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This paper presents a thorough review of various technologies to obtain titanium and its alloys and their discussion concerning their
merits and demerits. Titanium and its alloys are ideal advanced structural materials because of their excellent properties such as
high corrosion resistance, exceptional strength-to-weight ratio, bio-compatible, non-magnetic and mechanical properties. As a
result, such materials are served extensively for several engineering applications that include wind turbines, auto industries,
biomedical implants, aerospace industry, marine structures, and many others. However, the low yield and higher cost production of
the current employed energy-intensive Kroll process restricts the widespread use of titanium and its alloys. Numerous alternative
extraction processes have been developed during the last few decades to produce titanium and its alloys in a more accessible and
cost-effective way. Amid growing demand for titanium in the market, it is necessary to consider the impact of technological
innovations that can reduce titanium production cost. Recent research and developments on the electrochemical reduction method
of titanium production from molten salts or ionic liquids have shown promising results. This paper reviews the developments on
titanium production and its alloys by various techniques, including but not limited to molten salt electrolysis processes, such as the
FFC-Cambridge process, the OS process, the USTB process, and ionic-liquid electrolysis.
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Titanium (Ti) metal is the ninth most abundant element present in
the Earth’s crust at a level of about 0.6%. Ti is commonly found in
the form of rutile (TiO2) and ilmenite (FeTiO3) and is the fourth
most abundant structural metal after aluminum (Al), iron (Fe), and
magnesium (Mg).1 Ti metal is exceedingly valued for its high
strength-to-weight ratio and corrosion resistance and is advanta-
geous at a wide range of temperatures. Titanium is equally strong as
steel but with much less density. Therefore, it is essential as an
alloying agent with many metals, including aluminum, molybdenum,
and iron. These alloys find widespread applications in the aerospace
industry (aircraft, spacecraft, engines, and missiles), accounting for
60%–75% usage because of their low density and their high
tolerance for different working condition (extreme temperatures,
creep, strength-weight ratio, etc.).2,3 Being light-weight, Ti can
provide more significant lifetime energy savings in transportation
applications. Ti-alloys with other elements like aluminum and
vanadium (Ti6Al4V) are particularly very crucial for medical devices
in the biomedical industry as body implants.4,5 Ti and its alloys are
also used to manufacture high-end sports equipment such as bicycle
frames and golf clubs because of its low density compared to steel
and its stiffness compared to aluminum. However, all such pieces of
equipment and devices are expensive due to the metal extraction cost
using meticulous process techniques that involve high materials loss
and high-energy consumption processing conditions.6

Reverend William Gregor discovered metal titanium in the year
1790. Still, the extraction of pure titanium on commercial scales
(91 Kg) began in 1948 by DuPont and the US Bureau of Mines using
the Kroll process. As seen in Table I, the world production of
titanium sponge was 210 thousand metric tons in 2019, much lower
than that of aluminum, magnesium, and iron. On the other hand, the
metal titanium price, range from $9.10–9.50 per kg in 2015–2019, is
relatively high compared to other metals. Therefore, the titanium
metal consumption has been limited to aerospace applications
(estimated 80% in 2019) because of low production and high price.7

The history of commercial production of Ti only dates back to
70 years, which makes it a new metal compared with commonly
utilized metals like Fe, Al, and Cu. Because of Ti’s strong affinity
toward elements like C, N, S, and O, its extraction becomes very
difficult and requires higher energy conditions, raising the produc-
tion cost.8,9 Despite its abundance, Ti is expensive because it is

difficult to isolate from its ores. Titanium products have not been
commercialized yet due to energy-intensive and costly titanium
production requirements. Therefore, production cost reduction has
been the objective of many research industries over the past few
decades. If titanium’s production cost falls dramatically, titanium
could potentially replace the widely utilized stainless steel (leads the
global production in 2019, Table I), leading to opening a significant
market demand. Hence, titanium is considered as a material of the
future, whose production could significantly be scaled up by
technological innovations with cost reductions, thereby making it a
general-purpose metal.10,11 Over the past three decades, various
novel technologies have emerged to produce titanium with lower
cost and lower energy consumption than the Kroll process.
Electrolysis in molten salts with the starting materials of TiO2 or
TiCl4 has been considered a promising method, including the FFC
process,12 the OS process,13 the electrolysis of titanium oxycarbides
(the USTB process),14 and the electrolysis from room-temperature
ionic liquids.15

In this paper, the Hunter and Kroll processes are described briefly,
and then a review on the developments of producing titanium and its
alloys from various molten salts is presented. Furthermore, the different
reaction mechanisms for various processes are discussed. Since the
temperature is one of the factors causing the high Ti production cost,
the research topics are mainly divided into two aspects based on the
different operating temperatures. One involves using high-temperature
molten salts (e.g., NaF-KF, Na3AlF6, NaCl-KCl, and CaCl2, etc.), while
the other utilizes room-temperature molten salts (e.g., AlCl3-EmimCl,
AlCl3-BmimCl, and AlCl3-BPC, etc.) at low temperatures. All the low-
and high-temperature Ti production processes are summarized with
their main features, advantages, and disadvantages. A more emphasis is
given to obtaining titanium from low-cost and efficient methods of
fabrication. Some of the recent reviews and book chapters10,16,17

referred to in this paper could help understand the working principles
of the Kroll process, HAMR process, USTB process, and other
alternative processes. This review article would be of interest to a
broad readership of chemists, physicists, materials scientists, and
chemical engineers for future advancements in the field.

Hunter Process and Kroll Process

The Hunter process, invented in 1910 by Matthew A. Hunter, was
the first industrial method of producing titanium.18 According to
reaction (1), purified titanium chloride (TiCl4) is produced by chlor-
inating rutile (TiO2) in a fluidized bed reactor at about 1000 °C tozE-mail: rreddy@eng.ua.edu
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provide raw TiCl4 that is further refined through fractional distillation to
remove metal chlorides impurities such as AlCl3, SiCl4, FeCl3, and
VOCl3. In the Hunter process, titanium is produced via the reaction
between the sodium (Na) and a small excess of TiCl4 according to
reaction (2) at 900 °C in a sealed retort.

Reduction: TiCl 4 Na Ti 4 NaCl 24 [ ]+ = +

The final product would be a NaCl-titanium mixture. However,
sodium and TiCl4 are soluble in NaCl. Thus, it is not practical to drain
off the NaCl during the reduction process. When the reduction is
finished, the products would have to be chipped out, crushed, leached
(with hydrochloric acid), and washed.19 The retort is also considerably
large because it contains 10.8 cm3 of NaCl for every 1 cm3 of titanium.
The Hunter process was later replaced by a more economical method
that used recyclable magnesium (Mg) in place of sodium, which is
known as the Kroll process.

The Kroll process, which is currently the primary commercial
process for titanium production, was developed by William J. Kroll in
Luxembourg in 1937. As shown in Fig. 1,20 the Kroll process first
converts TiO2 to TiCl4 (g) by reacting the titanium ores with carbon (C)
and chlorine gas (Cl2) in a fluidized bed at 1000 °C, according to the
reaction (1). After subsequent purification through fractional distillation
at 127 °C, TiCl4 was fed into an argon-filled retort at 800 °C–900 °C,
where it is reduced to metal titanium by 15%–30% excess liquid

magnesium (Mg). According to reaction (3), the products were titanium
metal along with MgCl2 salts and unreacted Mg. After 2–5 days of
reduction reaction, the vacuum is applied to the retort to remove the
MgCl2 salts and excess Mg.21 In addition, Mg and Cl2 are regenerated
from the recycled MgCl2 salts in a separate electrolysis cell.

The Kroll process: TiCl 2Mg Ti 2MgCl 34 2 [ ]+ = +

Although the Kroll process has been applied to industrial production
for many decades, there are many disadvantages that include toxic Cl2
gas, expensive reductant Mg, long process route, low productivity, and
high energy consumption (71.61 kWh kg−1 Ti).17

High-Temperature Molten Salt Electrolysis

NaF-KF, LiF-NaF-KF molten salts electrolysis.—It was re-
ported by Stetson (1963)22 that the Ti electrodeposits could be
obtained at 850 °C from NaF-KF melts containing K2TiF6.
However, a layer of insoluble lower-valent titanium salts composed
of Ti3+ was found to contact the cathode. Clayton et al. (1973)23

investigated the electrochemistry of K2TiF6 in LiF-NaF-KF eutectic
molten salts at 500 °C. It was found that Ti4+ species is reversibly
reduced to Ti3+ at −0.058 V vs a Ni2+ (saturated)/Ni reference
electrode, while the reduction of Ti3+ to metal titanium proceed
reversibly at −1.798 V.

Table I. World production (excludes US production) of Fe, Al, Mg, and Ti in 2019 and market price in recent five years (2015–2019).

Metal World production (thousand metric tons) Market price per kilogram (dollars)

Iron and steel (Fe) 1,300,000 0.20–0.35
Aluminum (Al) 64,000 1.77–2.54
Magnesium (Mg) 1100 1.83–2.53 (No data for 2019)
Titanium (Ti) 210 9.10–9.50

Figure 1. Schematic flowchart of the Kroll process.20

1

Chlorination: TiO 2 Cl 1 x C TiCl 1 x CO where x 0 or 1 12 2 4 2 x( ) ( ) ( ) [ ]( )+ + + = + + =-
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Similar observations were reported by Lepinay et al. (1986)24 in
LiF-KF and LiF-NaF-KF eutectic melts containing K2TiF6 at
temperatures between 550 and 850 °C. According to results from
cyclic voltammetry, Ti4+ species (TiF6

2-) were first reduced to Ti3+

species (TiF6
3-), then Ti3+ species were reduced to metal titanium.

