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The main results of a lab-scale technological development of a composite material “Carbon – Titanium Carbide/
Titanium Diboride” (C – TiC/TiB2) carbothermal synthesis are presented in the work. Initial components – petroleum
coke of various fractional compositions, titanium and boron compounds together with the binder – were mixed and
calcinated at 1050 °С in air under the layer of preliminarily calcinated coke. Composite material С – TiC/TiB2 synthe-
sized this way demonstrated a rather high resistivity to oxidation in air. In our mind the result was reached due to the
formation of a Ti – C – B – О bonding medium on the surface and between the grains of a carbon material. It was found
that resistivity to oxidation and degradation under various temperatures can be controlled with glass boron oxide fine
condition, its distribution over the surface and with the rate of its evaporation from the electrode surface. An overall
mechanism of the composite electrode oxidation process was proposed and the corresponding kinetic parameters of
weight loss rate as a function of temperature were found. The proposed technological procedure of composite elec-
trodes formation may be applied for a wide range of С – МеС/МеВ2 based materials, including electrodes for arc
steel-smelting and ore-thermal furnaces, magnesium and aluminium cells.
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Carbon-based composite electrodes C – TiC/TiB2. Part 1. 

Synthesis and oxidizability of composites

Introduction

C
arbon materials are widely applied in various 

metallurgical processes and technological units,

where they should work in highly aggressive media

for a long time and retain their functional characteristics.

It is obvious that the corresponding initial carbon mate-

rials [1–3], their fractions [4, 5], bonding materials and

modifying agents should meet very strict characteristics in 

composition [6–8], emissions of gaseous and solid com-

ponents [9–11].

Graphitized and coal electrodes of ore-thermal furnaces

[12, 13], as well as magnesium cell anodes [14, 15] – are

subject both to thermal shock and high-temperature oxi-

dation. These electrodes are often protected via impreg-

nation with coal peck [16–18] and special solutions [19–

21] or melts [22] that retard oxidation. Ceramic coatings

made of aluminum [23–25], titanium [26–28], silicon

[29–31], chromium [32, 33] oxides or carbides are also

used. These technological operations do improve the elec-

trodes resistivity to oxidation and degradation, but the ef-

fect is mainly noticeable at the beginning of an electrode

working cycle. The reason is that the electrode surface 

and volume close to surface are only protected this way, 

and anyway the near-surface layer is being oxidized with 

gaseous oxidation products formation, it finally loses its

mechanical integrity that results in an electrode degrada-

tion and material sloughing. Ceramic coatings seem to be

more reliable, but they are being flaked off in the result of 

numerous consecutive processes of thermal expansion and

shrinkage. Similar problems are vital for carbon cathode 

blocks of aluminium electrolyzers that are subject to de-

struction with sodium ions and abrasive solid particles that 

are present in circulating melts [34–36].

Aim of the work is developing a basic scientific and 

technological approach to synthesis and production of a 

composite electrode material with improved operating 

characteristics in course of a standard calcination pro-

cedure of carbon materials that is performed at 1000– 

1100 °С under the coke layer or in an inert atmosphere.

Thermodynamic argumentation

To synthesize a perfect composite material resistant 

at a high temperature in aggressive atmosphere for a long 

time — one needs not only to perform an appropriate *Correspondence author.
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mechanical mixing of initial carbon material with dopants

or their precursors, but also to provide their location and

necessary chemical interactions in intercrystalline space

of a final electrode [37]. Transition metal oxides may be

used as dopant precursors with their further transforma-

tion to highly resistant metal-carbon compounds at an

elevated temperature. In case of applying TiO2 as a pre-

cursor the estimation is as follows. According to thermo-

dynamic data their synthesis, e.g., titanium carbide TiC 

or titanitum diboride TiB2, is possible only at temperature 

2000 °C and higher, and not at 1000–1100 °C as we need:

In case that we are limited with the 1000–1100 °C

interval — standard for carbon material thermal treat-

ment – the solution may be in applying dispersed metal

Ti as a precursor to synthesize TiC and TiB2 in course of 

the following exothermal reactions with the negative �G 0

values [38]: 

Ti + С = TiC �G 0
1300 = –168.64 kJ/mol  (3)

Ti + B2O3 + 3С � TiB� 2 + 3СO2  O G 0
1300 = –41.13 kJ/mol  (4)

We suppose that reactions (3)–(4) may be run completely 

at a prolonged calcination of a composite material at 1000–

1100 °C and final reaction products (TiC, TiB2) located at

the surface and in the intercrystalline space of a final elec-

trode will make it highly resistant in an aggressive medium.

