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Preparation of ultralow-oxygen titanium by direct reduction of TiO»
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Abstract: A new method for the preparation of low oxygen titanium was proposed by the direct reduction of TiO, with
Mg produced by MgClL—KCI-YCl3 molten salt electrolysis. The Mg—Ti—O phase diagram indicates that it is feasible to
reduce TiO, using Mg, and the p—po>- diagrams indicate that deep deoxidation of titanium in molten MgCl,—YCls is
also feasible. The experimental study on the reduction of TiO, was carried out in MgCl,—YCl3 and MgClL—YCl;—-KCl
molten salts. The results showed that the O*  from the reduction and deoxygenation was removed using YOCI
precipitation and CO, gas production and TiO: can be reduced to titanium peroxide (TicO) by electrochemical reduction
at 1073—1173 K and 2.5-3.1 V. The high-oxygen titanium was electrochemically deoxidized in the molten salt of
MgCl,—YCl; at a temperature of 1173 K at different voltages. Moreover, it was observed that it is possible to reduce the
high oxygen content of titanium from 1200x107° to less than 100x107° oxygen.

Key words: titanium dioxide; electrochemistry; magnesium reduction; deoxidation; ultralow-oxygen Ti; rare earth
metals

for liquefied natural gas transport ships is expected

1 Introduction

Titanium (Ti) is an important industrial metal,
along with steel and aluminum, with excellent
properties such as its light weight, strong corrosion
resistance, high specific strength, high heat
resistance, and biocompatibility [1-6]. The use of
Ti alloys in aircraft manufacturing has rapidly
increased. For example, the utilization rate in the
manufacturing of Boeing 787 and Airbus A350
aircrafts has increased to approximately 14% in
recent years [7,8]. In addition, the global Ti demand

to reach 248000 t by 2030 [9]. However, the global
production of Ti was less than 227279t in 2021,
and the disparity between supply and demand has
become increasingly apparent [10].

Currently, Ti sponge is predominantly
produced by the Kroll process [11,12]. Although
this process can produce low-oxygen Ti, its
widespread use is limited because of its long
processing time, intermittent production, and low
efficiency. Therefore, research worldwide is
focused on developing low-cost processes for Ti
production. The direct production of Ti using TiO»
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as raw material, can significantly reduce the process
flow and production cost. The most widely used
methods for the direct reduction of TiO, were
studied [13—15], and solid oxide membrane
process and electroslag remelting methods were
reported [16,17]. However, these methods exhibit
low efficiencies, a high oxygen content in the
products, and severe iron and carbon pollution.

Oxygen is an undesirable impurity in Ti
materials and significantly affects their mechanical
properties, especially fracture toughness and
fatigue [18]. Various direct methods for the
deoxidation of Ti powder or scrap have been
reported [19—21]. The most effective method is
electrochemical deoxidation in a CaCl, flux
proposed by OKABE et al [22]. With a pure
MgCl, flux at 1173 K, TANINOUCHI et al [23],
OKABE et al [24] and ZHENG et al [25] used
electrochemically generated magnesium as a
deoxidizer to reduce the oxygen content of pure Ti
from (500—1200)x107°. Because the production of
Mg is more economical than that of Ca, Mg may be
the preferred deoxidizer to remove solid-dissolved
oxygen from Ti waste. At present, the electrolytic
Mg thermal reduction of titanium dioxide to prepare
ultralow-oxygen metallic Ti in MgClL—YCI3 and
MgCl,—YCl3—KCl molten salts has not been
reported.

This study proposes a new method for
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preparing ultralow-oxygen Ti via the direct
reduction of TiO, to address the issues mentioned
above. The mechanisms of molten salt electrolysis
and magnetocaloric reduction of TiO, are presented
as follows: First, Ti with a high oxygen content was
obtained, and then electrochemically deoxidized to
yield Ti with an ultralow oxygen content less than
100x107®. This novel method of Ti production via
the direct reduction of Ti dioxide offers new
applications for rare earth metals.

