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To determine the mechanism and conditions for the increased of product yield of titanium diboride TiB, low-
temperature synthesis, a thermodynamic assessment of the interaction in the TiO, — B,05 — C system was
performed. A numerical method was used to study a series of consequentially-parallel processes for the
reduction of titanium oxide to its non-stoichiometric oxycarbide phase and its subsequent interaction with
gaseous boron oxides. The Gibbs energy was estlmated for oxycarbide TiC,O, _, and titanium borate TiBO,
at 1027 °C, which are related as AGT,C 01, >> AGT|BO3 This energy ratio of |ntermed|ate products of the tita-
nium diboride synthesis allowed to make essential corrections in providing conditions and final results of
synthesis. At the first stage of the process, it was established that fluorine-doped titanium oxide TiO, _,F, is
reduced to oxycarbide TiC,O, _, with a deficient carbon content of x < 0.5. At the final stage, exposure of
isolated system at a fixed temperature requires moderate kinetic stimulation of TiB, synthesis by periodic
vacuuming. This is due to the need to create conditions for the disproportionation of gaseous boron oxide
8203(935) to its suboxides (Bzoz(gas), BOz(gas)) in the volume of the reaction mixture TiO, - B,O5; - C and to
suppress the “parasitic” reaction of the titanium borate TiBO, formation. The established mechanism assumes
observance of balance between temperature and duration of phase transformations during the exposure of
the system at the first stage, a balance between the increased Pg,0,/P¢ ratio in the gas phase and the tem-
perature at the final stage of the titanium diboride synthesis. The mechanism and conditions for the TiB,
synthesis are confirmed by laboratory experiments, the implementation of which allows to obtain titanium
diboride powders of technical purity at 1030-1050 °C.
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Introduction Thermodynamical estimation of titanium diboride synthesis

he transition to the commercial stage of deve-

lopment of any technology, and in this case, the

technology of titanium diboride low-temperature
synthesis, requires high reproducibility and a satisfactory
output of the target product at the stage of laboratory re-
search. These requirements are provided by understand-
ing the mechanism of sequentially-parallel processes oc-
curring with the reaction mixture TiO, B,0;— C during
the entire period of heating and holding the system under
synthesis conditions.

The most favorable conditions for the initiation and
completeness of carbothermal reduction of TiO, to ox-
ide and oxycarbide phases were determined in [1-2]. It
was reported about the principal possibility of titanium
diboride synthesis at 1050+-1070 °C with an attempt to
determine the mechanism of the process at the interme-
diate and final stages. However, the reproducibility of
TiB, synthesis results remained low. In this regard, de-
tailed studies of the thermodynamic conditions of TiB,
low-temperature synthesis and verification of the theo-
retical data obtained by practical experiments have been
undertaken.

The well-known procedure for doping amorphous
titanium oxide with fluoride ions according to the scheme
TiO,xH,0 —» TiO(OH), _ .[F, — TiO, _ F —
— a-TiO, _ F, and the anatase-rutile transformation
(ART) shift from a temperature range of 600—700 °C
to the range of 900—1100 °C extends the period of the
crystal lattice rearrangement in the process of a-TiO, _  —
— r-TiO,. This ensures the prolongation of the active
state of titanium oxide and at 860+980 °C creates the
conditions for its sequential recovery according to the
scheme [3]:

TiO, — Ti,0; — Ti;05— Ti O, _ . — TiIC O, _ . (1)

At the last stage, the carbothermic reduction evolves
to the non-stoichiometric phase of oxycarbide TiC O, _

1/xTi,0, .+ (I/x+x)C— TiC,0, _ .+ 1/xCO (2)

1—x 1—x

Both non-stoichiometric phases of this process in con-
tact with B,O, initiate the phase formation of another
intermediate TiBO;:
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1/xTi,0, _,+ 1/2B,0, — TiBO, 3)
TiC,0, _,+3/2B,0, — TiBO, + xC(CO) +yB,0,, (4)

The presence of oxycarbide and titanium borate was
confidently reproduced by the XRD results of the syn-
thesis products of the initial TiO, — B,0O3; — C mixture
in preliminary experiments at 1050+1070 °C [1-2]. This
gives basis for estimating the unknown Gibbs free energy
values of TiC O, _ , and TiBO; at 1300 K. Assume that
the reaction product is an oxycarbide of the composition
TiCy 50 5 at x = 0.5. Calculate the Gibbs energy of reac-
tions AG,% excluding AG%CO 005 oxycarbide titanium —

