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Abstract
Realization of the process of titanium production by magnesium thermal reduction
from titanium tetrachloride at a temperature higher than that of the modern industrial process
using a reactor produced from a high-temperature niobium alloy.
Introduction
Titanium is the most common metals and has a unique combination of properties. Due
to the high specific strength, refractoriness and heat resistance, it is widely used in the
aerospace industry, shipbuilding industry, nuclear industry. However, the complex
composition of the titanium-containing minerals and a high affinity of titanium to oxygen to
create difficulties in obtaining pure titanium, necessitating a plurality of process stages, and
complex hardware and flow chart implemented in the industrial production of titanium with
magnesium (Kroll process). Broad effective use of titanium is limited by its high
cost. Numerous attempts industrial implementation of other ways of manufacturing of
titanium were unsuccessful.
Chlorination of enriched titanium ore yielding titanium tetrachloride and its thermal
reduction to metallic titanium by magnesium is the basic modern industrial method of
titanium production. Steel retorts are used in the production. When interacting with titanium,
iron and nickel in steels form a liquid eutectic at high temperatures. These materials are
washed out, the sponge titanium is polluted (contaminated) and the walls of the retort become
flimsy (exhausted). Therefore, the heating of the retort is limited to 900 oC. The titanium,
which contacts with the steel walls of the equipment, is contaminated by the material of the
walls; that is why it undergoes regeneration or is used as a low-grade material. After
multistage processing of metallic titanium, only 10-15% of pure titanium is produced from
this titanium raw material.
About 70 reactions are possible in the system TiCl4(Ti(IV)) -TiCl3 - TiCl2(Ti(II)) TiCl - Ti - Mg – MgCl - MgCl2(Mg(II)). The following ones are selected from the point of
view of thermodynamics and kinetics (see Fig. 1) [1]. The reduction takes place as
intermediate stages of the formation of titanium lowest chlorides. The first, most possible
stage is the reduction of TiCl4 vapors by magnesium to TiCl2 because this demands the
collision of only two molecules of the initial reagents. The formation of lowest chlorides is
also possible as a result of the secondary reactions of chlorides with Ti. A complex multiphase contribution of the components to the reaction takes place. To obtain the desired result,
it is necessary to understand not only the kinetics of the directly reacting molecules, but also
their transport into the region of reaction and the removal of the reaction products from it, and
then to correctly realize the process.
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Fig. 1. Schematic presentation of the desired reactions in thermodynamics and
kinetics (solid arrows – condensed phase, dashed arrows – vapor-gas phase).
Theoretical studies [2] show that the temperature range 1200 – 1400 oC is more
beneficial for the reduction to metallic titanium. The development and realization of new
highly effective methods of thermal reduction of titanium by magnesium are determined by
the technological and design features of the process when the interaction of Ti(IV) with
magnesium would occur at a higher temperature if compare with that of the existing process
and under more beneficial conditions.
1. New reactor
The use of niobium alloy makes it possible to considerably increase the temperature in
the reactor and to carry out the reduction process in the optimal temperature range. The
temperature increase in the reactor offers the possibility of rapid removal of magnesium
chlorides by diffusion into the condenser (Fig. 2). The removal of magnesium chlorides,
which comprise more than 90% of the reaction products, makes more working space in the
reactor.
The IPUL team has accumulated experience with NbZr contours with lithium at high
temperature (>1000°C) in a vacuum [3]. The NbZr alloy is weldable and therefore suitable for
the production of a retort for magnesiothermic reduction of titanium tetrachloride at
temperatures 1200-1400 °C. In 2007 the IPUL team conducted a preliminary experiments on
magnesiotheermic reduction up to 1100 °C in a small reactor made of NbZr alloy. Corrosive
degradation was not observed.
The temperature ranges exceeding 1000 oC have not been studied in detail
experimentally. We make attempts to predict how to utilize the advantages of the reaction
occurring in the reactor at 1150 oC (this temperature is applicable for niobium in magnesium
[4]) and how to realize the process using special equipment, i.e. high-temperature, quickoperating valves and gates or shutters which will make it possible to control the process such
that it would take place predominantly in the gas phase. The control implies a dose supply of
reagents and the removal of volatiles after the reaction, making room for another reaction. In
this case, the working space will be reduced only due to the titanium remaining in the reactor.
Since in the gas phase titanium is formed as powder [5], then, apparently, it will be possible to
design a reactor with the periodic titanium powder spilling through the opening channel into a
separate tank (vessel) outside the reactor and the furnace. Then the thermal reduction of
titanium by magnesium can be assumed continuous.
Due to the high chemical activity of titanium at high temperatures, all technological
processes must be carried out in an inert medium or in a vacuum.
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In such a reactor, by successive batch feeding of the reactants, it is possible to provide
reduction of the tetrachloride, preferably in the gas phase, to obtain high-quality metallic
titanium in the form of powder with particles of different sizes.

