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INFLUENCE OF RUTILE AND ILMENITE COMPOSITION 
ON VANADIUM CONTENT IN TITANIUM TETRACHLORIDE

Purpose. Determination of the composition of the charge formed from ilmenite and rutile concentrates to ensure 
the full use of the natural resource and optimize the production of innovative sponge titanium with the Ti-6Al-4V 
alloying system from raw minerals of Ukrainian deposits.

Methodology. Samples of rutile and ilmenite concentrate were processed using the developed technology to obtain 
TiCl4, which additionally contains vanadium, and as a result, a mixture TiCl4 + VCl4 was obtained.

Findings. It was determined that rutile and ilmenite concentrates from the Malyshev and Birzulovsky deposits are 
most suitable for obtaining TiCl4 containing vanadium in a given concentration.

Originality. For the first time, algorithms for obtaining a controlled amount of vanadium in titanium tetrachloride, 
which is used to produce sponge titanium alloyed with vanadium and aluminum, have been defined and analyzed.

Practical value. It has been shown that titanium dioxide and titanium-iron compounds (FeTiO3) concentrates 
from operating Ukrainian deposits are suitable for both traditional technologies for producing sponge titanium and 
for the innovative technology of producing already alloyed sponge titanium from them, which can be used as a fin-
ished raw material for smelting the Grade 23 alloy (Ti-6Al-4V).
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Introduction. Ensuring the needs of Ukraine’s high-
tech industrial sectors for titanium and its alloys is one 
of the key tasks facing our country, one that has a direct 
impact on the strategic directions of the nation’s eco-
nomic development The need to develop the titanium 
industry is objectively supported by Ukraine’s raw mate-
rial resources, which account for approximately 20 % of 
the world’s titanium reserves. Therefore, to address this 
challenge, it is advisable to use raw materials from 
Ukrainian deposits specifically for titanium production. 
This will enhance the capacity of domestic producers to 
manufacture their own titanium using new, advanced 
technologies.

In recent decades, a relevant issue has been the pro-
duction of titanium alloy powders for additive manufac-

turing in medicine (titanium prostheses, dental implants, 
etc.), naval and land-based military equipment, as well 
as aviation, particularly for the manufacture of various 
types of unmanned aerial vehicles, and for components 
of low-resource aircraft engines. This relevance is par-
ticularly heightened by the current situation in Ukraine 
due to the need to enhance defense capabilities and re-
store the health of people affected by military operations.

The strategy for the further development of the tita-
nium industry involves improving traditional technolo-
gies that enable the production of high-quality titanium 
products at a modern industrial level, as well as intro-
ducing advanced, highly efficient additive technologies 
for manufacturing components and products made of 
titanium and titanium alloys.

The current development of additive manufacturing 
methods necessitates an increase in the production of 
powdered raw materials made from Ti-6Al-4V, the most 
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widely used titanium alloy today [1, 2]. This alloy re-
mains a versatile titanium alloy, accounting for over 
50 % of global titanium consumption due to its favorable 
strength-to-weight ratio, corrosion resistance, and bio-
compatibility [3], which explains its widespread use in 
the aerospace, medical, marine, and chemical indus-
tries. The Ti-6Al-4V alloy consists of 6 % aluminum, 
4  % vanadium, up to 0.25 % iron, and 0.2 % oxygen, 
with the remainder being titanium. According to its 
structural classification, this alloy belongs to the a + b- 
alloys, since aluminum is an α-phase stabilizer and va-
nadium is a β-phase stabilizer; the properties of the two-
phase alloy can be further adjusted through heat treat-
ment [4].

The Ti-6Al-4V titanium alloy is produced using 
standard technology by remelting technically pure 
sponge titanium and an aluminum-vanadium master al-
loy, while the smelting technology may vary: vacuum 
arc remelting (VAR) or electron beam remelting (EBR) 
[5, 6]. For high-responsibility products, triple remelting 
is usually performed to ensure the uniform distribution 
of alloying elements introduced in the form of alloys, as 
well as to remove harmful impurities.

The production of titanium alloys begins with the 
technology for extracting titanium from ore and produc-
ing sponge titanium. The classic magnesium-thermal 
method for producing sponge titanium involves the fol-
lowing stages [7, 8]:

- magnesium-thermal reduction of titanium from 
the natural chemical compound TiCl4;

- vacuum separation of the reaction mass, resulting 
in the formation of a block of sponge titanium;

- mechanical grinding and sieving of the sponge tita-
nium.

This method makes it possible to produce sponge ti-
tanium with a high purity in terms of impurity content 
[8, 9]. In this context, not only the quantity but also the 
composition of the impurities is important, since some 
of them can act as alloying elements for titanium-based 
alloys. For example, there are known studies on the use 
of oxygen as an alloying element for special titanium al-
loys [10, 11]. At the same time, other elements present in 
the raw material ‒ which are byproducts of titanium re-
covery processes in magnesium-thermal production ‒ 
have hardly been considered in terms of creating an alloy 
using them.

