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Abstract: To reduce the production cost of titanium, a new method for direct preparation of low-oxygen titanium 
powder by the magnesiothermic reduction of TiO2 with the assistance of a MgCl2−HoCl3 molten salt was proposed. 
Thermodynamic calculations showed that the magnesiothermic reduction of TiO2 was feasible. However, hindrance of 
the reduction reaction by the reduction by-product of MgO resulted in a considerably high O concentration in the 
titanium powder. The addition of HoCl3 to the system significantly reduces the activity of MgO to produce low-oxygen 
titanium powder. Thermochemical deoxidation and reduction experiments were conducted with MgCl2−HoCl3 molten 
salt in the temperature range of 1023−1273 K. The results showed that titanium powder with oxygen concentration 
(mass fraction) below 5.00×10−4 can be prepared at the Mg−MgCl2−HoOCl−HoCl3 equilibrium. 
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1 Introduction 
 

Ti is an abundant resource. Ti and its alloys 
contain only Al and Fe in common structural metals 
because of their favorable properties such as low 
mass, high specific strength, corrosion resistance, 
heat resistance, and biocompatibility [1−4]. The 
Kroll process, in which TiCl4 is used as the raw 
material and Mg as the reducing agent, can be 
employed to produce high-purity products and is 
easily industrialized [5,6]. The Kroll process is the 

main method used for the large-scale industrial 
production of Ti sponges, which have become the 
most important raw materials for Ti powder and 
ingots. However, despite nearly 50 years of process 
optimization and application development, the 
Kroll process still suffers from drawbacks such   
as high energy and monetary costs, and heavy 
pollution. These deficiencies significantly restrict 
the development of the Ti industry [7,8]. 

Following the initial proposal of the Kroll 
process in the 1940s, several alternative economical 
processes were developed. Thermochemical reduction 
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is a promising process [9−14]. In thermochemical 
reduction, TiCl4 and TiO2 are used as the main raw 
materials for Ti. The advantage of using TiCl4 as a 
raw material is that the residual impurities such as 
Mg, MgCl2, and TiCl2 can be removed via vacuum 
distillation to produce high-purity Ti. However, the 
production of pure TiCl4 is energy-consuming and 
expensive [15]. The use of TiO2 produced using 
sulfate or chloride as a raw material is another 
economical and effective method for producing Ti. 
Because of the strong affinity of Ti for O, TiO2 can 
only be reduced by metals with strong reducibility 
such as Ca, Mg, Al, and Li [16]. Ca and Mg are 
ideal reducing agents that are available from a wide 
range of sources with low cost. 

SUZUKI and INOUE [17] studied the 
preparation of Ti powder via the calciothermic 
reduction of TiO2. According to the Ca−CaCl2− 
CaO phase diagram, a Ti powder with an O 
concentration of less than 1.00×10−3 (mass fraction, 
the same below) was obtained at 1173 K; however, 
the Ca concentration in the product was higher than 
that of Ti (>1.00×10−3). OKABE et al [18] proposed 
a preformed reduction process (PRP) that was used 
to produce 99% pure Ti powder. Although the 
amount of CaCl2 in the product was acceptable,  
the concentrations of O (2.00−3.00)×10−3) and Ca 
(1.00×10−3) were extremely high. XU et al [19−21] 
studied the reduction of TiO2 using Ca vapor to 
obtain a Ti powder with an O concentration of 
1.00×10−3. Although Ca as a reducing agent can   
be used to produce Ti powder with a low O 
concentration, separating the metal from the molten 
salt was difficult. 

Magnesium has a significant advantage  
owing to its low cost and ability to reduce TiO2 at 
lower temperatures compared to other reducing 
agents [22]. NERSISYAN et al [23] obtained a Ti 
powder with an O concentration of 1.50×10−2 
through the magnesiothermic reduction of TiO2 by 
combustion synthesis. The product was further 
deoxidized using Ca to reduce the O concentration 
in the Ti powder to (2.00−3.00)×10−3. However, 
this process is time-consuming and inefficient.  
FAN et al [24] prepared Ti powder through the 
multistage reduction of Mg using a self-propagating 
method. Although this process was used to produce 
Ti powder with an O concentration of 2.35×10−3, 
significant deoxidation by Ca was required. The 

low chemical affinity between Mg and O hampered 
Mg deoxidation. The high O concentration in the Ti 
powder obtained by directly reducing TiO2 by Mg 
required further deoxidation by Ca, resulting in a 
long processing time and low efficiency. 