0 — 0 0
AG(n) = (AGr— AGTiCusOoAs)'
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No. Reactions at 1300K AGR- AG%CO-SOO»S’
kJ/mol
1. |TiO,+2C =TiC, ;0 5 + 3/2CO 510.82
2. | 1/4Ti,0,+7/4C=TiCy 50, 5 + 5/4CO 509.62
3. | 1/8Tig04 +5/3C =TiC, 40, 5 + 7/6CO 505.12
4. |TIO+C=TiC, ;0,5 + 1/2CO 447.96
Average value AG(y 4 =
=(AGg, - AG%nozn 41— AG) 493.38

The average value of AG ?1 4 has a positive value. But,
since the experiment indicates the course of reactions
(1—4) to the formation of TiC O, _ [1], we can assume:

AGYic, 0,5 < —493.38 kJ/mol )

We will make the same reasoning and estimation for
the reactions of titanium borate formation TiBO; accord-
ing to reactions (3) and (4). At the same time, we assume
that at temperatures above 1000 °C, gasification of boron
oxide occurs in the system and its participation in gaseous
phase formation reactions. The B203(liquid) - B203(gas)
process was observed and studied in [4—6] and is a univer-
sally recognized effect.

0_ A0
No. Reactions at 1300K AGR~AGTigo,,
kd/mol
5. | TiO, +1/2B,04 - TiBOg 5 1771.86
6. | 1/4Ti,0,+1/2B,05 — TiBOg o5 1411.32
7. | 1/3Tiz04 + 1/2B,05 — TiBOg 4 1642.93
8. | 1/2Ti,04+1/2B,03quig) —> TiBOg 1574.22
9. | 1/2Ti,05 + 1/2B,04 4, = TiBO, 1489.65
0o _ 0 0
Average value AG(5_9) =(- AGTiOX - AGBzoa) 1578.00
10. | TiCy 500 5+ 3/2By05gas) —
570, 1541.
= TiBOz + 1/2C + ByOy 445 541.66
11. TiCO 2500 75 + 3/28203(935) -
: : 1454.21
— TiBOg + 1/4C0 + B,0yp4ae) °
Average value AG? =
(10-11)
0 0 0 0 1497.93
=(AGg(co) * AGg,0, ~AG 1ic 0, _, ~AGB,0,)
Average value AG&,H) 1537.97

The average value of AGO(S_H) has a positive value.
But, since the experiment indicates the beginning of the
interaction of reactions (5—11) to the formation of TiBO4
[2], we can assume that

Glipo, < —1537.97 kJ/mol (6)

Thus, the Gibbs partial energies for oxycarbide
TiC,O1 - x and titanium borate TiBO, are related as
AG%CXO1 > AGOTiBO3. This ratio of the intermediate
products energies of the titanium diboride synthesis makes
significant adjustments to the conditions and the final
results of the synthesis.

Theoretically and practically, processes involving boron
oxide in a condensed state are unlikely:

TiCy 50 5+ 3/2B,0y iquiay = TIBO; + 1/2C + B,0,T
AGY5, = +234.66 kJ/mol (7)

TiCy 50 5 + B,O3jiquig) + 3C = TiB, +7/2COT
AGY;, = +196.39 kJ/mol (8)

but develop with the participation of boron oxide in a
gaseous state until the formation of titanium diboride:

TiCy 50y 5 + ByOseaq) + 3C = TiB, + 7/2COT

3(gas)
AGY, = +27.27 kI /mol )
TiCy 550075+ By05 g + 15/4C - TiB, + 15/4COT

AGY5, = —55.20 kJ/mol (10)

and titanium borate

TiCy 50y 5 + 3/2B,0; 4 — TiBO; + 1/2C + B,0,T
AGY%,=—19.03 kJ/mol (11)

TiCy 500,75+ 3/2B, 034y = TiBO; + 1/4CO + B,O, T
AGY5,= —106.48 kJ/mol (12)

In accordance with egs. (7)+(12), the formation of
titanium borate TiBO,, relative to titanium diboride
TiB,, has an insignificant but greater probability in the
presence of the initial TiC,O; _ , reagent of the same
composition. Titanium diboride is formed only at x < 0.5
by reaction (10), i. e., with a lower carbon content in
the composition of the intermediate oxycarbide phase.
This may mean that carbon depleted TiC O, _ | has the
highest reactivity. Freshly formed and active nucleus of
these oxycarbides, upon further heating and holding at
1030+1060 °C, are thermodynamically the best starting
phases for interaction with boron-containing compo-
nents in the TiO, — B,0, — C system with the subsequent
formation of titanium diboride TiB,. On the contrary
TiC O, _ , with a composition close to titanium car-
bide TiC (0.5 < x < 1) is inactive, or rather, is capable of
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interacting with boron oxide only up to titanium borate
(reaction (11)).