That indicates, the reduction mechanism proceeds via two reversible
steps according to reactions (4) and (5). In addition, adherent
coatings of pure titanium with a thickness of 30 μm per hour were
obtained in the form of copper-titanium solid solutions such as
Cu4Ti, Cu3Ti2, TiCu, and Ti2Cu.

TiF e TiF 46
2

6
3 [ ]+ - - -

TiF e Ti F3 6 56
3 [ ]+  +- - -

As an extension to Lepinay’s work, Robin et al.25–30 conducted
numerous studies on the mechanisms of titanium electrodeposition on
iron and nickel electrodes in LiF-NaF-KF eutectic melts. They studied
the interactions between titanium and the substrate. It was reported that
Ti3+ species (TiF6

3-) were reduced to pure metal titanium via a single
three-electron exchange step at iron electrodes in the temperature
range of 600 °C–700 °C. According to reactions (6)–(8), a 20–30 μm
thick coating of pure titanium was obtained in the form of nickel-
based alloys such as Ni3Ti, TiNi, Ti2Ni, and pure titanium external
coating.27 Besides, the diffusion coefficients for TiF6

3- at temperature
of 600 °C–900 °C are determined by 1.4 × 10−2 exp (−6154/T).25,28

The authors29,30 also reported pure dendritic titanium deposits from
K3TiF6-LiF-NaF-KF at 750 °C with high current efficiencies (80%–

85%). In comparison, FeTi and Fe2Ti intermetallic compounds were
obtained at 800 °C and 900 °C with low current efficiencies (<55%)
according to reactions (9)–(10).

TiF Ni e TiNi F3 3 6 66
3

3 [ ]+ +  +- - -

TiF TiNi e TiNi F2 6 3 12 76
3

3 [ ]+ +  +- - -

TiF TiNi e Ti Ni F3 6 86
3

2 [ ]+ +  +- - -

TiF Fe e Fe Ti F2 3 6 96
3

2 [ ]+ +  +- - -

TiF Fe Ni e FeTi F3 2 6 106
3

2 [ ]+ +  +- - -

To produce TiB2 coatings, an attractive material for the alu-
minum industry as cathode lining materials, Li et al. (2006)31,32

investigated the mechanism of the electrochemical reduction of
K2TiF6 on Pt electrode in LiF-NaF-KF eutectic molten salts at
700 °C. The electrochemical reduction of Ti4+ was found to proceed
by a reversible three-step process [Ti4+ → Ti3+ → Ti+ → Ti0], and
the electro-crystallization process is instantaneous.

Cryolite-based (Na3AlF6) molten salts electrolysis.—Although
titanium is considered a detrimental impurity in the Hall-Héroult
bath that reduces the current efficiency and the purity of aluminum
products,33 it is feasible to produce Al-Ti alloy in the aluminum
electrolysis cells.

Qiu et al. (1988)34 prepared Al-Ti alloys with a titanium content
of less than 2wt.% from synthetic rutile (92 wt.% TiO2) by
electrolysis in Na3AlF6-Al2O3 melts. Liu et al. (2002)35 conducted
an electrolysis experiment by adding a mixture of TiO2 (purity 98wt.
%) and Al2O3 powders into the industry electrolyzers and Al-Ti
alloy with a titanium content of less than 0.30wt.% can be produced
without significant loss of current efficiency.

Yu et al. (2004)36 produced Al-Ti alloy on liquid aluminum
cathode by molten salt electrolysis in 93wt.% Na3AlF6−5wt.%
Al2O3−2wt.%TiO2 melts at 960 °C for 68 min, and it was found
that titanium content in the Al-Ti alloy was over 9wt.%. As shown
in Eqs. 11 and 12, there are two primary reaction mechanisms
involved in the extraction of titanium: (i) the Hall-Heroult process
for deposition of aluminum and titanium by electrolysis; (ii) the
reduction of TiO2 by aluminum.

Electrodeposition process Al Ti 7e Al Ti 113 4( ) [ ]+ + = ++ +

Thermal reduction by Aluminium Al Ti Al Ti
12

4 3( )
[ ]

+ = ++ +

AlF O TiOF Al OF x F2 Ti 6 13x
x

6
3

2
2

2 6
2 ( ) [ ]+  + + -- - - -

As seen in Table II, the solubility of TiO2 in Na3AlF6
and Na3AlF6−5wt.%Al2O3 have been measured by several
researchers.34,37–41 According to Jentofsten et al. (2002),41 the

Table II. Solubility of TiO2 in molten cryolite and Na3AlF6 and
Na3AlF6-Al2O3 at 1020 °C reported in the literature.

Molten salts
wt.%
TiO2 References

Na3AlF6 6.1 Hayakawa and Kido
(1952)37

Na3AlF6 5.7 Belyaev et al. (1956)38

Na3AlF6−5wt%Al2O3 5.0 Belyaev et al. (1956)38

Na3AlF6 5.2 Madhavan et al. (1971)39

Na3AlF6 6.5 Sterten and Skar (1988)40

Na3AlF6 5.3 Qiu et al. (1988)34

Na3AlF6 5.2 Jentofsten et al. (2002)41

Table III. Summary of the electrochemical mechanisms of titanium species in various cryolite-based molten salts and at different working
electrodes.

Molten salts Working electrode Reduction mechanism References

Na3AlF6-TiO2 Graphite Ti4+ → Ti0 Qiu et al. (1988)34

Na3AlF6-CaTiO3 Platinum (Pt) Ti4+ → Ti0 Devyatkin et al.
(1998)43

Na3AlF6-Al2O3-TiO2 Platinum (Pt) Ti4+ → Ti3+ → Ti0 Devyatkin et al.
(1998)43

Na3AlF6-TiO2 Graphite Aluminium
(Al)

Ti4+ → Ti2+ → Ti0 Qin et al. (2006)44

Ti4+ → Ti0

Na3AlF6-AlF3-TiO2 Tungsten (W) Ti4+ → Ti2+ → Ti0 Sun et al. (2008)45
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solubility of TiO2 in Na3AlF6 melts at 1020 °C was reported to be
5.2 wt%, which is in good agreement with the findings of Madhavan
et al. (1971)39 and Qiu et al. (1988).34 In addition, Jentofsten et al.
(2002)41 pointed out that the most probable titanium species in cryolite
melts are TiOF2 and Na2TiO3. Sterten and Skar (1988)

40 also studied the
dissolution mechanism of TiO2 in cryolite using thermal and chemical
analysis, and they suggested that the most probable dissolution process is:

Recently, Yan et al. (2016)42 attempted producing pure titanium
through molten salt electrolysis in Na3AlF6-TiO2 at 1050 °C. It was
concluded that pure titanium could not be made from only TiO2

dissolved in cryolite, and TiO2 was partially reduced to low valence
states such as Ti3O5 and Ti4O7. However, Al-Ti compounds (TiAl3,
TiAl, and Ti3Al) can be produced by electrolysis with aluminum’s
addition into cryolite-TiO2 melts. Devyatkin et al. (1998)43 sug-
gested that CaTiO3 was a potential raw material to produce Al-Ti
alloys in Hall-Héroult cells, and the reduction of CaTiO3 to titanium
proceeded by one irreversible step [Ti4+ → Ti0].

In addition, the electrochemical behavior of TiO2 in cryolite
molten salt was investigated on different electrodes.34,43–46 As a
summary in Table III, Qiu et al. (1988)34 studied the deposition of
titanium on graphite electrode in Na3AlF6−0.5wt.%TiO2 melts at
1050 °C by cyclic voltammetry, and the results showed that titanium
is deposited in one-step [Ti4+ →Ti0]. According to Devyatkin et al.
(1998),43 the deposition of titanium on the Pt electrode in
Na3AlF6-Al2O3-TiO2 melts at 1027 °C takes place in two steps
[Ti4+ →Ti3+ →Ti0]. Qin et al. (2006)44 studied the mechanism of
Ti4+ reduction on graphite electrode and aluminum electrode in
Na3AlF6-TiO2 molten salt at 1050 °C by cyclic voltammetry and
chronoamperometry. It was found that the reduction of Ti4+ on the
graphite electrode is a two-step reversible process [Ti4+ → Ti2+

→ Ti0]. In contrast, the reduction of Ti4+ on the aluminum electrode
is a one-step process [Ti4+ → Ti0] due to under-potential deposition.
Sun et al. (2008)45 also concluded from studies by cyclic voltam-
metry and chronoamperometry that the electrochemical reduction of
Ti4+ on the tungsten electrode in Na3AlF6-AlF3-TiO2 melts was a
two-step process [Ti4+ → Ti2+ → Ti0].

Chloride molten salt electrolysis.—It is interesting to electro-
deposit metallic titanium from TiCl4 in molten chloride melts. Table IV
shows the various studies on the electrochemical behavior of titanium
ion species (such as TiCl4 and TiCl3) in different kinds of chloride
melts (e.g., LiCl-KCl, NaCl-KCl, and NaCl-CsCl, etc.).

Chassaing et al. (1981)47 investigated the electrochemistry of
TiCl3 in three molten salts (LiCl, CsCl, and LiCl-KCl) at 700 °C. An
Ag/AgCl served as the reference electrode, while a nickel (Ni) wire
was used as the working electrode. It was found that the reduction of
Ti3+ species occurs via two steps [Ti3+ →Ti2+ →Ti0] in all three
baths. Namely, Ti3+ is first reduced to Ti2+ at −1.6 V while
reducing Ti2+ to metal titanium proceed at −2.1 V.

