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Abstract: Titanium exhibits outstanding properties, particularly, high specific strength and resistance to both high and low temperatures,
earning it a reputation as the metal of the future. However, because of the highly reactive nature of titanium, metallic titanium production
involves extensive procedures and high costs. Considering its advantages and limitations, the European Union has classified titanium met-
al as a critical raw material (CRM) of low category. The Kroll process is predominantly used to produce titanium; however, molten salt
electrolysis (MSE) is currently being explored for producing metallic titanium at a low cost. Since 2000, electrolytic titanium production
has undergone a wave of technological advancements. However, because of the intermediate and disproportionation reactions in the elec-
trolytic titanium production process, the process efficiency and titanium purity according to industrial standards could not be achieved.
Consequently, metallic titanium production has gradually diversified into employing technologies such as thermal reduction, MSE, and ti-
tanium alloy preparation. This study provides a comprehensive review of research advances in titanium metal preparation technologies
over the past two decades, highlighting the challenges faced by the existing methods and proposing potential solutions. It offers useful in-
sights into the development of low-cost titanium preparation technologies.

Keywords: titanium preparation; titanium alloy; thermal reduction; molten salt electrolysis

1. Introduction

Titanium is regarded as a fourth-generation metal after
copper, iron, and aluminum and has remained at the fore-
front of materials science since its discovery by William
Gregor in 1791 and subsequent naming by Martin Heinrich
Klaproth after the Titans of Greek mythology [1]. Over the
centuries, titanium has evolved from being a mere curiosity
to a key material used in various high-end applications.

Titanium and its alloys exhibit a wide range of outstand-
ing properties and have demonstrated their diverse applicab-
ility and irreplaceability in various engineering fields, includ-
ing chemical processing, acrospace, biomedical engineering,
and extraterrestrial construction. The Ti—-6Al-4V alloy signi-
ficantly exceed aerospace material specifications, demon-
strating 14%—22% higher yield strength, 12%—-19% greater
tensile strength, and 40%—85% higher elongation compared
with standard aerospace material specifications [2]. Owing to
its outstanding performance, the Ti-6A1-4V alloys is used in
aircraft structural components and jet engine parts. B-type ti-
tanium alloys hold transformative potential in biomedical en-
gineering, combining nontoxicity with a low Young’s modu-
lus, closely resembling that of natural bone thereby reducing
stress-shielding effects in orthopedic implants [3]. Moreover,
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the shape memory alloy, Ni—Ti, is widely used in precision
surgical instruments to ensure stability and accuracy in com-
plex surgeries. The unique adaptability of titanium and its al-
loys to extreme environments is also remarkable. The shape
memory alloy, Ti—Al-Cr, is superelastic over the wide tem-
perature range from —269 to +127°C; therefore, it can with-
stand the extreme temperature variations on the lunar surface
while being a promising material for lunar rover tires [4]. As
the average annual corrosion rate of Ti—5Ta alloys in boiling
nitric acid is 0.1-0.2 mm/a, which is 10%-20% of the aver-
age corrosion rate of pure titanium, they find applications in
nuclear fuel reprocessing where nitric acid is used [5]. Titani-
um and titanium alloys will be integral to the next-generation
energy systems and deep-space exploration structures; thus,
titanium is known as the metal of the future. To confirm the
aforementioned potential of titanium, a thorough investiga-
tion of its sources and production processes has become im-
perative.

Titanium accounts for 0.6wt% of Earth’s continental crust
and is the ninth most abundant element [6]. Approximately
140 titanium-bearing minerals have been discovered. Among
these, rutile (Ti0,) and ilmenite (FeTiO;) are industrially util-
ized, as shown in Fig. 1 [7]. Rutile is the purest natural
source of titanium dioxide, containing approximately

Email: glkust2013@hotmail.com;

) Springer


mailto:20040051@kust.edu.cn
mailto:glkust2013@hotmail.com
mailto:hongbo.zeng@ualberta.ca
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y
https://doi.org/10.1007/s12613-025-3210-y

16

93wt%—-95wt% TiO, [8]. Primarily found in ancient meta-
morphic rocks and granites, rutile becomes concentrated in
coastal sands through weathering and erosion, resulting in al-
luvial or placer deposits [9]. Natural rutile typically has a
complete tetragonal columnar or acicular crystal form, and its
aggregates are granular, dense, and massive. While rutile is
commonly found in dark red, maroon, yellow, and orange
colors, the iron-rich rutile is typically black. Rutile is readily
extractable and can be directly used as a high-grade raw ma-
terial in titanium metal preparation. However, Earth’s rutile
reserves are limited. In 2023, global rutile reserves were ap-
proximately 55 million tons. On the contrary, global ilmenite
reserves amount to 690 million tons. [lmenite is a principal ti-
tanium ore and a globally traded, common, titanium-bearing
heavy mineral. M(TiO,) of ilmenite ore can vary from
40wt%—60wt% [9]. Ilmenite is mainly found in loose
massive deposits; therefore, ilmenite mining is easy and in-
expensive. However, minerals such as limonite, sphene,
tremolite, magnesite, manganite, and titanomagnetite are of-
ten present alongside ilmenite, which makes ilmenite mining
challenging and reduces ilmenite utilization efficiency. Al-
though titanium resources are abundant on Earth, the con-
tinuous mining and utilization of high-grade titanium ores
have led to their depletion. Owing to the gradual depletion of
rutile resources, ilmenite is being increasingly used to meet
the rising demand for titanium, despite its lower titanium
content than rutile.