Thus, the final result of the process depends on the de-
velopment of two competing processes for the output of
TiB, boride with COT in the gas phase (10) and TiBO, bo-
rate with predominant generation of B202(gas) (12). Sup-
pression of the latter reaction development can be ensured
by the disproportionation of gaseous boron oxide to its
suboxides [7—14]:

13)
(14)

+ C — B0, gy + COT
+C — B0y, + COT

B 203(gas)
1/2BZC)2(gzis)

Kinetic stimulation of boron oxide carbothermic re-
duction, i. e., periodic vacuuming of the system, causes
increased generation of ByOy(ga5), BOj(gas) and BO gy
with an increase in the Pony /Pc ratio in the gas phase.
And this creates preferences for the development of reac-
tion (10) with the formation of titanium diboride. In addi-
tion, the participation of boron suboxides in phase forma-
tion reactions increases the efficiency of the entire process
and the yield of the target product:

TiC0.2500.75 + B202(gas)
AGYy, = —117 kJ/mol

+10/4C — TiB, + 11/4COT
(15)
+4C - TiB, + 9/2COT
(16)
+9/2C - TiB, + 19/4COT
(17)

TiCy 505 + 2BOy )
AGYy,, = —287 k/mol

TiC0.2500‘75+ 2BOZ(gas)
AGYy, = —374 kJ/mol

Thus, the essential conditions for the low-temperature
synthesis of titanium diboride are:

Condition 1. Pre-doping of amorphous titanium oxide
with fluorine TiO, _ | F to stabilize the anatase modifi-
cation of titanium oxide and transfer of ART from
600+700 °C to a high temperature zone of 900+1000 °C.

Preliminary studies found that ART of doped with
fluorine titanium oxide intensively occurs in the range of
860+980 °C, which is the period of the highest reactive
activity of titanium oxide during its carbothermic reduc-
tion [3].

Condition 2. The formation of the active intermediate
phase of titanium oxycarbide TiO, _ F, with a carbon-
deficient composition x < 0.5 in an air atmosphere when
heated to 960 °C with a maximum development of the

process at 890 °C:

) ) 890+960 °C
(a-TiO, _ , — r-TiO,) +C| ——
x<0.5

- TiIC,0, .+ CO (18)

Such a condition may be a balance between the tem-
perature and the duration of the phase transformations
Ti;05 —» Ti, 0, _, = TiC,O during the exposure of
the system.

1—x
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Condition 3. Synthesis of titanium diboride TiB, at
a temperature of 1030+1060 °C for 2—3 hours with the
participation of boron oxides in the phase formation

reactions 1n gaseous form BxOy(gaS)'

. 1030+1060 °C
TleOl —x [T
X y(gas)

] - TiB, (19)

This condition determines the possibility of low-tem-
perature synthesis and the output of the target product,
which is higher with an extension of the contact period of
B0, (gas) With active intermediate products in the volume
of the reaction body. The process of gasification and dis-
proportionation of ByOj3jiquid) = BxOy(gas) 1S @ universally
recognized effect and intensifies with an increase in tem-
perature above 1000 °C. Therefore, the reaction contact
period depends on the temperature and regulation of the
atmospheric pressure in the system.

Experiment and discussion of the results

To verify and confirm the conclusions made based on
the results of thermodynamic estimates and formulated
conditions for carbothermal synthesis of titanium dibo-
ride, two series of experiments were carried out:

Series 1. In an isolated steel retort with a controlled
atmosphere for 3 hours according to the method and using
the equipment described in [1].

— At 1050 °C, Conditions 2 and 3 were not fulfilled,
namely: at the preliminary stage of heating the system, the
exposure time at 960 °C was set to more than 60 minutes
(i. e, process output (18) with 0.5 < x< 1) and at the final
the synthesis stage did not periodically remove gaseous
products from the isolated system (no stimulation of
gasification and disproportionation of boron oxides was
performed).