Ferry et al. (1988)48 studied the electrochemistry of Ti2+ in LiCl-
KCl eutectic melt by pulse techniques and ac impedance measure-
ments. They concluded that the reduction of Ti3+ to Ti2+ is quasi
reversible, while the deposition of titanium from Ti2+ is irreversible.
Ferry et al. (1990)55 also investigated the electrochemical oxidation
of Ti3+ in LiCl-KCl eutectic melt at 470 °C. They found that Ti3+

can be oxidized to soluble Ti4+ species at potentials of lower than
−0.48 V vs the Ag/AgCl reference electrode.

Chen et al. (1987)49 investigated the electrochemistry of K2TiF6 in
NaCl-KCl melts at 700 °C. The Ag/AgCl was used as the reference
electrode, while a Pt wire with a diameter of 0.5 mm was used as the
working electrode. It was found that the reduction of Ti4+ proceeds
through a three-step process [Ti4+ →Ti3+ →Ti2+ → Ti0]. The authors
(1988)56 also investigated the electrochemical reduction of K2TiF6 in
NaCl-KCl melts with the addition of KF. The three-step reduction
process was suggested in NaCl-KCl-3wt.%KF melts, while the two-step
reduction process [Ti4+ → Ti3+ → Ti0] was proposed in NaCl-KCl-
10wt.%KF melts. Similar results were reported by Lantelme et al. (1995,
1998),50,51 who studied the reduction of TiCl4 on a tungsten electrode in
NaCl-KCl melts, and Barner et al. (2005).57

On the other hand, Ning et al. (2011)52 investigated the
electrochemical behavior of TiCl2 in NaCl-KCl melts at 750 °C
using cyclic voltammetry, chronopotentiometry, and square wave
voltammetry techniques. The results showed that the reduction of
Ti2+ on a tungsten wire was a one-step diffusion-controlled process.
The increase of current density and titanium ion concentration
resulted in the increasing grain size of the deposited titanium.

Kang et al. (2015)53 reported a new process in that metallic
titanium with 0.24 mass% oxygen was produced by electrolysis from
CaCl2−5wt.%TiCl2 melt at 900 °C. The results from cyclic
voltammetry, chronopotentiometry, and square wave voltammetry
studies proved that reducing Ti2+ on a glassy carbon electrode was a
one-step diffusion-controlled process. In addition, the cathodic
current efficiency of titanium deposition ranges from 23.74 to
64.40% at different current densities (0.1–0.9 A cm−2). However,
the deposited titanium has dendritic structures, as shown in Fig. 2.

Song et al. (2016)54 investigated the electrochemical behavior of
TiCl3 in NaCl-2CsCl melts at 750 °C using cyclic voltammetry,
chronopotentiometry, and square wave voltammetry. The results
showed that the reduction of Ti3+ on a tungsten wire was an
irreversible two-step diffusion-controlled process [Ti3+ → Ti2+ →
Ti0]. The diffusion coefficient for Ti3+ at 750 °C was reported to be
10.8 × 10−5 cm2 s−1. Metallic titanium was obtained by constant
current electrolysis from the melt of NaCl-2CsCl-TiCl3 (2 wt.%).

Table IV. Summary of the electrochemical mechanisms of titanium species in various chloride molten salts.

Molten salts Working electrode Reduction mechanism References

(LiCl, CsCl, LiCl-KCl)-TiCl3 Nickel (Ni) Ti3+ → Ti2+ → Ti0 Chassaing et al. (1981)47

LiCl-KCl-TiCl3 Tungsten (W) Ti3+ → Ti2+ → Ti0 Ferry et al. (1988)48

NaCl-KCl- K2TiF6 Platinum (Pt) Ti4+ → Ti3+ → Ti2+ → Ti0 Chen et al. (1987)49

NaCl-KCl-TiCl4 Tungsten (W) Ti4+ → Ti3+ → Ti2+ → Ti0 Lantelme et al. (1995, 1998)50,51

NaCl-KCl-TiCl2 Tungsten (W) Ti2+ → Ti0 Ning et al. (2011)52

CaCl2−5wt.%TiCl2 Glass carbon Ti2+ → Ti0 Kang et al. (2015)53

NaCl-CsCl-TiCl3 Tungsten (W) Ti3+ → Ti2+ → Ti0 Song et al. (2016)54

Figure 2. (a) Image of deposited titanium and (b) corresponding mor-
phology obtained under the starting current density of 0.5 A cm−2 in
CaCl2-TiCl2 (5.0 wt.%) at 1173 K (900 °C).53
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Zhu et al.58 developed an exciting titanium production process at
the University of Science and Technology Beijing (USTB). In the
USTB process, the pellets of Ti2CO solid solution served as the
anode, while carbon steel was applied as the cathode. It was reported
by Jiao et al. (2007)14 that titanium powders with less than 0.3 mass
% oxygen were produced by electrolysis in NaCl-KCl molten salt at
a temperature of 800 °C and constant potential of −0.45 V vs Ag/
AgCl reference electrode. Besides, carbon monoxide (CO) was
produced at the anode during electrolysis. As shown in Fig. 3, pure
titanium with a grain size of more than 40 μm was found.

Jiao et al. (2010)59 produced conductive TiCxO1-x solid solutions
by carbothermic reduction of TiO2 for 4 h at the temperature range
of 1500 °C–1700 °C and vacuum of lower than 100 Pa.

When TiCxO1-x solid solutions were used as the anode, both CO
and CO2 gases are evolved at the anode during electrolysis in NaCl-
KCl melts. As shown in Fig. 4, the reactions of the USTB process
are given by Eqs. 14 and 15.

neCathode reaction: Ti Ti 14n [ ]+ + -

15
ne y x yAnode reaction: TiC O Ti CO COx x

n
1 2

[ ]
( )-  + + --

- +

FFC Process

The Fray-Farthing-Chen (FFC) process, developed by Derek
Fray, Tom Farthing, and George Chen at the University of
Cambridge in 2000,12 was evaluated for scale-up and commercial
adaption.60 As shown in Fig. 5, the cathode consisted of solid TiO2

pellets that were sintered at 800 °C–950 °C in the air to increase their
strength, while the graphite was used as an anode in the molten
CaCl2 bath. TiO2 pellets were reduced to titanium metal in the
voltage range of 2.8–3.2 V and a temperature range of 850 °C–950 °
C. The reactions are given by Eqs. 16 and 17.

O e CathodeCathode Reactions: Ti 4 Ti 2O 162
2( ) [ ]+  +- -

x xe x orAnode Reactions: C O 2 CO 1 2 17x
2 ( ) [ ]+ -  =- -

Although TiO2 is usually an insulator, it becomes conducting due to
the formation of Magnelli phases ( OTi x2‐ ). Meanwhile, the oxygen is
ionized, diffused out of the TiO2 pellets into the CaCl2 melt, and then
traveled to the graphite anode, where oxygen anions get discharged to
form CO/CO2.

12 Compared with the conventional Kroll process, the
advantages of the FFC process include (i) fewer processing steps,
(ii) potential continuous operation, (iii) environmentally more beneficial

0

Figure 3. (a) Morphology and (b) XRD pattern of product deposited on the cathode by electrolysis of Ti2CO solid solution in NaCl–KCl melt.14

Figure 4. Schematic diagram of the USTB process.58

Journal of The Electrochemical Society, 2021 168 042502



due to the use of CaCl2 molten salt instead of chlorine gas, (iv) low
oxygen content (<1000 ppm) of the produced titanium.61 However, this
process’s disadvantages are slow oxygen diffusion, low current
efficiency, and titanium separation from the waste CaCl2 melts after
electrolysis. FFC process has shown acceptable energy consumption of
33 kWh kg−1 Ti but it suffers from very low current efficiency (15%) to
produce Ti with low oxygen content (∼0.3 wt% O).62

Chen et al. (2002)63 studied the electrochemical behavior of
oxide-scale-coated titanium electrodes in pre-electrolyzed (2.7–
3.0 V) molten CaCl2 at 900 °C by cyclic voltammetry. According
to three reduction peaks at electrode potentials more positive than
the reduction of Ca2+, they suggested that the reduction of solid
TiO2 to titanium involved three steps: TiO2 → Ti2O3 → TiO → Ti0.
However, Wang et al. (2004)64 concluded from studies by cyclic
voltammetry, chronoamperometry, and ac impedance techniques
suggesting that titanium was produced by a two-step process
reduction of solid TiO2 ([TiO2 → TiO → Ti0]) in molten CaCl2 at
800 oC–900 oC. Similar results were observed by Nie et al. (2006).9

They concluded that the reduction of TiO2 to titanium was a two-
step process ([TiO2 → TiO → Ti0]), and the application of different
cell voltages at different stages can improve the current efficiency.

Dring et al. (2005)65 studied the mechanism of cathodic
deoxygenation of TiO2 in molten CaCl2 at 900

oC. Based on cyclic
voltammetry study and characterization of TiO2 working electrode,
the deoxygenation of TiO2 to Ti3O5 and Ti2O3 occurs at the potential
of 300 mV more negative than the TiO2 open-circuit potential, while
the decomposition of the Ti2O3 to TiO and metallic titanium
proceeds at potentials 1100 mV more negative. Thus, the deoxy-
genation of TiO2 in molten CaCl2 at 900 °C proceed by four steps

([TiO2 → Ti3O5 → Ti2O3 → TiO → Ti0]). Similar results were
reported by Wang et al. (2011)66 in molten CaCl2 at 950 °C.
Schwandt et al. (2005)67 and Alexander et al. (2011)68 investigated
the kinetic pathway in the electrochemical reduction of TiO2 in
molten CaCl2. Based on the X-ray diffraction analysis of cathodic
samples at deferent electrolysis time (0.5, 1, 4, 12, 52, and 120 h),
the reduction (at 2.5 V) process proceeds via a number of individual
stages: TiO2 → Ti4O7 + CaTiO3 → Ti3O5 + CaTiO3 → Ti2O3 +
CaTiO3 → TiO + CaTiO3 → CaTi2O4 → Ti0.