Titanium resources are also abundantly found in the space
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environment. The estimated titanium reserves in “Oceanus
Procellarum” and “Mare Tranquillitatis” on the Moon are ap-
proximately 1.5 x 10" t, greatly exceeding the total reserves
of titanium on Earth [10]. In the absence of atmospheric pro-
tection and magnetic shielding, the lunar regolith undergoes
severe space weathering, producing nanophase iron, amorph-
ous layers, radiation tracks, surface cracks, micrometeorite
craters, and sputtering features on soil particles [11]. The
high concentrations of TiO, (5wt%—15wt%) in Apollo 11
mare basalt samples [12] suggest the potential for lunar re-
source exploitations, although substantial technological ad-
vancements will be required to make it a reality. Future space
development will require vast amounts of titanium resources,
increasing the demand for complex titanium ore metallurgic-
al technologies [13].

The roots of titanium metallurgy can be traced back to
1910 when Hunter successfully produced titanium metal us-
ing Na as a thermal reducing agent. However, this process re-
lies on an instantaneous exothermic reaction, which poses
safety risks in its industrial applications. In 1940, Kroll de-
veloped a method for producing titanium metal by using
magnesium to thermally reduce TiCl, and industrialized ti-
tanium production; this is currently the dominant titanium
production process.

While rutile can be directly used in the Kroll process, low-
grade ores must be first enriched before recovering titanium.
For ilmenite, owing to its high density, paramagnetism, and
electrical conductivity, traditional methods such as gravity
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Fig. 1. Composition of the titanium sources: ilmenite, rutile, and lunar soil. (M(TiO,) denotes the TiO, content).
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separation, high-intensity magnetic separation, and electro-
static separation are employed in its extraction [14]. Iron and
titanium are then separated from this enriched titanium con-
centrate by smelting it in an electric arc furnace. The temper-
atures during arc melting reach up to 1600°C, and the energy
consumption accounts for 20%—30% of the total cost of ti-
tanium metal production [15]. After completing arc melting,
the high-titanium slag, with a high TiO, content (>80wt%),
can be converted into titanium metal using the Kroll process;
however, the material utilization rate of the process during
high-precision material production is only 18% [16]. Thus,
the titanium industry is currently characterized by complex
processes, high processing challenges, and technological bot-
tlenecks associated with raw material preparation, metal re-
duction, and high-level material production, leading to elev-
ated titanium prices.

Titanium applications are rapidly expanding into cutting-
edge technologies, involving energy storage, hydrogen stor-
age, optoelectronics, and aerospace engineering. This grow-
ing demand for titanium coincides with the tightening global
supply of titanium resources. Within the European Union
(EU), titanium has emerged as a strategic enabler for green
industrial transformation, particularly in renewable energy
systems, electric vehicle technologies, and advanced manu-
facturing sectors. In 2020, recognizing the critical import-
ance of titanium, the EU officially designated it as a critical
raw material, following a comprehensive analysis of trade
patterns of member states. This landmark decision of the EU
underscores the dual role of titanium in driving sustainable
industrial development and ensuring economic security while
establishing mechanisms to guarantee stable supply chains
for this vital material.

In this backdrop, process innovation in titanium produc-
tion is particularly important. In 1959, Kroll predicted that
between 1964 and 1969, molten salt electrolysis (MSE)
would revolutionize titanium production by reducing costs
and enabling industrial-scale applications [17]. MSE has en-
countered persistent technical hurdles, particularly in optim-
izing electrolytic efficiency. Despite the market demand that
continues to drive production process innovations, previ-
ously reported MSE technologies are still limited to laborat-
ory-scale operations. In recent years, emerging titanium pro-
duction methods have mainly focused on simplifying pro-
cess flow, improving cost efficiency, and achieving excellent
product quality. Recent advancements in titanium produc-
tion have focused on process simplification, cost reduction,
and quality improvement, with comprehensive analysis of the
potential of emerging technologies for overcoming the limit-
ations of conventional methods [18-21]. In 2024, Matsanga
et al. [18] synthesized information on all thermal reduction
processes used in titanium production. Tebaldo et al. [19]
summarized the titanium recovery methods mainly used for
aerospace component production through multiple process
recovery, outlining the current state of the art in the field of
titanium recovery. Reddy presented an overview of the vari-
ous preparation techniques for titanium and its alloys, along
with the advantages and disadvantages of the techniques

[20]. Khalloufi et al. [21] reviewed several effective pro-
cesses for producing titanium from titanium—iron ores. This
study quantitatively analyzes the research trends in the fields
of thermal reduction, MSE, and titanium alloy production
since 2000 and accurately identifies the main research focus
areas and process trends in each year. The revolution in the
titanium alloy synthesis process facilitated by the advance-
ments in recycling titanium scrap are discussed in depth. In
addition to an extensive literature review and mechanism
analysis, the study provides a comprehensive overview of the
historical evolution of titanium metallurgy and offers pro-
found insights into and forward-looking guidance on the sus-
tainable development of titanium production.

2. Thermal reduction of titanium

Traditional metal extraction processes typically use
powerful reducing agents to replace metallic compounds. Ti-
tanium production via thermal reduction also involves metal
extraction. The agents commonly used for the thermal reduc-
tion of titanium include metallic sodium, calcium, and mag-
nesium, as well as the recently emerged aluminum and hy-
drogen. As shown in Fig. 2, the thermal reducing agent for ti-
tanium is marked with a yellow symbol, and the alloying ele-
ments that form with titanium are marked in blue.