The ability to control the content and composition 
of additives according to the developed system will en-
sure that the physical, chemical, mechanical, and tech-
nological properties of the titanium alloy can be modi-
fied to meet the requirements for achieving the desired 
metal characteristics. A well-founded and obvious fac-
tor influencing the alloy formation process is the com-
position of the raw materials, which include ilmenite or 
rutile concentrates, affecting the procedures of the tech-
nological process for titanium production.

Literature review. With regard to the influence of im-
purity elements on the properties and quality of sponge 
titanium and titanium-based alloys, research in metal-
lurgy and materials science is quite extensive and reveals 
generally accepted patterns. However, there is a lack of 
information regarding the influence of the composition 
of the raw materials (ilmenite and rutile concentrates) 
obtained by processing ores from various deposits across 

the country. Natural variations in the chemical compo-
sition of raw materials from different mining sites affect 
the impurity content in the resulting titanium tetrachlo-
ride; in particular, the vanadium content varies. The 
combination of various alloying elements in a single 
technological process for porous titanium remains un-
explored; therefore, it is necessary to investigate the 
possibility of producing alloyed sponge titanium in the 
magnesium-thermal production process. Among the al-
loying elements, the most common are aluminum and 
vanadium, which are components of the most widely 
used titanium alloy, Ti-6Al-4V. In Ukraine, researchers 
at JSC “Titanium Institute” (Zaporizhzhia) have devel-
oped a technology for producing sponge titanium al-
loyed with aluminum and vanadium [12, 13]. However, 
this latest technology was not considered from the per-
spective of the end product derived from it, namely for 
the production of powders for additive manufacturing 
(for 3D printing), which is a pressing issue in modern 
production.

Titanium powder intended for additive manufactur-
ing must meet a number of specific requirements: a spe-
cific particle size distribution; for spherical powders, the 
particle size must not exceed 100 μm; the surface of the 
powder particles must be free of oxides and impurities; 
the powders must be made from metal of high purity 
with regard to harmful impurities, etc. In addition to the 
manufacturing technology, the quality of the powders is 
also influenced by the raw material selected for their 
production.

At the same time, Ukrainian research and produc-
tion facilities have mastered technologies for manufac-
turing products from titanium powders produced by 
various methods, including powders consisting of non-
spherical particles, as well as powders of unalloyed and 
alloyed titanium [14, 15].

Unsolved aspects of the problem. Currently, there is a 
challenge in supplying the metallurgical industry with 
titanium-rich raw materials of a specific composition to 
produce titanium tetrachloride with a specified content 
of certain elements, particularly vanadium [16]. This 
problem can be solved by determining the optimal com-
position of rutile and ilmenite concentrates, extracted 
from various ores, to produce titanium tetrachloride of a 
specific composition. Titanium tetrachloride of a spe-
cific chemical composition will be used to produce in-
novative sponge titanium, alloyed according to the tita-
nium-aluminum-vanadium (Ti-6Al-4V) system.

Purpose. The objective of this study was as follows:
- to investigate the effect of the chemical composi-

tion of rutile and ilmenite concentrates mined from 
various deposits in Ukraine on the vanadium content in 
their processed products;

- to determine and analyze the amount of vanadium 
extracted in titanium tetrachloride using various sam-
ples of rutile and ilmenite concentrates;

- to determine the optimal composition of rutile and 
ilmenite concentrates and select the optimal deposit for 
their future use in the production of sponge titanium al-
loyed according to the Ti-6Al-4V system.

Materials and research methods. In total, more than 
40 deposits have been discovered in Ukraine, including 
one unique deposit, thirteen large deposits, and ten me-
dium-sized deposits; however, only five deposits are 
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currently being exploited. The United Mining and 
Chemical Company (UMCC) is the primary operator at 
the deposits in the Zhytomyr and Dnipropetrovsk re-
gions. The corporation includes Irshansk Mining and 
Processing Plant (Zhytomyr region) and Vilnohirsk 
Mining and Metallurgical Plant (Dnipropetrovsk re-
gion). These companies mine titanium ore and produce 
titanium concentrates (ilmenite and rutile) that are of 
critical importance to industry and are exported to the 
global market.

UMCC production capacity allows it to extract over 
500,000 tons of raw materials per year. This year, the 
company initiated an independent assessment of its tita-
nium ore reserves in accordance with the international 
JORC standard (Joint Ore Reserves Committee Code), 
which will significantly increase the investment attrac-
tiveness of Ukrainian titanium for foreign partners [17].

The study examined samples of rutile and ilmenite 
concentrates collected from the following Ukrainian 
mining and processing plants:

1. Vilnohirsk Mining and Metallurgical Plant, a 
branch of JSC United Mining and Chemical Company 
(samples Nos. 1 and 2).

