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This paper reports the analysis of modern technologies
Jor the production of titanium from oxide raw materials. It
has been established that current industrial methods for pro-
ducing titanium require the use of carbon as a reducing agent
and, accordingly, cannot decrease carbon emissions without
changing the technology. That is why devising a technology
Jor producing titanium with a reduction in emissions of car-
bon components is a relevant task. So, the object of research
is the technology of obtaining titanium from its oxide with-
out the use of carbon components. It was found that an inte-
grated approach to the preparation of raw materials and the
separation of reduction processes with the successive use
of two types of reducing agents — magnesium and calcium,
made it possible to create an effective process for produc-
ing titanium without the use of carbon reducing agents. The
influence of calcium and magnesium chlorides as promoters
of the reduction process was revealed. Experimental studies
have established that the shape and density of raw materials
significantly affect the efficiency of the reduction process by
streamlining the reducing agent flows and reaction products
in the furnace charge. The established regularities made it
possible to improve the process of reduction of titanium oxide
to obtain samples of titanium powders with an oxygen con-
tent of 0.17 %, which corresponds to international standards
Jor titanium alloys and powders. Additional plasma treatment
made it possible to obtain materials that were suitable for
additive processes in all respects. A systematic approach to
the utilization of reaction products made it possible to devise
a technological scheme in which all possible waste is either
returned to the technological process after treatment or pro-
cessed into marketable products. Based on the results of the
study, a technological scheme for obtaining powders of tita-
nium alloys from titanium oxide by complex reduction in two
stages — magnesium and calcium — was developed. The pro-
posed scheme involves standard metallurgical processes and
is brought to standard processes and equipment of metallur-
gical enterprises and chemical industry.

In terms of practical significance, the results of this work
could be used in the development of industrial technology to
produce titanium from titanium dioxide without the use of
carbon components
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1. Introduction

Titanium is an important element of the periodic sys-
tem of chemical elements, which in its pure form or in the

form of compounds can be used both in the construction of

aerospace vehicles in the form of metal alloys [1, 2], and for
decorating homes, cars, equipment, and other things in the
form of oxide, which is a pigment filler of paint, plastic, or
paper [3-5]. Due to its exceptional properties, it is possible
to use metallic titanium and its alloys in nuclear industry [6]
and for medical applications [7]. Corrosion endurance and
low specific density contribute to the use of titanium alloys
in the construction of ships, aircraft, and chemical equip-

ment, as well as sports equipment [8—11]. Significant use of

titanium alloys is observed in the construction of military
equipment [12, 13]. In the last 8 years, powder metallurgy in
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the form of additive processes has gained traction, for which
the quality and cost of powder compositions are critically
important [14-16].

The main obstacle to the wider use of titanium alloys is
the complexity of the technology of obtaining primary tita-
nium from the feedstock with the subsequent production of
titanium alloys and powders [17-19].

The restrictions imposed in the world on technological
processes that produce significant carbon emissions force
industry to either improve existing manufacturing technolo-
gies or devise fundamentally new production schemes. Since
standard titanium manufacturing schemes require the use of
carbon as a reducing agent in significant volumes, the devel-
opment of carbon-free titanium production technologies is
an urgent issue. Thus, scientific research into the processes
of reduction of titanium raw materials will contribute to the




choice of effective technological solutions in the develop-
ment of appropriate industrial processes.

2. Literature review and problem statement

For a long time, new methods for producing titanium
have been developed and researched. According to con-
ducting techniques, they can be divided into the following
groups:

— thermochemical reduction processes that use titanium
tetrachloride as a feedstock;

— thermochemical reduction processes that use titanium
dioxide (TiO») as a feedstock;

— electrochemical processes.

Other processes are combinations of the above methods.

The basic industrial technique for producing primary
titanium is the Kroll thermochemical process. According to
the industrial interpretation of this method, the technolog-
ical scheme for producing titanium involves the following
stages: obtaining titanium slag with a high content of tita-
nium dioxide, chlorination of titanium slag, purification of
titanium tetrachloride to an acceptable level, reduction of
titanium tetrachloride with magnesium, and vacuum heat
treatment of sponge titanium [20].

The alternative to the use of a reducing agent, Hunter’s
industrial process follows a technological pathway similar to
the Kroll process. In the Hunter process, sodium acts as a
reducing agent, which affects some features in the manage-
ment of the titanium reduction process from tetrachloride
and necessitates the processing of sodium chloride salt after
the reduction process.

The resulting product of both industrial processes is
spongy titanium in the form of a powder or sponge with a
particle size of less than 70 mm, mainly 2—-25 mm.

Alloys with the addition of alloying elements are subse-
quently smelted from sponge titanium, or titanium powders
are made by grinding.

The technological operations, most dangerous from the
point of view of negative impact on the external environ-
ment, in the process of titanium production are the produc-
tion of titanium slag from ore raw materials and its chlorina-
tion. The technology of ore-thermal smelting to obtain slag
is used to increase the titanium content in raw materials for
chlorination since it is not often common to find a high ti-
tanium content in ore materials. Suitable for effective indus-
trial use, natural titanium (ilmenite) concentrates contain
from 37 % to 75 % titanium dioxide. Economically justified
for chlorination titanium materials must contain more than
72 % TiO,. With a lower content of useful raw materials, the
cost of production increases significantly due to the forma-
tion of a significant amount of chlorination waste. Ore-ther-
mal smelting and chlorination of titanium-containing oxide
materials occurs with the release of a significant amount of
carbon oxides.