2 Thermodynamic analysis

The standard Gibbs free energy and other
thermodynamic data of the Ti—O—Mg system have
been reported [26]. A two-parameter model
commonly used in thermodynamic calculations and
the homologous linear law, were applied to
obtaining the standard Gibbs energy of formation
(AG?) for relevant compounds; reliable thermo-
dynamic data were obtained, as shown in Tables 1
and 2. Figure 1 shows that the ternary phase
diagram of the Ti—O—Mg system was drawn at
1173 K based on two factors: (1) the AG? values of
the compounds in Table 1, and (2) the standard
Gibbs free energy of reaction (AGY) of the
compounds in the Mg—Ti—O system in Table 2.

Figure 1 shows the Mg(1)/MgO(s)/Ti(s) three-
phase equilibrium point, which is stable at 1173 K.

Table 1 Standard Gibbs energy of formation of relevant compounds

Compound AG?/(J-mol™) TIK AG(1173 K)/(J-mol™)
MgO (s) AGS=-608700+115.9T 1100-1300 ~472750
TiO (s) AG$=-532900+87.8T 1100-1300 ~429910
TiO: (s) AG2=-939800+177.2T 1100-1300 ~731940
Ti»0s (s) AG2=-1496000+255.7T 1100-1300 ~1196060
TisO0s (s) AG9=-2428000+417.2T 1100-1300 ~1938620
TisO7 (s) AG$=-3373000+595.6T 1100-1300 ~2674360

Table 2 Standard Gibbs free energy of reaction for relevant compounds in Mg—Ti—O system

Compound AG?/(J-mol™) TIK AG2(1173 K)/(J-mol™)
MgTiO; (s) Mgoﬁ?ﬁ?ﬁ;ﬁﬁ% ©) 1173-1361 ~23980
MgTi,Os (s) MgO (Asgfj_‘?; é;)oz_l\;%?;os s) 1173-1361 ~26970
Mg, TiOs () 2MgO ($)+Ti02 (5)=Mg:TiO4 (s) 1173-1361 ~29680

AG®=-15370-12.20T
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T=1173 K

MgTi,05 (s)

Mg, TiO, (5)

lg(po,/10° Pa)

Fig. 1 Phase diagram of Ti—O—Mg ternary system at
1173 K (po,~Oxygen partial pressure; a—Activity)

The reduction of TiO, by Mg is not completed
in one step; it is a gradual reduction from the higher
valence Ti to monolithic titanium (TiO; — TisO7 —
Ti305 — Ti,03 — TiO — Ti). Combining this fact
with Table 1 shows that the AG? of TiO is the
largest, indicating that this aspect of the reduction
of TiO to Ti is more difficult compared with other
titanium oxides. Figure 1 also shows that the
reduction of TiO, by Mg is accompanied by the
formation of several intermediate compounds (such
as MgTiOs; and MgTi»Os). The results of the
thermodynamic calculations using Eq. (1) indicate
that it is feasible to reduce TiO, to Ti when
sufficient Mg is present in the system (i.e., amg=1):

TiOa(s)+2Mg(s)=2MgO(s)+Ti(s) (D

Table 3 shows the AGY values of the
compounds in the M—CI-O system (M=Y, Mg)
which were used in this study [27,28].

When po> is defined as lgao», AG%0> and
AG%cr are zero. The electric potential-oxygen
potential (¢p—poz) diagram of the M—Cl—-O (M=Mg,
Y) system at different temperatures was calculated
using the data presented in Table 3, Egs. (2)—(4),
and the Nernst equation (Eq.(5)), as shown in
Fig. 2. Because the method of calculating ¢p—po>-
plots is reported in the literature [29,30], only a
brief overview is provided.

1/202(s)+2e=0?" (in flux) ()
Mg (in flux)+2e=Mg(l) 3)
X0 (in flux)+C(s)=COL(2)+2xe (4)
AG® =—zFp (5)

In Eq.(5), z is the number of electrons
transferred during the chemical reaction, F=
96485 C/mol, and ¢ is the electrode potential (V).