2.1. Thermal reduction of titanium using sodium

The Hunter process was the earliest laboratory process
that successfully produced metallic titanium (99.9%) using
Na as the thermal reducing agent [22]. During the Hunter
process, TiCl, and excess Na are heated in a vacuum reactor.
When the reduction reaction temperature is reached, Na rap-
idly undergoes a displacement reaction with TiCl, to form Ti
and NaCl [23]. The purity of titanium produced by the
Hunter process depends on the purity of the TiCl, used;
therefore, it is necessary to strictly control impurities, such as
Fe and Si present in raw materials. Building upon the concept
of the Hunter process, Hurd [24] proposed the addition of
TiCl,, VCl,, AICl;, and excess sodium into the reactor to pro-
duce Ti-6Al-4V alloy in argon atmosphere. The Hunter pro-
cess reduces the temperature required for direct Ti reduction
and shortens alloy production [25].

The Armstrong process was developed by the Internation-
al Titanium Powder (ITP) Company in the United States,
known as the ITP process. Similar to the Hunter process, the
ITP process uses metallic Na to reduce TiCl,. The differ-
ences between the two processes lie in the unique modifica-
tions made to the reactor. During the Armstrong process,
gaseous TiCl, and molten Na are continuously pumped into
the reactor to participate in the reaction. The resulting titani-
um powder and NaCl are collected as they flow out from the
reactor, enabling continuous titanium production. After puri-
fying the titanium powder, the Armstrong process yields por-
ous particulate metallic titanium, also known as minisponge
Ti [26]. As with the Hunter process, the purity of the TiCly
raw material produced by the Armstrong process signific-
antly affects the purity of the final titanium powder and can
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Fig. 2. Thermal reduction agents and alloying elements of titanium.

affect its subsequent sintering behavior [27-28]. Researchers
have improved the Armstrong process by introducing other
metal chlorides alongside TiCl, into the reaction to produce
alloys such as Ti—-6A1-4V [29]. The Armstrong process was
commercialized in 2004. The ITP planned to produce 10 t ti-
tanium powder on a trial basis in 2005; it produced 10000 t
titanium powder in 2008 for use as a substitute for titanium
sponges used in the production of semi-finished titanium
products, final rolled products, and near-net-formed titanium
components.

Thus, the processing and analysis of titanium or titanium
alloy powders produced using the Armstrong process has
been the primary focus of previous research [30]. Studies
have been conducted on hot mechanical processing of titani-
um and Ti—6A1-4V thin sheets and foils [31], consolidation
of commercial pure titanium (CP-Ti) powder into compacts
[32-33], net-shape component manufacturing using CP-Ti
and Ti—6A1-4V alloy powder consolidation techniques [34],
compaction parameters for Ti—6A1-4V powder [35], and
cold-spray additive manufacturing of titanium powder parts
[36-38]. The aim of the present study is to explore various
processing techniques and applications of titanium or titani-
um- alloy powders obtained using the Armstrong process.

A process using Na as a reducing agent but distinct from
the Hunter and Armstrong processes is also used to produce
titanium metal. The Armstrong process involves a two-step
reaction rather than a single-step reaction. It first uses Na to
partially reduce TiCl, to TiCl,, which thereafter is further re-
duced to titanium powder or fine particles [39]. The Arm-
strong process allows for the gradual reduction of sodium and
titanium compounds to obtain the desired titanium powder or
fine particles.

2.2. Thermal reduction of titanium using calcium

The high reactivity of Na causes its thermal reduction re-

action to occur instantaneously, releasing a large amount of
heat that will require reactors that can withstand high pres-
sure and resist explosions. To address this issue, researchers
have chosen Ca, which has a slightly lower reactivity than
Na, as a substitute for Na and serve as a thermal reducing
agent for metallic titanium. In 1937, Kroll attempted to re-
duce TiCl, using Ca. Metallic titanium was obtained via a
displacement reaction by heating a mixture of TiCl, and ex-
cess calcium in Ar atmosphere [40]. Although large-scale in-
dustrial production of titanium was not made using this pro-
cess, Kroll identified the critical conditions required for the
thermal reduction of titanium metal using Ca. Moreover, the
addition of inert gases, such as Ar, reduces the reaction rate
of titanium chloride during the reduction process, preventing
excessively vigorous reactions or explosions, setting the dir-
ection for subsequent research on titanium production.

The Russian Tula Chemical Metallurgical Plant used met-
al-hydride reduction (MHR) for producing titanium powder
using TiO, as the raw material and calcium hydride as the
thermal reducing agent. Calcium hydride decomposes into
calcium and hydrogen gas between 1100 and 1200°C. Calci-
um reacts with TiO, via a displacement reaction [41]. Be-
cause no intermediate products or chlorides were involved,
the resulting product was chlorine-free and the oxygen con-
tent was below 0.1%. Vacuum sintering and annealing re-
duced the hydrogen content of the product to 0.001%. Com-
pared with the Kroll process, the MHR process significantly
shortens the processing time and further reduces the produc-
tion cost of metallic titanium through mechanical alloying
and low-temperature heat treatment. The MHR process can
also produce alloys, such as Ti-6Al-4V, by incorporating Al
and V into TiO,.

Okabe from the University of Tokyo developed the pre-
formed reductive process (PRP)—a type of calcium thermal
reduction process [42]. The PRP involves three main steps:
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preforming TiO,, calcium vapor reduction, and acid leaching
for impurity removal. TiO, is mixed with flux agents, such as
Ca0, CaCl,, and binders, and then sintered and formed
between 1073 and 1273 K. Finally, TiO, in the sintered block
is replaced with metallic titanium using calcium vapor. The
resulting metallic titanium is further processed through acid
leaching, followed by vacuum drying, to obtain fine titanium
powder with controlled purity and uniform particle size [43].
In another process, which is similar to the PRP, CaTiO,
is first prepared and then converted into Ti through calcium
thermal reduction. CaTiO; is utilized in this process
because it reduces to Ti more easily than TiO, under calcium
vapor [44].