2. Irshansk Mining and Processing Plant, a branch 
of JSC United Mining and Chemical Company (sample 
No. 3).

3. Velta Production and Commercial Firm LLC 
(samples Nos. 4 and 5).

4. Mezhyrichensky Mining and Processing Plant 
LLC (sample No. 6).

5. Valky-Ilmenite LLC (sample No. 7).
A total of seven samples were analyzed, including 

one sample of rutile concentrate (sample No. 1) and six 
samples of ilmenite concentrate (samples Nos. 2–7), 
each containing 5 kg of titanium-bearing material from 
the above-mentioned producers.

The materials were tested at the pilot facilities of JSC 
“Titanium Institute” (Zaporizhzhia, Ukraine). The 
mass fraction of vanadium oxide was measured using a 
method for determining the mass fraction of vanadium 
oxide in raw ores and beneficiation products by photo-
metric analysis in the range from 0.02 to 1.20 %. The 
measurement method is based on the formation of a 
complex compound of phosphotungstovanadic acid in 
an acidic solution of the sample, which turns yellow, fol-
lowed by the measurement of the absorption (optical 
density) of the colored solution using a spectrophotom-
eter. Interfering components were removed by fusing the 
sample with an alkaline-oxidizing flux and leaching the 
sodium vanadate (NaVO3) with water. The effect of iron 
was eliminated by adding orthophosphoric acid (H3PO4).

Samples of rutile and ilmenite concentrates were 
used to produce titanium tetrachloride with a controlled 
vanadium content, using a technology developed by 
JSC “Titanium Institute”.

The process for producing titanium tetrachloride 
with a controlled vanadium content was as follows: the 
chlorination of ilmenite and rutile concentrates was car-
ried out using laboratory equipment involving salt melt-
ing with gaseous chlorine supplied from a cylinder. The 
crushed charge components (rutile or ilmenite concen-
trate, coke, and magnesium production electrolyte) 
were fed separately onto the chlorinator melt surface, 
after being weighed on electronic scales.

Chlorine was introduced into the lower part of the 
chlorinator’s melt zone, where temperatures ranged 
from 720 to 740 °C. In the presence of carbon, chlorina-
tion reactions of titanium oxides and associated impuri-
ties took place. The vapor-gas mixture formed during 
this process, along with a mixture containing titanium 
tetrachloride, carbon oxides, nitrogen, and chlorides of 
iron, aluminum, chromium, manganese, silicon, vana-
dium, and other elements, was fed into the condensa-
tion system for the removal of titanium tetrachloride.

Condensed technical titanium tetrachloride was col-
lected in a special tank, where it underwent rectification 
purification. A mixture of silicon oxides and some of the 
accompanying chlorides that had not entered the vapor-
gas mixture was drained from the laboratory chlorinator. 
Condensed technical titanium tetrachloride was col-
lected in a special tank, where it underwent rectification 
purification. A mixture of silicon oxides and some of the 
accompanying chlorides that had not entered the vapor-
gas mixture was drained from the laboratory chlorinator.

The purification of technical titanium tetrachloride 
was carried out using a rectification process. As a result 
of mass transfer processes, lower-boiling impurities 
were separated from titanium tetrachloride and removed 
with the primary light-boiling distillate (LBD). Non-
condensable vapors and gases were directed to a water 
scrubber, which served as a gas purification unit. To pre-
cipitate vanadium oxychloride (VOCl2, VOCl3) and 
other compounds of elements with variable valence, a 
slurry of lower titanium chlorides (LTC), obtained ear-
lier (by reducing titanium tetrachloride with aluminum 
powder). As a result of the reduction, vanadium oxy-
chloride was converted into an insoluble compound 
(VCl4).

The separation of titanium tetrachloride from the 
higher-boiling impurities and solid reaction products 
was carried out in a rectification column. The bottom 
residue (vanadium pulp) was sent for the production of 
vanadium tetrachloride. The bottom residues from the 
rectification column were first evaporated in an evapo-
ration vessel. The evaporated titanium tetrachloride (re-
flux) was condensed in a refrigerator.

Subsequently, the evaporated pulp containing vana-
dium was fed into a specially designed laboratory chlori-
nator for the chlorination of vanadium pulp (Fig. 1).

The vanadium pulp chlorinator system consists of 
the following components: a chlorinator; a coke nozzle; 
a shaft electric furnace; a coal filter; activated carbon; a 
tubular electric furnace; a cooler; and a metering collec-
tor. To introduce vanadium tetrachloride into the alloy-
ing system, a mixture of titanium and vanadium tetra-
chlorides was used, which was obtained according to the 
specified process flow diagram by bituminous purifica-
tion of technical titanium tetrachloride, i.e., carbon-
vanadium cakes [18, 19].

To chlorinate lower titanium and vanadium chlo-
rides, gaseous chlorine was fed into the chlorinator from 
a cylinder, and the temperature was maintained between 
580 and 620 °C. A carbon reducing agent (coke parti-
cles) was pre-loaded into the chlorinator vessel in the 
quantity required for the entire chlorination process. 
Upon reaching a vanadium content in the melt of 3.0 to 
3.5 %, the pulp feed was stopped and the flow rate of 
chlorine-containing gas was increased. This resulted in 
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the chlorination of titanium and vanadium compounds 
into volatile higher-valent compounds.