— At 1100 °C, Condition 3was not fulfilled — an ex-
cessively high process temperature with a correspond-
ing increase in the partial pressure of gaseous boron
oxides and their rapid evacuation from the volume of
the reaction mixture (reduction of the contact time of
the reacting components). After the experiments, the
samples were removed and sent for X-ray phase analysis.
The figures below show the radiographs of the synthesis
products.

The synthesis at 1050 °C under the created condi-
tions fixes the phase formation of the entire spectrum of
compounds at the final stage of the process — TiC O, _,
TiBO,u TiB, (Fig. 1, a). At the preliminary heating stage,
titanium oxycarbide TiC,O, _, is formed, enriched in car-
bon and reactive to the formation of TiBO, by reaction
(12) at the stage of system exposure.

At 1100 °C, the limited contact time of the reacting
compounds according to reactions (10), (15)+(17) re-
duces the yield of the final target product, titanium dibo-
ride with a high content of titanium oxycarbide impurities
(Fig. 1, b).
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Compliance with all conditions of titanium diboride
low temperature synthesis allows to obtain technically
pure powder TiB, (Fig. 2).

Series 2. Reduction of the initial reaction mixture TiO, —
B,0; — C under a layer of salt melt.

The technique consists in placing compressed samples
of the mixture on the bottom of the crucible under a layer
of molten salt. The goal is to exclude oxygen access to the
sample in the second stage during the synthesis of tita-
nium diboride. In the experiments, the sodium salt NaCl
was selected for the melt. After placing the pressed sam-
ples of the initial reaction mixture TiO, — B,0;— C on the
bottom of the crucible and loading the powder and lump
material of salt, the furnace was heated in an oxygen-
containing atmosphere to 950+960 °C with a 30-minute
exposure, and then after the salt was melted, to a synthesis
temperature of 1050 °C with exposure of the system for
3 hours. The exposure time began from the moment of
salt melting.
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Fig. 1. Phase formation in the TiO, — B,0; — C system at:
a—1050°C; b— 1100 °C
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Fig. 2. Low temperature synthesis of titanium diboride at 1030 °C
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The type of samples after the experiments under the
electrolyte layer is shown in Fig. 3. The Fig. 4 shows
a typical result of this series of studies — an X-ray dif-
fraction pattern of products synthesized under a melt dur-
ing 3-hour exposure. This exposure period is sufficient
to obtain compact samples consisting of titanium dibo-
ride mixed with titanium borate (without an amorphous
phase).

The presence of TiBOj is associated with the access of
oxygen to the samples during crystallization and shrinkage
of molten-solid salt after experiments:

4TiB, + 90, = 4TiBO; + 2B,0, (20)

The glassy phase of B,0; boron oxide on the surface
of the samples protected them from complete oxidation
to titanium oxide.

The experimental results under a layer of molten salt
mean that the synthesis of titanium diboride can be or-
ganized in situ during electrolysis. For this, the reaction
mixture is embedded in the cathodes at the stage of their
manufacture. After mounting the cathode blocks and
starting the cells, the synthesis of titanium diboride will
occur in the volume of the cathode, which acquires wet-
ting properties.
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Samples at the bottom
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Fig. 3. Cell and samples after experiment
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Fig. 4. XRD of samples (Fig. 3) after 3 hours exposure at 1050 °C under
the melt
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Summary

1. Using thermodynamic evaluation of the interaction
conditions in the TiO, — B,0; — C system, the probable
mechanism of TiB, low-temperature synthesis is deter-
mined, which consists in the phased reduction of titanium
oxide to its oxycarbide phase with subsequent interaction
with gaseous boron oxides:

Stage 1

890+960 °C
a-TiO, F eT14O7—>T1305[L]

2—x x

STC,0,_ -

Stage 2
[1030+1050 °C
% —_—

B xOy(gaS)

] —TiB,

2. Essential and sufficient conditions for the low-tem-
perature synthesis of TiB, are:

2.1. Pre-doping of amorphous titanium oxide with
fluorine TiO, _ | F | to stabilize the anatase modification of
titanium oxide and transfer ART to the high temperature
zone 9001000 °C;

2.2. The formation of the active intermediate phase of
titanium oxycarbide TiC O, _ , in the air at 890+960 °C
with a deficient carbon composition x < 0.5;

2.3. Synthesis of titanium diboride TiB, at a tempera-
ture of 1030+1050 °C for 3 hours with participation in the
phase formation reactions of oxide B203(gas) and boron
suboxides (By0ygas), BOy(gas)) in the gaseous state.