Wang et al. (2006)69 attempted to obtain titanium from cheap
TiO2 feed material (including titania dust, meta-titanic acid, and
titanium-rich slag) by the FFC process. Low-cost TiO2 precursors
help reduce the cost of commercial application of the FFC process.
Titanium with low oxygen content (<3000ppm) was obtained by
constant voltage electrolysis (2.9–3.1 V) at 900 °C in molten CaCl2.
Besides, they reported that the current efficiency was dependent on
the electrolysis time and the pellet thickness. For TiO2 pellets with a
thickness of 2 mm, the current efficiency decreases from 40% in the
first 5 h to 20% in 12 h. The energy consumption of 12 h electrolysis
was 33 kWh kg−1 Ti, which was less than the conventional Kroll
process (50 kWh kg−1 Ti).61 According to their discussion, energy
waste mainly came from the background current (20 kWh kg−1 Ti).

Liu et al. (2007)70 investigated the electrolysis voltage effect and
reported that the optimized cell voltage for electrolysis of solid TiO2

in molten CaCl2 was 2.6–3.1 V. When the voltage of 1.5–1.7 V was
applied, Ti2O was reduced to Ti3O because of oxygen ionization, but
no titanium was detected. When higher voltages (2.1–3.1 V) were
applied, TiO2 and Ti2O were reduced to metal titanium. Besides,
they found that the oxygen content decreases rapidly at the voltage
of 2.1–2.6 V and then shows little change at 2.6–3.1 V. According to
their discussion, voltages for electrolysis should be determined by
the decomposition voltage of both CaO (2.6 V) and CaCl2 (3.2–
3.3 V). A similar study was performed by other researchers.71

The OS process (Calciothermic Reduction)

Ono and Suzuki developed the Ono and Suzuki (OS) process from
Kyoto University, as illustrated in Fig. 6.13 They proposed calcium (Ca)
as the reductant to reduce TiO2 powder to metal titanium, and calcium
is continuously formed from the electrolysis of the by-product CaO in
the CaCl2 molten salts. At 3.0 V, higher than the decomposition voltage
of CaO (1.66 V) but below that of CaCl2 (3.2 V), liquid calcium gets
deposited on the cathode, while both CO2 and CO gases are emitted
from the carbon anode. Therefore, the main reactions of the OS process
are given by Eqs. 18–20.

CaO e Ca OCathode reactions: 2 2 182 [ ]+  +- -Figure 6. Schematic illustration of the OS process.13

Figure 5. Schematic illustration of the Fray-Farthing-Chen (FFC) process.12
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In comparison to the FFC process, the composition of molten
salts (CaCl2), the carbon anode, and the applied voltage are similar,
but the operating mechanisms are different. The sintered TiO2 pellets
were used as the cathode in the FFC process, and oxygen diffusion in
the titanium cathode was required. However, TiO2 does not need to
contact the cathodic lead in the OS process, and it can be fed in
powder form. Besides, the OS process suggested that TiO2 was
reduced to titanium by Ca, and it is a short-term reduction and de-
oxidation process without the requirement of oxygen diffusion in a
long distance.

Suzuki et al. (2003)72 found that when pure calcium (Ca, 5–7 mol%)
coexisted with CaCl2 molten salts at 900 °C, TiO2 was successfully
reduced to metallic Ti powder with less than 0.1 mass% oxygen and
0.15 mass% Ca only for 3600 s.

As an extension of the OS process, Suzuki et al. (2003)73

combined both the calciothermic reduction and the in situ electro-
lysis of CaO in the CaO-CaCl2 molten salt at 900 °C using carbon
anode and Ti basket-type net cathode (filled with TiO2 Powder).
They conducted that the optimal concentration of CaO in the CaCl2
melt was 0.5–1 mol% because α-Ti single phase could be obtained
only from salts with a lower concentration of CaO. A metallic
titanium sponge with 0.2 mass% oxygen was produced at the
voltages ranging from 2.6–2.9 V for 10800 s in 0.5 mol%
CaO-CaCl2 melts. However, the current efficiency of the OS process
was low (8.8%–25.5%) because of parasitic reactions and back
reactions.

Suzuki et al. (2004)74 also investigated Ca distribution in the
CaO-CaCl2 molten bath during electrolysis, and experiments were
carried out with different positions of TiO2 samples. When TiO2

samples were placed in the cathode’s close vicinity, α-Ti with 0.16
mass% oxygen was produced. However, TiO2 was partially reduced
to lower valence oxides such as Ti2O3, TiO, or Ti2O when TiO2

samples were placed separated from the cathode. The authors
(2005)75 also tried stirring the melt to accelerate the reaction, but
they found that stirring lowered the Ca concentration on the cathode
surface, and the reduction of TiO2 was incomplete.

To obtain lower oxygen content in titanium by the reduction of
TiO2 in CaO-CaCl2 molten salt, Kobayashi et al.76 studied the
influence of current density and electrode distance. It was found that
α-Ti with 0.08 mass% oxygen was produced when the cathodic
current density was high, and a 15 mm basket with a sufficiently
large inner capacity was used as a cathode.

Imam et al.77 have described the developments on cost-effective
approaches to fabricate titanium components under various aspects
of powder metallurgical technology. The factors discussed include
blended elemental approach, pre-alloyed techniques, additive layer
manufacturing, metal injection molding, spray deposition, and
microwave sintering. In addition, a brief review of low-cost powder
production processes such as the FFC Cambridge, MER, common-
wealth scientific and industrial research organization (CSIRO)
method, and ITP/Armstrong are presented. Some of these methods
are discussed in this article. Armstrong process technology and
CSIRO’s direct powder rolling (DPR) and hot roll densification
(HRD) processes are found to be useful methods of processing
titanium powder into consolidated parts, and sheets are reported.78

Bogala and Reddy79 performed a thermodynamic assessment of
the electrochemical reduction of TiO2 to Ti metal in CaCl2 molten
salt electrolyte using the FFC process. The conversion of TiO2 to Ti
takes place via multi-step reduction processes that involve the
formation of several intermediates or sub-oxides of titanium at
different reaction conditions. This research article discusses the
thermodynamic modeling studies on the formation of varying

titanium sub-oxides and corresponding reaction conditions such as
a change in Gibbs energy, temperature, and pressure during TiO2

reduction to Ti metal. Figure 7 shows the comparison of calculated
changes in Gibbs energy of calciothermic reduction of titanium sub-
oxides with experimental standard values from literature at 1000,
1100, and 1200 K. The negative changes in the Gibbs energy values
suggest that all the reactions are exothermic (occur spontaneously in
the forward direction). The reduction of TiO2 to Ti occurs via CaO
or/and Ca mediated pathway (TiO2 → TinO2n-1 →Ti3O5 → Ti2O3 →
TiO→ Ti3O2 → Ti). Ti metal oxidation to TiO2 occurs through CO2

or/and CO mediated pathway (Ti → Ti3O2 → TiO → Ti2O3 →
Ti3O5 → TinO2n–1 → TiO2). The titanates (CaTiO3, CaTiO3,
Ca2Ti2O5, Ca3Ti2O6, Ca3Ti2O7, and Ca5Ti4O13), carbides (TiC and
CaC2), C, CaO, and chlorides (TiCl4 and CaOCl2) were identified as
additional stable species at 1,200 K and 1 bar.

PRP method and EMR method

The Preform Reduction Process (PRP) illustrated in Fig. 8 was
developed by Okabe et al. (2004) from the University of Tokyo.80

They used the concept of calciothermic reduction to produce
titanium from TiO2, like the OS process that uses CaCl2 or
CaO-CaCl2 melts as a flux to facilitate the reduction. However,
the PRP method is a metallothermic reduction process without the
electrolysis of CaO. The calcium vapor was applied to react with
preforms, which were made by sintering the mixture of TiO2

powder, flux (such as CaCl2 or CaO), and binder (such as collodion,
which is a mixture of 5 mass% nitrocellulose in ethanol and ether) at
800 °C. The sintered preforms and reductant Ca were placed in a
stainless-steel vessel at a constant temperature ranging from 800 °C
to 1000 °C for 6 h. After leaching the reduced preforms by acid,
titanium powder with a purity of 99 mass% was obtained. The
advantages of this process are the ability to control the purity and
produce homogeneous fine titanium powder. However, the PRP
method still has some drawbacks, such as the expensive cost of
reductant Ca.

Jia et al.81 obtained Ti powders by calcium vapor reduction of
TiO2 directly through the formation of an essential intermediate
CaTiO3 compound. It was stated that based on thermodynamic
calculation, the Gibbs energy change of the reaction to produce
CaTiO3 by CaO and TiO2 is always negative below 1000 ℃. The
Gibbs energy change of the calciothermic reduction reaction of
CaTiO3 is lower than that of TiO, which is the most predominant
step to convert TiO2 to Ti. The experiments suggested that the
CaTiO3 phase was derived from the reaction between TiO2 and the
reduction by-product CaO resulting from the calcium vapor reduc-
tion process of titanium oxide. However, CaTiO3 could be reduced
to Ti much easier than that of TiO2 by using calcium vapor. So, the
experimental conditions are equally beneficial for the formation of
intermediate CaTiO3 as wells as for preparing Ti via TiO2 reduction
by calcium vapor.