Experimental section

Preparing a composite electrode sample
A standard procedure was applied for mixing the initial

components, the green electrode formation and its further 

calcination. Petroleum coke with particles <2 mm and

coal pitch (13–15 wt.%) were mixed in a mixer at an ele-

vated temperature (135 ± 5 °C) for 15–20 min. A mixture

of Ti, TiO2 and B2O3 was then added in a quantity up to

45%wt. to the mixture of petroleum coke and pitch. All

reagents were of chemically pure grade.

The green electrode samples were formed in a heated

matrix (~120 °C) in the form of cylinders D = 30 mm andD

H = 30–50 mm with applying static pressure ~15.0 MPa.H

After that they were calcinated for 3 h in a muffle furnace

at temperature 1050 ± 10 °С in air under the layer of a cal-

cinated petroleum coke to prevent oxidation. Simulation

of carbon materials calcination procedure in an industrial 

furnace with the possibility of a partial oxidation of the 

protective compounds being synthesized was done this way.

Oxidation study of the com-
posite electrode samples and 
data presentation
A comparative testing of 

various electrodes in oxida-

tive atmosphere was done.

Graphite electrodes and those made of petroleum coke

and protected with TiC/TiB2 compounds were studied.

Some of graphite electrodes were additionally impreg-

nated with a mixture of phosphoric and boron acids under 

vacuum to make them more stable and compare with 

composite electrodes. Effective density and open porosity

of all electrodes to be tested were within 1.56–1.61 g/cm3

and 19–25%, respectively. Relative stability testing of 

various electrodes was done in static air atmosphere in a 

muffle furnace (LOIP, Russia) under isothermal condi-

tions at 520, 710, 820, 920 and 1050 °C (Fig. 1). Heating 

rate 5 °C/min from ambient temperature to a testing tem-

perature was applied. Total duration of an electrode test

at each temperature was from 20 to 30 h as a consequence 

of 5 h intervals (heating to a selected TisoTT  — 5 h under iso-

thermal conditions – cooling to ambient T — weight lossT

and geometrical dimensions measuring).

Analytical balance and digital slide gauge were used.

Specific weight loss at a single time interval and for the w  hole 

consequence was done according to the following formula:

 �m           mn – mn – 1——— = 	
n

i = 0i
–––––––––, mg/cm2 (5)

 S                       S SnSS

where mn and n mn – 1 – sample weight before and after the test;

n – number of a single test interval; SnSS  – geometrical surface 

value before a single test interval (5 h), cm2. 

Specific oxidation rate �V as a function of V

time interval �� is as follows:

              �m
�V =  ———— , mg/cm2 · h (6)
            SnSS · ��

The experimental results were presented 

in a graphic form for further analysis and

discussing the possible overall mechanism of 

the composite electrodes oxidation depen-

ding on their prehistory. The data were fitted as

functions �m/S = f (ff �) or �m/S · � = f(ff �) with 

a regression coefficient R2 
 0.95. In most

cases the condition was fulfilled. It may be

                                                                         �G 0
3100, kJ/mol �G 0

1300, kJ/mol

TiO2(s) + 2C(s) = TiC(s) + 2CO(g)gg  –241.0  118.12 (1)

TiО2(s) + B2O3(g)gg  + 5С(s) � TiB2(s) + 5СO(g)gg   –624.0  +41.21  (2)

Fig. 1. LOIP muffle furnace with the loaded samples (in ceramic crucibles) in course 

of the oxidative test
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considered as a fact that the electrode oxidation process

is controlled with the sample surface value and a mixed

mode of oxidation reaction rate together with the outer 

diffusion process rate of oxidation products: 

(�m/S// )SS n = KnKK � , mg/cm2  (7)

where KnKK  is the rate constant of oxidation reaction; n —

exponent; � — oxidation time.

There may be two utmost variants of running the

oxi dation process in accordance with the equation (8).