3. The mechanism and conditions for the synthesis of
titanium diboride TiB, are confirmed by laboratory ex-
periments at 10301050 °C, the implementation of which
allows to obtain titanium diboride of technical purity by
the furnace method and under a layer of molten salt.

References

1. Gorlanov E. S., Bazhin V. Yu., Fedorov S. N. Low-Tem-
perature Phase Formation in a Ti — B — C — O System. Tsvetnye
metally. 2017. No. 8. pp. 76—81. DOI: 10.17580/tsm.2017.08.12.

2. Gorlanov E. S., Bazhin V. Yu., Fedorov S. N. Carbother-
mic Synthesis of Titanium Diboride: Upgrade. Journal of Siberian
Federal University. Chemistry. 2018. Vol. 11, Iss. 2. pp. 156—166.

3. Gorlanov E. S., Ugolkov V. L. To The Question of Low-
Temperature Synthesis of Titanium Diboride. Proceedings

RARE METALS, SEMICONDUCTORS

of Irkutsk State Technical University. 2018. Vol. 22, Iss. 2.
pp. 153—165.

4. Voitovich R. E, Pugach E. A. High-Temperature Oxida-
tion of Group IV Metal Borides. 1. Oxidation of Titanium Dibo-
ride. Soviet Powder Metallurgy and Metal Ceramics. 1975. Vol. 14,
Iss. 2. pp. 132—135.

5. Koh Y.-H., Lee S.-Y., Kim H.-E. Oxidation Behavior of
Titanium Boride at Elevated Temperatures. Journal of the Ameri-
can Ceramic Society. 2001. Vol. 84, No. 1. pp. 239—-241.

6. Huang E, Fu Zh.,Wang W., Wang H., Zhang J., Zhang Q.
Oxidation Behavior of Titanium Diboride Ceramic at Different
Temperatures. Journal of the Chinese Ceramic Society. 2008. Vol. 36,
No. 5. pp. 584—587.

7. Lamoreaux R. H., Hildebrand D. L., Brewer L. High-
Temperature Vaporization Behavior of Oxides II: Oxides of Be,
Mg, Ca, Sr. Ba, B, Al, Ga, In, Tl, Si, Ge, Sn, Pb, Zn, Cd and Hg.
Journal of Physical and Chemical Reference Data. 1987. Vol. 16.
Iss. 3. pp. 419—443.

8. Weimer A. W., Roach R. P, Haney C. N., Moore W. G.,
Rafaniello W. Rapid Carbothermal Reduction of Boron Oxide in
a Graphite Transport Reactor. AIChE Journal. 1991. Vol. 37,
Iss. 5. pp. 759—768.

9. Bagaratyan N. V., Makarov A. V. Ionization of Vapor Over
a Mixture of (B,0; + B) by Electron Impact. Ionization Poten-
tials of B,O, and BO Molecules. Bulletin of Moscow University.
Series. 2. Chemistry. 1998. Vol. 39, Iss. 2. pp. 91-93.

10. Dacic B. Z., Jokanovi¢ V., Jokanovi¢ B., Dramica-
nin M. D. Thermodynamics of Gas Phase Carbothermic Reduc-
tion of Boron-Anhydride. Journal of Alloys and Compounds. 2006.
Vol. 413, Iss. 1-2. pp. 198—205.

11. Smirnyagina N. N. Thermophysical and Thermochemical
Processes of Protective Coatings Formation in a Vacuum When
Exposed to an Electron Beam. Diss. for the degree of Doctor of
Tech. Sci. Ulan-Ude, 2007. 278 p.

12. Makarov A. V. Bagaratyan N. V., Zbezhneva S. G.,
Aleshko-Ozhevskaya L. A., Georgobiani T. P. Tonization and
fragmentation of B,0, and BO molecules during electron impact.
Bulletin of Moscow University. Series. 2. Chemistry. 2000. Vol. 41,
Iss. 4. pp. 227-230.

13. Ozkan 1., Dokumaci E., Biilent Onay A. Cyclic Oxida-
tion Behavior of TiB2 Pellets at Elevated Temperatures. Journal
of the Australian Ceramic Society. 2017. Vol. 53, Iss. 2. pp. 415—
420.

14. Ke Bao. Low Temperature Synthesis of Boron-Based Ma-
terials in Molten Salts: Ph.D. thesis, University of Exeter. Exeter,
Devon, South West England, 2017. 186 p. NFM

42