The main reactions in the process cycle for produc-
ing a mixture of titanium and vanadium tetrachlorides 
involve the chlorination of their oxychloride mixture ac-
cording to the following reactions

VOCl2 + 0.5Cl2 = VOCl3;
VOCl3 + 0.5Cl2 + 0.5C = VCl4 + 0.5CO2(CO)↑;
TiOCl2 + Cl2 + 0.5C = TiCl4 + 0.5CO2(CO)↑.

The vapor-gas mixture from the chlorinator, consist-
ing of titanium tetrachloride and vanadium tetrachlo-
ride, was subjected to further condensation. The mix-
ture of chlorides that did not enter the vapor-gas mix-
ture was removed from the laboratory chlorinator.

This initial product was evaporated at a temperature 
ranging from 133 to 135 °C. The evaporated product, 
which was a mixture of vanadium and titanium tetra-
chlorides, was collected in a container after condensa-
tion in a refrigerator. The evaporated residue was dried 
in a crucible furnace.

The mixture of tetrachlorides obtained according to 
the presented scheme was selected as the starting mate-
rial for the subsequent production of alloyed sponge ti-
tanium with an elemental composition equivalent to 
that of the Ti-6Al-4V alloy.

In total, this study involved 21 experiments to pro-
duce a mixture of vanadium and titanium tetrachlorides: 
three experiments for each of the seven samples of tita-
nium-containing materials.

At all intermediate stages of the experimental pro-
cesses, which include the chlorination of titanium-bear-
ing feedstock to produce technical titanium tetrachlo-
ride, rectification purification and production of puri-
fied titanium tetrachloride, chlorination of vanadium-
containing pulp, as well as production of vanadium tet-

rachlorides, samples were taken to determine the vana-
dium content in these samples.

The mass fraction of vanadium was determined us-
ing the procedure for measuring the content of silicon, 
vanadium, and aluminum in titanium dioxide and tita-
nium tetrachloride converted to titanium dioxide, by 
atomic emission spectrometry. This measurement pro-
cedure applies to titanium dioxide, purified and techni-
cal titanium tetrachloride converted to titanium dioxide, 
and establishes a method for the atomic emission deter-
mination of vanadium with an accuracy of 0.00020 %. 
The principle of the method is based on the excitation of 
the spectrum by a spark or arc discharge and the photo-
graphic recording of the emission spectral lines. The va-
nadium content in the sample was determined in mass 
fractions using calibration curves. This method allows 
for quality control of technical and purified titanium tet-
rachloride used in the production of sponge titanium. 
Sponge titanium is obtained in the form of a block of 
densely sintered particles formed during the reduction 
of titanium tetrachloride with magnesium and the sepa-
ration (under vacuum) of titanium crystallites from the 
reaction mass. Impurities carried over from titanium tet-
rachloride are generally distributed evenly throughout 
the block. However, inclusions of chlorides inherited 
from titanium tetrachloride, which contains a signifi-
cant number of various oxychlorides, may be present. 
Increasing the number of rectification stages and intro-
ducing chemical and thermal methods for preparing ti-
tanium tetrachloride prior to purification has made it 
possible to improve the quality of the titanium. The pur-
pose of preparing the tetrachloride prior to purification 
was to convert impurities into compounds that can be 
easily separated by rectification.

The optimal composition of the concentrates was 
determined with the aim of producing Ti-6Al-4V al-
loyed sponge titanium, based on the vanadium content 
in the test samples, the distribution pattern, and the de-
gree of vanadium extraction into the products of the ex-
perimental process.

Research results. The quality of titanium concen-
trates depends on the composition of the titanium ore to 
be processed and on the intended use of the concen-
trates. The TiO2 content must have a specific concentra-
tion, the value of which is regulated by special standards 
[20]. Samples of titanium concentrates were analyzed 
for their vanadium content. The results of determining 
the mass fraction of vanadium oxide in titanium con-
centrates are presented in Table 1.

The analysis of the data presented in Table 1 suggests 
that the most promising titanium-rich material is sample 
No. 1 (vanadium content: 0.55 %). This material can be 
considered the most suitable for producing a new mate-
rial ‒ a spongy alloyed titanium with a Ti-6Al-4V alloy-
ing system. This conclusion can be explained by the very 
nature of the rutile concentrate, which contains not only 

Fig. 1. Flowchart of the mixture production process 
TiCl4-VCl4

Table 1
Vanadium content in samples, % by weight

Sample number
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7
0.55 0.25 0.19 0.25 0.24 0.21 0.20
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the maximum amount of titanium but also vanadium. It 
should also be noted that the rutile concentrate has the 
greatest technological suitability for producing titanium 
tetrachloride from this raw material, with the process oc-
curring without the prior production of titanium slag.