Low-O Ti powder can also be prepared via the 
calciothermic reduction of TiO2 owing to the high 
solubility of CaO in CaCl2 (the solubility of    
CaO is 20 mol.% at 1173 K) [25]. However, the 
significantly lower solubility of MgO in MgCl2 (the 
solubility of MgO is 1.5 mol.% at 1173 K) [25] 
results in the attachment of MgO to the Ti oxide 
surface. This hinders Mg reduction and results in 
excessive O concentration in the product. Therefore, 
during TiO2 reduction, the MgO deoxidation 
by-products must be dissolved by physical or 
chemical methods to remove excessive oxygen and 
obtain a low-O Ti powder. To achieve this, a 
method was proposed, in which the activity of MgO 
(aMgO) was effectively reduced and maintained at a 
low level adding RECl3 (RE=Y, Ho) to the molten 
salt to promote deoxidation of the Ti powder. 

Although rare earth metals are considered 
scarce resources, there are abundant reserves of 
approximately 4×105 t Ho [26]. By continuously 
optimizing the Ho production process, the amount 
of Ho produced could surpass that used in the  
future [27]. Therefore, Ho has high application 
potential [28]. 

This study aims to prepare low-O Ti powder 
through the magnesiothermic reduction of TiO2 
with HoCl3 molten salt to provide a new method for 
preparing of low-O Ti powders and opens up a 
novel direction for utilizing Ho. Additionally, the 
new method has a short processing time and low 
cost, which effectively reduces the cost of Ti 
powder. 
 
2 Thermodynamic analysis 
 

Table 1 lists the standard Gibbs energy 
changes for the compound formation and O 
dissolved in β-Ti at various temperatures [28−30]. 

Figure 1 shows Ellingham diagram of various 
metal oxides drawn based on Ref. [29]. 

As shown in Fig. 1, MgO is more stable than 
Ti oxide. In addition, Mg and Ti did not form alloys 
or compounds. Therefore, it is feasible to prepare Ti 
powder via the magnesiothermic reduction of TiO2. 
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Table 1 Standard Gibbs energy changes (∆GΘ
f,i) of 

formation of compounds and O dissolved in β-Ti 

Compound ∆GΘ
f,i 

Temperature 
range/K 

HoCl3(l) ∆GΘ
f,i =−952950+193.26T 1000−1300 

HoOCl(s) ∆GΘ
f,i =−991900+172.8T 1100−1500 

MgO(s) ∆GΘ
f,i =−608270+115.49T 900−1300 

MgCl2(l) ∆GΘ
f,i =−594108+111.69T 1000−1300 

Ho2O3(s) ∆GΘ
f,i =−1864755+273.05T 900−1500 

TiO2(s) ∆GΘ
f,i =−940913+177.83T 298−2000 

Ti4O7(s) ∆GΘ
f,i =−3382590+600.16T 298−2000 

Ti3O5(s) ∆GΘ
f,i =−2434056+420.46T 298−2000 

Ti2O3(s) ∆GΘ
f,i =−1504815+260.65T 298−2000 

TiO(s) ∆GΘ
f,i =−538529+90.94T 298−2000 

MgTiO3(s) ∆GΘ
f,i =−1572943+293.45T 900−1300 

MgTi2O5(s) ∆GΘ
f,i =−2505838+462.21T 900−1300 

Mg2TiO4(s) ∆GΘ
f,i =−2172020+396.24T 900−1300 

[O] in Tia ∆GΘ
f,i =−583000+88.5T 1173−1373 

a1/2 O2 (g) = [O] in Ti (1 wt.%), i.e. Henrian’s 1 wt.% standard  
 

 

Fig. 1 Ellingham diagram of some metal oxides (∆Gr is 
Gibbs free energy change of reactions) [29] 
 
This reaction can be described as follows:  
2Mg(l)+TiO2(s)=Ti(s)+2MgO(s)             (1) 
 

The Mg−Ti−O ternary phase diagram at 
1023 K, drawn using the data in Table 1, is shown 
in Fig. 2. 

The coexistence of Mg, Ti, and MgO phases 
suggests that Ti can be prepared by reducing TiO2 
with Mg. The reduction of TiO2 is a complex 
process in which the side reactions MgO+TiO2→

MgTi2O5 (MgTiO3, Mg2TiO4) may occur. The 
attachment of the MgO by-product, and the MgTiO3 
and Mg2TiO4 intermediate products to the surface 
of the reactants significantly hinders the reduction 
reaction. Although Ti powder can be prepared 
through the magnesiothermic reduction of TiO2,  
the obtained Ti powder contains a considerable 
concentration of O. By reducing the activity of 
MgO, the efficiency of the magnesiothermic 
reduction of TiO2 can be significantly improved to 
produce low-O Ti powder efficiently. 
 