According to stoichiometry, in the production of tita-
nium slag, in terms of 1 ton of TiO,, 0.35 tons of carbon
monoxide are formed, and when chlorinating titanium slag
in terms of 1 ton of TiCl; — 0.29 tons of CO. Accordingly, it
is these processes that significantly affect the overall carbon
footprint of titanium production. An option to overcome
the problem of using carbon in the reduction process may
be devising a fundamentally new technology for producing
titanium.

Industrial processes according to the methods of Hunter
and Kroll have a proven technological cycle and consistently
high product quality. The main producers of titanium ac-
cording to these technologies are China, Kazakhstan, Japan,
Ukraine, the United States of America, and Russia. But they
practically cannot solve the issue of excluding carbon from
the technological process.

Alternative techniques for producing titanium by ther-
mochemical reduction of titanium tetrachloride have not
been industrially introduced up to 2023. Vapor Phase
Reduction and CSIR-Ti technologies use, as a reducing
agent, magnesium in various forms — powder or vapor.
In works [21, 22], powdered magnesium and titanium tet-
rachloride are fed into the apparatus where titanium is
reduced. However, the residual content of oxygen and chlo-
rine remains quite high (about 0.3 wt%) due to the high
dispersion of the resulting product. Study [23] proposes to
implement a high-temperature process in which the reac-
tion occurs in the gas phase. The resulting product, with a
particle size of 1-30 um, requires purification from reaction
products. However, the content of oxygen, magnesium, and
nitrogen exceeds the permissible limits.

Since these technological advancements use TiCl; as
the starting product, they do not solve the issue of reducing
emissions of carbon components.

Sodium-thermal technologies are represented by Arm-
strong and ARC processes, which use metallic sodium as a
reducing agent. A potential advantage of these methods is
the ability to create continuous processes [24].

However, in comparison with conventional technologies,
the quality of the resulting product obtained from the above
methods is worse in terms of the content of detrimental
impurities. Since oxygen has the greatest influence on the
strength and ductility of titanium alloy products, its content
is strictly regulated by standards. The results of the studies
reported in [25], according to available data, have at least
twice the oxygen content in the final product. The reason for
this is the contamination of titanium with reaction products,
the removal of which by chemical or thermal methods leads
to the oxidation of active dispersed titanium.

The devised technologies for obtaining high-quality
titanium from oxide raw materials by thermochemical
methods also face the problem of obtaining a high-quality
product with a low content of critical impurities. Such pro-
cesses require high temperatures and pressures. One of the
processes, which, according to the available data, makes
it possible to obtain titanium powders with an acceptable
oxygen content (<0.15 %) uses a complex reduction scheme
employing explosive substances — hydrogen in large quan-
tities [26].

Electrochemical techniques for producing titanium
cause significant use of electricity; besides, they have prob-
lems with the presence of carbon materials in the process,
which either pollute the resulting product or generate green-
house gases [27, 28]. None of the electrochemical processes
for producing titanium has reached the stage of industrial
implementation.

The situation with the production of titanium alloy
powders looks even more dramatic. Standard methods for
producing powders are:

— spraying of a rotating workpiece (PREP);

— gas atomization (GA);

— plasma atomization (PA);

— hydrogenation-dehydrogenation (HDH) [29].



But all these processes require a workpiece with a given
content of alloying elements. To this end, they use the meth-
ods of vacuum melting (arc or electron beam), or powder
metallurgy (mixing elementary powders with subsequent heat
treatment). According to this technological scheme, the cost
of titanium alloy powders increases several times compared
with the primary sponge titanium [14]. The reason for this is
the need for multiple melts to average the chemical composi-
tion and achieve a uniform distribution of alloying elements in
titanium. Also, the atomization of titanium from the melt is a
high-energy and technologically complex process.

There is a group of technological advancements resulting
in the production of titanium alloy powders from titanium
raw materials directly, without smelting ingots. However,
they all have drawbacks. When obtaining a powder accord-
ing to the method from [30], it is necessary to use finely dis-
persed explosive powders of alloying elements, which are ac-
tive metals. In the process reported in [31], the production of
alloyed powders occurs through the production of titanium
slag (TiO,) with reducing additives in titanium slag to form
purified TiO,. The technique may also include the reduction
of purified TiOy using a metal reducing agent to form a
hydrogenated titanium product containing TiHj,. This prod-
uct requires additional operations to bring the product to
industrial quality standards. The metallothermic process of
chloride reduction by a complex reducing agent in the form
of magnesium and hydrogen [32] requires the production of
titanium tetrachloride mixed with alloying elements, which
in no way decreases the carbon footprint of the titanium pro-
duction process. Patent US10316391B2 [33] describes the
way in which a composition containing a source of titanium
oxide is loaded into the reaction chamber along with an ex-
cess magnesium source. Such compositions may include Mg
powder, Mg granules, Mg nanoparticles, or Mg/Ca eutectic
mixture. It is desirable that the reduction of the composition
containing the source of titanium oxide occurs without
direct physical contact with the composition containing
the magnesium source, in order to reduce the potential for
contamination of the resulting titanium product. Then the
reaction chamber is closed with a lid, saturated with noble
gas, and heated to an internal temperature of 800-1000 °C.
As soon as the temperature is sufficient to evaporate Mg, the
reaction would begin.

