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ABSTRACT 

A fundamental study on the subhalide reduction process—based on the 
magnesiothermic reduction of titanium subchlorides (TiClx, x = 2, 3)—was carried out 
with the purpose of establishing a new (semi-)continuous/high-speed titanium production 
process. Titanium dichloride (TiCl2) or titanium trichloride (TiCl3) was synthesized 
beforehand by the reaction of titanium tetrachloride (TiCl4) with titanium metal or other 
reductants (e.g., magnesium, aluminum). The TiClx feed material and magnesium 
reductant were set in a titanium reaction vessel, and the vessel was heated at a rate of 
3.3_K/min. In all the experiments, the sample temperature rapidly increased above 973 K, 
and the magnesiothermic reduction of TiClx proceeded at a high speed. A two-step 
reaction was observed when TiCl3 was reduced, whereas a one-step rise in the 
temperature was observed for the magnesiothermic reduction of TiCl2. Since the titanium 
reaction vessel was not damaged, it was shown that titanium metal can be used as a 
reactor material in the subhalide reduction process. Some results with regard to a novel 
TiClx synthetic process using molten salts as a reaction medium will also be shown. 
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INTRODUCTION 
 
 

In recent years, the rapid increase in the demand for titanium has resulted in a 
serious shortage of titanium in the market. However, an immediate increase in titanium 
production is difficult since the productivity of the current titanium production 
process—the Kroll process (1)—is low. In this process, titanium is produced by the 
magnesiothermic reduction of titanium tetrachloride (TiCl4). Since the reduction of TiCl4 
is an extremely exothermic reaction, it is impossible to increase the speed of this 
reduction process. Even modern large-scale facilities require more than 10 days for the 
production of 10 tons of titanium by this process. Thus, the development of a new 
production process with a high productivity is an important requirement. 
 

Recently, in order to overcome the disadvantages of the Kroll process, direct 
reduction processes of titanium dioxide (TiO2) are actively being investigated all over the 
world (2–4). These new processes have the potential for producing low-cost titanium; 
however, several technical problems need to be resolved prior to establishing a 
large-scale commercial process. 
 

Based on the abovementioned background, the authors are developing a new 
high-speed and (semi-)continuous titanium production process by the magnesiothermic 
reduction of titanium subchlorides—titanium dichloride (TiCl2) and/or titanium 
trichloride (TiCl3) (5–8). In this process, referred to as the subhalide reduction process, 
the TiCl4 feed is converted into titanium subchlorides (TiClx, x = 2, 3) by reaction with 
magnesium (Mg) or titanium scraps. When these subchlorides are synthesized in the 
magnesium chloride (MgCl2) medium, the TiClx generated is subsequently enriched in 
the MgCl2–TiClx molten salt. The TiClx feed (with MgCl2) is then loaded into a titanium 
reaction vessel, and the TiClx is reduced by magnesium. After this reduction process, the 
MgCl2 reaction product and excess magnesium are removed by draining and vacuum 
distillation. 
 

The following are the advantages of utilizing subchlorides as feed materials for 
the reduction process. (a) A high-speed and (semi-)continuous process can be designed 
because the heat produced by the reduction of the subchlorides is substantially lower than 
that produced by the reduction of TiCl4. (b) The iron contamination of the titanium 
product can be avoided since metallic titanium can be utilized as a reactor material under 
Ti/TiCl2 equilibrium. (c) The MgCl2 reaction product can be easily removed by vacuum 
distillation, and high-purity titanium with a low oxygen content can be obtained. (d) The 
crushing of the massive sponge can be avoided when the reactor size is reduced, and the 
titanium obtained can be melted and cast into an ingot directly after the vacuum 
distillation.  
 

Thus far, the authors have carried out fundamental research with the aim of 
establishing the subhalide reduction process by employing the magnesiothermic 
reduction of TiClx (5–8) and have demonstrated its feasibility. A brief description of a 
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part of the results of the fundamental research for establishing the subhalide reduction 
process, including the experiment for the magnesiothermic reduction of TiClx, is 
provided below. 
 
