table 2), and
the values of standard deviations and asymmetry indices
were determined using method [26].

Table 2 shows that the average 50 % particle size
increases with an increase in the TiB, content of the pow-

ders under research. There is also an increase in the par-
ticle size of B,C phase compared to pure B,C (2.4 um).
The standard deviation values indicate a wide range
in particle size distribution, i.e. the powder is poly-
disperse. The low value of asymmetry degree proves
the symmetry of the distribution curves for each phase.
The largest value of the average particle size of B,C
and TiB, phases is typical for the sample containing
30 mol. % of TiB,.

O . N W AN e X

Fig. 6. Particle size distribution histograms for T10 (a) and T30 (b) samples
X — fraction content, wt. %; D — particle size, pm

Puc. 6. TucrorpamMel pacripeiesieHns 9acTull o pasmepam oopasuos T10 (a) u T30 (b)
X — conepxanue ppakuuu, Mac. %; D — pa3Mep 4acTHIl, MKM
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Table 2. The results of research of particle size of B,C-TiB, powders
Tabnuya 2. PesynbTaThl HCC/ae10BaHus pasmepa yactul nopomkos B,C-TiB,
Average size of 50 % Average size Standard Asymmetry
Sample of particles D50, pm Phase of the phase, um deviation, um degree
B,C 53 1.9 —0.050
T10 7.4 :
TiB, 33.6 1.6 0.040
B,C 5.0 1.9 —0.040
T20 8.3 "
TiB, 40.0 1.6 0.010
B,C 5.1 1.9 —-0.040
T25 8.4 -
TiB, 41.0 1.6 —-0.023
B,C 5.5 1.9 —-0.050
T30 13.4 ;
TiB, 41.9 1.6 —0.005

The surface area values were 5, 4, 3, and 3 m?/g for
T10, T20, T25, and T30 samples, respectively, whereas
the said value was 4 m?/g for the initial boron carbide
sample without modifying additives.

In order to determine the thermal-oxidative stability
of the obtained B,C-TiB, powders, they were oxidized
in a synthetic air atmosphere. Similar thermogravimetric
curves were obtained for all samples of different com-
position. The derivatogram of T10 sample is presented
in Fig. 7 as an example.

X-ray phase analysis was conducted to identify
the products of oxidation of the mixture with oxygen.
The diffraction pattern of the sample of composite pow-
der material after heating up to 1000 °C in an oxidizing
atmosphere is shown in Fig. 8.

The results of thermogravimetric analysis show
that the weight gain is caused by the oxidation process
starting at ¢t ~500 °C. Upon the temperature reaching
1000 °C, there are unoxidized B,C and TiB, phases, as
well as TiBO,, TiO, and B,0O, oxidation products present
in the samples. It can be assumed that when this tempera-
ture is reached, the process proceeds in accordance with
the following reactions

240 30
220
200 -
180 |
160 |-
140 |
120

100 - : !
0 200 400 600 800

TG, %
DSC, mW/mg

Temperature, °C

Fig. 7. TG (I) and DSC (2) curves
for B,C—10 mol. % TiB, (T10) sample

Puc. 7. Kpussie TI" (1) u JICK (2) obpa3sua
B,C-10 mon. % TiB, (T10)
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(1 -x)B,C+xTiB, + (3.5 -0.25y)0, =
=(2-x-0.59)B,0, + (x - »)TiO, +
+yTiBO, + (1 —x)CO, 4)

(1 -x)B,C +xTiB, + (4 — 1.5x - 0.25y)0, =
=(2-x-0.59)B,0, + (x - »)TiO, +
+yTiBO, + (1 —x)CO,. &)

Upon that, the oxidation of minimum 80 wt. %
of composite powder material occurs. The mass frac-
tion of the oxidized substances at = 1000 °C is 80, 75,
69 and 73 wt. % for T10, T20, T25 and T30 samples,
respectively, and 83 wt. % for the initial boron car-
bide. The incomplete oxidation of the samples can be

1000
900 . e -B,C
= —B,0,
800 - » —TiBO,
» 700 v - TiB,
= + —TiO,
5 600 -
O
5 500 | .
£ 400
=
S
£ 300
200
100
0
1 1 1 1 1 1 1

20 30 40 50 60 70 80
20, deg

Fig. 8. The diffraction pattern of B,C-25 mol. % TiB, (T25)
sample subjected to oxidation in a synthetic oxygen
atmosphere at = 1000 °C

Puc. 8. ludppaxrorpamma obpasua B,C-25 mon. % TiB, (T25),
MOJBEPIHYTOIO OKHCIICHHIO B CPEJIC CHHTETHUECKOTO KUCIOPO/Ia
npu ¢ = 1000 °C
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Fig. 9. The microstructure of B,C-30 mol. % TiB,
composite ceramics
Gray area — B,C matrix, light inclusions — TiB,

Puc. 9. MUKpOCTPYKTYpa KOMITO3HILIHOHHON KEpaMUKN
B,C-30 mon. % TiB,

Ceppie yuactku — matpuna B,C, ceembie Biontouenus — TiB,

explained by the formation of a liquid protective film
of B,0,, the melting temperature of which is ~450 °C,
on the surface of B,C and TiB, particles [27].

The synthesized powder containing 30 mol. %
of TiB, was selected for the preparation of composite
ceramics. The relative density of the obtained material
was 99.0+1.1 %, and the relative density of B*C ceramics
produced in a similar way without the use of modifying
additives was 97.7+0.5 %.

Thus, the use of a batch with B,C-30 mol. % TiB,
composition obtained by carbide reduction allows to pro-
duce ceramics with a high relative density. Its structure
consists of a boron carbide matrix (gray area) and light
inclusions of titanium diboride of various sizes (Fig. 9).

The microhardness of the composite ceramics
was 33.0£3.4 GPa, and the fracture toughness was
5.0£0.2 MPa-m®3; for ceramics without TiB, additives,
these indices were 45.5+5.2 GPa and 3.6+0.11 MPa-m°?,
respectively. Thus, the presence of a modifying additive
in the composition of ceramics naturally led to a decrease
in microhardness and an increase in the material fracture
toughness.

Conclusion

B,C-TiB, composite powder materials have been
obtained by the carbide reduction of titanium dioxide
using an excess of boron carbide and nanofibrous car-
bon. It has been established that the process of formation
of the TiB, phase starts at = 1200 °C, but it is fully com-
pleted at 1650 °C. a further increase in a temperature leads
to an increase in the particle size of B,C-TiB, powder.
The average size of 50 % particles of the composite powder
material containing 10-30 mol. % of TiB, is 15 pm maxi-

mum, and the surface area value does not exceed 5 m%/g.
The average particle size of the B,C phase is in the range
of 5.3-5.5 um, and that of the TiB, phase is 33.6+41.9 um.

The oxidation of the obtained mixtures with atmo-
spheric oxygen starts at £ ~500 °C. Upon that, maximum
80 wt. % of the powders under study are oxidized when
the temperature reaches 1000 °C.

The presence of 30 mol. % of TiB, in the compo-
site powder material allows to perform the hot pressing
production of the ceramics with a higher relative density
(99.0+1.1 %) and fracture toughness (5.0+£0.2 MPa-m®?)
as compared to the ceramics obtained in a similar way
only from B,C.
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