The reaction is carried out for at least 30 minutes, and
preferably between 30 minutes and 120 minutes. The reac-
tion chamber is then cooled to room temperature and the
resulting products are washed with one or more flushing
agents. Flushing agents include dilute acids (such as HCI,
HNOs3, and H,SO,) and water (such as deionized water) but
are not limited to them. In other embodiments, the Mg?*im-
purities can be removed by rinsing with water or dilute acid
with sonication. Then the resulting product is dried.

In this technique, the reduction process is difficult or
does not proceed completely. Also, the issues of oxygen con-
tent in the finished product remained unresolved. The rea-
son for this may be the blocking of titanium oxide particles
by the products of the reduction reaction and the cessation
of access of fresh portions of magnesium vapors to the par-
ticles surface. Because of this, not only is the required level
of reduction not achieved, but also side reactions occur that
adversely affect the equipment. An option to overcome the
corresponding difficulties may be the formation of a struc-
ture of the components of the reduction process, which will
ensure the effectiveness of transport reactions.

During many years of research, the authors of
works [34, 35], by using magnesium-thermic reduction of
titanium dioxide (TiOy), were able to achieve deep deoxida-
tion through the use of a rotary tube reactor, which provided
a heterophase reduction reaction. The minimum oxygen con-
tent was about 3 %. However, industrializing such a process
and scaling equipment to achieve industrial performance
will be a rather complicated process due to a high hazard
level of dispersed magnesium and titanium.

Therefore, the issue of the mechanism for effective reduc-
tion of titanium without the use of carbon reducing agents
remains unresolved.

All this suggests that it is expedient to conduct a study
on the development of a technology for obtaining high-qual-
ity powders of titanium and its alloys with minimal green-
house gas emissions.

3. The aim and objectives of the study

The purpose of our research is to determine the patterns
and conditions of the process of titanium production without
the use of carbon reducing agents, under which there is an
effective reduction of titanium oxide by a metal reducing
agent. This will make it possible to devise a carbon-free
scheme for obtaining the finished product in the form of
titanium powder with quality at the level of international
standards.

To accomplish the aim, the following tasks have been set:

— to determine the influence of granulometric indicators
of raw materials on the process of titanium oxide reduction;

— to determine the optimal and effective way to form the
structure of raw materials for the most effective reduction;

— to determine the optimal reduction scheme;

— to determine the quality of the resulting product and
compare it with commercial products available on the titani-
um powder market, as well as to assess compliance with the
requirements of industry standards.

4. The study materials and methods

4. 1. The object and hypothesis of research

The object of research is the processes of reduction of ti-
tanium from the oxide form. The main problem of high-qual-
ity reduction of titanium dioxide is the slowing down of the
process due to the blocking of the reducing agent by the
reaction products. Therefore, when forming a corresponding
porous or capillary structure in raw materials, it is possible
to achieve conditions for effective mass transfer during the
process. The reduction of titanium oxide in two stages will
contribute to the more effective elimination of reaction prod-
ucts that block the deoxidation of titanium. The two-stage
reduction will also increase the economic performance of the
process through the use of different-cost reducing agents.
The use of catalysts or promoters of the reduction process
will make it possible to control the process of titanium for-
mation.

4. 2. Investigated materials and equipment used in the
experiment

To obtain titanium powders, titanium dioxide was used
as a feedstock, both a commercial product and the synthetic
titanium dioxide of our production. As a commercial prod-



uct, titanium dioxide of the anatase modification Kronos 1000
and the rutile modification Pretiox R-200 were investigated.
Titanium dioxide of our production was obtained by hydro-
lysis of titanium oxychloride, followed by calcination (i-syn-
rutile) (Fig. 1). The use of such a titanium production scheme
is due to the fact that ilmenite concentrates contain a signif-
icant amount of impurities in their composition [36]. When
recovering titanium from ilmenite, most impurities will go to
the final product — titanium powder, which is unacceptable.

The particle size of titanium dioxide Kronos 1000 (man-
ufactured by Kronos), Pretiox R-200 (manufactured by
Precheza) was 0.1-0.5 um, and that of the i-synrutile sample
was 10—30 pm (Fig. 1). The study of titanium dioxide micro-
particles was carried out on a scanning electron microscope
Tescan Mira 3 LMU (Czech Republic).

d e

Fig. 1. Scanning electron microscopy (SEM) images of titanium dioxide samples
used for research: a — i-synrutile; b — Pretiox R-200; ¢ — Kronos 1000 (the
area of the field for viewing all images is 22500 um); d — i-synrutile; e — Pretiox
R-200; f— Kronos 1000 (viewing field area — 225 ym)

The i-synrutile titanium dioxide was made from ilmenite
concentrate of the Byrzulove deposit (Kirovohrad oblast,
Ukraine) using a patented technology [37, 38]. The different
fractional composition of samples of commercial titanium
dioxide and i-synrutile is explained by the peculiarities of ti-
tanium dioxide production technologies, which contribute to
the formation of titanium dioxide particles of various sizes.

The particle granulometric characteristics were deter-
mined by laser diffraction (ISO 13320:2009 Particle size
analysis — Laser diffraction methods) using the CILAS 990
Particle Size Analyzer (France).

4. 3. Procedure for determining the physicochemical
properties of samples

The degree of sphericity of titanium powders was deter-
mined using the Hall volumeter (ASTM B988-18).