Figure 2 shows that the oxygen content in Ti
significantly decreases at an Mg/MgCl, equilibrium
when the ao: (ao> =amgo) value of the system is
reduced (i.e., po> increases). The Point X indicates
that the concentration of oxygen in the Ti cannot be
reduced below 19000x107° (amg, ameo and awmgcl,
equal 1, and po> is 1.93 at 1173 K) even if
the po>- decreases. Figure 2 shows that the electrode

Table 3 Standard Gibbs energy of formation for some compounds in M—O—Cl (M=Y, Mg) systems, and standard Gibbs

energy of oxygen dissolution in S-Ti

Compound AGP/(J-mol™) T/K AG2(1073 K)/(Jmol™")  AGR(1173 K)/(J-mol™)
Y105 (s) AG9=-1895160+280.60T 900—1200 ~1594080 ~1566020
YCl; (1) AG9=-950725+183.52T 994-1200 ~753810 ~735460
YOCI (s) AG®=-1075000+219.50T  1248-1375 —839480 —817530
MgO (s) AG?=—608700+115.9T 900—1200 —484340 —472750
MgO (1) AGP=—539900+94.1T 1100-1361 —438930 —429520
MgCl, (1) AG9=—595315+112.81T 9871200 —474270 —462990

CO () AG?=—114000-x86.6T 1100-1500 ~206922 ~215580

CO: (g) AG?=-395000—%0.651T 1100-1500 ~395700 ~395760

[0] in Ti® AG?=-583000+88.5T 1173-1373 ~488040 —479190
02 (in flux)® AG$=53000-16.7T 1100-1361 35080 33410

:1/2 02(g) =[O] in Ti (1 wt.%), Henrian’s 1 wt.% standard; *: 1/2 O2(g) + 2e = O*(in flux), molten salt is MgClz (1)
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Fig. 2 ¢p—po> diagrams of M—O—Cl system (M=Y, Mg)
at different temperatures: (a) 1073 K; (b) 1173 K

potential of MgCl, (—2.46 V and —2.40 V at 1073 K)
are higher than those of YCl; (-2.60 V and —2.54 V
at 1173 K). When electrochemical deoxidation is
performed in the MgClL—YCl; molten salt,
magnesium metal is generated and deposited at the
cathode as a reducing agent and deoxidizer. In
addition, the reduction and deoxidation by-product,
MgO, reacts with YCls; in the molten salt to form
a YOCI precipitate, as shown in our previous
studies [31]. However, Fig. 2 clearly shows that ao:
significantly decreases and po:- rapidly increases to
a value greater than 5 owing to the formation of
YOCI. CO, gas was also generated at the carbon
anode. The results show that, because of YOCI
precipitation and the simultaneous generation of
CO; or CO gas, the Mg obtained by the in-situ

electrolysis can effectively reduce the O content of
Ti to less than 10x107%. Figure 2(a) confirms the
feasibility of electrochemical reductive deoxidation
in MgCl,— YCIs molten salts.

3 Experimental

3.1 Materials

Table 4 lists characteristics of the raw material.
The heating equipment used for this experiment
consisted of a self-designed, highly-resistant
furnace. A stainless steel reaction tank was used,
and the electrochemical workstation was a
CHI760E double constant potential instrument. In
addition, a vacuum pump, filter, and tail gas
treatment device were used, along with high-purity
argon (99.99%).

Table 4 Characteristics of materials used for experiments

Material Form  Purity/Grade Supplier/Note

Panzhihua Steel

TiO, Powder >99.9%  Titanium Industry
Co., Ltd.
89 mm in
diameter,
3 mm in Baoji Chenhui
Ti crucible thickness, CP-Ti® Metal Materials
and Co., Ltd.
350 mm in
height
0.2 mm in Baoji Chenhui
Ti foil tilickness CP-Ti® Metal Materials
Co., Ltd.
50 mm in Baoji Chenhui
Ti-wire (iiame ter 1200x10°%  Metal Materials
Co., Ltd.
Panzhihua Steel
Tisponges Sponge 297.0%  Titanium Industry
Co., Ltd.
Arﬁz‘érlous Powder  99.9%  Aladdin reagent
2
An}ggious Powder  99.0%  Aladdin reagent
An%ilmus Powder  99.9%  Aladdin reagent
3
Anggious Powder  99.99%  Aladdin reagent
2
Y Shot 99.9% Aladdin reagent

2: CP-Ti: Commercially-pure titanium with 95% titanium
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3.2 Setup and procedure

Figure 3 is a schematic of the experimental
setup for the electrochemical reduction of TiO; in
the molten salt of MgCl,—10mol.%YCls; or MgCl,—
10mol.%Y Cl3—10mol.%KCl. TiO, was used as the
experimental  feedstock, and electrochemical
reduction experiments were performed
high-purity Ar atmosphere. The electrodes and
thermocouples were inserted from the top. In
addition, the electrochemical deoxidation experiments
were performed in the same molten salt using a
Ti wire with an initial oxygen content of 1200x107°
as the raw material to verify the limits of
electrochemical deoxidation in the system.