Fig.2. The basic diagrams of the device for intensive production of titanium by repeated
conducting magnesium thermal reduction from titanium tetrachloride and removal of the
volatile reaction products into the capacitor

Fig.3. Pressure of saturated vapors of
Ti(IV) (dots), magnesium (continuous),
Mg(II) (dashed), Ti(II) (dots) and titanium
(dot-dashed)

Fig.4. Enthalpy (HT-H298.15) of 1 M of
reagents and products of magnesiumthermal reduction of titanium tetrachloride
Ti(IV) (dots), Mg (continuous), Mg(II)
(dashed), and titanium (dot-dashed)

In order all the processes, such as reduction, separation of products and removal of
Mg(II) from the retort into the condenser, occur mainly in the gas phase, we choose such an
amount of the reagents which would make most of Mg(II) remain in the gas phase upon
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reaction completion. This will reduce to a minimum the time of the Mg(II) removal from the
reactor by distilling its vapors into the condenser.
The processes taking place in a small test reactor (which can be produced and used in
experiments) are estimated.
In a reactor of Vr = 10 L, with the wall temperature Tr = 1150 oС, the pressure of
saturated vapor of magnesium dichloride is 0.137 bar, the mass corresponding to the saturated
vapor is 1.302 g. This quantity corresponds to 0.0137 M. The resulting reaction scheme of the
process of thermal reduction of tetrachloride by magnesium to titanium and of the amount of
the reagents (mMg, mTiCl4) and products (mTi, mMgCl2), in this case, is
Mg (vapor)  1 / 2 TiCl 4 (vapor)
0.333 g

1.297 g



1 / 2 Ti ( solid / liquid )  MgCl 2 (vapor)
0.327 g

1.302 g

( for 0.0137 mole Mg )

(2)

Referring to the calculations of the enthalpies of the reagents and of the products of
the reduction, illustrated in graphs in Fig. 4, and minding the fact that the standard thermal
effect of the reduction reaction is H0(298) = -261kJ/mol_Mg, it is possible to calculate the
thermal effect of the reduction reaction for 0.0137 M. It is assumed that magnesium is
supplied at 800oC. Since the walls of the reactor are considerably thicker than the portion of
magnesium, a heat power of 3 kJ, needed for its evaporation, will cool the 10-kg walls
approximately by 0.3oC. We neglect the change in temperature of the walls due to the
evaporation of magnesium and examine the reaction of magnesium at 1150 oC and of Ti(IV)
at 25 oC. The end products (titanium and magnesium chloride) will be examined at 1150 oC.
The thermal effect of the reaction for 1 M of Mg is 275 kJ, for 0.0137 M it is 3.77 kJ. With
the adiabatic conditions for the reaction zone, this corresponds to the heating up of the
reaction products to 2785 K: magnesium chloride is overheated vapor, titanium is molten. For
the actual process, this means that local alloying of the titanium particles can occur. The
increasing pressure of the vapors of magnesium dichloride and titanium dichloride of the
intermediate reaction contributes to the transport of the substance from the zone of reaction to
the relatively “cold” walls. This can contribute to the transport of fine dispersed titanium and
its precipitation on the walls. The duration of this process can be determined if we control the
composition of the samples from the condenser upon reaction completion and after discharge
of the reaction products into the condenser. The presence of titanium in the condensate will
testify of the insufficiency of the reaction stage. At the same time, the quantity of the heat
from the reaction differs from the necessary heating power for the 10-kg the walls of the
reactor by less than one degree. Most of this heat is removed from the reactor together with
the distillation of Mg(II). Therefore, there are no problems with reactor overheating and no
need in its intensive cooling as in the modern industrial reactors. Upon evaporation of 0.0137
M of magnesium, the pressure in the reactor rises to 0.163 bar. Upon completion of the
reduction reaction, the pressure of Mg(II) vapors is equal to 0.137 bar; after the vapors are
distillated into the condenser at the temperature 987oC, the pressure is 43 Pa. If more
magnesium is supplied, in excess, for example, 0.35 g, the extra for the stoichiometric
proportion 0.017 g will be removed together with the magnesium chloride into the condenser.
1.1. Injection and vaporization of magnesium.
The injection of the stoichiometric quantity of molten magnesium from the supllying
tank into the reactor is conducted via a magnesium feedline by a controlled heat resistant
valve and a nozzle with small appertures (Fig. 5).
A portion of magnesium can be supplied by opening the path (loop) for a certain
period of time. A magnesium portion mMg can be supplied into the reactor with the absolute
pressure pv0~50Pa from the feeding tank at 700 oC, with the level of magnesium above the
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nozzle being h = 04 m and the pressure above the magnesium free surface p G = 0.2 bar. The
pressure in the reactor, calculated in accordance with the quantity of the evaporated
magnesium, and the discharge velocity into the reactor through the nozzle of dN = 0.2 mm in
diameter are presented in Fig. 6. The dispensing time τp is the time, during which it is
necessary to open the magnesium loop to supply magnesium mMg into the reactor, which is
determined from the equation
𝑚𝑀𝑔 = 𝜌 ∙ (𝜋 ∙