The electronically mediated reactions (EMR) was developed by
Park et al. at the University of Tokyo.82 The EMR process provides
an effective method to control the location and morphology of the
metal deposits. The process produces Ti powder directly from TiO2

by using calcium as a reductant. Feed material (TiO2 powder or
preform) and reductant (Ca–Ni alloy) were charged in electronically
isolated locations in a molten calcium chloride (CaCl2) salt at
1173 K, and the current flow through an external circuit between the
feed and reductant locations was monitored during the reduction of
TiO2. The voltage between the feed electrode and reductant alloy
was intermittently measured during the reduction experiment to
monitor the reduction process. After the reduction experiment, pure
titanium powder with low nickel content was obtained even though
liquid Ca–Ni alloy was used as a reductant. The EMR process
produces titanium of high purity (99.5 mass%). Okabe and Waseda83

have also elaborated on the EMR process. Figure 9 schematically
shows the comparison of conventional magnesiothermic and EMR
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methods for the reduction of TiCl4. Metallothermic reduction aims
to produce the desired metal by reducing the metal from compounds
using a metallic reductant. The process, often accompanied by heat
evolution, is widely used for producing metals such as titanium and
tantalum (Fig. 9a).84 Here, the reduction of TiCl4 by magnesium
occurs by direct physical contact between the reactants. On the
contrary, the conventional reaction in Fig. 9a can be divided into two
reactions (Fig. 9b) to occur at two different sites when an electrically
conducting medium exits to facilitate electron transfer and local
electro-neutrality conditions are satisfied.

Armstrong Process

The Armstrong Process® technology produces Ti powder by
injecting titanium tetrachloride (TiCl4) in vapor form into a flowing
stream of liquid sodium. The metal chlorides react with the sodium
to leave the pure metal, with sodium chloride being generated as a
by-product (Fig. 10a). In the Armstrong process, the powder is made
as a product of extractive processes that produce the primary metal

powder. Such an approach can produce commercially pure Ti
(CP-Ti) powder by TiCl4 and other metal halides using sodium
(Na).85 The produced powder particles possess unique properties and
low bulk density. Additional post-processing activities such as dry
and wet ball milling are applied to further improve the particle size
distribution and the tap density of the powder. Besides, the powder’s
morphology produced by the Armstrong process provides for
excellent compressibility and compactness. Figure 10b shows the
scanning electron microscopy (SEM) image of the CP-Ti powder
produced by the Armstrong process. The SEM image reveals that the
powder synthesized using the Armstrong process has an irregular
morphology made of granular agglomerates of smaller particles.

The Hydride-Dehydride (HDH) Process

Figure 11a depicts the hydride-dehydride (HDH) process, which can
produce Ti powder using Ti sponge, Ti mill products, or Ti scrap as the
raw material.86,87 The hydrogenation process is achieved utilizing a
batch furnace that usually operates in a vacuum and/or atmospheric

Figure 7. Change in Gibbs energy for calciothermic reduction of Ti oxides at 1000–1200 K.79
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hydrogen conditions. The hydrogenation conditions of titanium are the
pressure of one atmospheric and temperatures of utmost 800 °C.

HDH process produces titanium hydride and alloy hydrides that
are usually brittle, which can be milled and screened to make fine
powder particles. The powder is resized using various powder-
crushing and milling techniques such as a jaw crusher, ball milling,
or jet milling. Upon crushing and classifying, the titanium hydride
powders are put back in the batch furnace to dehydrogenate and
remove the interstitial hydrogen under a vacuum or argon atmo-
sphere to finally produce the metal powder. These powders are
irregular and angular in morphology and can also be magnetically
screened and acid-washed to remove any ferromagnetic contamina-
tion (Fig. 11b). The powder could be passivated upon completion of
the hydrogenating and dehydrogenating cycles to minimize
exothermic heat generated upon exposure to the air. Such an HDH

process is relatively inexpensive due to the lower cost of the
hydrogenation and dehydrogenation processes. Moreover, the purity
of the powder obtained can be very high if the raw material’s
impurities are reduced. The final powder’s oxygen content strongly
depends on the input material, the handling processes, and the
specific surface area of the powder. Therefore, the main demerits of
HDH powder include irregular powder morphology. The process is
not suitable for making virgin-alloyed powders or modifying alloy
compositions if the raw material is from scrap alloys.

Multi-arc Fluidized Bed Reactor (MAFBR) Process

SRI International has developed a new way of producing titanium
powder in fewer steps and is less energy-intensive than conventional
methods (Fig. 12).

Figure 8. Flowchart of titanium powder production using preform reduction process (PRP).80

Figure 9. Schematic illustration of the reduction of TiCl4 via (a) conventional magnesio-thermic process and (b) EMR process.82
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SRI’s process utilizes plasma arcs to facilitate reactions between
hydrogen and titanium chloride (TiCl4), a chemical produced from
titanium ore. Like lightning bolts, arcs crack the hydrogen, produ-
cing atomic hydrogen that can readily react and produces titanium
vapor that rapidly solidifies and forms a titanium powder.88 The
synthesized powder could be pressed into the required shape and
size, thereby reducing the amount of machining required. The SRI
has so far demonstrated a small-scale version of the process for
producing pure titanium. It’s currently working on a two-stage
approach to improve yields and lower costs before scaling it up. The
advantages of such process include the production of granules that
are ready to be used in powder metallurgy (particle sizes from 10 s
of microns to mm), use of atomic hydrogen as reducing agent, direct
production of alloys, and the process could apply to other metals,
ceramics as well. However, the only limitation of this process is that
the TiCl4 undergoes disproportionation reactions by which it forms
TiCl2 solid particles, which are at times hard to reduce.

The CSIRO has developed a similar methodology using the TIRO™
process for continuous, direct titanium powder production.89 The TIRO
process comprises two stages, as shown in Fig. 13a. The first stage is a
well-known fluidized bed reactor (FBR) in which TiCl4 is reacted with
Mg powder to form solid magnesium chloride particles (∼350 μm in
diameter) dispersed with micron-sized titanium particles (∼1–2 μm in
diameter). A continuous vacuum distillation operation is the second
stage, where the Ti is separated from the MgCl2 and then sintered to
form a friable “biscuit.” The biscuit comprises porous titanium spheres
about 250 μm in diameter, which can be separated by very light
grinding. The overall process yields a throughput of 0.2 kg h−1 Ti,
meets the CP2 purity specifications with ⩽0.25 wt% O and < 200 ppm
Cl. Ring milling of vacuum distilled products can further reduce

titanium’s particle size (Fig. 13b); however, it can result in the
introduction of oxygen if done in the air.

Aluminothermic Reduction Process

A novel approach of two-stage aluminothermic reduction is
introduced in a laboratory-scale method to prepare the Ti-6Al-4V
powder using Na2TiF6 and Al-V alloy as raw materials is reported.90

The preparation mechanism suggests that the aluminothermic
reduction of Na2TiF6 is a stepwise reduction process wherein
vanadium does not take part in the reduction reaction. Some Ti
sub-fluorides and Al sub-fluorides are also generated during the
reduction process. Spherical or near-spherical Ti-6Al-4V alloy with
uniform distribution of aluminum and vanadium can be obtained
after the reduction process and ball milling process. The two-stage
aluminothermic reduction reaction occurs with a mass ratio of 1:1
between titanium-containing cryolite and aluminum to produce the
powder at a reduction temperature of 1050 °C and a holding time of
30 min. The pure cryolite and Al–Ti alloy powder is obtained at the
second aluminothermic reduction stage. The Ti in Ti-containing
cryolite is mainly in the form of Na3TiF3 with 3% content. Spherical
or near-spherical Ti-6Al-4V alloy with uniform distribution of
aluminum and vanadium are obtained upon ball milling. The first-
stage main reaction proceeds as follows:

3Na TiF nNaF 4Al 3Ti 6 n NaF 4AlF 212 6 3( ) [ ]+ + = + + +

The essence of aluminothermic reduction of Na2TiF6 is the
reaction of Al with TiF4 to form AlF3, and the reaction is a stepwise
reduction process. The general reactions of Ti synthesis are:

Figure 10. (a) Schematic illustration of the Armstrong process, (b) SEM micrograph of CP-Ti produced by Armstrong process.85

Figure 11. (a) Hydride-dehydride (HDH) process for the production of titanium powder.86
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3Na TiF 6NaF Al 3Na TiF Na AlF 222 6 3 6 3 6 [ ]+ + = +

Na TiF Al Ti Na AlF 233 6 3 6 [ ]+ = +

Low-cost production of titanium alloy powder can also be
accomplished by a combination of one or more processes.78,91,92,79

For instance, low-cost Ti-6Al-4V powder can be obtained via (i) one
step melting of sponge/alloying and gas blowing alloy powder,

(ii) metallothermic reduction of mixed chloride precursors to
produce alloy powder, and (iii) electrolytic reduction in a fused
salt of mixed alloying (TiCl4-AlCl3-VCl4) chlorides. The demand to
produce such low-cost titanium alloys is growing over the past few
years for biomedical applications.5

TiPro Process of Producing Low-Cost Ti-Alloy

To reduce the cost of producing titanium alloys, the TiPro
process was developed at the University of Waikato by using a

Figure 12. Schematic of multi-arc fluidized bed reactor (MAFBR) process to produce titanium powder by solidification of plasma arc-produced titanium
vapor.88

Figure 13. (a) Schematic of TIRO™ process for continuous, direct production of Ti powder and (b) SEM micrographs of TiRO™ powder ring milled for
0.5 min.89
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combination of a combustion synthesis (CS) reaction between low-
cost inputs (TiO2 and Al) and extrusion of the CS product to separate
the liquid Ti-Al alloy in a single step.