At n < 1 and at n approaching to 1.0 oxidation rate is

mainly defined with interaction of oxygen with the mate-

rial. We suppose that at 1 < n � 2 the limiting stage of 

overall electrode oxidation process rate is changing 

from mainly kinetic one (n 
 1) to mainly diffusional one 

(n � 2) (oxygen diffusion to the reaction surface through 

the gaseous oxidation products).

The regression equations used for the data kinetic

analysis are as follows:

�m/S = KT KK · �a  n = 1/a  (8)

�m/S · � = KV KK · �–m n = 1/1 – m  (9)

where KTKK  andT KVKK  – rate constants of the oxidation reac-V
tion that have dimensions depending on the values of a

and m parameters, respectively. Temperature dependency 

of the rate constants at a given oxygen partial value is ex-

pressed via the well-known Arrhenius equation:

 
                            EaE

KT VKK =V K0KK · exp   ——  (10)
a

                             RT
T, V 0

where EaE  – effective activation energy of oxidation reac-

tion, J/mol; R – universal gas constant, J/(mol · K);R Т –

temperature, К; К0КК  – pre-exponential factor, it does not

depend upon temperature.

Linearization of the functions �m/S = f(ff �, T)TT and 

KT, VKK  =V f(ff �) was performed in a usual way via transforming

equations (8)–(10) to a logarithmic form. Rate constants 

were presented in mg/cm2 · h.

Electrode samples instrumental analysis
The carbon composite samples were analyzed after 

each heating procedure (synthesis at 1050 °C, oxidation

testing) with applying XRD technique (XRD-7000 by 

Shimadzu, Japan) and/or SEM with EDX local analysis

(Vega 3 LMH by TESCAN, Czech Republic).

Results and discussion

Synthesis of composite electrodes
XRD analysis data of the composite С – TiC/TiB2 syn-

thesized at 1050 °C are presented in Fig. 2. Initial charge

had the composition {76C + 8TiO2 + 16(Ti + B2O3)}1.

The main phase is predictably identified as carbon, and

other phases with lower intensity are presented with Ti and

B compounds — titanium borides and carbides, such as

TiB2, TiB, TiCx — that were generated in accordance withx
reactions (1) – (4).

Oxygen-containing compounds — titanium borate

TiBO3, oxides of titanium (TiO2) and boron (B2O3) — are 

supposed to be the products of titanium borides partial

oxidation in course of the synthesis procedure. One might

expect the  presence of boron oxide in composites (Fig. 3), 
its absence in some materials may be explained with its

evaporation and/or consumption due to (3) and (4) reac-

tions in course of synthesis Fig. 2.
The synthesis result is supposed to be mainly depen-

dent upon Ti/B2O3 fraction in the initial charge. If we

increase B2O3 content — it appears in the final composite

in a noticeable amount (see Fig. 4).
The presence of boron oxide at the composite surface

was directly confirmed with SEM-EDX analysis (see Fig. 5).
B2O3 forms a continuous layer of micro-bubbles located at

the surface. That may be the result of its partial evaporat ion

at the synthesis temperature (1050 °C) together with other 

volatile products generation according to (1) – (4) reactions.

The presence of boron oxide at the composite surface

might indicate that one could provide optimal conditions

for generating the essential oxidation-resistant phases

TiB2, Ti2B5, TiB, TiCxO1 – x, TiBO3 (see Fig. 6) via chan-

ging the Ti/B2O3 fraction in an initial charge.

Intensity (a. u)

2 Theta (degree) 2 Theta 

120

100

80

60

40

20

0
13 18 23 28 33 38 43 48 53 58 63 41 42 43 44 45

Fig. 2. XRD analysis results of {76C + 8TiO2 + (16Ti+B2O3)№1} composite after synthesis

1 Initial charge composition prepared for composites synthesis is given in wt.%.
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One should emphasize an amorphous phase with a

wide XRD peaks profile within the range 41–45° (2�). 

This range is additionally selected and enlarged with

the corresponding rectangles in Figs. 2–6. At scaling

this range one could suppose the presence of phases

TiCxO1 – x, TiC and TiCx (42.0–42.3°), TiBOx 3 (42.9°), 

TiB2 (44.5°). The pre sence of a phase (or a number of 

phases) containing Ti, C, B and O was shown with ap-

plying SEM-EDX analysis in the volume of electrode

samples (Fig. 7, Table 1).