A common issue faced in calcium thermal reduction of
TiO, is the difficult-to-remove layer of CaO formed on titani-
um particle surfaces during the reduction of TiO, by metallic
calcium. The CaO layer inhibits the continuous reduction re-
action. When melting the titanium powder during the PRP,
CaO can enter the titanium ingot, causing excessive levels of
calcium and oxygen and affecting the properties of the pro-
duced titanium material. Therefore, researchers have shifted
their focus toward identifying alternative thermal reducing
agents that offer advantages over calcium.

2.3. Thermal reduction of titanium using magnesium

Compared with calcium, molten magnesium has a density
closer to that of molten TiCly, preventing stratification due to
density differences, thereby ensuring an efficient reaction
between magnesium and TiCl, during the reduction process.
Calcium tends to form stable compounds with titanium,
which makes the separation of titanium products from calci-
um challenging. However, magnesium forms unstable com-
pounds and alloys with titanium, facilitating easier separa-
tion in the subsequent stages. Magnesium, though less react-
ive than calcium, possesses a sufficient affinity for chlorine
(exceeding titanium) to reduce TiCl, to titanium. Further-
more, the reaction rate of magnesium is slightly slower than
that of calcium, preventing excessive temperature increases
caused by rapid reactions.

Based on the reasons mentioned above, Kroll process uses
magnesium as the reducing agent instead of calcium. It in-
volves the following three main steps: (1) titanium ore en-
richment, chlorination, and refinement to obtain pure TiCl,
[45]; (2) metallic magnesium injection into a distillation ves-
sel filled with inert gas where it reacts with TiCl, within the
range of 800—900°C to produce titanium and MgCly; (3) va-
cuum distillation to remove Mg and MgCl,, followed by
post-processing of the resulting product to obtain the final
sponge titanium.

After years of refinement and modification, the Kroll re-
duction process has evolved into three industrial processes:
magnesium reduction—vacuum distillation, magnesium re-
duction—leaching, and magnesium reduction-helium loop
distillation. The key differences among the three industrial
processes lies in the method of separating magnesium and ti-
tanium in the final reduction process. The first process is pre-

dominantly used in China and Japan, whereas the second and
third processes are used in the United States. The distillation
process in sponge metal production accounts for 70% of the
total energy consumed and is one of the main contributors to
increased production costs [30].

In 2011, Kasparov proposed a novel titanium powder
purification process by introducing a hydrogen reduction step
into the Kroll process. This innovative process combines
magnesium thermal reduction of titanium chloride with full
vacuum separation of titanium within a single production
cycle, while incorporating hydrogen gas during production
steps, such as reduction, phase separation, and cooling. The
Kroll process effectively reduces the cost of titanium produc-
tion. The average magnesium content of the produced hydro-
genated porous titanium compound was within the range of
0.015wt%—0.020wt%, and the corresponding average chlor-
ine content ranged from 0.070wt%—0.086wt%. High-purity
hydrogenated titanium can be used as a product or dehydro-
genated to obtain high-purity titanium via hydride dehydro-
genation. In 2016, Zhang et al. [46—48] utilized the Kroll pro-
cess to reduce the titanium content in upgraded titanium slag.
Through an analysis of the reaction mechanism and kinetics
of the Kroll process, high-purity titanium powder was suc-
cessfully produced, meeting the specifications required for
generic sponge titanium.

The TiRO™ process, which is based on the magnesium
thermal reduction mechanism, is another process used for
producing low-cost titanium metal powder [49]. It involves
two main steps: reduction of TiCl, using magnesium powder
in a fluidized bed reactor, followed by vacuum distillation to
remove the byproducts—MgCl, and Mg. Pilot plant testing
of the TIRO™ process is currently underway and is expected
to have significantly lower capital and operating costs than
those of the traditional Kroll process, while offering advant-
ages such as continuous production, low temperatures, and
low costs. However, the Ti produced by the TiRO™ process
has higher oxygen and chlorine contents than that produced
by the Kroll process [50].

The first two methods employed liquid magnesium and
solid magnesium powder, respectively, as reducing agents to
produce titanium. The results revealed that the entropy of the
Mg directly influences the particle size of the product, sug-
gesting an inverse relationship between the entropy of the re-
ductant and the final particle size. The atmospheric distilla-
tion and magnesium reduction (ADMA) process uses
gaseous Mg to reduce TiCl,, resulting in titanium products
with submicron particle sizes [51]. However, the ADMA
process requires high temperatures between 1700-1900°C,
leading to high energy consumption and necessitating the use
of robust reaction equipment.

2.4. Use of hydrogen and aluminum as reducing agents

Stanford Research Institute International uses hydrogen
gas as a thermal reducing agent to produce micron- and milli-
meter-sized titanium metal/alloy particles from TiCl, in a
high-temperature fluidized bed reactor [52—-53]. The reactor
is typically designed with two reaction zones. In the first re-
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action zone (between 800 and 1200°C), the TiCl, vapor dis-
proportionates into TiCl, (x = 2 and 3) using a mixed fluid-
ized bed containing sponge titanium or titanium chips. The
TiCl, (x =2 and 3) species thereafter moves to the second re-
action zone (between 1230 and 1250°C) in the presence of an
inert gas, where hydrogen reduction occurs, resulting in hy-
drogen-containing Ti metal. Subsequent vacuum dehydro-
genation yields high-purity titanium metal. Idaho technolo-
gies, similar to SRI International, utilizes the direct hydro-
genation of TiCl, in a single step, producing TiH, that can be
sold as a hydrogen storage material or further processed into
metallic titanium through vacuum dehydrogenation [54].