First, anhydrous MgCl, and KCI1 powders, and
yttrium (Y) were weighed and used to produce YCls
via the chemical reaction shown in Eq. (6), thereby
producing MgCl,—YCl; and MgCl,—YCl;—KCl
molten salts with different compositions.

in a

Y(s)+3/2MgCL(1)=3/2Mg(1)+YClx(1) (6)

Next, MgCl, and KCl powders were vacuum-
dried at 473 K for 48 h and then transferred to a Ti
crucible containing metallic Y and Ag (60 g). To
prepare the Y- or Ag-containing titanium crucible, a
C rod, Ti, Ni, and Mo wire was first inserted into
one end of a stainless steel tube and fastened with a
short screw. Subsequently, a Ni wire with a
diameter of 5 mm, working as the lead, was passed

) MM hygeofr

—

Ar: >99.9%

Vacuum
pump

salt filter

through an alumina protective sleeve, then through
a steel tube, and wrapped around the screw. Then,
the Ti crucible was positioned in a stainless steel
reaction vessel. Some alumina balls were placed at
the bottom of the stainless steel reactor in advance
to prevent the Ti crucible and stainless steel from
adhering. The prepared electrode and thermocouple
were inserted into the top lid of the reactor, while
their other ends were sealed with rubber plugs.
Furthermore, the system pressure was reduced to
less than 10 Pa by turning on the vacuum pump.
The temperature was set to 673 K for 48 h to
completely remove the moisture from the molten
salt. After vacuum drying, the glass valve of the
vacuum pump was closed and filled with Ar gas.
When the pressure reached a slightly positive value,
the outlet valve was opened to prevent reverse
suction.

The temperature increased to the level required
for this study, and cyclic voltammetry (CV) was
performed. The electrodes used for the CV tests
included d2 mm-C, d3 mm-Ni, and d1 mm-Mo
electrodes. After the CV tests, the flux was
electrolyzed for up to 48 h, with the d6 mm-C
electrode as the anode and Mo as the cathode. After
electrolysis, the d6 mm C-electrode was used as the
anode, an electrode containing TiO, was used as the
cathode, and the electrolysis experiment was then
conducted according to the amperometric /—¢ curve
method.

valve

Electrochemical analyzer

Fig. 3 Schematic of experimental setup for electrochemical reduction of TiO; in MgClL—10mol.%YCl; or
MgCl,—10mol.%Y Cl3—10mol.%KCl molten salt: (a) Ti crucible; (b) Al,O; insulation tube; (c) MgCl,—YCls molten salt
or MgClL,—YCl3—KCl molten salt; (d) Thermocouple; (e) Graphite anode (d6 mm (or d2 mm, for CV test)); (f) Ni
electrode (d3 mm, for CV test); (g) Mo electrode (d1 mm); (h) TiO; cathode; (i) Ag shot; (j) Alumina balls; (k) Ni wire
(potential lead); (1) Stainless steel tube (current lead); (m) Rubber plug
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3.3 Product testing method

The TiO: electrolytic reduction products were
washed with hydrochloric acid (2 mol/L) and
distilled water and dried under vacuum conditions.
X-ray diffraction (XRD) was used to determine the
phase composition of the reduction products.
Scanning electron microscopy (SEM) was used to
observe the morphology of the reduction products
and energy-dispersive X-ray spectroscopy (EDS)
was used to analyze the elemental species and
content of the microregions. Because the molten
salts and by-product (YOCI) of deoxidation
remained on the surface of the Ti specimens, the Ti
specimens were chemically etched using a mixture
of HF-HNO;—H,O (1:4:10), rinsed with distilled
water, and dried. Finally, the Ti samples were tested
for their oxygen content with a LECO TC—400
instrument.