We suppose that these are the complex 

phases or their non-stoichiometric Ti – C –

B – О derivatives. Their possible formation 

may be presented with the following reac-

tions (11–12):

TiB2 + TiO2 � TiB2 × TiO2 � Tixi ByOz (11)

TiB2 + TiCxO1 – x =x

= TiB2 × TiO2 × TiC � Tixi ByCzOk  (12)k

These not properly crystallized complex 

phases of Ti – C – B – О composition found 

at the surface and between crystallites may 

be considered as a source of improving the 

electrodes resistance in an aggressive oxidi-

zing medium.

Relative oxidation rate of composite electrode samples
A comparative test of various electrodes behavior 

under oxidation was performed in order to better esti-

mate the possible advantages of composite electrodes. 

Composite electrodes were compared with the tradition-

al graphite electrodes and also with those impregnated 

with an aqueous mixture of phosphoric and boric acids 

(Fig. 8).
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Fig. 3. XRD analysis results of {80C + 20(Ti + B2O3)№2№2} composite after synthesis

Fig. 4. XRD analysis results of {70C + 30(Ti + B2O3)№3} composite after synthesis

Fig. 5. SEM analysis results of {70C + 30(Ti + B2O3)№3} composite after synthesis:

a – boron oxide layer at the surface, b – boron oxide bubbles (a greater 

magnification)

а b

50 μm 10 μm
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The least resistance to oxidation under 

the test conditions (710 °C, static air) was 

predictably demonstrated by an ordinary 

graphite electrode. Impregnation of gra-

phite electrode does noticeably reduce 

its oxidation rate compared to a non-im-

pregnated one – but only for the initial 

period around 10–15 h. After this time the 

oxidation rate of an impregnated electrode 

becomes similar to that for a non-impreg-

nated one (Fig. 8). Oxidation dynamics 

of both kinds of graphite electrodes is de-

scribed with exponential regression equa-

tions with a high correlation coefficient 

R2 = 0.96–0.99. It may be concluded that 

the oxidation reaction rate in a stationary 

mode for the tested materials is control-

led with a direct interaction of oxygen with

carbon. 

The fundamental difference the dy-

namics of mass loss of C – TiC/TiB2 elec-

trodes is the decrease in the oxidation

rate during testing, which is described

by power equations (8) of the regression

curve (Fig. 8). The exponent value n = 1/а

is within the 1.2–1.4 interval that may in-

dicate of a mixed mode of the oxidation

rate control including both chemical kinet-

ics and diffusion. Competition of chemical 

and diffusional processes in the overall oxi-

dation process may be explained with the 

presence of individual phases TiB2, TiB, 

TiCx, TiBO3 and probably complicated 

amorphous phases of Ti – C – B – О com-

position (see Fig. 9).
We suppose that TiCx, TiB, and TiB2

phases generate d inside and at the surface 

of the synthesized composite electrode 

sample are transformed to titanium ox-

ides TiO and TiO2 together with the glass 

B2O3 phase formation in course of the 30 

hour oxidation test (Fig. 9) according to 

the following equations:

Intensity (a. u)

2 Theta 
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Fig. 6. XRD analysis results of {60C + 40(Ti + B2O3)№4№4} composite after synthesis

Table 1
EDX elemental analysis results of {70C+30(Ti+B2O3)№3} compos

No. of a point
at the image

Elemental composition, atomic %
Possible phase

Ti C B O

1 0.10 53.38 44.13 2.39 

Ti – C – B – О

2 35.60 8.95 20.82 34.63 

3 9.58 11.67 6.21 72.54 

4 9.75 32.62 7.14 50.49 

5 11.13 26.38 5.22 57.27 

6 11.66 – – 88.34 TiО22

90 μm 90 μm

Spectrum 1

Spectrum 4

Spectrum 6

Spectrum 3

Spectrum 5
Spectrum 2

Fig. 7. SEM-EDX local spectral analysis data of {70C + 30(Ti + B2O3)} composite after 

synthesis (areas within the volume of an electrode sample)