As early as 1938, researcher mentioned that oxygen, nitro-
gen, and hydrogen exhibit significant solubility in titanium
[55] and that reducing titanium using hydrogen is challen-
ging. Thermodynamic calculations show that the Gibbs free
energy change for the reduction of TiO, to Ti by hydrogen is
greater than zero. Thus, the reaction cannot be performed un-
der common conditions. At 2000°C and 13—15 MPa, hydro-
gen reduction of TiO, stops at the TiO phase, preventing the
direct formation of titanium. The high oxygen potential of
TiO, indicates that its direct reduction to its elemental form
using hydrogen is challenging, as shown in Fig. 3 [56].
However, hydrogen can reduce metal impurities, such as Fe
and V, present in most titanium-bearing ores. To reduce costs
and expand ore sources, titanium present in low-cost titani-
um-bearing ores is converted into TiO, through hydrogen re-
duction [57], which is particularly useful for ilmenite
[58-59], titanomagnetite [60], vanadium-titanomagnetite
[61-62], and high-vanadium titanomagnetite (HVTM) ores
[63]. Following hydrogen reduction and impurity separation,
the ores can be used as high-quality raw materials in titanium
production processes, including the Kroll process.

Aluminum is a new-generation thermal reducing agent.
However, the reduction residue containing unreacted Al and
Al,O; obtained from the thermite reduction of titanium diox-
ide has a density close to that of titanium metal, making the
separation of titanium metal from the byproducts challen-
ging. Therefore, thermite reduction is commonly used to pro-
duce Ti—Al alloys or ceramics, including TiB,—ALO; [64],
TiAlC [65], TiAl (x = 3, 0.5) [66—68], Ti-Si—Al [69], Ti-Al
[70-71], Ti-Al-Fe [72], (Ti,V),AIC [73-74], and Ti-Al-V
[75-76]. To facilitate the separation of the products, the
amount of the aluminum reducing agent added can be re-
duced to produce low-oxygen titanium (Ti,0, where x = 1, 2,
3, and 6) with significantly different concentrations of alu-
minum oxide [77-78]. Alternatively, other elements with
varying concentrations can be added to titanium to form al-
loys. These added elements can differ from the elements
present in titanium reduction residues. For example, Ti;SiC,
[79] and Ti—Fe [80-81] can be produced this way. Thermite
reduction has become the primary method of producing
Ti—Fe alloys.

3. Molten salt electrolysis

Kroll predicted that MSE would eventually replace the
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thermal reduction processes used in the production of metal-
lic titanium. However, the use of MSE for titanium produc-
tion has become challenging because titanium undergoes
multivalent state transitions during electrolysis, making the
reduction mechanism complex. MSE cell includes external
power supply, cathode, anode, and molten salt electrolyte.
MSE involves molten electrolyte and oxidation or reduction
reactions at the electrodes to reduce the high-valence titani-
um ions in the molten salt or electrode material to metallic ti-
tanium.

While thermal reduction still dominates titanium produc-
tion, MSE is gaining research interest because of its advant-
ages, such as low cost, low energy consumption, and high ti-
tanium purity. In the mid-19th century, aluminum was con-
sidered “noble metal”, commanding prices higher than silver
and gold. This status of aluminum has dramatically changed
with the development of MSE for aluminum production. The
electrolytic methods, with their short processing times, low
costs, and high efficiency, have almost completely displaced
the thermal-reduction techniques. This technological shift has
caused the prices of aluminum to plummet, transforming it
from a precious metal to an affordable industrial commodity.
The successful transition of the aluminum industry through
increased aluminum production and significant cost reduc-
tion through MSE, is driving research on the application of
MSE to titanium production. The earliest MSE processes
used in the preparation of titanium metal were based on the
MSE of aluminum. These processes utilized titanium-con-
taining salts, such as potassium fluorinate (K,TiFs) and low-
valence titanium chloride, as titanium sources. Metallic ti-
tanium was thereafter electrodeposited from the electrolyte
[82—84]. The inert atmosphere was provided during electro-
lysis to prevent the oxidation of the electrolyte and deposited
titanium metal. However, the MSE process is characterized
by lengthy procedures and unwelcome impurities [85-86].

MSE primarily uses electrolysis. It also encompasses elec-
tron-mediated reduction, which combines MSE with thermal
reduction, as well as processes such as FFC Cambridge, sol-
id oxide membrane (SOM), Quebec iron and titanium (QIT),
Materials and Electrochemical Research (MER), University
of Science and Technology Beijing (USTB), OS processes,
and Electron Mediated Reduction (EMR). A schematic of the
processes involved in MSE is shown in Fig. 4.

3.1. Titanium-containing materials as cathode materials

In 2000, a publication in Nature sparked a research boom
on the use of MSE for titanium production [87]. Fray and
Mohandas [88—89] at the University of Cambridge proposed
a new process for titanium metal production via the electro-
lytic deoxygenation of bulk TiO, in a chloride molten salt
system, using TiO, as the solid cathode and a carbonaceous
material as the anode, under constant pressure. In this pro-
cess, electrolysis is conducted at an approximate temperature
of 850°C [90-91], with the voltage maintained within the
range of 2.8-3.2 V [92-93]. The TiO, cathode, which re-
ceives electrons, is reduced to metallic titanium, while oxy-
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gen ions diffuse into the solution and migrate to the anode,
oxidizing to form O,, CO, or CO, gases on the carbon elec-
trode, as illustrated in Fig. 4(a) [94-96]. In its early stages,
owing to experimental limitations, the FFC Cambridge pro-
cess was primarily used to deoxygenate surface oxide layers
on commercially pure titanium or Ti—6A1-4V alloy [97-98].
However, in recent years, low-purity rutile has been used in
electrolysis as the direct cathode [99].