 
Fig. 2 Ternary phase diagram of Mg−Ti−O system at 
1023 K (aMg is activity of magnesium, aTi is activity of 
titanium, and pO2 is oxygen partial pressure) 
 

The relationship between the activity of MgO 
(aMgO) and the O concentration in β-Ti can be 
obtained using Eqs. (2) and (3):  
Mg(l)+1/2O2(g)=MgO(s)                   (2) 
 

2

MgO
r 1/2

Mg O

= 2.303 lg
a

G RT
a p

Θ
 

∆ − 
⋅


 
    

           (3) 

 
where R is the molar gas constant (8.314 J/(mol·K)), 
and T is the thermodynamic temperature, K. 

Equation (4) can be derived from Eq. (3):  

2

r
O MgO Mg

2lg =2lg + 2lg 
2.303

Gp a a
RT

Θ∆
−

         
(4) 

 
The relationship between the concentration of 

O dissolved in β-Ti and 
2Op  can be expressed by 

Eqs. (5)−(7): 
 
1/2O2(g)=O(in β-Ti, 1 wt.%)                (5)  

2

1/2
l,Ti O Ti O= 2.303 lg[( )/[O] ]G RT f pΘ∆ − ⋅

         
(6) 

 
l,TiGΘ∆ =−583000+88.5T (T=1173−1373 K)     (7) 
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where l,TiGΘ∆  is the Gibbs energy change of the 
standard reaction of O dissolved in Ti (1 wt.% 
solution as the standard state); [O]Ti is the O 
concentration in Ti; fO is the Henry activity 
coefficient. O dissolved in β-Ti obeys Henry’s law, 
and fO=1. 

Equations (8) and (9) are obtained by 
combining Eqs. (2), (3), (5) and (6):  
Mg(l)+O(in β-Ti, 1 wt.%)=MgO(s)           (8)  

( ) 1,Ti
O Tilg [O] +

2.303
G

f
RT

Θ∆
⋅ =

 
r

MgO Mglg + lg 
2.303

Ga a
RT

Θ∆
−

             
(9) 

 
from which it can be derived that  

( ) r
O Ti MgOlg [ ] lg 

2.303
Gf O a

RT

Θ∆
⋅ = + −

 
1,Ti

Mglg 
2.303

G
a

RT

Θ∆
−

                   
(10) 

 
The relationship between the temperature and 

O concentration in β-Ti was calculated for the aMgO 
values of 0.001, 0.01, 0.1, and 1 using Eq. (10) and 
the data listed in Table 1 and Fig. 3. Some data 
were obtained by extrapolation and showed errors 
within the allowed range. 
 

 
Fig. 3 Relationship between temperature and O 
concentration in β-Ti at Mg−MgO equilibrium and 
excess Mg (aMg=1) 
 

Figure 3 shows that at Mg−MgO equilibrium 
and excess Mg (aMg=1), decreasing the temperature 
for a given MgO activity decreases the O 
concentration in β-Ti. For instance, when the MgO 
activity (aMgO) is 1, the O concentrations in β-Ti   
at 1023, 1073, 1123, 1173, 1223, and 1273 K    

are 1.32×10−2, 1.51×10−2, 1.72×10−2, 1.92×10−2, 
2.14×10−2, and 2.36×10−2, respectively. Moreover, 
decreasing the activity of MgO (aMgO) decreases the 
oxygen concentration in β-Ti. For example, the O 
concentration in β-Ti is lower than 1.00×10−3 when 
aMgO falls below 0.1. 

Figure 3 also shows that at Mg−MgO 
equilibrium and excess Mg (aMg=1), the O 
concentration in β-Ti is affected by both the 
temperature and MgO activity, with the latter being 
the main factor. This suggests that low-O Ti powder 
can be prepared directly by reducing the activity  
of MgO (aMgO) using physical or chemical  
methods. However, reducing the aMgO using MgCl2 
effectively is challenging because of the low 
solubility of MgO in MgCl2 (1.5 mol.% at 1173 K). 
This reduces the effectiveness of the reduction and 
deoxidation processes, making it difficult to obtain 
low-O Ti. To address this problem, the rare-earth 
metal Ho or its chloride (HoCl3) can be added    
to the MgCl2 system to reduce the activity of the 
deoxidation by-product MgO (MgO(s)+HoCl3(l)= 
HoOCl(s)↓+MgCl2(l)) to obtain low-O Ti powder. 