Fig. 8. Oxidation kinetics of a traditional graphite electrode, a graphite impregnated 

electrode and composite electrodes of two kinds — {84C + 16(Ti + B2O3)} and 

{74C + 26(Ti + B2O3)} — at 710 °C in static air atmosphere

Specific mass loss, mg/cm2

Oxidation time,h
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�G 0
1300, kJ/mol

TiB2 + 5/2O2 � TiO2 + B2O3(l)  –1345.83  (13)

TiB2 + 2O2 � TiO + B2O3(l)  –1056.57  (14)

TiB2 + 9/2O2 = TiBO3+1/2В2О3  –561.51  (15)

TiB2 + 9/4CO2 = TiBO3+1/2B2O3+9/4C –315.05 (16)

TiB2 + 9/2CO = TiBO3 + 1/2B2O3+9/2C  –187.50 (17)

Oxidation and transformation of TiBO3 phase in the

synthesized composite may be presented with the follow-

ing equations:

�G0GG 1300, kJ/mol

TiBO3 + 1/2CO =

= TiO2 + 1/2B2O3 + 1/2С –211.18 (18)

TiBO3 + 1/4O2 = TiO2 + 1/2B2O3 –139.53 (19)

TiBO3 + 1/4CO2 =

= TiO2 + 1/2B2O3 + 1/4C –40.51 (20)

A continuous layer of B2O3 is formed at the composite 

surface after synthesis in case of a relatively high content 

of boron oxide in the initial charge. This layer is remained 

at the sample surface in cause of the oxidation test, at least

for the first 30 hours (Fig. 10).
Some individual phases, such as TiB, TiBO3, are partial-

ly remained as the protective ones, and they may also serve  

as a source of glass B2O3 phase generation. Amorphous

phases of Ti – C – B – О composition is partly remained,

but it is mainly transformed to the titanium borate phase 

TiBO3 (Fig. 10). 
These results make it possible to formulate the main

reason of a relatively high oxidative resistance of compos-

ite electrodes at elevated temperatures in air — a dense

mixture of various phases of Ti – C – B – О composition 

between the carbon grains (see Figs. 9, 10) is working as

an active protective component. It makes the composite

electrode rather more resistant to oxidation and degrada-

tion compared to an ordinary graphite electrode.

The mechanism of composite electrodes oxidation
The experimental results of testing various com-

posite electrode samples in static air atmosphere at

different temperatures and initial concentrations

of Ti and boron oxide are given in Fig. 11. Data of 

oxidation experiments were treated with applying

the function of specific weight loss �m/S = f(ff �).

In experiments run at 710 °C the n values in the ap-

proximation function are diminished from 1.37 to 

0.99 at decreasing the (Ti + B2O3) fraction from 26

to 13%, respectively. It may indicate of a change in 

the character of oxidation from a mixed mode (both

diffusion and kinetics) to a linear one (Fig. 11, a)a .

The same dependency is observed at 820 °C,

but the kinetic mode of oxidation is observed for 

the composite with 16 wt.% of (Ti + B2O3) frac-

tion in initial charge (Fig. 11, b)bb . If we pass to the 

oxidation experiments at 920 °C — the composite

sample weight loss becomes linear in spite of in-

creasing the (Ti + B2O3) fraction in initial charge 

to 30–45 wt.% (Fig. 11, с, Table 2). At this tem-

perature the composite sample oxidation process is

supposed to be run in a kinetic mode.

The oxidation rate of composite electrode sam-

ples (�V, mg/cm2 · h) is decreasing at increasing

the weight fraction of (Ti + B2O3) in initial charge

from 13 to 45 wt.% in the studied range of oxida-

tion temperatures (710–920 °C). The correspond-

ing data related to oxidation study at 710 °C are

presented in Fig. 12.

Oxidation rate decreasing with time that was 

indicated for all the electrode samples may be ex-

plained that the oxidation process is monitored not

only with the resistance of C – Ti – B – O amor-

phous phases generated in cause of composite 

synthesis, but also with oxygen diffusion through

the constantly increasing layer of glassy B2O3 at
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Fig. 9. XRD analysis results of {76C + 8TiO2 + 16(Ti + B2O3)№1} composite

after synthesis and consequent oxidation for 30 h at 710 °С in static air 

atmosphere
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Fig. 10. XRD analysis results of {70C + 30(Ti + B2O3)№3} composite after 

synthesis and consequent oxidation for 30 h at 710 °С in static air 

atmosphere
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the composite surface together with titanium oxides

layer generation. 