The use of CS reactions has favorable cost reduction advantages
compared to conventional processing because of lower power input,
simplicity, short reaction time, and self-cleaning of the combustion
product resulting from the volatilization of impurities at the high
reaction temperatures. To produce Ti alloy powders, Al/TiO2

powder mixtures were mechanically activated. The resultant com-
posite powder was subsequently preheated to ignite a combustion
synthesis reaction and separate the liquid Ti-Al alloy by
extrusion.93,94 Figure 14 shows the flow diagram of the TiPro
process. The reaction of TiPro process is given as Eq. 24:

3TiO 7Al 3TiAl 2Al O 472.37 kJ 242 2 3( ) [ ]+ = + =-

Low-Temperature Reduction Using MgH2

Low-cost titanium powder can be obtained by producing titanium
hydride (TiH2) powder followed by its transformation to Ti powder
through the dehydrogenation process. This method is advantageous
as it is possible to provide low oxygen content Ti for powder
metallurgy. The typical process involves the reduction of titanium
tetrachloride (TiCl4) to TiH2 with magnesium hydride (MgH2) under
a hydrogen atmosphere.95 The energy consumption of the process is
minimized by setting up the temperature range between 400 °C and
500 °C. The TiCl4 reduction process is carried out by two different

methods, as shown in Fig. 15. In the first method, MgH2 is placed in
the crucible in the furnace. Then a stoichiometric amount (from
Eq. 25) of TiCl4 is injected into the MgH2 crucible after 1 h H2

purging (Fig. 15a).

TiCl 2 MgH TiH 2 MgCl H 25g g4 2 2 2 2 [ ]( ) ( )+ = + +

G 495.920 0.065 T kJ mol 1( )D  = - + -

TiH 5 TiCl 6 TiCl 2 HCl 26g g g2 4 3 [ ]( ) ( ) ( )+ = +

G 382.330 0.487 T kJ mol 1( )D  = - + -

The samples were reduced at 400 °C at different times. The H2

gas flow rate in this method was set to 100 c.c./min only to ensure
STP conditions inside the furnace and prevent the reverse flow of
hydrochloride acid (HCl) into the furnace. In the second method
(Fig. 15b), H2 gas is used as a carrier of TiCl4 gas into the furnace. A
higher flow rate of H2 gas is required to ensure enough TiCl4 inside
the furnace. The dry H2 gas is purged into the TiCl4 vessel, heated
up to 140 °C to transform into a gaseous state. A mixture of TiCl4
and H2 gases are transported into the furnace to react with the MgH2

powder at a specified temperature (400, 450, and 500 °C) and a
reaction time of 6 h. The MgH2 powder is ball-milled for 60 min
with 10 wt.% TiH2 at 400 RPM, and the volume ratio of ball to
powder equaled 40. To prevent the excess emission of the TiCl4 gas

Figure 14. Flowchart of the TiPro process.93,94

Figure 15. Schematic process: (a) TiCl4 injection method, (b) TiCl4 continuous flow method.95
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into the atmosphere, a residual exit gas was passed through the HCl
bottle to dissolve the extra gas and further neutralized by NaOH
solution before it is vented in the atmosphere.

Hydrogen-Assisted Magnesium Reduction (HAMR) Process

A low-cost method based on alkaline roasting at relatively low
temperatures followed by a hydrolysis process is used to produce
highly purified TiO2. Such a two-step method is known as the
hydrogen-assisted magnesium reduction (HAMR) process, whose
main processing steps are illustrated in Fig. 16.96,97 HAMR process
employs a deoxygenation step to ensure sufficiently low oxygen
content (< 0.15 wt.) in the final product powder. For this purpose,
the HAMR process is designed to include the following three key
elements such as the use of hydrogen atmosphere, the use of molten
salt, and the adaptation of a two-step process consisting of the main
reduction step and a deoxygenation step. Hydrogen helps to
destabilize the Ti–O system, increasing the thermodynamic driving
force for Mg to react with Ti–O.98 Additionally, hydrogen is also
beneficial to form titanium hydride (TiH2) instead of Ti metal
during the reduction process. TiH2 is less prone to oxidation in the
air compared to α-Ti, which makes it easier to handle the material
after reduction and control the oxygen content in the final
product. HAMR process has relatively less energy consumption of
58.76 kWh kg−1 than the Kroll process.17 However, it is still
considered to be high.

Low-Temperature Molten Salts Electrolysis-Ionic Liquids

Apart from the above high-temperature molten electrolysis
process, the electrodeposition of titanium and Al-Ti alloy was
reported in chloroaluminate ionic liquids because of their unique
chemical-physical properties such as low melting points, high
thermal stabilities, negligible vapor pressure, wide electrochemical
windows, and high conductivities.

A unique and versatile feature of room temperature chloroalu-
minate (RTC) ionic liquids is their adjustable chloro-acidity, which
can be controlled by the AlCl3 mole fraction (XAl) or the molar ratio
of organic chloride salt to AlCl3. Karpinski et al.

99 reported that
different chloroaluminate anions such as AlCl ,4

- Al Cl2 7
- and Al Cl3 10

-

were formed by changing the mole fraction of AlCl3 in such ionic
liquids (BmimCl/EmimCl). In addition, this thermodynamic distri-
bution of Al species in such ionic liquids has been proved
experimentally determined by Raman spectroscopy studies.100,101

RTC ionic liquids can be classified as acidic, neutral, and basic,
depending on the AlCl3 content. If AlCl3 content is less (ΧAl < 0.5),
the electrolyte contains AlCl4

– and Cl– moieties and possess Lewis
basic characteristics due to excess unbound chloride ions, whereas,
with higher AlCl3 (ΧAl > 0.5), the electrolytes are based on the
presence of AlCl4

– and Al2Cl7
– species and have Lewis acidic

properties mainly due to coordinately unsaturated Al2Cl7
− species.

Acidic RTCs are of interest as electrolytes for the electroplating of
aluminum (Al) and its alloys because only the acidic compositions
are active for Al plating and stripping at the anode, according to the

reversible redox reaction [4(Al2Cl7)
− + 3e− ↔ 7(AlCl4)

− +
Al].102,103

Linga et al.104 investigated the electrochemistry of Ti4+ in
AlCl3-BupyCl (butyl pyridinium chloride) melts of basic composi-
tion. It was found that Ti4+ species is reduced to Ti3+ at −0.343 V
vs an aluminum electrode, and the final reduction product in AlCl3-
BupyCl melt was Ti3+ species (TiCl6

3-). Carlin et al.105 reported the
electrochemistry of TiCl4 in AlCl3-EmimCl (1-ethyl-3-methylimi-
dazolium chloride) of acidic composition (molar ratio 1.5:1.0). In
this strong Lewis acidic melt, Ti4+ species are reduced to Ti3+

species (β-TiCl3) and Ti2+ via two one-electron steps. Takenaka et
al.106 studied the electroplating of Al-Ti alloy on Ni substrate from
TiCln (n = 2, 3, 4)-AlCl3-BPC (n-butyl pyridinium chloride) melt at
27–177 oC. Smooth and dense deposits of Al and Ti (up to 27 at.%)
were formed on the substrate. However, Al-Ti intermetallic com-
pounds were not detected; even the electrodeposit consisted of more
than 10 at.% Ti. Ali et al.107 studied the electrochemistry of TiCl4 in
AlCl3-BPC (n-butyl pyridinium chloride) melt, and it was found that
the reduction of TiCl4 proceeds in three consecutive steps [Ti4+ →
Ti3+ → Ti2+ → Ti0]. In addition, they carried out electrodeposition
of Al-Ti alloys on Pt cathode from TiCl4-AlCl3-BPC (n-butyl
pyridinium chloride) melt (6.14:3.07:0.09 molar ratio) at 25 °C.
They reported that it is challenging to electrodeposit pure Ti from
this melt, but Al-Ti alloys containing up to 27 at.% Ti was obtained
at the potential of −0.06 V (vs Al/Al3+). The Al-Ti deposits layer
was smooth and bright metallic appearance with a thickness of about
7 μm. The cathodic current efficiency of the electrodeposition was
about 97%.

Tsuda et al.108 conducted the electrodeposition of Al-Ti alloys on
Cu rotating disk and wire electrode from acidic AlCl3-EmimCl
containing TiCl2 at 80 °C. Al-Ti alloys containing up to 19 at.% Ti
was electrodeposited at low current densities, and the increase of
current density (2.5 to 20 mA cm−2) resulted in the decrease of
titanium content (19.1 to 12.4 atom %) in Al-Ti alloys. Besides, they
reported that a small amount of purple precipitate identical to solid
TiCl3 was present in the melt (1.5:1.0 molar ratio) after the
dissolution of TiCl2. Still, the precipitate was not evident in the
2.0:1.0 molar ratio melt. The insoluble passivating TiCl3 film acts as
a block and prevents the oxidation of Ti2+ to Ti4+. However, at high
current density or positive potential, the passive layer breaks down,
and Ti0 could be oxidized directly to Ti4+.

Mukhopadhyay et al.109 reported the electrodeposition of Ti on
an Au(111) substrate from 1-methyl-3-butyl-imidazolium bis (tri-
fluoromethyl sulfone) imide ([BMIM] BTA) containing 0.24 M
TiCl4 at room temperature. According to results from cyclic
voltammetry, Ti4+ was first reduced to Ti2+ at the potential of
−0.39 V (vs Pt reference electrode). Then Ti2+ was reduced to
metallic Ti at −1.45 V. At an applied potential of −1.1 V, and the
Au substrate was covered with a thin layer of β-TiCl3. However, a
dense layer of three dimensional (3D) clusters of Ti with a thickness
of 1–2 nm was obtained at the potential of −1.8 V.