Using the thermodynamic data listed in 
Table 1, a lg pCl2−lg pO2 diagram at 1023 K for 
M−Cl−O (M=Ho, Mg) system is calculated and 
plotted in Fig. 4. Here, pCl2 is the partial pressure of 
Cl2. 
 

 
Fig. 4 lg pO2−lg pCl2 diagram of M−Cl−O (M=Ho, Mg) 
system at 1023 K 
 

As shown in Fig. 4, pO2 at intersection Point A 
(Mg−MgCl2−HoCl3−HoOCl equilibrium), which is 
the intersection of the Mg−MgCl2 and HoCl3− 
HoOCl equilibria, can be obtained as follows: 
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1/2O2(g)+Mg(l)+HoCl3(l)=MgCl2(l)+HoOCl(s) (11)  

2

3 2

MgCl HoOCl
r,(11) 1/2

Mg HoCl O

2.303 lg
a a

G RT
a a p

Θ
 ⋅
 ∆ = −
 ⋅ ⋅       

(12) 

 

2 3

Θ Θ
r,(11) f,HoOCl f,MgCl f,HoCl

Θ ΘG G G G∆ = ∆ + ∆ − ∆
    

(13) 
 

The pO2 at the Mg−MgCl2−HoOCl−HoCl3 
equilibrium (1023 K, 7.8×10−51 Pa) is considerably 
lower than that at the Mg−MgO equilibrium 
(1023 K, 9.0×10−46 Pa). 

By combining Eqs. (5) and (11), the 
deoxidation limit of the Mg−MgCl2−HoOCl−HoCl3 
equilibrium system was calculated as follows: 
 
O(in β-Ti)+Mg(l)+HoCl3(l)=MgCl2(l)+HoOCl(s) 

 (14) 

2 3deox, Mg MgCl HoOCl HoClGΘ
− − −∆ =

 
2

3

MgCl HoOCl

Mg HoCl O Ti
2.303 lg

· [O]
a a

RT
a a f

⋅
−

⋅ ⋅        
(15) 

 

2 3deox, Mg MgCl HoOCl Ho
Θ

ClG − − −∆ =
 

2 3

Θ Θ
f,HoOCl f,MgCl f,HoCl l,

Θ
T

Θ
iG G G G∆ + ∆ − ∆ − ∆
  

(16) 

The deoxidation limits (
2MgCl =1a , aMg=1, 

3HoCl =1a , aHoOCl=1) of Mg−MgCl2−HoOCl−HoCl3 

were calculated using Eqs. (15) and (16). At 1023 K 
and Mg−MgCl2−HoOCl−HoCl3 equilibrium, the  
O concentration in β-Ti is 3.80×10−5, which is 
considerably lower than that in β-Ti (1.32×10−2) at 
Mg−MgO equilibrium. 

When the activities of Mg (l) and HoOCl (s), 
and fO are 1, Eq. (15) becomes  

2 32

3

deox,Mg MgCl HoOCl HoClMgCl
Ti

HoCl
lg[O] =lg

2.303
Ga

a RT

Θ
− − −∆

+
 

(17) 

 
The relationship between the O concentration 

and the activity of HoCl3 at 1023, 1073, 1123, 1173, 
1223, and 1273 K at the Mg−MgCl2−HoOCl− 
HoCl3 equilibrium was calculated and plotted using 
Eq. (17), as shown in Fig. 5. 

As shown in Fig. 5, when the activities of 
HoCl3 are 0.003, 0.003, 0.004, 0.004, 0.005, and 
0.005, the deoxidation limits are 1.32×10−2, 
1.51×10−2, 1.72×10−2, 1.93×10−2, 2.14×10−2, and 
2.36×10−2 at 1023, 1073, 1123, 1173, 1223, and 
1273 K, respectively, and the Mg−MgCl2−HoOCl− 
HoCl3 equilibrium is achieved in the system. After 
reaching Mg−MgCl2−HoOCl−HoCl3 equilibrium, 
the deoxidation limit decreases as the activity of 
HoCl3 increases. Additionally, at 1023, 1073, 1123,

 

 

Fig. 5 Relationship between O concentration in Ti and aHoCl3/aMgCl2 at aMg=1, Mg−MgCl2−HoOCl−HoCl3 equilibrium 
and different temperatures: (a) 1023 K; (b) 1073 K; (c) 1123 K; (d) 1173 K; (e) 1223 K; (f) 1273 K 
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1173, 1223, and 1273 K, the activities of MgO   
are 0.04, 0.03, 0.03, 0.026, 0.024, and 0.021, 
respectively, and the deoxidation limit is 5.00×10−4. 
This indicates that the thermodynamic deoxidation 
limit at low temperatures is lower than that at  
high temperatures and that low temperatures are 
more conducive to deoxidation. Therefore, the 
magnesiothermic reduction of TiO2 can be used   
to prepare Ti powder with an O concentration 
below 5.00×10−4 using a HoCl3 molten salt at the 
Mg−MgCl2−HoOCl−HoCl3 equilibrium. 
 