4 Results and discussion

4.1 Molten salt electrolysis—magnesiothermic
reduction of TiO: in MgCl,—YCl; molten salt

Figure 4 shows the CV curves of the MgCl,—
10mol%YCl; flux at 1073 K. An oxidation peak
appears at ~1.7 V, which represents the precipitation
of the oxygen ions (O?) and the escape of gas in
the system. This is indicative of Eq. (4), that is, CO
and CO; are produced in the system. An oxidation
peak also appears at 2.4 V, which corresponds to the
settling of CI". The applied voltage was maintained
above 2.4 V during the electrolysis to produce the
reductant Mg required for reducing TiO;.

0.4t
2CI'=Cl,+2e /
03F 2
Cathodic:
WE: Mo
y 0.2 FRE: Ni xO>+C=CO +2xe ‘
< CE: C Anodic:

WE: C
RE: Ni
CE: Mo

0.1F /‘
0 /C =
—Mg?*+2e=Mg
oat W

-1.0-05 0 05 10 1.5 20 25 3.0 35
o(vs Mg>*/Mg)/V

Fig. 4 CV curve of MgCl,—10mol.%YCl; molten salt at
1073 K (electrode contact area: ~20 mm?)

In this study, TiO, powder was pressed into
the shape of a 13 mm-diameter flake at 227 MPa
and sintered at 1273 K for 12h to facilitate
the collection of the Ti generated after the
electrochemical reduction. Figure 5 shows the XRD
pattern of raw TiO, and a photograph of a flake
after pressing. Table 5 shows the experimental
conditions employed in this study. Figure 6 shows
the XRD patterns of the products after the
experiments at different applied voltages and
electrolysis time at 1073 K. Figure 7 shows the
XRD patterns of the products after the experiment
at 1173 K at different applied voltages and
electrolysis time.

Table 5 Experimental conditions for electrolytic
reduction of TiO; in MgCl,—YCl; flux

No. Composition T/K U/V th mro/g
#1-1 MgCl-10mol.%YCl; 1073 2.9 25 0.23
#1-2 MgCl-10mol.%YCl; 1073 2.7 36 0.23
#1-3 MgClL—-10mol.%YCl; 1073 2.6 25 0.23
#1-4 MgClL—-10mol.%YCl; 1073 2.6 36 0.23
#1-5 MgCh—-30mol.% YCl; 1173 3.1 24 0.23
#1-6 MgClL—-30mol.% YCl; 1173 2.5 24 0.23
#1-7 MgClL—-30mol.% YCl; 1173 2.6 36 0.23
#1-8 MgClL—-30mol.% YCl; 1173 2.5 36 0.23

L ° T102

13 mm

20/(°)

Fig. 5 XRD pattern of product

Table 5 and Figs.6 and 7 show that by
maintaining the applied voltage between 2.5 and
3.1 V and the electrolysis time between 24 and 36 h,
Mg reduces TiO» to TizOs, TiOs;, and other
compounds. This yields TizO and TisO as high-
oxygen Ti, accompanied by the generation of YOCI.
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+ TiO

W

(b) #1-2 . + MgO

+ TiO

= Ti,0;

* Mg, TiO,

(c) #1-3 .

10 20 30 40 50 60 70
26/(%)

Fig. 6 XRD patterns for products obtained after

experiments with different voltages and time at 1073 K

(a) #1-5 ' » MgTiO,
v TicO

* Ti;04
(b) #1-6 ; » MgTiO,

® Ti,0
* Ti,0,

Mfm b
(©)]#1-7 § YOCI
¢ TiO,

, * Ti;04

» v TiO

cvf uﬁ TiCl,
W

(d),#1-8 s YOCI
¢ TiO,
* Ti,O;

MJ.A i

3 TiCl
AUS WY I N
0 20 30 40

1 50 60 70

26/(°)
Fig. 7 XRD patterns for products obtained with different
voltages and time at 1173 K

Combining these findings with the data provided in
Table 5 and Figs.6 and 7, it is observed that
changing the temperature from 1073 to 1173 K
increases the diffusion rate of ions in the system. It
also increases the YCIl; content (from 10 to
30 mol.%), effectively reducing the O*
concentration in the system because YOCI is
generated (Eq. (7)). By further increasing the
electrolytic time (experiments #1-3, #1-4, #1-7,
#1-6 and #1-8, using the same applied voltage and

increasing the electrolytic time), only TisO was
obtained.