 

EXPERIMENTAL 
 
 

Figure 1 shows the representative experimental apparatus used in this study. The 
TiCl2 or TiCl3 feed material (5.97~102 g) and magnesium reductant (99.9%, 1.47~22.5 g) 
were set in a titanium reaction container. In some experiments, a stainless-steel cell with 
a stainless-steel foil lining was used as the reaction container instead of the titanium 
reaction container. The container was heated to 1073 K at a rate of 3.3 K/min in an argon 
atmosphere, and the change in the sample temperature by the magnesiothermic reduction 
of TiClx was monitored at the center (T1) and outside the vessel (T2). 
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Figure 1 – Schematic illustration and image of the experimental apparatus 
for the magnesiothermic reduction of TiClx (one end closed type): 
(a) The inner setup of reaction vessel. (b) Titanium reaction container. 

 
 

RESULTS AND DISCUSSION 
 
 

In all the experiments, the sample temperature T1 increased monotonically up to 
973 K, beyond which it increased rapidly and then decreased. From a series of 
experiments, it was found that the exothermic magnesiothermic reduction of TiClx 
proceeded at a high speed within 200 s. A two-step rise in the temperature was observed 
for the magnesiothermic reduction of TiCl3, whereas a one-step rise in temperature was 
observed for the magnesiothermic reduction of TiCl2. These results indicate that the 
reduction process of TiCl3 proceeded by the following two-step reaction: 



 

4 of 6 

TiCl3 (s) + 1/2 Mg (l) = TiCl2 (s) + 1/2 MgCl2 (l); ΔH° = −96 kJ at 1000 K (9) [1] 
 
TiCl2 (s) + Mg (l) = Ti (s) + MgCl2 (l); ΔH° = −91 kJ at 1000 K (9) [2] 

 
When a large amount of TiCl3 was charged, the two-step temperature change was 

not observed. It was also found that the diffusion pathway of the magnesium reductant to 
the TiClx feed must be appropriately controlled in order to efficiently proceed with the 
reduction. The authors are currently conducting a detailed analysis of the reduction 
pathways during the metallothermic reduction of titanium subchlorides. 
 

It is noteworthy that the titanium reaction container was not damaged not only in 
the experiments employing TiCl2 but also in those employing TiCl3 as the feed material. 
According to the reaction in Eq. [3], TiCl3 may damage the titanium container by 
reacting with metallic titanium to form TiCl2. The experimental results, however, showed 
no damage to the titanium container. This is probably due to the fact that the reaction 
given by Eq. [3] is slower than that given by Eq. [4] under the conditions employed in 
this study. This result shows that the titanium container can be used in the 
magnesiothermic reduction of TiClx. 
 

TiCl3 (s) + 1/2 Ti (s) = 3/2 TiCl2 (s); ΔG° =  −27 kJ at 1000 K (9) [3] 
 
TiCl3 (s) + 3/2 Mg (l) = Ti (s) + 3/2 MgCl2 (l); ΔG° = −218 kJ at 1000 K (9) [4] 

 
By the subhalide reduction process, a titanium sponge with a purity of 99.8% was 

successfully obtained by using a titanium reaction container. When a stainless-steel 
reaction container was used, the titanium product was heavily contaminated by iron, 
chromium, and nickel. As shown in Figure 2, these impurities diffused from the reaction 
container, and the purity of the titanium product was below 96 mass%. The authors 
continue to develop some key technologies, e.g., an enrichment process for TiClx in 
molten salts, for establishing a new titanium production method based on the subhalide 
reduction process. 
 
 

CONCLUSIONS 
 
 

Fundamental research was conducted in order to develop a new high-speed and 
(semi-)continuous titanium production process based on the magnesiothermic reduction 
of subhalides. The experiment for the magnesiothermic reduction of the titanium 
subchloride TiCl3 or TiCl2 was carried out, and it was found that the magnesiothermic 
reduction of TiClx proceeded at a high speed. It was also shown that the diffusion 
pathway of the magnesium reductant to the TiClx feed must be appropriately controlled in 
order to efficiently proceed with the reaction. It was demonstrated that the titanium 
reaction container could be used for the magnesiothermic reduction of titanium 
subchlorides, and titanium with 99.8% purity could be obtained. 
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Figure 2 – (a) Scanning electron micrograph of the sectioned stainless-steel reaction  

container after the experiment for the magnesiothermic reduction of TiCl3. 
(b) Element concentration profile across the boundary between inner wall 
of reaction container and titanium deposit. 
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