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A complete thermodynamic modeling of chemical transformations during carbothermic reduction of barium and 
boron from oxides has been performed. It was shown that during the processing of charge with a high BaO: 
BaO:B2O3(3:1), barium carbide (BaC2), iron boride (FeB), and barium hexaboride (BaB6) are present as phase compo-
nents in the smelting products, with the former predominantly noticeable. The data obtained allow us to conclude 
that it is possible to produce a new ferroalloy containing boron and barium.
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INTRODUCTION

Boron and barium are effective alloying and modi-
fying elements [1 - 4]. Boron alloys are produced pre-
dominantly in the form of ferroboron containing from 6 
to 17 % boron. It is smelted in an expensive alumino-
thermic process due to the use of pure boric anhydride 
and aluminum metal as a reducing agent [5,6]. The most 
common barium alloy is silicobarium, produced from 
natural barite ores in a carbothermic manner [7,8].

Ferroboron in Kazakhstan is not produced, it is 
bought in foreign countries and used for smelting high 
- quality steels at metallurgical and engineering enter-
prises of the republic. Silicon barium was first produced 
in the CIS at the Ermakovsky (now Aksusk) ferroalloy 
plant in Kazakhstan using its own barite ores and coke 
[9]. But the volumes of its smelting are significantly in-
ferior to those of traditional ferroalloys (ferrochrome, 
silicomanganese, ferrosilicon) and are produced if or-
ders are available. This is apparently due to insufficient 
knowledge of the behavior of barium in steel and its 
limited use for low-silicon steels, since silicobarium 
contains up to 60 – 65 % Si.

In this work, it studied the possibility of producing a 
ferroalloy, simultaneously containing boron and bari-
um, which can be called borbarium. It was believed that 
the presence of boron and barium, which have a posi-
tive effect on the properties of ferrous and non-ferrous 
metals, will allow the new ferroalloy to have a high de-
mand for industry.
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METHODS

At the first stage, a theoretical justification of the 
process was planned. For this, a complete thermody-
namic simulation of the technology was performed. 
This approach is widely used to create new technolo-
gies and materials [10 - 14]. In this work, for these pur-
poses, it was used the TERRA complex developed at 
the MVTU named after Bauman [15]. It allows to dis-
cover the chemistry of transformations in a wide range 
of compositions, temperatures, and pressures. Correct 
execution of the calculations requires the list of the 
complex and the thermodynamic properties of the pro-
cess participants in the base of the complex. To estab-
lish them by the method of thermodynamic diagram 
analysis [16 - 18] it was created a phase diagram show-
ing the possible compositions of the alloys planned for 
production (Figure 1). It was taken into account that 
with the adopted carbon thermal process, Fe, Ba, and B 
can form carbides, and barium and boron can form bar-
ium hexaboride BaB6.

Using our own method [19,20], they are created a 
mathematical model of the diagram, which allowed us 
to carry out numerical calculations of the phases formed. 
A joint examination of the diagram and the mathemati-
cal model allows us to establish that the binary FeB - 
BaB6, BaB6 - BaC2, BaC2 - FeB, and B4C - BaB6 binary 
systems ensure the simultaneous presence of barium 
and boron in the ferroalloy, while the FeB - B4C - sys-
tem only contains boron. By varying the phase ratios in 
these systems, ferroalloys with different contents of 
barium and boron can be obtained. This approach al-
lows to select ferroalloys for various alloyed metals 
(steel, cast iron, aluminum). 