Samples Nos. 2, 4, and 5, which have a relatively high 
vanadium content (up to 0.25 % by weight), are also quite 
promising. Among the materials studied, experimental 
samples Nos. 3, 6, and 7 were deemed the least promis-
ing, as their vanadium content does not exceed 0.21 %.

According to the testing program, all samples of titani-
um-containing materials (with high and lower vanadium 
oxide content) were subjected to experimental processes 
for the production of titanium tetrachloride with a speci-
fied vanadium content using the developed technology.

The distribution profile and extraction efficiency of 
vanadium in the test samples of titanium-containing 
materials into the target product (titanium tetrachlo-
ride) were determined by evaluating the average values 
of the results obtained from individual experiments.

The results of the studies on the distribution and re-
covery of vanadium from test sample No. 1 are present-
ed in a separate table, since this sample, among the test 
samples, belonged to the class of rutile (TiO2) concen-
trates and contained the highest amount of vanadium.

The results of the distribution and recovery of vana-
dium from test sample No. 1 are shown in Table 2.

From the data in Table 2, it can be concluded that 
the raw material of sample No. 1, as expected, showed 
the highest vanadium recovery rates among those con-
sidered during extraction according to the developed 
experimental technology. In this experiment, the maxi-

mum through-process recovery of the target product ‒ 
vanadium ‒ was observed, amounting to 85.45 %. At the 
same time, the lowest through-process losses of vana-
dium during its recovery by the proposed method 
amounted to 6.67 %.

It should be noted that the effectiveness of a technol-
ogy for industrial use is determined not only by techni-
cal parameters but also by economic considerations. In 
turn, the use of rutile concentrates with sufficiently high 
technical parameters is limited by the high cost of this 
titanium-rich raw material on the global market and its 
relative scarcity. The high demand for rutile concentrate 
is due to the fact that manufacturers of welding elec-
trodes use TiO2 concentrates as the main component of 
the material for electrode coating.

Other titanium-bearing materials (samples No. 2 
through No. 7) were also studied and analyzed as a 
group. This is because the selected materials are related 
and belong to the same class of raw materials for titani-
um extraction ‒ ilmenite (FeTiO3) concentrates.

The results of the distribution and completeness of 
vanadium extraction from the raw materials of test sam-
ples Nos. 2–4 are presented in Table 3, and those of 
samples Nos. 5–7 in Table 4.

Based on the data presented in Tables 3 and 4, it can 
be concluded that the materials from samples Nos. 2, 4, 
and 5 yielded relatively high results in terms of the 
amount of vanadium recovered. In this regard, sample 
No. 2 should be highlighted (highest total recovery and 
lowest losses). Thus, the total vanadium recovery in this 
experimental group ranged from 84.66 to 84.75 %, while 
total losses ranged from 7.45 to 7.35 %. Significantly less 
vanadium was recovered from the raw materials of sam-
ples No. 6 and No. 7 (from 82.54 to 83.21 %); in this 
case, losses ranged from 9.66 to 8.97 %. Sample No. 3 
showed the highest vanadium losses: total extraction was 
82.54 %, while the total losses of the target product 
amounted to 9.66 %. The varying recovery rates of vana-
dium from ilmenite concentrates in the studied samples 
can be explained by the natural composition of the raw 
material mined from different deposits.

Bar charts (Figs. 2–4) allow us to compare the re-
sults of leaching from the concentrate of different sam-
ples and select the most optimal options (Nos. 2, 4, 5).

The analysis of the entire vanadium extraction pro-
cess (from the chlorination of titanium-bearing feedstock 
to vanadium pulp) for each of the test samples leads to the 
conclusion that their characteristics are similar (Fig. 4). 
The similar nature of vanadium extraction in the tested 
samples lies in the fact that the highest concentration was 
observed in technical titanium tetrachloride. This con-
centration then gradually decreased in the vanadium 
pulp, and the lowest concentration was recorded in the 
mixture of vanadium and titanium tetrachlorides (VCl4 + 
TiCl4). This distribution of vanadium is explained by the 
physicochemical processes occurring in the reduction 
process and is consistent with the design intent.

Based on the research results presented in Ta-
bles 2–4, a comparative histogram was also generated, 
which provides insight into the nature of vanadium loss-
es in by-products of the developed technology (Fig. 5).