However, the conversion of Ti from the +4 to 0 valence
states involves a series of intermediate reactions [100]. Nie et
al. [101] observed two distinct pairs of redox peaks in the
cyclic voltammetry (CV) curves of TiO, electrodes in mol-
ten calcium chloride during potentiodynamic scanning from
—0.45to —1.78 V, proved that the reduction of TiO, in molten
salts occurred in a stepwise manner. TiO, was first reduced to
Ti;0; or Ti,0; and then reduced to Ti;0, T1,0, TiO, or metal-
lic Ti. X-ray diffraction (XRD) analysis of the TiO, particles
performed subsequent to the CV tests revealed that the
primary phase of TiO, has been transformed into stable
CaTiO; and that small amounts of Ti;Os were also present.
The CaTiO; phase hindered the oxidation of low-valence Ti
[101]. TiO, undergoes a series of intermediate reactions dur-
ing its reduction and forms intermediate compounds, such as
Ti,0,, T1;0s, Ti,0s, TiO, CaTiO;, and CaTi,O, [102].

The XRD analysis of the products obtained after 1, 5, and
7 h of electrolysis showed that continuous Ca*" absorption at
the cathode led to the gradual blocking of its transport pores,
hindering oxygen ion movement, thereby slowing down the
reduction reaction rate [103—105]. Thus, a mixture of TiO,
and CaO or CaCO; powder can be pressed into particles,
heated to 1300°C to form porous CaTiO; microspheres,
which are then electrochemically reduced in molten CaCl, to
produce metallic titanium [106—107]. CaTiO; exhibits twice
the rate of electrode oxygenation of TiO, and higher current
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Fig. 3. Oxygen potential diagram of titanium, calculated us-
ing FactSage 5.2.

efficiency and energy efficiency than TiO, [108]. Ongoing
studies on the FFC Cambridge process primarily focus on
cathode replacement, anode selection, and molten salt modi-
fication.

To improve the cathodic titanium source, TiO, is first par-
tially reduced to conductive titanium suboxides; this over-
comes the poor electronic conductivity of TiO, and renders
the material a suitable cathode. Subsequent electrolysis of the
reduced oxide in molten CaCl, yields titanium powder
[109-110]. Another approach to improve the electrolytic per-
formance of cathodes is to use titanium sulfide as a cathode
material in place of TiO, [111-112]. The principle involves
the high-temperature (1000°C) reduction of TiO, using car-
bon and sulfur to produce titanium sulfide (typically TisSs).
Unlike TiO,, titanium sulfide exhibits good conductivity, en-
abling rapid electrochemical reduction [113]. Using titanium
sulfide for titanium production allows for improved control
of the oxygen content in the produced metallic titanium. This
is crucial because oxygen, with a solubility limit of 10wt% in
a-titanium, will be readily dissolved in o-titanium, forming
solid-state oxygen and leading to a high oxygen content in
the final product. On the other hand, sulfur has a solubility
limit of only 0.02wt% in a-titanium, which has a hexagonal
close-packed structure, effectively mitigating the negative ef-
fects of high oxygen content [114—115]. The USTB process
can be applied to sulfide-based metal ores. Minerals such as
MosS; [116], CuS [117], and WS, [118] can be desulfurized
into their respective metals through electrochemical desul-
furization in molten salt.

The graphite anode used in the FFC Cambridge process
could contaminate the product, and the formation of CO;”
ions and their subsequent reduction could significantly re-
duce the efficiency of process. Researchers have begun to ex-
plore potential inert metals to replace graphite as anode ma-
terials. Tian et al. [119] proposed the inert anode material
Nig36Alp10Cug30Fe24. Alzamani et al. [120—121] selected
Ni;oCu,; FesAl as the anode. Hu et al. [122] investigated the
use of TiO,-Ru0, as an inert anode. The SOM process, an al-
ternative method for reducing carbon pollution, involves the
use of liquid metal anodes encapsulated within SOMs [123].
The SOM is designed to separate liquid metal from the elec-
trolyte, while allowing O ions to pass through. Thus, con-
tamination of the graphite anodes is effectively prevented, as
shown in Fig. 4(b). SOM produces titanium metal and vari-
ous alloys, such as Ti-Fe, Ti—Al, and Ti-Nb [124-125].
SOMs are expensive and have a short lifespan, limiting their
industrial applications [126].

Initially, CaCl, was selected as the molten salt system ow-
ing to CaCl, attributes, such as chemical stability, low cost,
high oxygen solubility, and excellent conductivity [127].
Subsequent studies involved the use of chloride electrolytes,
such as LiCl [128], MgCl, [129-130], MgCl,-HoCl; [131],
LiCI-KCl1[132-133], and KCI-LiCI-MgCl, [134], as well as
fluorides in place of chlorides. Calculations have shown that
the disproportionation reactions of Ti*" with Ti*", Ti*", and Ti
lead to an increase in the energy consumption of the titanium
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Fig. 4. Main processes involved in molten salt electrolysis for producing titanium metal: (a) FFC Cambridge process; (b) SOM pro-
cess; (¢) QIT process; (d) MER process; (¢) USTB process; (f) OS process; (g) EMR process.

reduction process, as shown in Fig. 5 [135-136]. High-
valence titanium ions in molten halide salts exist as complex
ions and the complexation between titanium and fluoride ions
is stronger than that between titanium and chloride ions
[137-139]. Therefore, in fluoride molten salts, the chemical
and electrochemical reduction reactions of titanium occur
without the participation of divalent titanium ions, which can
increase the electrolysis efficiency [140-143]. The FFC
Cambridge process exhibits broad applicability in producing
metals, such as Zr [144], Cr [145], Tb [146], Mo [116], and
Nb [103] and research on titanium production has gradually
shifted toward the preparation of various titanium alloys or ti-

tanium-based composite materials, including Ti-Si
[147-148], Ti-W [149], TiC/SiC [150], Ti-Mo [151],
Ti;AlC, [152], Ti-Nb alloy [153], and Ti—Fe [154-155].