The determination of oxygen in titanium powders was
carried out by the method of reducing melting in the cur-

rent of inert carrier gas (ASTM E1409-13 (2021)) using
ELTRA ON 900 equipment (Germany).

Nitrogen was determined using the Kjeldal method
(DSTU 3083.1-95. Spongy titanium. Method for deter-
mining nitrogen). The carbon content was determined by
induction heating (DSTU 3083.3-95. Spongy titanium.
Methods for determining carbon) using ELTRA CS 800
equipment (Germany).

The content of iron, magnesium, and calcium impurities was
determined using the ICP-AES method (ASTM E2371-21a)
using Thermo Electron IRIS Intrepid IT equipment (USA).

3. Results of investigating titanium
dioxide reduction

5. 1. Investigation of the influence
of properties and the technique of feed-
stock formation for the most effective
reduction

The process of reducing titanium di-
oxide in general is as follows:

TiOy+2Me=Ti+2MeO, @)

where Me is a reducing metal (magnesium
c or calcium).

After the reduction, leaching of the re-
action products — reducing agent oxides —
was carried out using acid solutions.

The reduction of titanium dioxide sam-
ples in powder form was ineffective. The
average oxygen content in samples after
reduction was 10—19 %. It does not matter
which (metallic magnesium or metallic cal-
cium) and with what excess the reducing
agents were taken since the reduction reac-
tion did not proceed completely due to the
blocking of particles of the material being

f reduced by the products of the reduction
reaction. As a result, there was a cessation
of access of fresh portions of the reducing
agent to the particles surface, which is why
not only the required level of reduction was
not achieved but also the reducing agent
was wasted.

Empirically, it has been established that the forma-
tion of feedstock elements with the specified porosity and
strength allows for the reduction process with maximum
efficiency (Fig. 2).

The strength of feedstock elements from ground titanium
oxide powder must be at least 10 kg per 1 cm? since with less
strength there will be a destruction of the element and a decrease
in the number of capillary pathways of entry of the reducing
agent to the material. Since the source titanium dioxide has a
different particle size distribution, the obtained samples of feed-
stock elements differed significantly in characteristics (Fig. 3).

Fig. 3 demonstrates that the samples made from commer-
cial titanium dioxide Kronos 1000 and Pretiox R-200 have
both large pores formed by the voids in the material and
micropores between the titanium dioxide particles. In the
sample of the feedstock element made from i-synrutil, there
are practically no macropores but the interparticle micropo-
res have slightly larger sizes, which is due to the particle size.



duction and the reducing agent is important,
which allows reduction using reducing agent va-
pors (Fig. 4).

Properly formed stack ensures uniform distri-
bution of the thermal field of the process during
the heating stage (Fig. 4, ). An important aspect
is the placement of feedstock elements in such a
way that their holes are directed vertically. This
arrangement makes it possible to organize the
impregnation of the entire volume of feedstock
elements by the reducing agent (light blue layer
in the upper part of the charge) and its chlo-
ride (purple layer) during the melting of calcium
or magnesium (Fig. 4, b). Also, this technique of
forming the charge provides the most optimal
gas dynamics for the reduction by reducing agent

a b vapors (Fig. 4, ¢), which is a very important factor

for the successful course of the process. Due to the

Fig. 2. Photographs of feedstock elements made from titanium dioxide:  shape and placement of feedstock elements, gases
a — single feedstock elements; b — charge of loaded feedstock elements have a free flow from bottom to top and from top
to bottom, which ensures a high level of circulation

To ensure the effective course of the reduction process, of gases and their penetration into all parts of the
the way to load feedstock elements in the 1st stage of re- material being reduced.
a b c

Fig. 3. Microstructure of feedstock elements made from different types of titanium dioxide: a — i-synrutile;
b — Kronos 1000; ¢ — Pretiox R-200

Low High
Temperature scale

a b c

Fig. 4. Scheme of loading feedstock elements into the reactor and temperature distribution scale: @ — heating of the charge;
b — melting of the reducing agent; ¢ — reduction of titanium dioxide



This ensures a high level of heat transfer and the heat is
more evenly distributed between different parts of the ma-
terial being reduced. It also provides access of the required
amount of reducing agent vapors to the material being re-
duced. Also, this process prevents excessive growth and sin-
tering of metal titanium particles, precipitation of oxides of re-
ducing agents on the walls and bottom of the crucible/retort.

5. 2. Investigation of the effect of particle size on re-
duction efficiency

Table 1 gives data on oxygen content in samples obtained
after the initial reduction of feedstock elements made from
the titanium dioxide Pretiox R-200, Kronos 1000, and i-syn-
rutile. Metallic calcium was used as a reducing agent.

Table 1

Oxygen content in titanium samples after the first stage of
feedstock elements reduction, depending on the starting
material

Oxygen Content

Sample Startin, Starting Material | . .
NOI.) Materiagi Particl§ Size, um m t}?: diiﬁgii z;fter
Pretiox R-200 0.10-0.50 8.46
2 Kronos 1000 0.05-0.30 8.63
3 i-synrutile 10-30 3.39

Table 1 demonstrates that the oxygen content in the
samples after the first stage of reduction is significantly dif-
ferent. Our studies have established that the efficiency of ti-
tanium oxide reduction to metallic titanium depends on the
particle size of crystalline titanium oxide, from which feed-
stock elements are formed for reduction. So, if the particles
of titanium oxide are too small, for example, if titanium oxide
pigment with primary particle sizes of 0.10-0.50 pm is used,
it is extremely difficult to obtain titanium metal with low
oxygen values during the reduction process. This is probably
associated with the blocking of the reducing agent’s access
to titanium dioxide due to the formation of CaO and MgO
reduction reaction products.