3 Experimental 
 
3.1 Materials 

Table 2 lists the chemical reagents and 
materials used in the experiments. 

As shown in Fig. 5, when the activities of 
HoCl3 are 0.003, 0.003, 0.004, 0.004, 0.005, and 
0.005, the Mg−MgCl2−HoOCl−HoCl3 equilibrium 
is achieved at 1023, 1073, 1123, 1173, 1223,    
and 1273 K, respectively. Table 3 lists the initial 

amounts of the raw materials in the Ti crucible used 
in the thermochemical experiment. 

The effect of the HoCl3 activity on the O 
concentration in the Ti samples was investigated in 
Experiments 1#−5#, and the effect of the HoCl3 
activity on the O concentration in Ti powder was 
investigated in Experiment 6#. Ti samples were used 
in Experiments 1#−5#, whereas Ti and TiO2 were 
used in Experiment 6#. 

 
3.2 Process and equipment 

Figure 6 [31] shows the experimental setup 
used in this study. Before the experiment, TiO2  
and 30 wt.% NH4HCO3 were fully mixed with   
an appropriate amount of ethylcellulose. The 
mixture was pressed into round sheets (0.4 g)  
with a diameter of 13 mm and a thickness of 
approximately 2 mm under a pressure of 15 MPa. A 
high-temperature resistance furnace (Shanghai 
Yifeng Resistance Furnace Co., Ltd., China) was 
used to sinter the samples at 1273 K for 4 h to obtain 
loose and porous TiO2 sheets. 

 
Table 2 Chemical reagents and experimental materials 

Chemical reagent or 
experimental material Form Purity/grade Supplier 

TiO2 Powder 99.5% Nangong Jiannuo Trade Co., Ltd. 

MgCl2 Powder 99.5% Shanghai McLean Biochemical 
Technology Co., Ltd. 

Ho Shot 99.9% Zhongnuo Advanced Material 
 (Beijing) Technology Co., Ltd. 

Mg Shot 99.95% Tianjin Metal Material Sales Co., Ltd. 

NH4HCO3 Powder 99.7% Shanghai Aladdin Biochemical 
Technology Co., Ltd. 

Ethylcellulose Powder 99.7% Shanghai Aladdin Biochemical 
Technology Co., Ltd. 

Ti-A Wire with 2 mm in diameter ~9.60×10−4 O Shanxi Weixiangrui  
Metal Materials Co., Ltd. 

Ti-B Wire with 3 mm in diameter ~1.30×10−3 O Shanxi Weixiangrui Metal 
 Materials Co., Ltd. 

Ti Sponge 97% Guantai Metal Materials Co., Ltd. 

Ti crucible 25.4 mm in diameter; 80 mm in height; 
 1 mm in thickness CP-Tia Shanxi Weixiangrui Metal 

 Materials Co., Ltd. 

Stainless-steel crucible 88.8 mm in diameter; 
106 mm in height; 3 mm in thickness  Dongguan Hongyuanda Metal  

Products Co., Ltd. 

Ti foil 0.1 mm in thickness CP-Tia Shanxi Weixiangrui Metal  
Materials Co., Ltd. 

a Commercially pure Ti (~ 99.5%) 
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Table 3 Initial amounts of raw materials in Ti crucible 

Exp. 
No. 