In 2003, QIT, a titanium slag production company in
Canada, invented a novel titanium metal smelting process
that involved melting titanium slag and its electrolytic reduc-
tion into liquid titanium metal [156]. The QIT process was
performed at temperatures higher than the melting point of ti-
tanium, resulting in liquid titanium metal. The QIT process
begins by placing a molten salt electrolyte, such as CaF,, in
an electrolytic reactor and adding molten titanium slag.
Density differences drive the titanium slag to accumulate in
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ions; (c) potential diagrams of each titanium valence state.

the lower region of the molten salt electrolyte during electro-
lysis, as shown in Fig. 4(c). The electrolysis can be com-
pleted in one or two steps. In the one-step process, pure ti-
tanium slag with added metal oxides, such as AL,O; and V,0s,
is used to produce alloys, such as Ti—-6A1-4V. The two-step
process is suitable for titanium slag with impurities, such as
Fe, Cr, Mn, and V. In the first stage, the electrolytic reduc-
tion of impurities possessing a higher reduction potential
compared with titanium is favored. The metallic products are
separated from the electrolyte and titanium slag owing to
density differences. Impurities are deposited at the interface
between the electrolyte and slag, settled at the bottom of the
reaction chamber, and subsequently discharged via the bot-
tom outlet. In the subsequent stage, the purified slag is elec-
trolytically reduced to liquid titanium metal at elevated tem-
peratures. The QIT process can remove impurities and has
lower raw material requirements than the FFC Cambridge
Process, eliminating the need for refining processes and sig-
nificantly reducing raw material costs. However, the products
obtained through the QIT process are in a molten state and
are typically associated with molten titanium oxide inclu-
sions, leading to a high oxygen content in the produced ti-
tanium metal. Furthermore, the reduction reaction of the QIT
process occurs at the temperatures of 1700—-1900°C, leading
to a high energy consumption and strong corrosive effects on
the equipment.

3.2. Titanium oxide/carbon—oxygen solid as the soluble
anode

In 2004, MER introduced the concept of using carbon
thermal reduction to produce soluble anodes from TiO,. Dur-

ing the electrolysis of TiO, (0 <x < 2), the oxygen in the ox-
ide generates CO and CO, at the anode, while the simultan-
eously generated Ti ions enter the molten salt as divalent or
trivalent ions and transported to the cathode where they are
reduced to metallic Ti [157—158]. Ti-6Al-4V alloys can also
be produced by adding Al to the anode [159]. However, the
electrolysis efficiency of the MER process can be improved
by addressing the back-diffusion of low-valence titanium
from the cathode to the anode where they are reoxidized to a
high-valence state.

In 2005, Jiao and Zhu [160] introduced the USTB process
for titanium production using TiC,O, as the soluble anode, as
shown in Fig. 4(d). TiC and TiO in TiC,O, have acceptable
conductivities, compensating for the low electrolysis rate
caused by the nonconductive TiO, cathode used in the FFC
Cambridge process [161]. The most common soluble anode
material is Ti,CO in which the ratio of oxygen atoms to ti-
tanium atoms is 1:1 [162]. During electrolysis, C and O com-
bine to form CO, which is released as a gas. At the same time,
titanium ions enter the molten salt as divalent ions and mi-
grate to the cathode to generate Ti by gaining electrons
[163—164]. Since then, the research team at the USTB has
continued to develop high-performance soluble anode mater-
ials, including TiN [165], TiC,O,N, [166], and Ti—C-S [167]
and further expanded the application range of the USTB pro-
cess. Weng et al. [168] proposed the use of oxygen-contain-
ing sponge titanium as an anode and electrolyzed it in a
NaCl-KCI-TiCl, molten salt solution to obtain high-purity
titanium powder. In the USTB process, Ti—Cu [169], TC4
[170], TA3 [171], and other similar alloys can be used as sol-
uble anodes for the electrolytic extraction and recovery of ti-
tanium from the alloys.

To further reduce the titanium production costs, in 2010,
Fray and Jiaor proposed a process for directly extracting ti-
tanium from titanium dioxide ore [172]. The ore contained
high amounts of impurities, including calcium oxide and iron
oxide. Titanium oxide reacts with TiC to form Ti,CO, which
serves as a soluble anode material for MSE [173]. However,
during electrolysis, the impurities in the anode can contamin-
ate the molten salt, necessitating its replacement to ensure
product purity, affecting the industrial viability of the USTB
process.

The soluble anode process has advantages, such as high
product purity and low production costs. However, the USTB
process is complex, and a high energy consumption during
anode sintering is challenging. Product collection is also
cumbersome and requires the regular cooling of the molten
salt and scraping of the titanium product from the cathode.
Additionally, product collection must be performed in an in-
ert gas environment to prevent reactions between metallic ti-
tanium and atmospheric oxygen or nitrogen. To address these
issues, the concept of continuous MSE using a rotating cath-
ode has been proposed [174]. In this method, following the
electrolytic adsorption of metallic titanium, the cathode ro-
tates out of the molten salt, allowing the separation of the
metallic titanium using scraper plates within the electrolytic
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cell. The cathode then rotates back into the molten salt to
continue with the electrolysis process.