Based on the data shown in Fig. 5, it can be con-
cluded that vanadium losses in the first five by-products 
(TC melt, PK distillates, purified TiCl₄, LKD, and 

Table 2
Analysis of Sample No. 1

Product
Sample No. 1

Distribution V,
%

End-to-end
distribution V, %

Chlorination of titanium-containing  feedstock
Concentrate ‒ 100.00
TiCl4 technical 94.80 94.80

Losses:
TC melt 2.92 2.92
PC distillates 0.47 0.47
Non-cohesion -1.81 ‒

Rectification purification
V pulp 96.80 91.78

Losses:
TiCl4 purified. 0.18 0.17
LBD 0.18 0.17
Non-cohesion -2.84 ‒

Chlorination of vanadium-containing pulp
VCl4 + TiCl4 93.10 85.45

Losses:
TiCl4 reverse 0.19 0.17
TC melt 0.98 0.90
V cake 2.08 1.87
Non-cohesion -3.69 ‒
End-to-end deduction, % 85.45
End-to-end loss, % 6.67
End-to-end discrepancy, % -7.88
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Table 3
Analysis of samples Nos. 2–4

Product
Sample No. 2 Sample No. 3 Sample No. 4

Distribution V, 
%

End-to-end
distribution V, %

Distribution
V, %

End-to-end
distribution V, %

Distribution
V, %

End-to-end
distribution V, %

Chlorination of titanium-containing feedstock
Concentrate ‒ 100 ‒ 100 ‒ 100
TiCl4 technical 94.75 94.75 94.66 94.66 94.74 94.74

Losses:
TC melt 2.94 2.94 3.02 3.02 2.95 2.95
PC distillates 0.49 0.49 0.50 0.50 0.49 0.49
Non-cohesion -1.82 ‒ -1.82 ‒ -1.82 ‒

Rectification purification
V pulp 96.75 91.73 96.69 91.67 96.75 91.73
Losses:
TiCl4 purified. 0.20 0.19 0.23 0.22 0.20 0.19
LBD 0.20 0.19 0.23 0.22 0.20 0.19
Non-cohesion -2.85 ‒ -2.85 ‒ -2.85 ‒

Chlorination of vanadium-containing pulp
VCl4 + TiCl4 92.4 84.7 90.1 82.54 92.35 84.70

Losses:
TiCl4reverse 0.20 0.18 0.21 0.19 0.20 0.18
TC melt 1.15 1.07 1.65 1.57 1.17 1.09
V cake 2.50 2.29 4.15 3.94 2.53 2.32
Non-cohesion -3.75 ‒ -3.80 ‒ -3.75 ‒
End-to-end deduction, % 84.75 82.54 84.70
End-to-end loss, % 7.35 9.66 7.41
End-to-end discrepancy, % -7.90 -7.80 -7.89

Table 4
Distribution and completeness of vanadium recovery from test samples Nos. 5–7

Product
Sample No. 5 Sample No. 6 Sample No. 7

Distribution V, 
%

End-to-end
distribution V, %

Distribution V, 
%

End-to-end
distribution V, %

Distribution V, 
%

End-to-end
distribution V, %

Chlorination of titanium-containing feedstock
Concentrate ‒ 100 ‒ 100 ‒ 100
TiCl4 technical 94.74 94.74 94.70 94.7 94.69 94.69

Losses:
TC melt 2.95 2.95 2.98 2.98 2.99 2.99
PC distillates 0.49 0.49 0.50 0.5 0.50 0.50
Non-cohesion -1.82 ‒ -1.82 ‒ -1.82 ‒

Rectification purification
V pulp 96.75 91.73 96.7 91.7 96.69 91.67

Losses:
TiCl4 purified 0.20 0.19 0.23 0.22 0.23 0.22
LBD 0.20 0.19 0.23 0.22 0.23 0.22
Non-cohesion -2.85 ‒ -2.85 ‒ -2.85 ‒

Chlorination of vanadium-containing pulp
VCl4 + TiCl4 92.3 84.66 90.8 83.2 90.7 83.12

Losses:
TiCl4 reverse 0.20 0.18 0.21 0.19 0.21 0.19
TC melt 1.19 1.11 1.54 1.46 1.56 1.48
V cake 2.55 2.34 3.61 3.40 3.68 3.47
Non-cohesion -3.75 ‒ -3.78 ‒ -3.78 ‒
End-to-end deduction, % 84.66 83.21 83.12
End-to-end loss, % 7.45 8.97 9.07
End-to-end discrepancy, 
%

-7.89 -7.82 -7.81
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is due to the varying content of chemical elements in the 
raw material. Thus, it has been practically demonstrated 
that the waste from the purification of titanium tetra-
chloride ‒ specifically, the distillation residues from the 
rectification process (vanadium-containing slurry), can 
be usefully employed as a source of the alloying element 
(vanadium) for alloying titanium tetrachloride during 
the magnesium-thermal reduction process, resulting in 
the production of alloyed sponge titanium. Eliminating 
unnecessary energy-intensive purification processes 
while preserving the target components in the final 
product ensured high potential for energy and economic 
efficiency of the proposed technology for producing al-
loyed sponge titanium as a whole.