Preliminary conclusions on the oxidation mecha-

nism of C – TiC/TiB2 composites are confirmed with

the experimental data on temperature depen dency 

of specific weight loss in oxidation runs within tem-

perature range 520–1050 °С (Fig. 13).
Oxidation rate constant for composite electrode

sample is increasing from ~2.70 (520 °C) to ~21.65

(1050 °C) with increasing temperature of isothermal

runs (see Fig. 13). Oxidation rate of {74C + 26(Ti +

+ B2O3)} composite samples is increasing with tem-

perature in the following way (see Fig. 14).

Oxidation rate of composite samples seems to

retain a decreasing tendency in time up to almost

1000 °C. Exponential equations may be used for ap-

proximating these experimental data. Liquid boron

oxide is supposed to form a continuous layer under 

these conditions (see Fig. 15), it is wetting the com-

posite material framework — both C – B and C – Ti –

B – O structures of a polycrystalline electrode sample.

Hence it may be concluded that up to 1000 °C

the liquid B2O3 layer is working as a barrier for oxy-

gen diffusion. Oxidation weight loss in this mode is

monitored with a mixed mode of oxygen diffusion

through this layer and oxygen interaction with the

electrode material.

At temperatures higher that 1000 °C (e.g., at

1050 °C in our runs) oxidation rate decreasing is sub-

stituted with the opposite tendency of its progres-

sive increasing due to the active B2O3 evaporation

at a high temperature. Time point 10 h is the tur-

ning point under these conditions. Oxidation rate

at 1050 °C is described with a polynomial equation

(Fig. 14). It means that the whole oxidation process 

is monitored only with the reaction of carbon with

oxygen under these conditions.

An additional confirmation of changing the over-

all oxidation mechanism with temperature increasing

is diminishing the exponent value “n” from 1.50 to

1.09. It may also indicate of changing the oxidation

monitoring mode from a mixed one (both reaction

kinetics and diffusion) to an almost linear one (see

Fig. 13 and Table 3).

The found kinetic parameters of composite

materials oxidation (Table 3) also make it possible

to evaluate the process effective activation energy.

Temperature dependency of oxidation rate constant

for composite {74C + 26(Ti + B2O3)} and tempera-

ture interval 520–1050 °C is presented in Fig. 16. 

Two distinctiv e temperature intervals with two

various effective activation energy values are obvi-

ously observed. A noticeable change of effective

activation energy value around temperature 820 °C

is in a good agreement with specific weight loss

experimental data and oxidation rate data for the

studied composite electrode samples in temperature

Table 2 
Kinetic parameters found for oxidation reactions of composite

electrode samples after treatment of the experimental data

presen ted in Fig. 11

Oxid. 
temp., °С

	(Ti + B2O3), 
wt.%

KT а R2 n = 1/a
Lim 

stage 

710 

13 13.081 1.01 0.999 0.99 K

16 13.438 0.828 0.997 1.21 D-K 

20 8.402 0.864 0.997 1.16 D-K 

26 7.078 0.729 0.999 1.37 D-K

820 

13 18.018 0,976 0.996 1.02 K 

16 15.715 0.990 0.997 1.01 K 

26 16.781 0.845 0.994 1.18 D-K 

920 

30 10.864 – 0.999 – K 

35 9.383 – 0.999 – K 

40 7.337 – 0.991 – K 

45 5.623 – 0.996 – K 

Note: K – kinetic mode of oxidation reaction;K D-K – mixed diffusional-K
kinetic mode of oxidation
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interval 520–1050 °C. These parameters depend upon