The oxide part of the charge for the production of 
ferroalloy was formed on the basis of the system state 
diagram BaO-B2O3[21]. The iron in the charge was set 
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It can be seen that before the start of the reduction 
processes, the interaction of barium and boron oxides in 
the mixture leads to the formation of barium orthobo-
rate Ba3B2O6. The first product of the carbon thermal 
process is iron carbide, produced by the reaction 3 Fe + 
C = Fe3C (1). This can be seen by the loss in the charge 
of the amount of free Fe and С (figure 2,a). It emerges 
at 823 K in an amount of 0,14 mass fractions. Such its 
concentration remains unchanged up to 1 273 K, de-
creasing with a further increase in temperature to zero 
to 2 223 K. The amount of Ba3B2O6 remains unchanged 
to high temperatures (Figure 2, a). The BaO and B2O3 
contained in it do not react with carbon or Fe3C due to 
the bound state, when their activity is reduced. Only be-
yond 2 000 K, its amount is intensively reduced. The 
probable cause of this may be a reaction 3 Ba3B2O6 + 2 
Fe3C + 34 C = 9 BaC2 + 6 FeB + 18 CO (2). After the 
exhaustion of iron carbide, the reduction process is car-
ried out due to carbon Ba3B2O6 + 6 C = 2 BaC2 + BaB2O4 
+ 18 CO (3). These two reactions contribute to a rapid 
increase in concentration BaC2. The emersion of barium 
hexaboride refers to a temperature of 2 273 K in an 
amount of 0.004 mass fractions, when BaB2O4 metabo-
rate is involved in the reaction:  3 BaB2O4 + 16 С = BaB6 
+ 2 BaC2 + 12 CO (4)The maximum amounts of FeB 
(0.16 mass fractions) and BaC2 (0.6 mass fractions) are 
observed at 2 273 K, and BaB6 (0,04 mass fractions) at 
3 023 K. The dominant phase of the processing of this 
mixture is barium dicarbide. The temperatures of occur-
rence and maximum content of BaC2 found by calcula-
tion are higher than those observed during the reduction 
of barium from free oxide by the reaction BaO + 3 C = 
BaС2 + CO (5). The calculation at the TERRa complex 
of the charge processing according to reaction (5) from 
one mole of barium oxide and three moles of carbon 
shows the emersion of BaC2 already at 1 473 K in an 
amount of 0,18∙10-3 mass fractions. BaC2 reaches its 
maximum value (0,85 mass fractions) at 1 823 K, and 
not at 2 273 K as during reduction from Ba3B2O6. A 
similar phenomenon occurs during carbothermic reduc-
tion of boron from free oxide. 

The reason is the decreased activity of boron and 
barium oxides in barium borate Ba3B2O6 due to their 
bound state. Barium reduction can be facilitated from a 
charge in the quasi-binary Ba3B2O6 - BaO system due to 
the presence of free barium oxide in it. An example of 
melting such a mixture (2) of 60,57 BaO, 6,88 B2O3, 
13,44 Fe and 18,38 C is shown in the figure 2,b. Here 
BaC2 emerges at 1 473 K, but already in an amount of 
0,23∙10-3 mass fractions. At the temperature of 1 773 K, 
there is an intensive increase in the amount of BaC2 (up 
to 0,16 mass fractions) and a decrease in BaO to zero. 
Since then, Ba3B2O6 is involved in the reduction pro-
cess, providing a further increase in concentration of 
BaC2. Its maximum amount (0,63 mass fractions) falls 
on 2 223 K. FeB emerges at 2 023 K in an amount of 
0,14∙10-3 mass fractions with a further increase in its 
concentration with increasing temperature (Figure 2,b). 

in the form of metal shavings (Fe) in order to form iron 
borate, traditional for metallurgy, in a ferroalloy (FeB). 
The amount of carbon was set from the need for com-
plete reduction of boron and barium from oxides. The 
calculations were carried out in the temperature range 
273 – 3 000 K in increments of 50 degrees at a pressure 
in the system of 0,1 MPA.

RESEARCH RESULTS AND THEIR ANALYSIS

The charge 1 prepared for the study contained (in 
grams): 58,29 BaO, 8,83 B2O3, 13,42 Fe and 18,79 С. 
This selection of components made it possible to ar-
range the oxide part of the charge in the high - tempera-
ture level of the state diagram BaO - B2O3. The calcula-
tion results are presented graphically in Figure 2, a.

Figure 1 – System phase diagram Fe – Ba – B – C  

Figure 2  The composition of the products of the charge 
smelting 1(a) and 2(b)
1 - FeB, 2 - BaB6, 3 - BaC2, 4 - C, 5 - Fe, 6 - Fe3C, 
7 - Ba3B2O6, 8 - COgas, 9 - Bagas,10 - Fegas, 11 - BaOslag
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Barium hexaboride is formed in small quantities due to 
the early consumption of barium and boron oxides on 
the formation of BaC2 and FeB.

A similar approach can be used to facilitate the re-
duction of boron of the fusible mixture (3) in the quasi-
binary system BaB4O7 + B2O3 (Figure 3).