MgO(s)+YCly(1)=MgCL(1)+YOCI(s) (7)

This result may be attributed to the following
reasons: (1) MgO generated through the reaction
hindered the reduction of TiO, by Mg (MgO was
not detected because the electrolysis products in
this study were all cleaned with hydrochloric acid);
(2) Because the density of Mg was lower than that
of the molten salt, the reductant Mg generated via
electrolysis floated on the upper surface of the
molten salt, resulting in an incomplete reduction;
(3) The raw TiO, material was very dense because it
was pre-pressed and sintered. Therefore, the
internal oxygen ions could not be effectively
removed, i.e., the transfer efficiency was very low,
thereby resulting in an incomplete reduction
reaction.

4.2 Molten salt electrolysis—magnesiothermic
reduction of TiO; preform in MgCL—-YCl;
molten salt

SUZUKI and INOUE [32], OKABE et al [33],
and LEI et al [34] have reported efficient
calciothermic reduction of preforms containing

CaTiOs prepared by adding CaCl, to TiO». In this

study, sintered preforms were obtained by adding

10mol.%CaCl, to TiO,. Next, CaCl,, TiO,, and
water were mixed and placed in a pre-made mold

and sintered in a muffle furnace at 1273 K for 2 h.

Figure 8 shows the photograph and XRD pattern of

the preform after sintering. Figure 9 shows the

SEM-EDS analyses of the raw titanium dioxide

without CaCl; and the sintered preforms.

P ® TIOZ
v CaTiO,

23 mm|

10 20 30 40 50 60 70 80
200(°)

Fig. 8 XRD pattern and photograph of sintered preform
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Point 1 Point 2
Element wt.% ! Element wt.%
5 Ti 5380 | [0 Ti  55.09
(6] 4491 0 46.20
o
Ti
T
ey W N | N | | | N N | L
0 2 4 6 8 10 1202 4 6 8 1012 14 16 1820 22
Energy/keV Energy/keV
Point 3 Point 4
Element wt.% Element wt.%
Ti 33.34 Ti 4543
(6] 4531 (0] 53.64
Ca 21.33 Ca 0.93
Cl 0.03 Cl -

02 4 6 810121416
Energy/keV

182022 0 2 4 6 8 1012 14 16 1820 22
Energy/keV

Fig. 9 SEM-EDS analyses of raw materials: (a) TiO, (without CaCl); (b) Preform

Figure 9 shows that the sintered preforms have
a higher CaTiO; contents in the physical phase
composition compared with TiO, (Fig.5). In
addition, combined with the SEM-EDS results,
clearly, titanium obtained had a porous structure
because the generation of CaTiOs increased the
porosity of the TiO» feedstock.

Figure 10 shows the CV curves of MgCl,—

Table 6 lists the experimental conditions used
in this study. Figure 11 shows the XRD patterns and
photograph of the electrolytic reduction product.
Note that this electrolysis product was washed with
water.

Table 6 Experimental conditions for electrolytic
reduction of preform in MgCl,—Y Cl;—KCl flux

10mol.%YCli—10mol.%KCl at  1173K. The  No.  Composition UK UN 1h myciom/g

oxidation peaks of O* and CI” at 1173 K (1.9 and 4y MgClm10mol.%YCl= o0 o 4o 5

2.5 V) are shifted to the right compared to those at 10mol.%KCl
1073 K (1.7 and 2.4 V), and the increase in AG® at 40 MgCl,~10mol.% Y Cls— 1173 2.5 48  1.50
the higher temperature leads to an increase in the 10mol.%KCl
electrode potential, as shown in Eq (5) #2-3 MgC12_10m01'%YC13_ 1173 2.7 48 1.50
10mol.%KCl ' '
[ MgCl,—30mol.%YCl3—
0.4 #2-4 10mol %KCl 1173 2.6 48 1.50
. 2CI=Cl,+2e
0.2 %Eh(ﬁlg N o As shown in Fig. 11, the electrolysis products
< %E Tgi *0 +C:C\%:r Zve after geometrically increasing the mass of the
= ’ - Anodic: feedstock are Ti>O, TizO, and TicO, along with
0 = WE: C . . .
o RE: Ni high-oxygen content Ti. This indicates that the
Mg +2e=Mg : X . .