It should also be noted that the vanadium loss rates 
from the TC melt and from the vanadium cake during the 
dechlorination of the vanadium pulp for samples Nos. 3, 
6, and 7 were significantly higher, leading to the conclu-
sion that vanadium recovery efficiency was lower for 
these materials. This study determined and analyzed the 
distribution behavior and completeness of vanadium re-
covery in products obtained using the developed experi-
mental technology for producing titanium tetrachloride 
with a controlled vanadium content for the production of 
alloyed (Ti-6Al-4V) sponge titanium. As a result of the 
graph-analytical analysis, it was determined that the most 
promising titanium-containing material in terms of vana-
dium content (mass fraction up to 0.40 %) for the pro-
duction of an innovative product – alloyed sponge tita-
nium (Ti-6Al-4V alloying system) – is sample No. 1 
from Vilnohirsk Mining and Metallurgical Plant. How-
ever, it should be noted that this material belongs to the 
category of rutile concentrates, and its use may not be 
economically viable. The economic impracticality is due 
to its high cost on the market for titanium-bearing raw 
materials and even its scarcity. Rutile is a valuable titani-
um concentrate used for the production of metallic tita-
nium, electrodes, and high-quality titanium dioxide pig-
ment (white pigment) [21]. Samples No. 2 (Vilnohirsk 
Mining and Metallurgical Plant) and Nos. 4, 5 (LLC 
“Production and Commercial Firm ‘Velta’”), which had 
a slightly lower vanadium content (with a mass fraction of 
up to 0.27 %) compared to the previously considered ma-
terial (sample No. 1). However, these materials are more 
readily available, as they are derived from ilmenite con-
centrates. Based on this conclusion, it is possible to rec-
ommend the production of titanium tetrachloride with a 
controlled vanadium content using, as raw material, a 
mixture of titanium-bearing materials represented by one 
of the studied samples Nos. 1, 2, 4, or 5.

These materials are available on the titanium raw 
materials market and have a long history of use as feed-
stock for producing metallic titanium. Ilmenite is the 
most common mineral containing titanium. Its deposits 
have been discovered in many countries around the 
world: the United States, Australia, Eastern Europe, 
and Southern Africa, as well as in India, Brazil, Mada-
gascar, Norway, and Canada (heavy sand deposits). It 
should be noted that the world’s total reserves of titani-
um-bearing ores are distributed among three main in-
dustrial minerals: ilmenite, leucoxene, and rutile (ana-
tase). Their deposits have been discovered in thirty 
countries worldwide and amount to approximately 2 bil-
lion tons. The two continents with the largest volumes of 

Fig. 2. Extraction of vanadium from samples Nos. 2‒7

Fig. 3. Vanadium loss from samples Nos. 2‒7

Fig. 4. The nature of vanadium extraction into the target 
products of the process from the materials of samples 
Nos. 1 –7

Fig. 5. Nature of vanadium losses (samples Nos. 1‒7)

TiCl₄ reflux) exhibited the same pattern for all samples 
of titanium-containing materials. This uniform trend in 
vanadium losses can be explained by the fact that the 
bulk of vanadium is lost precisely during the pre-chlori-
nation of the vanadium pulp, since the vanadium con-
centration is highest at this stage of the process. At the 
same time, the values of the last two indicators (vana-
dium losses with the TC melt and with the vanadium 
cake) resulting from the post-chlorination of the vana-
dium pulp differed significantly between samples, which 
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titanium-bearing mineral production are Australia and 
South America. This explains the influence these coun-
tries have on global pricing for ilmenite concentrate. 
The main reserves of TiO2 are in the form of ilmenite 
and amount to approximately 1 billion tons; in rutile 
(anatase), titanium reserves are much smaller, totaling 
about 0.2 billion tons. Ukraine has the lowest mining 
intensity but practically the highest reserves of ilmenite. 
On average, the world’s existing reserves could be de-
pleted in 132 years, whereas in Ukraine, they would last 
for nearly half a millennium [22]. The results of the 
study allow for a positive assessment of the suitability of 
Ukrainian rutile and ilmenite concentrates for use in ti-
tanium tetrachloride alloying technology, which ensures 
optimal use of raw materials and energy savings. The 
process flowchart for producing titanium with a speci-
fied content of aluminum and vanadium dopants and 
products is shown in Fig. 6.

The diagram shown eliminates the steps of preparing 
alloying elements for charging and mixing the sponge 
titanium charge with alloying elements. At the same 
time, the use of technology for remelting a solid block of 
sponge titanium significantly reduces the number of 
process steps by eliminating grinding, sorting, briquet-
ting, charge preparation, and so on.