Initial amount/g(mol) Theoretical content of 
 HoCl3 in molten 

salt/mol.% MgCl2 Ho 

1 9.52(0.1) 1.57(0.010) 10 

2 9.52(0.1) 4.30(0.026) 30 

3 9.52(0.1) 6.60(0.040) 50 

4 9.52(0.1) 8.55(0.052) 70 

5 9.52(0.1) 10.24(0.062) 90 

6a 9.52(0.1) 10.24(0.062) 90 
a TiO2 was added to Ti crucible 
 

 
Fig. 6 Schematic diagram of experimental apparatus [31] 
 

In the experiment, Ho was first placed at the 
bottom of a Ti crucible, and a small amount of 
MgCl2 molten salt was added to cover the metal. 
HoCl3 and the Mg-reducing agent were produced 
by the chemical reaction shown in Eq. (18) to 
prepare the MgCl2−HoCl3 molten salt. At the same 
time, the Ti foil was placed above the Ho metal, and 
Ti and TiO2 were arranged on the Ti foil as required. 
The remaining molten salt was then placed in a Ti 
crucible. Each Ti crucible was then placed in a 
stainless-steel crucible. Approximately 20 g of the 
Ti sponge was added to the stainless-steel crucible 
to absorb water and residual O, and 5 g of Mg was 
added to ensure sufficient reducing agent. Finally, 
the stainless-steel crucible was welded and sealed 
using Ar arc welding, placed in a muffle furnace, 
heated to the target temperature, and maintained at 
that temperature for 48 h. After 48 h, the 
stainless-steel crucible was removed and quenched 
in water, and the cover was cut to remove the Ti 
sample from the crucible.  
Ho(s)+3/2MgCl2(l)=HoCl3(l)+3/2Mg(l)      (18)  

After the experiment, the Ti samples were 

chemically etched with HF−HNO3−H2O (1:4:10 in 
volume ratio) to remove residual salts and 
deoxidization products (HoOCl) from their surfaces, 
and then washed with distilled water, alcohol, and 
acetone. After drying, the O concentration in each 
Ti sample was determined using an oxygen and 
nitrogen analyzer (LECO TC−400). In addition, the 
reduced Ti sheet was immersed in deionized water 
and HCl solution to remove the molten salt, Mg, 
MgO, and HoOCl from its surface, and its    
phase composition was determined by X-ray 
diffractometry (XRD; Rigaku). The microstructures 
and elemental concentrations were characterized by 
scanning electron microscopy (SEM; Hitachi). 
 
4 Results and discussion 
 
4.1 Thermochemical deoxidation 

Table 4 presents the experimental conditions 
for the thermochemical deoxidation and the O 
concentrations of the Ti samples before and after 
the experiment. The holding time was determined 
using the diffusion coefficient of β-Ti. The holding 
time of the thermochemical deoxidation experiment 
was 48 h, which was sufficient to allow the 
deoxidation reaction to reach Mg−MgCl2−HoCl3− 
HoOCl equilibrium. The essentially identical O 
concentrations of the Ti samples with different 
initial O concentrations (Ti-A 9.60×10−4; Ti-B 
1.30×10−3) after the experiments confirm that he 
deoxidation reaction reached equilibrium. The 
activity of HoCl3 (aHoCl3) is defined as aHoCl3=nHoCl3/ 
(nHoCl3+ nMgCl2), where nHoCl3 and nMgCl2 are amounts 
(in mol) of HoCl3 and MgCl2, respectively.

 As shown in Table 4, the O concentration in 
the Ti samples (Ti-A and Ti-B) decreased after the 
thermochemical deoxidation. This indicates the 
feasibility of removing the solid dissolved O from 
Ti using Mg in the MgCl2−HoCl3 molten salt. 
However, at HoCl3 activity of 0.1, the O 
concentration in the Ti sample is marginally higher 
than the initial concentration because of the low 
activity of HoCl3 and the residual O in the crucible 
reacting with the Ti sample. Additionally, between 
1023 and 1073 K, the O concentrations of the Ti 
samples with different initial O concentrations 
(Ti-A 9.60×10−4; Ti-B 1.30×10−3) at a given 
temperature and the HoCl3 activity remain 
essentially unchanged after the deoxidation 
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treatment. This indicates that the Mg−MgCl2− 
HoOCl−HoCl3 equilibrium was reached in the 
system. These results demonstrate that 48 h is 
sufficient for the deoxidation reaction to reach 
equilibrium. Using the results shown in Table 4, the 
variation in the O concentration of the Ti samples 
with HoCl3 activity was plotted, as shown in Fig. 7. 