/ / CE: Mo production of the Mg reducing agent during the
-0.2 electrolysis of MgCl; is not a limiting factor in the
incomplete reduction of the TiO,. Comparing the
10 =05 0 05 10 15 20 25 30 data in Figs. 6 and 11, the reduction is more

o(vs MgZ*/Mg)/V

Fig. 10 CV curves of MgCl,—10mol.%YCl3—10mol.%
KCl molten salt at 1173 K (electrode contact area:
~20 mm?)

effective for the preforms prepared by adding CaCl,
as a melting agent (#2-2 and #2-3) compared with
those without CaCl, (#1-2 and #1-3). The effect of
the YClI; content on the reduction is also less clear
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Fig. 11 XRD patterns of products

electrolytic reduction

Fig. 12 SEM-EDS results of
(1 pm)

obtained

after

in Fig. 11(d) (#2-4) compared with Fig. 11(a) (#2-1).
The exterior and interior of the #2-1 product were
separately analyzed using SEM-EDS. The results
(Fig. 12 and Table 7) further verify that the
reduction of TiO, by Mg is feasible (Fig. 1).

Figure 12 and Table 7 show that Ti and O are
mainly present on the outer surface of the
electrolysis product #2-1, with the highest and
lowest titanium content being 94.31% and 90.35%,
respectively, indicating that high-purity Ti metal
was present. The inside of the electrolysis product
#2-1, which was attached to the surface by a
considerable amount of MgO, is shown in Figs. 12
(c) and (d). These figures need to be considered in
combination with Fig. 11(a). The MgO failed to
react with YCl; to form YOCI in a timely fashion. It
also hindered the magnesiothermic reduction of
TiO,, resulting in a high volume of Ti—O in the
incomplete reduction product.

Ti

Point 1

o 1 2 3 4 5 6 7 8

Energy/keV
Mg
Point 7
0
0 1 2 3 4 5 6

Table 7 Composition of surface of product analyzed using EDS (wt.%)

Product parts Point Ti Mg Y Ag O Cl

1 90.35 1.95 0.40 0.03 6.55 0.72

. 2 91.86 1.53 0.41 0.00 5.5 0.70
Exterior

3 94.31 0.87 0.04 0.00 4.69 0.10

4 92.80 1.59 0.00 0.20 5.31 0.10

5 48.74 19.08 1.92 0.01 29.38 0.87

. 6 58.10 14.23 0.12 0.10 25.21 1.09
Interior

7 10.27 45.56 1.66 0.04 38.48 0.99

8 71.50 8.50 1.68 0.00 17.22 1.10
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4.3 Deoxidation of high-oxygen Ti in MgCl,—

YCls molten salt

Deoxidation is required to reduce the oxygen
content of the high-oxygen Ti obtained from the
direct reduction of TiO,. This study used the
MgCl—10mol.%YCl; flux and Ti wire with an
oxygen content of 1200x107® as the raw material.
Table 8 shows the experimental conditions and
results.

Table 8 Experimental conditions and results of
electrochemical deoxidation
Oxygen
No. Composition 7/K U/N #h _ content/ 107
Initial ~ After
MgCl—
#3-1 10mol.%YCls 1173 2.5 24 1200 27
MgClr—
#3-2 10mol.%YCls 1173 2.5 20 1200 73

Table 8 shows that the oxygen content in
titanium could be reduced from 1200x107¢ to less
than 100x107° or even to 27x10°%, by applying a
voltage of 2.5V at 1173 K. The results show
that with the help of YOCI precipitation and
simultaneous CO, generation in the MgCl,—YCls
system, Mg generated by electrolysis could effectively
reduce the solid-dissolved oxygen content in a
considerable amount of Ti metal to less than
100x107¢. The results of the p—po:- diagram of the

Jian PANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 681-693

M-CI-O (M=Mg,Y) system representing the
thermodynamic theory (Fig. 2) were also validated.
This study will aid in the production of ultra-low-
oxygen metallic Ti powders from high-oxygen Ti
obtained via the electrolytic reduction of TiO,.
Compared with the FFC, OS and other
deoxygenation methods, the deoxidation limit of the
proposed method is very low. Furthermore, this
process is environmentally friendly with no waste
water or gas generation.