3. 3. Determining the optimal reduction scheme

The choice of a reducing agent is primarily related to
the efficiency of titanium deoxidation and the possibility of
industrialization of the process. Magnesium and calcium are
the main reducing agents used in the reduction of titanium.
Magnesium has advantages over calcium as a reducing agent
due primarily to economic issues. The cost of metallic mag-
nesium on the market is about 2 to 4 times lower than the
cost of metallic calcium; besides, the amount of magnesium
used for reduction is about 1.67 times lower in terms of stoi-
chiometry.

Another advantage of the use of magnesium is its avail-
ability on the world market (overall production is about
1 million tons per year against 35-50 ktpa of metallic
calcium) [39, 40]. Also important is the high purity of mag-
nesium, especially with regard to such impurities as nitrogen
and carbon, and lower requirements in terms of storage
and safety of handling. Unlike metallic calcium, metallic
magnesium is quite resistant to environmental influences,
including air humidity and carbon dioxide contained in the
air. Metallic calcium is significantly more reactive; contact
with moisture leads to a violent chemical reaction with the
release of hydrogen and a large amount of heat. In addition,

calcium is oxidized by atmospheric oxygen to form calcium
oxide, which then, upon contact with moisture in the air,
turns into calcium hydroxide. Calcium oxide and hydroxide
are highly reactive against carbon dioxide and capture CO,
from the air. This feature eventually leads to an increase in
the content of carbon in calcium, which then passes into ti-
tanium during the reduction process and impairs its quality.
Therefore, in the production of calcium and in all stages of
further work with it, reliable protection against contact with
air and moisture must be provided.

To increase the reduction efficiency, reducing agent
chlorides (MgCl, and CaCly) were also used to be added
as promoters of the process. In our opinion, the important
functions of these salts in the first stage of reduction, when
exothermic reduction reactions proceed at high speed, are
the following:

1. Decreasing the temperature of the material being
reduced due to the fact that part of the heat that released
during the reduction reaction is spent on heating, melting,
and the formation of magnesium or calcium chlorides vapors,
which keeps the material being reduced from uncontrolled
overheating. Overheating is highly undesirable as it can lead
to the destruction of feedstock elements and deterioration
of reduction results. Also, increasing the temperature too
high can lead to contamination of titanium being reduced
with crucible/retort material and even to destruction of the
crucible/retort in which the reduction is carried out.

2. Promoting a more even distribution of heat between
all parts of the material being reduced and the reducing
agent due to the partial evaporation of magnesium and calci-
um chlorides and the transfer of heat by these heat vapors to
other zones. This ensures the heating of the material being
reduced and the reducing agent in all zones and the simulta-
neity of the reduction process.

Another important function of melts of reducing salts
is their ability to dissolve reducing agent oxides. For ex-
ample, the solubility of MgO in molten magnesium chlo-
ride (MgCly) is 0.63-2.90 mol % at 1073-1373 K and
0.24-0.63 mol % in pure calcium chloride (CaCly) melt at a
temperature of 1223-1523 K [41]. As for calcium oxide, its
solubility in the melt of calcium chloride increases signifi-
cantly with increasing temperature and reaches a value of
18—22 mol % in the range of 1100-1300 K [42, 43].

So, due to this, partial dissolution of magnesium or
calcium oxides in melts of magnesium or calcium chlorides
occurs on the surface of the material being reduced. This
ensures the access of fresh portions of the reducing agent
to feedstock elements and the continuation of the reduction
process, which is blocked by the corresponding oxides. It
also contributes to the consolidation of titanium particles
and their growth and, accordingly, to the reduction of the
specific surface area. Fig. 5 shows SEM images of the parti-
cles of titanium metal after the 1st stage of reduction using
magnesium without the use of promoters.

One can see that titanium particles obtained without the
use of MgCl, have a smaller size and greater microporosity
compared to the slightly larger titanium particles obtained
using MgCl, as a process promoter. The microporosity of
samples obtained using MgCl, is much smaller (Fig. 6).

Powders obtained using MgCl, in a single-stage reduc-
tion with the use of magnesium as a reducing agent consisted
of dendritic particles with an extremely highly developed
surface. Granulometric characteristics of the particles were
determined and are given in Fig. 7.



a

b

Fig. 5. Microstructure of the product of the reaction of single-stage reduction by metallic magnesium without using magnesium
chloride as a promoter: a — image of a surface fragment built using a detector of elastically reflected electrons (Back Scattered
Electron — BSE); b — image of a surface fragment built using a secondary electron detector (Secondary Electron — SE)

a

b

Fig. 6. Microstructure of the product of the reaction of single-stage reduction by metallic magnesium using magnesium
chloride as a reduction process promoter: a — image of a surface fragment built using a detector of elastically reflected
electrons; b — image of a surface fragment built using a secondary electron detector

Fig. 7. Size distribution curve of titanium particles after
single-stage reduction

Fig. 7 demonstrates that the titanium powder obtained
during single-stage reduction has the following granulomet-
ric characteristics:

- D102 3.44 Mumj;

— Ds50: 14.52 pm;

— Dgg: 39.77 pm;

— mean diameter: 18,53 pm.