𝑑𝑁 2
4

𝜏

) ∙ ∫0 𝑝 𝑣(𝑡)𝑑𝑡.

(3)

For our illustration, the dispensing time p is 2.3 sec.

Fig.5. Injection of the molten
magnesium into the reactor by
a nozzle with small appertures

Fig.6. Discharge velocity into the reactor through the
nozzle with diameter of 0.2 mm.

1.2. Injection of titanium tetrachloride and reaction
In the next stage titanium tetrachloride Ti(IV) is pushed through a small hole into the
chamber with magnesium vapors. The amount mTiCl4, while flowing through the feeding
channel to the lid of the reactor, will be heated by the channel wall. The most optimistic
estimations taking into account a possible thermal insulation yield a temperature >400 K for a
Ti(IV) jet when entering the chamber with magnesium vapors. In this case, saturated vapor
pressure of Ti(IV) is much greater that the vapor pressure of magnesium (Fig. 3). Evaporation
rate is high. When expanding the Ti(IV) vapor-liquid jet reacts with the magnesium vapors,
heats up and then breaks into drops of magnesium chloride with solid titanium particles and
Ti(II) . The reaction products are generated in the flow and driven by the flow towards the
bottom and walls.
1.3. Removal of vapors of magnesium chloride from the reactor
Upon the completion of the reaction, all of the magnesium chloride mMgCl2 will remain
in the gas phase in the reactor. As soon as the valve on the channel, which connects the
reactor to the condenser, is opened, the vapors from the reactor are sucked into the condenser.
The hydraulic resistance of this channel is the main obstacle for the vapor removal rate. With
the diameter of the channel being 5cm and length 2m and with the cross-section narrowing at
the valve to 2.5 cm, the time of vapor evacuation from the reactor into the condenser will be
about 0.095 s.
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1.4. Scenario of the reactor operation.
1 – vacuum, reactor temperature 1150 oС
2 - 0.333 g supply / 10 L-bucket with magnesium; the pressure in the reactor
increases to 0.163 bar
3 - Ti(IV) injection of 1.297 (g/bucket). The reaction takes place. Very quickly. With heat
release.
4 - 1.302 (g/bucket) of magnesium chloride vapors and 0.327 (g/bucket) of solid titanium are
formed in the reactor. The pressure in the reactor is 0.137 bar.
5 – the outlet valve (gate) is open which connects the reactor with the cold evacuated chamber
with the temperature 720 °С (the vapor pressure is 48 Pa) to collect magnesium chloride
6 – the cycle is completed after the valve is shut (closed). The pressure in the reactor is 50 Pa;
then follows p.1.
The quantity of titanium per cycle is equal to a cube with the edge 0.47 cm. The procedure
distribution in time for one cycle is illustrated in the diagram in Fig. 2. The cycle duration
includes the time of evaporation of the supplied magnesium, the time of the reaction, the
precipitation of fine dispersed titanium on the walls, and the time of the distillation of
volatiles into the condenser. Titanium is periodically spilled through the bottom hole by
opening the shutter (not shown in Fig. 2). Powder titanium can undergo electroslag remelting
to produce ingots of titanium alloys.
Conclusions
The plant with 50 constantly operating 10m3 reactors will produce 18.95 thousand tons of
powdered pure titanium throughout the year. The income from the sale of titanium at the
average market price is estimated at $ 0.379 billion. This perspective justifies the cost of
expensive research.
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