Another practical benefit lies in the expansion of the 
range of metallurgical products that can now be pro-
duced using a more cost-effective material – alloyed 
porous titanium. Alloyed sponge titanium is a promising 
material for casting Ti-6Al-4V alloy ingots through di-
rect remelting, rather than energy-intensive multiple 
remelting processes, which are typically performed to 
improve the uniformity of separately introduced alloy-
ing elements, refine the alloy, and so on. Alloyed sponge 
titanium can also be used to produce powders from this 
alloy through the mechanical grinding of this innovative 
metallurgical product – alloyed sponge titanium. In 
turn, Ti-6Al-4V alloy powders are a sought-after mate-
rial for advanced additive manufacturing technologies 
used to produce components for various industries, in-
cluding the aerospace, automotive, and medical sectors 
(titanium implants). Thus, in the works by Ukrainian 
scientists [23, 24], operating modes have been devel-
oped and the possibility of using non-spherical titanium 
alloy powders for the 3D fabrication of various products 

using electron beam deposition (EBD) technology, etc., 
has been demonstrated. There are also known foreign 
scientific publications on similar applications of non-
spherical Ti-6Al-4V alloy powders [25, 26]. Thus, prod-
ucts obtained from alloyed titanium sponge (ingots, 
powders) can have a lower cost due to a significant re-
duction in the manufacturing process and are in high 
demand in the modern additive manufacturing industry. 
At the same time, for the rational use of raw material 
resources involved in the production of alloyed titanium 
sponge, the research results presented in this work have 
scientific and practical value for both Ukraine and other 
countries that manufacture titanium products.

Conclusions.
1. It has been demonstrated that an innovative Ukrai-

nian metallurgical product ‒ sponge titanium alloyed 
with aluminum and vanadium ‒ is a promising raw ma-
terial for the smelting of titanium alloys with the Ti-6Al-
4V alloying system.

2. The chemical composition of titanium-bearing 
concentrates (rutile and ilmenite) mined at various ac-
tive deposits in Ukraine has been analyzed, and the va-
nadium content required for alloying sponge titanium 
has been determined.

3. The distribution and completeness of vanadium 
extraction in the test samples were determined. It was 
concluded that the materials from Vilnohirsk Mining 
and Metallurgical Plant (samples Nos. 1 and 2) and 
Velta Production and Commercial Firm LLC (samples 
Nos. 4, 5) are the most promising materials as titanium-
rich raw materials for the production of titanium tetra-
chloride. The selected raw materials already contain the 
required amount of vanadium, allowing them to be used 
for producing Ti-6Al-4V-type alloys. In addition to the 
vanadium content, the high processability of these ma-
terials and the high quality of the resulting product ‒ ti-
tanium tetrachloride with a controlled vanadium con-
tent ‒ were key factors.

4. Under experimental conditions, the possibility of 
using titanium tetrachloride purification waste (vanadi-
um pulp) as a source of vanadium alloying for titanium 
tetrachloride in the magnesium-thermal reduction pro-
cess has been demonstrated, which forms the basis for 
the production of alloyed sponge titanium.

5. The effectiveness of using Ukrainian rutile and il-
menite concentrates in the production of alloyed sponge 
titanium has been demonstrated, ensuring optimal utili-
zation of titanium-bearing ores and contributing to en-
ergy savings.

6. The elimination of unnecessary energy-intensive 
purification processes, while fully preserving the content 
of target components in the magnesium-thermal reduc-
tion titanium product, makes the technology for produc-
ing alloyed (Al, V) titanium sponge economically efficient 
and promising both for smelting Ti-6Al-4V alloy ingots 
via a single remelting (instead of the traditional three) and 
for producing dispersed powders of this alloy through me-
chanical grinding of the alloyed titanium sponge.

Title and number of the project under which the pre-
sented results were obtained. The research was conducted 
as part of the research project “Resource-saving technology 
for processing Ukrainian rutile and ilmenite concentrates 
into innovative dual-purpose alloyed titanium sponge” No. 
35/240590 dated January 1, 2024.

Fig. 6. Flowchart for producing a titanium alloy with a 
specified content of V and Al
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Мета. Визначення складу шихти, що формуєть-
ся з ільменітових і рутилових концентратів, для за-
безпечення повноти використання природного ре-
сурсу й оптимізації отримання інноваційного тита-
ну губчастого із системою легування Ti-6Al-4V із 
сировинних мінералів українських родовищ.

Методика.  Проби рутилового й ільменітового 
концентрату переробляли за розробленою техноло-
гією з отриманням TiCl4, що додатково містить ва-
надій, і в результаті одержували суміш TiCl4 + VCl4.

Результати. Визначено, що концентрати рутилу 
й ільменіту із Малишевського та Бірзуловського 
родовищ найбільш придатні для отримання із них 
TiCl4, що містить ванадій у заданій концентрації.

Наукова новизна. Уперше визначені та проана-
лізовані алгоритми отримання контрольованої 
кількості ванадію в тетрахлориді титану, що вико-
ристовується для виготовлення титану губчастого, 
легованого ванадієм й алюмінієм.

Практична значимість. Показано, що концентра-
ти діоксиду титану й з’єднання титану та заліза 
(FeTiO3) із функціонуючих українських родовищ 
придатні як для традиційних технологій одержання 
титану губчастого, так і для інноваційної технології 
виготовлення із них вже легованого титану губчасто-
го, що може застосовуватися в якості готової сиро-
вини для виплавлення сплаву Grade 23 (Ti-6Al-4V).

Ключові слова: ільменіт, рутил, тетрахлорид 
титану, концентрат, хлорування, губчастий титан