Using the proposed methods of feedstock preparation
and techniques of carrying out the process in two stages of
reduction with reducing agents of different types (the first
stage — magnesium, the second stage — calcium), the samples
of titanium powders were obtained (Fig. 8).

The powder consisted of coral-like particles with a highly
developed surface but there are differences from the powder
obtained in the 1st stage of reduction using magnesium as a
reducing agent. In this case, there was a significant enlarge-
ment of the particle size, a significant decrease in the specific
surface area, and a change in the morphology from the den-



dritic type to the coral-like type. Granulometric characteris-
tics of titanium particles after two-stage reduction are:

— D1p:13.19 pm;

— D50:46.47 pm;

— Dg:97.63 pm;

— mean diameter: 51.80 pm.

The curve of particle size distribution is shown in Fig. 9.

a b

5. 4. Determining quality indicators of the resulting
product according to various reduction schemes and
post-processing

Our work also included plasma spheroidization of the
resulting titanium powders using induction-plasma treat-
ment. The introduction of this processing method allows
for the production of spherical powders for use in various
additive manufacturing techniques where a high degree of

sphericity of particles and high fluidity
are required (Fig. 10).

Fig. 8. Titanium powder obtained by reducing titanium dioxide by a combined a
reducing agent in two stages (first stage — magnesium, second stage — calcium):
a — viewing field area — 2250000 um; b — viewing field area — 22500 pm

Fig. 9. The particle size distribution curve of titanium
powder obtained by the reduction of titanium dioxide in
two stages

Fig.9 demonstrates that the main part of the ma-
terial is made up of powder particles with a size of less
than 100 pm. Compared to the single-stage process the
average particle size is much larger. This is most likely due
to the increase in the duration of the process and the ten-
dency of titanium powder particles with a lower oxygen
content and, accordingly, a smaller amount of reducing
oxide content to consolidate on titanium particles sur-
face. Further experiments established that it is possible
to form particles of a given size by changing the reduction
modes.

b

Fig. 10. Spheroidized titanium powder
after induction-plasma treatment:
a — viewing field area — 2250000 um;
b — viewing field area — 250000 um

The content of impurities in titanium powders obtained
by various methods is given in Table 2.

To determine the technical suitability of the resulting
material, a comparison was made with commercial products
available on the titanium powder market (Table 3).

To produce titanium powders with a lower oxygen content,
further improvement of reduction technology is necessary.

Table 2 demonstrates that the effectiveness of calcium and
magnesium reduction in single-stage reduction is comparable,
despite the fact that in the Ellingam diagram (Fig. 11) calciumis
below magnesium, indicating its greater potential for reduction.



Chemical composition of titanium powders obtained by various methods

Table 2

Content of C ts, wt%
Sample No. | Reducing agent I/Reducing agent 11 ontent of Components, wt’
0 N C Fe Mg Ca
1 Mg/~ 14.02 0.0063 0.0150 0.0067 1.8232 0.046
2 Ca/— 9.83 0.0131 0.0316 0.0510 0.0620 4.200
3 Mg+MgCly/— 3.15 0.0051 0.0143 0.0054 1.7617 0.031
4 Ca+CaCl,y/— 215 0.0145 0.0321 0.066 0.0640 2.020
5 Mg+MgCl,/Ca 0.17 0.0232 0.0520 0.0243 0.0345 0.099
6 Mg+MgCly/Ca+PS” 0.17 0.0253 0.0531 0.0437 0.0002 0.007
Note: *PS — Plasma Spheroidization
Table 3
Impurity content and standard specifications of titanium alloy powders based on examples of products available on the market
Content of Components, wt% Powder Type/
No. Titanium Powder Grade / Manufacturing Company Method of
% N C Fe Mg Production
1 | TSP-100 (<150 um)/Osaka Titanium technologies Co., Ltd | max 0.25 | max 0.03 | max 0.02 {max 0.02| max 0.02 | Irregular/HDH
2 | TSP-350 (<45 um)/Osaka Titanium technologies Co., Ltd | max 0.35 | max 0.03 | max 0.02 |max 0.03| max 0.02 | Irregular/HHDH
3 | TMP-100 (<150 um)/Osaka Titanium technologies Co., Ltd | max 0.50 | max 0.03 | max 0.02 {max 0.05| max 0.02 | Irregular/HDH
4 | TMP-350 (<45 um)/Osaka Titanium technologies Co., Ltd | max 0.60 | max 0.03 | max 0.02 |max 0.05| max 0.02 | Irregular/HDH
5 Gr.1/Qishan Metal Titanium Co., Ltd. (MTCO) max 0.25 | max 0.03 | max 0.02 |max 0.08 max 0.02 | Irregular/HDH
6 forAM CP-Ti G2 15-53 EG/Hoganés AB max 0.17 | max 0.03 | max 0.03 |max 0.08 - Spherical /VIGA
7 forAM CP-Ti G2 45-106 EG/Héganés AB max 0.10 | max 0.03 | max 0.03 {max 0.08 - Spherical /VIGA
8 Cp-Ti Grade 2 (0-25 pm)/AP&C max 0.21 - - - - Spherical /PA
9 Cp-Ti Grade 2 (15-45 pm)/AP&C max 0.20 - - - - Spherical /PA
10 Cp-Ti Grade 2 (15-53 pm)/AP&C max 0.20 - - - - Spherical /PA
1 Cp-Ti Grade 2 (2063 um)/AP&C max 0.18 - - - - Spherical /PA
12 Cp-Ti Grade 2 (45-106 pm)/AP&C max 0.16 - - - - Spherical /PA
13 Cp-Ti Grade 2 (45-150 um)/AP&C max 0.16 - - - - Spherical /PA
14 Cp-Ti Grade 1 (15-45 pm)/AP&C max 0.16 - - - - Spherical /PA
15 Cp-Ti Grade 1 (15-53 um)/AP&C max 0.15 - - - - Spherical /PA
16 Cp-Ti Grade 1 (20-63 pm)/AP&C max 0.12 - - - - Spherical /PA
17 Cp-Ti Grade 1 (45-106 um)/AP&C max 0.10 - - - - Spherical /PA
18 Cp-Ti Grade 1 (45-150 pm)/AP&C max 0.10 - - - - Spherical /PA
19 OSPREY® Ti-6Al-4V Class 5/Sandvik AB max 0.20 | max 0.05 | max 0.08 | max 0.30 - Spherical/GA
20 OSPREY® Ti-6Al-4V Class 23/Sandvik AB max 0.13 | max 0.05 | max 0.08 | max 0.25 - Spherical /GA