The presence of free B2O3 and obtained as a result 
of conversion at low temperatures according to the 
scheme BaB4O7 = BaB2O4 + B2O3 (6) promotes the re-
action 3 B2O3 + 2 Fe3C + 7 C = 6 FeB + 9 CO (7). The 
temperature of the highest FeB content (0,14 mass 
fractions) is much lower (1 623 K) than when it was 
obtained from Ba3B2O6 (2 273 K), which reflects the 
difference in B2O3 activity in the initial oxides. The lat-
ter is present in the mixture to high temperatures, 
which contributes to the formation of boron carbide by 
reaction 2 B2O3 + 7 С = B4C + 6 CO (8). After B2O3 is 
used, barium metabolite is involved in the reaction 
BaB2O4 + 3 C + B4C = BaB6 + 4 СО (9). A temperature 
of 2 223 K accounts for a sharp decrease in the amount 
of C, B4C, BaB2O4 and the emersion of BaB6 (Figure 
3). With this charge, BaC2 is absent in the smelting 
products. From the presented data it can be seen that 

iron, barium and boron form carbides, which leads to 
the presence of carbon in the metal. Such a ferroalloy 
can be used for alloying and modifying cast iron. For 
a limited conversion of carbon to metal in order to al-
loy it, for example, steel, a method of orethermal 
smelting with a lack of carbon can be used. In the 
charge (3), all input parameters were retained, but the 
carbon consumption was reduced from 47,15 to 20 
grams, i.e. more than 2 times. The processing results 
of a new (No. 4) charge are shown in Figure 3. It fol-
lows from this that in this case the ferroalloy is formed 
mainly from phases that do not contain carbon. So, at 
a temperature of 2 373 K characteristic inside the ore 
- thermal furnace, the alloy does not contain Fe3C, 
B4C, BaC2, but contains only FeB and BaB6 in the 
amount of 0,17 and 0,11 mass fractions, respectively. 
The unspent portion of the charge oxides forms a slag 
consisting of BaO and B2O3, represented by the phase 
BaB2O4. The presence of a strong base (BaO) at a low 
melting point [21] allows us to consider such a slag as 
a flux for secondary cleaning of metals from sulfur, 
arsenic, and phosphorus. Being a waste product, it will 
be cheaper than flux obtained from natural barite and 
borate ores, tested for these purposes . The composi-
tions of the smelting products for all calculation op-
tions are presented in the Table 1 and Table 2. 

 Table 1 Charge smelting products

№ The composition of the melting products / g
Metal Total

Fe Ba B C
1 13,29 50,89 2,74 9,66 76,58
2 13,26 53,08 2,14 10,07 78,54
3 11,87 18,92 11,83 0,2 42,82
4 14,15 7,64 6,34 - 28,13

They are given in mass units (grams). This allows to 
evaluate the output of the metal from the charge, the 
amount of slag formed, gas. Analysis of the obtained 
data allows us to conclude that the mixture 1 and 2 pro-
vide a high metal yield without the formation of slag. In 
metallurgy, such a process is known as slag-free. The 
resulting metal contains an increased amount of carbon, 
and it can be used to alloy and modify cast iron.

Metal from charge 3 has a low carbon content and 
can be used to improve the quality of steel. Melting a 
charge (No. 4) with a lack of carbon leads to a very low 
metal yield, which can negatively affect the process 
economy. Such a ferroalloy can only be recommended 
for smelting particularly low-carbon steel grades.

Figure 3  The composition of the melting products of the 
charge 3(a) and 4(b).
1 - FeB, 2 - BaB6, 3 - C, 4 - B4C, 5 - Fe, 6 - Fe3C, 7 - 
BaB2O4, 8 - BaB4O7, 9 - B2O3,10 - Fegas, 11 - COgas, 12 - 
BOgas, 13 - B2O2gaa, 14 - Bagas

Table 2 Charge smelting products

№ The composition of the melting products / g
Slag Total Gas Total Total

BaO B2O3 CO Ba Ar Fe BO B2O2

1 - - - 21,31 1,31 0,67 0,13 - - 23,42 100
2 - - - 19,38 1,17 0,67 0,24 - - 21,46 100
3 - - - 56,35 - 0,59 0,02 0,08 0,14 57,18 100
4 16,66 7,57 24,23 33,07 - 0,71 0,03 1,32 12,51 47,64 100



336

A. AKBERDIN et al.: THERMODYNAMIC MODELING OF THE BORBARIUM FERROALLOY SMELTING...

 METALURGIJA 59 (2020) 3, 333-336

CONCLUSION

An analysis of the data obtained allows us to con-
clude that the production of boron barium ferroalloy is 
fundamentally possible. By changing the ratio of BaO 
to B2O3, it is possible to obtain a metal with a high (for 
alloying cast iron) or low (for alloying steel) carbon 
content. The process can be conducted without the for-
mation of slag or with its minimum amount, which in 
metallurgy is called slag-free. In the case of slag forma-
tion, it mainly contains BaO and B2O3, which can be 
considered as a flux for extra-furnace removal of harm-
ful impurities from metals. In production, overheating 
of the melting is not recommended, because in this case, 
losses of boron, barium and iron in the form of volatile 
sublimates are observed. The process can be imple-
mented in standard ore-thermal furnaces using natural 
barite and borate ores.