As shown in Table 4 and Fig. 7, at a given 
temperature, the O concentration of the Ti samples 
decreases continuously as the activity of HoCl3 

increases from 0.1 to 0.9 (Experiments 1#−5#). This 
indicates that the higher activity of HoCl3 in the 
system results in a lower deoxidation limit from 
1073 to 1223 K. Using 1173 K as an example, 
when the activities of HoCl3 are 0.1, 0.3, 0.5, 0.7, 
and 0.9, the O concentrations in the Ti-A samples 
are 8.30×10−4, 7.70×10−4, 7.60×10−4, 7.30×10−4, and 

3.30×10−4, respectively, and those in the Ti-B 
samples are 1.40×10−3, 1.30×10−3, 1.10×10−3, 
9.00×10−4, and 4.10×10−4, respectively. Together 
with the thermodynamic analysis, these results 
demonstrate that HoCl3 effectively reduces the 
activity of MgO in the system. The higher the 
HoCl3 activity, the lower the O concentration in the 
Ti samples and the better the deoxidation effect. 

 
4.2 Reduction of TiO2 

The feasibility of using HoCl3 in a MgCl2− 
HoCl3 molten salt to assist Mg deoxidation was 
demonstrated. To investigate the feasibility of using 
the HoCl3-assisted magnesiothermic reduction of 
TiO2 to prepare low-O Ti powder, a thermal 
reduction experiment (HoCl3 activity of 0.9) was 
conducted. 

 
Table 4 Experimental results of thermochemical equilibrium deoxidation 

Activity of HoCl3 Type of Ti samples 
O concentration/10−6 

Initial 1023 K 1073 K 1123 K 1173 K 1223 K 1273 K 

0.1 
Ti-A 960 980 2500 980 830 2800 2000 

Ti-B 1300 1100 1200 1100 1400 4000 2900 

0.3 
Ti-A 960 950 1200 950 770 3500 980 

Ti-B 1300 1000 1200 1000 1300 1720 1000 

0.5 
Ti-A 960 750 1000 750 760 980 780 

Ti-B 1300 1000 1700 980 1100 700 690 

0.7 
Ti-A 960 660 600 660 730 800 650 

Ti-B 1300 620 1000 620 900 674 700 

0.9 
Ti-A 960 660 770 620 330 403 710 

Ti-B 1300 410 890 720 410 577 570 

 

 
Fig. 7 Relationship between O concentration in Ti ([O]Ti) and activity of HoCl3 (aHoCl3): (a) Ti-A; (b) Ti-B 
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Figure 8 [31] shows the XRD patterns of TiO2 
before and after sintering. As shown in Fig. 8, the 
phase of the material before and after sintering 
corresponds to TiO2. 

Figure 9 shows the XRD patterns of the 
products from Experiment 6# after pickling for the 

3HoCla  of 0.9 at 1023, 1073, 1123, 1173, 1223, and 
1273 K. 

The presence of Ti in the experimental product, 
as shown in Fig. 9, demonstrates the feasibility of 
preparing Ti powder through the magnesiothermic 
reduction of TiO2. However, a byproduct, HoOCl,  
is also detected, for which no suitable removal 
method has yet been developed. Figure 9 also 
shows that during the reaction, the HoCl3 molten 
salt effectively reduces the activity of MgO in   
the system (MgO(s)+HoCl3(l)=HoOCl(s)+MgCl2(l)) 
 

 
Fig. 8 XRD patterns of TiO2 before (a) and after (b) 
sintering [31] 
 

 

Fig. 9 XRD patterns of products prepared at 1023 K (a), 
1073 K (b), 1123 K (c), 1173 K (d), 1223 K (e), and 
1273 K (f) 

and HoOCl is generated. This allowed the 
Mg−MgCl2−HoCl3−HoOCl equilibrium to be 
achieved and promoted reduction and deoxidation. 
In this study, the O concentration in the Ti powder 
was determined by measuring the O concentration 
in the Ti sample. Table 5 presents the experimental 
reduction conditions and the O concentrations in the 
Ti samples before and after the experiment. 
 
Table 5 O concentrations of Ti samples after reduction 
experiment 

Experimental 
condition 

Activity 
of HoCl3 

Type 
of Ti 

samples 

O concentration/10−6 

Initial After 
experiment 

1023 K, 48 h 0.9 Ti-A 960 480 

1073 K, 48 h 0.9 Ti-A 960 390 

1123 K, 48 h 0.9 Ti-A 960 350 

1173 K, 48 h 0.9 Ti-A 960 200 

1223 K, 48 h 0.9 Ti-A 960 210 

1273 K, 48 h 0.9 Ti-A 960 220 

 
As shown in Table 5, when the activity      

of HoCl3 was 0.9 in Experiment 6#, the O 
concentrations of the Ti samples are lower than 
4.00×10−4 between 1073 and 1223 K. This indicates 
that the preparation of low-O Ti powder by the 
magnesiothermic reduction of TiO2 is feasible. 