According to theoretical calculations, when using calcium
as a reducing agent, it is possible to achieve a residual oxygen
content of 300-730 ppm [44, 45]. However, on a practical
level, it is difficult to achieve a high degree of titanium oxide
reduction in one stage due to the formation of a layer of the re-
action product-calcium oxide-on the surface of metal titanium
particles. This reaction product blocks access of new portions
of the reducing agent to the particles, which slows down, or
even completely blocks further reduction reaction.

As for the use of magnesium for reduction, it is precisely be-
cause of thermodynamic constraints that the theoretically pos-
sible oxygen content in the finished product will be at the level
of 2-3 % [46, 47]. This figure is significantly higher than the
standard requirements for the quality of titanium, so it is not
suitable as a reducing agent for the second stage of reduction.

Thus, a technological scheme has been devised for ob-
taining metal titanium powder with the content of impurities
at the level of international standards. Also, potentially, the



technology makes it possible to obtain the full range of existing
or prospective titanium alloys by joint reduction of titanium
dioxide and oxides of alloying elements. This process excludes
the use of carbon materials for reducing processes, that is, it
significantly decreases emissions of carbon components into the
atmosphere (carbon footprint).
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Fig. 11. Dependence of standard free energies of CO
formation and oxides of different metals on temperature
(Ellingam diagram)

Technological scheme includes:

— production of titanium dioxide with the predefined
chemical and granulometric composition;

— formation of feedstock elements from ground titani-
um oxide powder with a strength of at least 10 kg per 1 cm?;

— carrying out the first stage of feedstock elements re-
duction using a reducing agent (magnesium or calcium), the
oxygen content in reduced titanium is typically >2 %;

— purification of metal titanium powder obtained af-
ter the first stage of reduction from the reaction products
formed, reducing agent chlorides and unreacted reducing
agent residues;

— carrying out the second stage of metal titanium powder
reduction using a reducing agent (calcium), the oxygen con-
tent in the reduced titanium is in the range of <0.18-0.40 %
depending on the desired grade;

— purification of metal titanium powder obtained after
the second stage of reduction from the reaction products
formed, reducing agent chlorides and unreacted reducing
agent residues;

— plasma spheroidization of metal titanium powder ob-
tained after the second stage of reduction (optional);

— classification by size;

— processing of reaction products after purification of
the reduced titanium powder after the 1st and 2nd stages of
reduction containing MgCl, and CaCl, into by-products of
various types, for example, Mg(OH),, MgCl,-6H,0, MgO,
MgCOs3, Mg, CaCOs, CaCly-2H,0, Ca(OH),, CaO, Ca,
HCI, NH,Cl, (NH4)2SOy, NaCl, etc.

In general, the production scheme is shown in Fig. 12.

The technology of obtaining metal titanium powder
of standard quality from titanium dioxide by the method
of two-stage reduction has been developed. It is proposed
to use magnesium as a reducing agent in the first stage of
reduction, and calcium in the second stage. This approach
increases the economic attractiveness of the developed tech-
nology and makes it possible to obtain high quality metal
titanium powders.

Fig. 12. Technological scheme to produce titanium alloy powders from titanium dioxide



6. Discussion of results of the study on the development
of carbon-free technology to produce metallic titanium
from dioxide

With the help of our research, it was established that
the particle size distribution of feedstock affects mainly the
oxygen content in titanium (Table 1) and the porosity of
feedstock elements (Fig. 3). Obviously, the developed tech-
nology, tested on individual samples, can be modified for the
use of other similar raw materials.

It is determined that the main effect on the degree of
titanium dioxide reduction is exerted by the effective heat
transfer and transportation of the reducing agent and reac-
tion products in the reactor volume. To ensure the necessary
conditions for the process, the form and characteristics of the
feedstock elements were determined (Fig. 2), as well as the
technique to form the charge in the reactor (Fig. 4).

In contrast to [34], the task to obtain an oxygen content
of less than 0.20 % by the reduction method was solved
through a two-stage process (Table 2). However, in this case,
it is desirable to use magnesium in the first stage, and calci-
um in the second one. This is primarily due to the economic
benefits of using a cheaper reducing agent.