oxidation temperature and prehistory of the studied

composite С – TiC/TiB2 synthesis (i.e., its initial

charge), as namely TiC/TiB2 fraction is a source of 

TiO2 and B2O3 protective layers generation. A relative-

ly high resistance to oxidation for various composites 

is generally due to the presence of simple and compli-

cated amorphous and partially crystallized phases of 

Ti – C – B – О composition at the surface and bet-

ween carbon grains in the volume. The oxidative resis-

tance level for a definite composite mainly depends

upon the quality of B2O3 surface layer formation and 

its rate of evaporation from the surface in cause of 

oxidation test. A relatively dense layer of glassy B2O3

at the surface does exist up to ~820 °C and this is the

reason for a mixed oxidation mode including both

oxygen diffusion and oxidation kinetics as constitu-

ents in the overall composite oxidation process with 

an effective EaE value ~62.5 kJ/mol. At a higher tem-

perature — in the interval 820–1050 °С — the rate of 

B2O3 evaporation is increasing and the overall mode

of oxidation process is changed to another one with 

an effective ЕаЕ  = ~33.2 kJ/mol. Under these condi-

tions the quantity of glassy B2O3 is supposed to be not

enough to form a continuous layer at the composite 

surface which becomes to be covered with a non-uni-

form layer of titanium oxide (see Fig. 17 and Table 4).

Temperature of running an oxidation test is re-

flected in the surface appearance of the corresponding

composite samples (Fig. 18).

Table 3
Kinetic parameters found for the pr ocess of 74C + 26(Ti + 

B2O3) composite electrode samples oxidation

Oxid. temp., 
°С

KT а R2 n = 1/a
Limiting mode 

of oxidation 

520 2.7 0.666 0.974 1.50 D-K

710 7.08 0.729 0.999 1.37 D-K 

820 16.781 0.845 0.997 1.18 D-K 

920 19.941 0.83 0.999 1.21 D-K 

1050 21.648 0.919 0.998 1.09 K 

Note: K – kinetic mode of oxidation reaction;K D-K – mixed diffusional-K
kinetic mode of oxidation.
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Fig. 12. Oxidation rate of composite electrode samples with the initial charge 

composition from {87C + 13(Ti + B2O3)} to {74C +  26(Ti + B2O3)} 

under isothermal conditions at 710 °C in static air

Fig. 13. Specific weight loss of composite electrode samples with initial charge

composition {74C + 26(Ti + B2O3)} under isothermal conditions 

(520–1050 °С temperature range) in static air atmosphere

Fig. 14. Oxidation rate of composite electrode samples with {74C + 26(Ti + 

+ B2O3)} initial charge composition under isothermal conditions 

(520–1050 °C) in static air atmosphere
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Fig. 15. Glassy B2O3 layer at the composite sample surface after its 

oxidation at 710 °C

Fig. 16. Dependency lnКp = f(1/ff Т) for oxidation reaction of theТТ
composite synthesized from {74C + 26(Ti + B2O3)} initial 

charge
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Surface color is transformed from almost black to

orange-yellow with various combinations. The form

and volume of composite samples remain almost un-

changed at testing temperatures 710, 820 and 920 °C,

whereas testing at 1050 °С is accompanied with shed-

ding of carbon base and oxide layer in cause of the oxi-

dation experiment. The powder fraction consists of the

carbon base, titanium oxide and traces of boron oxide

(Fig. 19).

Conclusions
1. A novel technological scheme of 

com posite electrode materials production 

is presented. The scheme is based upon a 

standard industrial procedure of graphite

materials calcination.

2. Various composite electrode samples 

С – TiC/TiB2 synthesized at 1050 °C in lab-

scale conditions were proved to be highly 

stable in oxidizing media that are typical

for working zones of arc steel-smelting and

ore-thermal furnaces, magnesium cells and

other metallurgical equipment.

3. A relatively high level of the compos-

ite resistance to oxidation is provided with

the formation of simple and complicated amorphous 

phases of Ti – C – B – O system at the surface and in the

inter-crystallite space between carbon grains. The level of 

a composite oxidation resistance can be controlled with 

glassy boron oxide layer generation and its further evapo-

ration from the composite surface that is additionally pro-

tected with TiO – TiO2 oxide phases.

4. An overall mechanism of С – МеС/МеВ2 compos-

ite oxidation is established and kinetic parameters of the

corresponding oxidation reaction are found including ef-

fective activation energy and rate constant values for vari-

ous experimental conditions.

5. The presented technology of composite electrodes 

production may be applied for synthesis of a wide range of 

С – МеС/МеВ2 composites for various applications in-

cluding electrodes for aluminium cells.
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