4.4 Presentation of new technology

This study proposes a  sustainable,
environmentally-friendly molten salt electrolysis—
magnesiothermic reduction process for TiO, to
produce ultralow-oxygen metallic Ti powder
(Fig. 13), which uses the results of the theoretical
and experimental studies as a foundation. In this
process TiO, can be directly used as a raw material.
After high-oxygen content Ti was obtained through
electrolytic reduction, electrochemical deoxidation
was conducted to obtain ultralow-oxygen Ti with an
oxygen content below 100x107°. This electrolytic
deoxidation can be directly used to recycle high-
oxygen content Ti scrap. Vacuum distillation could
efficiently remove the molten salts, such as MgCl,,
which remain on the surface of the titanium powder
after reduction and deoxidation; the waste gas,
waste water and industrial residue were not
generated. Finally, the reduction and deoxidation

o - - - - = — - —— = ——————

TiO, (s)

MgCL-YCL (1) <

|

Titanium scrap (s) High-O Ti (s)

|

1
1
1
1
1
1
1 Electrochemical reduction YOCl(s)
1
1
1
1
1
1

MgCL-YCl; (1) «

—» YOCI ()

Low-O Ti (s)

- -

,YOCI (s)
——

]
| YClL (1) CO,(2)
' I

|
I
This study - -

Industrial production

Fig. 13 Sustainable process for recycling of Ti scrap and clean and efficient preparation of low-oxygen Ti via direct

reduction of TiO;
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by-product, YOCI, could be recycled using
electrolysis to produce YCls, which could be reused
as electrolytic feedstock for reduction and
deoxidation during the entire process, thereby
realizing the recycling of the by-products without
requiring new materials.

5 Conclusions

(1) The calculated Mg—Ti—O phase diagram
shows that the reduction of TiO, by magnesium is
feasible; the calculated ¢—po: diagrams show that
the generation of YOCI can effectively reduce the
O* concentration in the system; and the
deoxygenation effect is significant.

(2) The experimental results show that TiO,
was reduced to Ti—O compounds or high-oxygen
Ti (TicO) by electrochemical reduction at 1073—
1173 K under an applied voltage of 2.5-3.1 V. In
addition, the reason for the incomplete reduction of
TiO; in the MgCl,—YCl3; and MgCl,—YCl;—KCl
molten salts was determined.

(3) The obtained high-oxygen Ti was
electrochemically deoxidized in the same system,
and its oxygen content was reduced from 1200x10°
to less than 100x1076,

(4) A sustainable, clean, and efficient processes
are proposed for the industrial production of
low-oxygen Ti by the direct reduction of TiO, and
for recycling high-oxygen Ti scrap.
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TiO: BT R H FiBRE K
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1. BT RY ZMEAOERESHEERRE, BY 650093;
2. RAETRY HTBEEF LEFHO, B 650093;
3. R TLRY Ba& SRR TRY, E¥W 650093;
4. BHBFIT RS AHLEE MG AL RETINEHAAEKE S0 =, B 650093

8 E: RHAE MgCL-KCI-YCl fF ki, i 8 #h s g =28 Mg ELRGE R TiO2 il %R A k. &2 Mg—Ti-0 =
TUAH BRI AL~ 4 (p—por ) B, RIIBEE 5L TiO2 il (KA B2 AT AT Y. 7E MgCL—YCls Al MgCL-YCL-KCl #52E
o, AR[ERR BRI R SR AR, TR B IGE I TIO SRERH JE, A5 RE M 58l YOCI JiiE & COx []
WA, KR E AN O PUER LR, F 1073~1173 K MEMIHLE 2.5~3.1 V (I 4F T, it B b2k 5 n] Lo
4 TiO2 iE J5 9 = AR (Ti60) . FEIREN 1173 K ) MgCla—YCls 45 #h T AN [F] it 1 v & T 1) v SR Ak 22 4R
B . BRAh, AEWLEE RN AT REAE R S0 EnT AL 1200%1076 [ 2 100%1070 AR .
XHEIR: TAEALER: Wbt BRRGEIR: BAEG RS MhE)E
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