Pradhan et al.15 carried out the electrodeposition of Al-Ti
alloys from AlCl3-BmimCl-TiCl4 (2:1:0.019 molar ratio) using a

Figure 16. Schematic illustration of main processing steps of the HAMR process.96,97
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2-electrode system at different voltages (1.5–3.0 V) and temperatures
(70 °C–125 °C). Ti foils were used as cathode and anode, and Ti wire
was used as a reference electrode. The possible reactions were given by
Eqs. 27–30. The Al-Ti alloys containing 14.95–26.57 at.% Ti were
produced with current efficiencies of 25.07%–38.36% and energy
consumptions of 16.63–31.98 kW·h kg−1. As shown in Fig. 17, a more
uniform and compact deposition with a particle size of 2–5 μm was
found at lower applied cell voltage (1.5 V). To minimize the insoluble
TiCl3 passive layer formation, Pradhan et al.110 produced Al-Ti alloys
from AlCl3-BmimCl (2:1 molar ratio) at similar experimental condi-
tions. It was reported that better current efficiencies (78.57%–87.30%)
and low energy consumptions (3.92–9.47 kW·h kg−1) were achieved
with AlCl3-BmimCl.

27
Ti Al Cl e Ti Cathode Al ClCathode reactions: 2 42 7 4

2
2 7

[ ]
[ ( ) ] ( )+  +- - - -

Al Cl e Al Cathode AlCl4 3 7 282 7 4( ) [ ]+  +- - -

29
Ti anode Al Cl e Ti Al ClAnode reactions: 4 22 7 2 7 4

2

[ ]
( ) [ ( ) ]+ - - - - -

AlCl AlCl e Al Cl Cl7 3 4 1.5 303 4 2 7 2 [ ]+ -  +- - -

Xu et al.111 obtained Al-Ti alloy on mild steel substrate in
AlCl3-BmimCl (2:1 molar ratio) ionic liquids containing TiCl4. The
titanium content of the Al-Ti alloys, which were controlled by the
applied current densities and TiCl4 addition, ranged from 5.3 at.% to
11.4 at.%. Besides, they investigated the electrochemical behaviors
of titanium in AlCl3-BmimCl ionic liquids. The reduction of Ti4+

was a three-step process (Ti4+ →Ti3+ →Ti2+ →Ti0).112 However,
the electrodeposition of titanium is complicated by the precipitation
of TiCl3 and the oxidation of titanium to titanium ions at higher
valence states such as Ti4+, Ti3+, and Ti2+ ions. Thus, it is
challenging to deposit pure titanium in AlCl3-BmimCl ionic liquids.

Pradhan and Reddy113 demonstrated electrodeposition of Al-Ti
alloys on the copper substrate at a constant potential (from 1.5 to
3 V) from AlCl3-BmimCl-TiCl4 (molar ratio of 2:1:0.019) ionic melt
at low temperature (100 °C). Ti ions came from two sources, one
from the addition of TiCl4 and another from the dissolution of Ti
ions from Ti anode. The titanium content was maximum at 1.5 V. It
decreased from 25.47 at.% to 10.57 at.% as applied potential
increased to 3 V. Al-Ti deposition resulted in granular morphology
with finer particles at 1.5 V and consisted of Al and disordered Al3Ti
phases.

Bogala et al.114 conducted the constant-current electrodeposition
of Al-Ti alloys from AlCl3-BmimCl (2:1 molar ratio) at 100 °C and
high cathode current densities (135–891 A m−2). Figure 18 shows
the image of Ti electrodes before and after the electrodeposition
experiment at 100 °C at 891 A m−2 for 4 h. It was evident that the
immersed portion of Ti anode was dissolved entirely in the melt
according to reaction (29). The electrodeposits containing 14.56 to
20.75 at.% Ti were obtained with current efficiencies of 60.96%–

81.35% and energy consumptions of 6.71–12.08 kW·h kg−1.
Pradhan and Reddy115 have performed electrodeposition of

titanium using BmimCl ionic liquid at higher cathode current
densities at 100 °C to improve the deposition rates. A mixed scrap
anode was dissolved in the electrolyte served as the source of
titanium. Figure 19 shows the variation of cathode voltage with time
at different applied current densities. The potential steps in each of
the curves signify the plot at a different level of reactions. At lower
potential (<1.0 V), TiCl4, which is formed during the anodic
dissolution of titanium, gets reduced to TiCl3 and Ti, signifying a
violet-colored passivating layer of TiCl3 on the cathode. As the

Figure 17. SEM micrographs of Ti-Al alloy electrodeposits from AlCl3-BmimCl-TiCl4 using different voltages (a) 1.5 V, (b) 2.0 V, (c) 2.5 V, and (d) 3.0 V at
100 °C.15
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potential exceeds 2.5 V, TiCl3 passivating layers break down, and Ti
is deposited on the cathode. This is a major advantage of the process.
At higher cathode current densities or cathode potentials, TiCl3
passivating layers break down, and high purity Ti can be deposited
on the cathode. At lower current densities, larger particles were
deposited on the cathode (40–50 um using 125 A m−2). But as the
current density increases, the particle size decreases (5–10 um using
170 A m−2). This produces a larger number of nucleation sites
resulting in smaller size particles. These results show that a constant
current density method to produce Ti has a significant improvement
in the deposition rates. The best process conditions to produce Ti are
at cathode current density of >170 A m−2, which can give higher
deposition rates with higher current efficiency (>80%). Such
optimum conditions can produce pure Ti deposits with a finer
particle size of Ti (5–10 um).

Recently, the electrosynthesis of smooth Ti-Al alloy on copper
substrates has been demonstrated by our group using AlCl3–BmimCl
ionic liquid at relatively low temperatures. A potentiostatic electro-
deposition is employed using a 3-electrode configuration.116 The

cyclic voltammetry studies are performed on platinum to understand
Ti and Al ions’ deposition conditions with titanium wire as
sacrificial donor source of Ti ions during the electrodeposition from
AlCl3–BmimCl ionic liquid with a molar ratio of 2:1 at 100 °C. Ti-
Al alloys produced at a relatively lower applied voltage (−1.0,
−1.3 V) are dark, uniform, dendrite-free, and compact in nature
(Fig. 20a). The amount of Ti in the Ti-Al is 3% for 1 h deposition at
−1.3 V vs Ti, which could be improved further by controlling Ti
species’ concentration in the ionic liquid electrolyte (Fig. 20b).

Several different titanium-alloys Ti-W,117,118 Ti-Fe,119,120

Ti-Ni,121 Ti-Ni-Hf,122 Ti-Ni-Nb,123 Ti-Mo,124 Ti-Si,125 Ti-Al,126

and Ti-Nb-Ta-Zr127 have been produced by either the FFC process
or the OS processes.

The efforts are also being made to obtain Ti by electrorefining
process at high temperature (750 °C) from potassium-free BaTiF6 as
a solvent in fluoride molten salt. A novel approach of Ti ingot
preparation is described, where electrorefining of Ti from Cu-Ti
alloy is one of the technological steps. The Ti electrorefining process
was investigated by chronopotentiometry method using the CuTi rod
as an anode (counter electrode). The electrolysis of Ti was
performed at various conditions (current density, temperature) to
study the morphology of deposited Ti. Titanium’s crystal size was
up to 200 μm in most cases, which allowed successful separation of
the deposit from the salt and then to obtain theTi ingot by arc
melting process.128

Thermal Plasma and Plasma Arc Melter Method

TiB2 was prepared using the thermal plasma processing
technique.129 In this technique, the production of TiB2 by thermal
plasma was performed using TiO2 and B2O3 as solid feed in the
presence of CH4 as reducing gas. The molar ratio of the reducing gas
in the TiO2-B2O3-CH4 system was varied. The maximum yield of TiB2

(40 mol%) was obtained with a feed molar ratio of TiO2:B2O3:CH4 =
1:1:5. Alternatively, Ramachandran and Reddy130 have reported a
facile self-propagating high-temperature synthesis (SHS) method to
synthesize titanium diboride (TiB2) and Ti-Al-B composites. Such a
one-stem process involves the single phase-pure formation of TiB2

using pellets of titanium and boron powders in a plasma arc Melter.
TiB2 formed is porous with particle sizes in the range of 10–20 μm.
High temperatures resulting from exothermic reaction lead to con-
solidation of TiB2 particles and grain growth. A similar one-step
synthesis procedure can be used to obtain TiAl-TiB2 composites.

Figure 18. Images of Ti electrodes before and after the galvanostatic electrodeposition of Ti-Al alloy from AlCl3-BmimCl (2:1 molar ratio) at 100 °C at
891 A m−2.114

Figure 19. Variation of cathodic voltage with time for different cathode
current densities (125, 140, and 175 A m−2) at 100 ± 3 °C.115
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Table V. Summary of emerging Ti production technologies.

Processes Features Advantages Disadvantages References

The Hunter and
Kroll process

The reduction of TiCl4 by Liquid Na or
Mg

Product with less oxygen content and
metallic impurities

Low productivity; The high cost of
reductant; High energy consumption

Turner et al.
(2001)19

Electrolysis in
LiF-NaF-KF

The electrolytic reduction of K2TiF6 at
750 °C in LiF-NaF-KF

High current efficiency (80%–85%);
Continuous operation

Formation of insoluble Ti3+ layer; redox
cycling; Dendritic titanium coatings

Robin et al.
(2005)30

Electrolysis in
cryolite-base
melt

The electrolysis of TiO2 at 960 °C in
Na3AlF6-base melts, Liquid Al as a
cathode.