LITERATURE

[1]  Deryabin А.А., Dobuzhskaya A.B. Study of the efficiency 
of deoxidation, modification and microalloying of rail 
steel, Steel (2000)11, 38-43. 

[2]  Golubtsov V.A., Ryabchikov I.V., Akhamdeev A.Y. Modi-
fication of corrosion-resistant steel with barium-contain-
ing alloys, Ferrous metallurgy. Bulletin of NTI (2008)7, 
15-17.

[3]  Vdovin K.N., Zaytseva А. А. The effect of boron on the 
hardness of roll iron, Interregional collection of scientific 
treatises – Theory and technology of metallurgical produc-
tion, Magnitogorsk: MGTU(2009)9, 133-136. 

[4]  Kyuku D., Neva N. and Fasevich Y. The effect of boron on 
the structure and properties of steel, Collection of 65 World 
Foundry Congress (2002), 48-48.

[5]  Gasik M.I., Lyakishev N.P., Yemlin B.I. Theory and 
technology for the production of ferroalloys, Metallurgy 
(1988), 784.

[6]  Lyakishev N.P., Tulin N.A., Pliner Y.L. Alloys and steels, 
Metallurgy (1981), 191.

[7]  Grigoriyev Y.V. Thermodynamic analysis of co-reduction 
of silicon and barium with carbon, University News. Fer-
rous metallurgy (2005)7, 3 - 5.

[8]  Zhuchkov V.I. Alkaline earth ferroalloy technology, Metal-
lurgy (1990), 103.

[9]  Privalov O.E., Dubrovin A.S., Baisanov S. O. and others. 
Industrial testing of technology for smelting ferrosilicoba-
rium and barium ferrosilicon, Eurasian University News, 
(2000), 82-86. 

[10]  Belov G.V., Trusov B.G. Thermodynamic modeling of 
chemically reacting systems, MGTU named after Bauman 
(2013), 96.

[11]  Pupyshev А.А. Thermodynamic modeling of thermo-
chemical processes in spectral sources, Yekaterinburg: 
GOU VPO UGTU−UPI (2007), 85.

[12]  Bale C.W., Chartrand P., Degterov S.A.,etc. FactSage 
Thermochemical Software and Databases. Calphad (2002) 
26 (2), 189-228.

[13]  Bale C.W., Belisle E., Chartrand P.,etc. FactSage Thermo-
chemical Software and Databases – recent developments. 
Calphad (2009) 33 (2), 311. 

[14]  Roine, A. Outokumpu HSC Chemistry for Windows. Che-
mical reactions and Equilibrium software with extensive 
thermochemical database / A. Roine // Pori: Outokumpu 
research OY. 2002 (www.outotec.com). 

[15]  Trusov B.G. TERRA software system for modeling phase 
and chemical equilibria in plasma-chemical systems. 3rd 
International Symposium on Theoretical and Applied Pla-
sma Chemistry. Collection of materials. – V.I. – Ivanovo 
(2002), 217-220.

[16]  Berezhnoy A.S. Multicomponent Oxide Systems, Nauko-
va dumka (1970), 544. 

[17]  Ye. Mukhambetgaliyev, V.E. Roshchin, S.O. Baisanov. 
Analytical expressions for Fe – Si – Al – Mn metal system 
and phase composition of alumosilicomanganese / Izvesti-
ya Ferrous Metallurgy 61(2018)7, 564-571

[18] Protsyuk A.P., Karapetyants M. K. On the thermodynamic 
study of processes in multicomponent systems, ZhPKh. 
(1977)50,169.

[19]  Akberdin А.А. Balance method for calculating the equilib-
rium phase composition of multicomponent systems, 
KIMS (1995)3,92-93.

[20]  Isagulov A, Akberdin A, Sultangaziyev R, Kim A, Kulikov 
V, Isagulova D. Diagram of equilibrium phase composi-
tion of Fe– C–Si–B system, Metalurgija (2016) 3, 305-
308.

[21]  Internet source: http://www.crct. polymtl.ca/factweb.php

Note:  The responsible translator for English language is Nataliya Drag, 
Karaganda, Kazakhstan