The use of magnesium chloride as a promoter of the
process makes it possible not only to increase the efficiency
of the reduction process but also creates conditions under
which it is possible to additionally control the formation of
titanium particles to the required size (Fig. 5-9).

In comparison with conventional methods, the developed
two-stage reduction scheme makes it possible to implement
the technological scheme of the process without the use of
carbon reducing agents.

In contrast to the powder reduction system, the use of
feedstock elements with the predefined porosity, which were
formed from titanium dioxide with the predefined granulo-
metric composition, made it possible to ensure active mass
transfer during the reduction process.

According to the procedure devised, tests were carried out
using titanium dioxide from various commercial manufactur-
ers (Precheza, Kronos) as feedstock. Taking into account the
comparable results, we believe that the developed technology
is universal and suitable for the production of metal titanium
from industrial titanium dioxide of various origins.

The proposed technological scheme (Fig. 12), in contrast
to regular technologies according to the Kroll or Hunter
methods, makes it possible to directly obtain metal titanium
powders from oxide raw materials. At the same time, carbon
reducing agents are not used, which contributes to a signifi-
cant decrease in carbon footprint. Also, this scheme makes it
possible to achieve a level of quality that corresponds to in-
ternational (ASTM B348/B348M-21, ASTM B988-18, and
GB/T 2524-2019), national (GOST 19807-91. Titanium and
deformed titanium alloys), and industry standards. Compar-
ison of the particle size distribution (Fig.9) and the content
of the main components with commercial samples (Table 3)
shows that the developed technology makes it possible to
obtain a competitive product. In addition, the proposed tech-
nological scheme, in addition to the grades of pure metal tita-
nium (Grades 1-4), makes it possible to obtain various alloys
of metallic titanium by joint reduction of titanium dioxide and
oxides of alloying additives. At the same time, in the Kroll and
Hunter processes only pure metal titanium is obtained, and
the production of alloys requires additional stages of smelting
titanium sponge with alloying additives.

The hardware and technological scheme of the two-stage re-
duction process involves standard operations of the chemical and
metallurgical industry and mainly requires standard equipment.
Consequently, it has every opportunity for industrialization.

It is worth paying attention to the fact that the achievement
of stable indicators of oxygen content, or a further decrease in
the oxygen content in titanium powders and its alloys faces a
certain limitation. The fact is that part of the oxygen in the
powder is associated with the surface of titanium powders. This
surface is an oxide film — a thin layer of titanium dioxide with a
thickness of ~3-10 nm [48—50]. Therefore, the achievement of
these indicators will require the development of techniques for
managing the specific surface area and its reduction. This is a
challenge for future research.

It is impossible not to note that the results of research on
the development of the technology are tied to a certain raw ma-
terial — i-synrutile — with specified granulometric characteris-
tics, which obviously imposes some restrictions on the indus-
trialization of the process. This may be a potential limitation of
the developed technology, namely, dependence on the content
of detrimental impurities in the feedstock. The presence of a
significant amount of impurities affects not only the quality of
the final product but also the amount of waste generated.

At the same time, our results (Table 2) indicate that further
improvement of the technology will expand the range of raw
materials for commercial titanium dioxide products with a dif-
ferent range of physicochemical properties.

Further development of research should include the refine-
ment of technology, industrial tests to improve the reduction
processes in order to obtain a stable quality of titanium with an
oxygen content at the level of 0.10-0.20 %. This oxygen content
is a requirement of international standards for Grade 1 titani-
um powders and titanium alloys such as Grade 5, Grade 20,
Grade 23, Ti-48A1-2Cr-2Nb, and others. Also, a promising
direction is the research on the production of titanium alloy
powders. The main purpose of these works is to determine the
influence of a large-scale factor on the efficiency of the process
from the point of view of technology industrialization.

7. Conclusions

1. Our studies have established the influence of particle
size distribution characteristics of titanium dioxide on the
reduction efficiency. The particle size affects the formation
of the predefined structure of feedstock elements. The use of
titanium dioxide particles less than 10 um leads to a slowdown
in reduction processes, due to the complexity of removal of
reaction products.

2. The optimal parameters and structures of feedstock
elements for the efficiency of the reduction process have been
determined. The peculiarity of feedstock elements formation
lies in the creation of a uniform thermal field and a branched
capillary system for efficient mass transfer. This ensures a
high level of heat transfer and the heat is more evenly distrib-
uted between different parts of the material being reduced.
Also, this process prevents excessive growth and sintering
of titanium metal particles, deposition of reducing agents
oxides on the walls and bottom of the crucible/retort.

3. The optimal scheme of the process of titanium dioxide
reduction in two stages, using magnesium in the first stage and
calcium in the second one, has been determined. The influence
of CaCly and MgCl, as process promoters has been established.
Promoters contribute to a more even heat distribution between



all parts of the material being reduced and the reducing agent
due to partial evaporation of magnesium and calcium chlorides
and the transfer of heat by these vapors to other zones. Also,
their effect lies in the dissolution of reaction products formed
on the surface of titanium being reduced and blocking the re-
duction. This improves access for reducing agents (magnesium,
calcium) into the reaction zone and also contributes to the
growth of particles and a decrease in the specific surface area
of reduced titanium.

4.1t has been established that the quality of products
obtained as a result of our research meets the requirements
of most industry standards and is not inferior to commercial
products available in the market.
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