Continuous operation Use of high temperature; Difficult to
produce pure titanium

Yan et al.
(2016)42

USTB process Electrolysis at 800 °C and −0.45 V vs Ag/
AgCl in NaCl-KCl melt; TiCxO1-x solid
solutions used as the anode

Product with low oxygen content
(0.3 mass %); Semi-continuous
operation

Dendritic titanium deposition; Difficult to
fabricate the composite anode; Low
current efficiency (15%–50%)

Zhu et al.
(2006)58

FFC process Electrolysis at 900 °C and 2.8–3.2 V in
CaCl2 melts; Preformed TiO2 pellet as
the cathode

Product with low oxygen content
(0.3 mass% oxygen); Semi-
continuous operation

Low current efficiency (20%–40%); slow
oxygen diffusion; difficult separation of
metal/salt

Wang et al.
(2006)64

OS process Calciothermic reduction of TiO2 Powder
at 900 °C in CaCl2-CaO melts;
Electrolytic reduction of CaO to Ca at
2.6–2.9 V

Product with low oxygen content
(0.2 mass% oxygen); TiO2 Powder
as feed; semi-continuous operation

Low current efficiency (8.8%–25.5%);
sensitive to carbon and iron contamination;
difficult separation of metal/salt

Suzuki et al.
(2003)73

PRP process Reduction of feed preform (a mixture of
TiO2 + CaCl2 or CaO) by Ca vapor at
800 °C–1000 °C

High purity (99 mass%) and
homogeneous fine titanium powder

The high cost of reductant (Ca) Okabe et al.
(2004)80

EMR process TiO2 is reduced by electrons discharged
from the reductant (Ca-Ni alloy) at 900
°C in CaCl2 molten salt

Product with High purity (99.5 mass
%); Resistant to carbon and
contamination; Continuous opera-
tion

Complicated process and cell structure;
difficult separation of metal and salt

Park et al.
(2005)82

Electrolysis in
ionic liquids

Electrolytic reduction of TiCl4 in ionic
liquid (AlCl3-BmimCl) at 70°C–125°C;
Products were Al-Ti alloys

Low temperature; high current
efficiency (78.57%–87.30%); Low
energy consumption

Difficult to produce pure titanium;
Expensive ionic liquid

Pradhan et al.
(2009)15

Electrorefining
from molten
salt

Electrorefining of Titanium from CuTi
anode in K-Free Molten Salt; High
temperature (750 °C);

Novel K-free BaTiF6 as a solvent;
CuTi rod as an anode, 200 μm size
Ti crystal size, Easy to separate

High temperature, High energy consumption Ri et al.
(2019)128

Armstrong pro-
cess

Reduction of TiCl4 and other metal halides
using Na to obtain pure Ti; The powder
particles produced posses’ unique
properties and low bulk density.

Produce commercially pure Ti (CP-Ti)
powder, powder’s morphology
provides excellent compressibility
and compactness.

Irregular morphology due to granular
agglomerates of smaller particles.

Ovchinnikov
et al.
(2018)85

HDH process HDH process produces Ti powder using Ti
sponge, titanium, mill products, or tita-
nium scrap as the raw material.

Hydrogenation conditions of Ti: 1 atm
pressure and 800 °C temperature.
Very high purity of Ti powder.
Relatively inexpensive process.

High temperature; Irregular and angular
powder morphology; Not suitable for
making virgin alloyed powders or alloy
composition modifications from raw
scrap material

Fang et al.
(2018)86

MAFBR
Plasma-arc
process

MAFBR process produces Ti powder
using Ti ores (TiCl4) as the raw material
in less steps and less energy-intense
way

10 s of μm size Ti particles, Easy to
shape the powder, uses atomic
hydrogen as reducing agent, direct
production of alloys possible.

Involves disproponation reaction of arc
plasma with TiCl4 forming solid TiCl2
that is hard to reduce.

Sanjurjo et al.
(2013)88

Aluminothermic
reduction pro-
cess

Two-stage aluminothermic reduction of
Ti-containing cryolite and aluminium

Spherical or near-spherical Ti-6Al-4V
alloy with uniform distribution of
Al and V.

High temperature (1050 °C) requirement Wang et al.
(2020)90

High temperature (1050 °C) requirement

Journal
of

T
he

E
lectrochem

ical
Society,

2021
168

042502



Table V. (Continued).

Processes Features Advantages Disadvantages References

Low-temperature
reduction
using MgH2

TiCl4 reduction to TiH2 using MgH2 under
H2 and then to Ti powder by dehydro-
genation at 400 °C–500 °C.

Low-cost Ti powder, Low oxygen
content Ti, Low energy consump-
tion.

Ardani et al.
(2020)95

HAMR process Two-step process: Mg reduction in H2

followed by a deoxygenation step in H2

at ∼800 °C.

Low oxygen content in Ti (<0.15wt.
%); Can produce Ti in the form of
TiH2

High temperature (700 °C–800 °C), High
energy consumption

Fang et al.
(2016)96
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Emerging Ti Production Technologies

Table V summarizes the various titanium production technolo-
gies, including the widely utilized Kroll process. A brief description
of the process, the main features of the technology, advantages, and
disadvantages are tabulated. The advantages include product output
with less oxygen content and impurities, continuous operation,
homogeneity, low-cost, energy-efficient, high current efficiency,
and ease of processes. The disadvantages include low productivity,
high cost, high energy consumption, complicated and multi-step
processing, toxicity, impurities, high-temperature requirement.

As shown in Fig. 21, the current efficiency (87.3%) and energy
consumption (9.47 kWh kg−1 Ti)110 for titanium reduction using
AlCl3-BmimCl ionic liquids are much better than those involved in
the Kroll process17 and other typical innovative electrolytic extrac-
tion techniques. FFC process consumes relatively less energy.
However, it has poor current efficiency. OS process also has low
current efficiency. Although the USTB process has shown promising
current efficiency of >90%,16 its energy consumption is 40% of the
Kroll process, which is still a higher value.131 Despite the emergence
of numerous other electrolytic methods, none of them reached
industrialization. So far, USTB and ionic liquid electrolysis look
promising in terms of current efficiency. The major hurdles have
been the low current efficiency due to the formation of multi-valent
titanium ions, obstacles of separating the titanium deposit and the
electrolytic solutions, low productivity due to a slower reaction rate
compared to the one in metallothermic reduction, and low space
utilization efficiency in the electrolytic cell.10

To make titanium a general-purpose metal, the Ti reduction
process has to be high speed, energy-efficient, low-cost with low
environmental impact. Considering the higher current efficiency and
little energy consumption, Ti-production by electrolysis from ionic
liquids offer a low-cost and high efficiency that has the potential for
industrial scale-up. Additionally, there would be a rise in the supply
of low-grade titanium in case the demand for titanium metal
increases dramatically in the future. Hence, there is scope for the
development of efficient and contaminant-free (for example, oxygen
and iron) processes for the efficient utilization of titanium. Thus, the
advances in these technologies is crucial for the break-through
innovations in the titanium industry.

Conclusions

A widespread and cost-affordable commercial production and
use of titanium is hampered by the disadvantages of improved Kroll
process including high cost and high energy consumption. Over the
years, many innovative electrolytic extraction techniques have been
developed and aimed to replace the Kroll process. Among the new
methods, electrochemical reduction of K2TiF6 from LiF-NaF-KF
melts is advantageous in terms of high current efficiency (80%–

85%) and continuous operation. However, disadvantages such as
redox cycling and dendritic titanium coatings limits its usage. It is
impossible to produce pure titanium from electrolysis of TiO2 from
Na3AlF6-base melts at high temperature (∼1000 °C), which aims to
achieve similar success of the Hall–Héroult process. The USTB
process can produce titanium with low oxygen content (0.3 mass %),
but it suffers from a dendritic titanium deposition. The requirement
for the fabrication of the composite TiCxO1-x anode is also a
drawback. The EMR process has the advantages of the product
with high purity (99.5 mass %) and the potential for continuous
operation. However, the cell structure is complicated, and further
study is required to identify the mechanism and optimum EMR
process parameters. Besides, the PRP process is also not suitable for
commercial applications because of the expensive reductant (Ca). A
two-step HAMR process is advantages in terms of producing Ti with
low-oxygen content (< 0.15 wt.%). Moreover, it obtains titanium in
the form of TiH2, which is less prone to being oxidized. However,
this process is not energy-efficient. Both the FFC and OS processes
have the potential to produce titanium powder semi-continuously
with low oxygen content (0.3 mass% oxygen). However, long-term
studies are required to improve the current efficiency of both the
FFC and OS processes. Apart from the FFC and OS processes, it
should be noted that the electrolytic reduction of TiCl4 from ionic
liquids such as AlCl3-BmimCl is an alternatively promising method
to produce cost-effective titanium. The temperature (75 °C–125 °C)
required is much lower than other existing titanium extraction

Figure 20. (a) SEM image (2000X) of Ti-Al alloy deposited on Cu substrate at −1.3 V vs Ti for 1 h and (b) corresponding EDS spectrum (inset showing a photo
of the electrode).116

Figure 21. Energy consumption and the current efficiency of typical
emerging electrolytic processes for titanium production.16,17,61,62,110,131
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techniques. Innovation and cost-reduction methods are continuously
developed to produce the low-cost titanium. The new advances in
production technologies would allow the titanium industries to enter
a new era of expansion.
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