Figure 10 shows SEM images of experimental 
products when the activity of HoCl3 is 0.9 at 
1073−1223 K. Table 6 presents the results of the 
EDS point-scan analysis. 

As shown in Fig. 10 and Table 6, the 
proportion of Ti in the products is considerably  
high, particularly within the temperature range of 
1173−1223 K. The Ti content is 100%. This proves 
that in the MgCl2−HoCl3 molten salt system, Mg 
can reduce TiO2 to low-O Ti powder. The presence 
of small amounts of Ho, Cl, and O at some points is 
due to the experimental by-product of HoOCl. The 
presence of HoOCl further demonstrats that the 
HoCl3 molten salt effectively reduced the activity of 
MgO and promoted the reaction between Mg and O 
in Ti. This mechanism is illustrated in Fig. 11 [32]. 

During the magnesiothermic reduction process, 
the MgO by-product adhered to the reactant surface, 
thereby hindering the reaction. Although Ti powder 
could be prepared, its O concentration was typically  
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Fig. 10 SEM images of experimental products obtained at different temperatures: (a) 1023 K; (b) 1073 K; (c) 1123 K; 
(d) 1173 K; (e) 1223 K; (f) 1273 K 
 
Table 6 Types and element contents in TiO2 reduction products 

Experimental 
condition Point No. in Fig. 10 

Element content/wt.% 

Ti O Ho Cl 

1023 K, 48 h 

(1) 97.0 1.3 0.2 1.5 

(2) 99.0 0.2 0.8 0 

(3) 97.0 2.0 1.0 0 

1073 K, 48 h 

(1) 98.0 1.8 0.2 0 

(2) 99.0 0.2 0.8 0 

(3) 97.0 2.0 1.0 0 

1123 K, 48 h 

(1) 99.8 0 0.2 0 

(2) 99.4 0 0.3 0.3 

(3) 98.2 0.8 0.6 0.4 

1173 K, 48 h 

(1) 99.9 0 0.1 0 

(2) 100.0 0 0 0 

(3) 99.8 0 0.2 0 

1223 K, 48 h 

(1) 99.8 0 0 0.2 

(2) 99.9 0 0.1 0 

(3) 100.0 0 0 0 

1273 K, 48 h 

(1) 100.0 0 0 0 

(2) 99.0 0.6 0.1 0.3 

(3) 99.6 0 0.2 0.2 

 
higher than 1.00×10−2. As shown in Fig. 11, the 
activity of MgO can be effectively reduced with the 
aid of a HoCl3 molten salt (MgO(s)+HoCl3(l)= 

HoOCl(s)+MgCl2(l)). Thus, TiO2 reduction and 
deoxidization can be combined to prepare low-O Ti 
powder via the one-step reduction of TiO2. 
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Fig. 11 Mechanism of magnesiothermic reduction of TiO2 assisted by HoCl3 molten salt [32] 
 
 
5 Conclusions 
 

(1) Thermodynamic calculations demonstrated 
the feasibility of preparing Ti powder through the 
magnesiothermic reduction of TiO2 between 1023 
and 1273 K. The presence of MgO during the 
reduction process hindered reduction reactions. The 
MgO activity was effectively reduced by adding 
HoCl3 to the system. Consequently, low-O Ti 
powder can be prepared when Mg−MgCl2−HoOCl− 
HoCl3 equilibrium is reached. 

(2) Low-O Ti powders with O concentrations 
of less than 5.00×10−4 were experimentally obtained 
within the temperature range of 1023−1273 K. 

(3) Based on the aforementioned theoretical 
and experimental results, a new process for 
preparing low-O Ti powder by the one-step 
reduction of TiO2 was proposed. This method 
provides support for technological progress and 
innovation in the Ti industry. 
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摘  要：为了降低钛的生产成本，提出一种 MgCl2−HoCl3 熔盐辅助镁热还原 TiO2 直接制备低氧钛粉的新方法。

热力学计算表明，镁热还原 TiO2 是可行的。然而，还原副产物氧化镁阻碍了还原反应的进行，导致钛粉的氧含量

较高。往体系中加入 HoCl3 显著降低了 MgO 的活性，从而制备低氧钛粉。在 1023~1273 K 下，以 MgCl2−HOCl3

为熔盐，开展热化学脱氧和还原实验研究。结果表明，在 Mg−MgCl2−HoOCl−HoCl3 平衡条件下可以制备氧含量

低于 5.00×10−4 (质量分数) 的钛粉。 

关键词：钛粉；MgCl2−HoCl3 熔盐；TiO2；HoOCl；镁热还原 
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