3.3. Combination of thermal reduction and molten salt
electrolysis

The combination of thermal reduction and MSE is advant-
ageous for producing titanium. Therefore, researchers have
proposed a process that combines thermal reduction with
MSE for titanium preparation. During MSE, a reduction re-
action occurs at the cathode, producing active metallic calci-
um. Metallic calcium is first electrodeposited at the cathode;
this calcium then chemically reduces the nearby titanium di-
oxide to metallic titanium while itself being oxidized to CaO,
which subsequently dissolves back into the molten CaCl,
salt. The combination of calcium thermal reduction and its
MSE simplifies the Kroll process, reducing time and cost.

At the 2002 Titanium Association Annual Meeting, Ono
and Suzuki from Kyoto University presented a novel titani-
um reduction process that combined the thermal reduction of
titanium and electrolytic recovery of the reducing agent with-
in the same reactor, known as the OS process [175-176]. It
uses a graphite rod or crucible as the anode and a titanium
basket or vessel wall as the cathode. The electrolysis reaction
takes place at the temperature ranging from 800—1000°C,
resulting in calcium generation at the cathode and the gener-
ated calcium then reacts with the TiO, at the cathode displa-
cing oxygen from TiO, to produce metallic titanium [177], as
shown in Fig. 4(f). A metal sponge titanium-containing
0.2wt% oxygen was prepared in 0.5mol% CaO—CaCl, melt
[178-179]. While the Kroll process consumes 6945 kWh of
energy per ton of titanium, the OS process consumes only
3189 kWh, which is approximately half the energy con-
sumed by the Kroll process [175]. The low current efficiency
of the OS process, ranging from 8.8% to 25.5%, is a result of
side and reverse reactions. Research on the OS process con-
ducted over the past decade has mainly focused on enhan-
cing the molten salt system and optimizing titanium source
selection. Examples include using sulfurized Ti(C,N) [180],
TiS, [181], or sulfurized Ti(C,N) as the titanium source with
CaCl,—CaS as the molten salt; CaTiO; as the titanium source
with CaCl,—CaO as the molten salt [182]; or TiO, as the ti-
tanium source with SrCl,—KCI-SrO as the molten salt [183].

Based on the OS process, EMR has been developed to
produce titanium powder [184]. The OS process uses a redu-
cing agent, such as a calcium—nickel alloy, to isolate the mol-
ten salt from the titanium source, as shown in Fig. 4(g). Ti-
tanium oxide is reduced by the electrons released from the re-
ducing agent. During the OS process, titanium is indirect
contact with the CaCl, melt, effectively preventing titanium
contamination and improving the purity of the final titanium
powder produced [185—-186]. The EMR process achieves the
electron-mediated reduction of titanium and the electrolytic
reaction of the reducing agent within the same reactor, ensur-
ing continuous operation and improving current efficiency of
titanium production. Additionally, EMR allows the selection
of magnesium [187] or aluminum [188] as the reducing
agents.
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4. Titanium reduction processes (2000—present)

Over the past two decades, the evolution of Ti metallurgy
has revealed a dynamic interplay between the established
methodologies and emerging innovations. In this study,
thermal reduction and MSE are systematically compared, ex-
amining their respective mechanisms, material conversions,
and product properties. Recent advancements have led to a
paradigm shift toward atomic-scale process optimization,
with particular emphasis on interfacial reaction kinetics and
cathode material design. Concurrently, growing advance-
ments in alloy synthesis strategies are witnessed through
three distinct metallurgical approaches, effectively address-
ing the longstanding challenges in disproportionation man-
agement. Although MSE has progressed through continuous
process refinement, its widespread industrial application re-
mains constrained by continued reliance on the century-old
Kroll process and challenges faced in high-oxygen titanium
scrap utilization. A comprehensive analysis of technology
trajectories, complemented by an extensive literature review
and mechanistic studies, provides a framework for under-
standing the current achievements and future directions in
sustainable titanium production.

In Fig. 6(a), the left side shows the main raw materials
used in electrolytic titanium production. The materials listed
in the order of decreasing prices are ilmenite, rutile, titanium
slag, TiCl,, TiO,, CaTiFs, and TiO,C,. Raw materials can be
thermally or electrochemically reduced using reductants,
such as Na, Ca, Mg, H,, and Al, resulting in the production of
titanium powder, titanium blocks or slag, sponge titanium,
and titanium alloys. Similar processes with approximate
principles are indicated using the same color. In Fig. 6(b), the
thermal reduction mechanism is indicated by orange boxes,
while the recovery reactions of the reductants are highlighted
in green. The controllability, cost-effectiveness, and recyc-
lability of the reductants are key factors to consider in
thermal reduction. The cathode and anode undergo the same
reactions in electrochemical reduction processes using chlor-
ide electrolyte systems. However, avoiding intermediate and
disproportionation reactions at the cathode is challenging.
The oxidation state of Ti gradually decreases from +4 to
lower oxidation states and the coexistence of multiple oxida-
tion states can lead to disproportionation reactions of titani-
um, thereby increasing energy consumption. The processes
developed by the USTB and MER address the abovemen-
tioned issue by prereducing titanium dioxide, converting Ti
from tetravalent state (+4) to divalent state (+2), thereby re-
ducing the impact of disproportionation reactions. Another
approach is to directly synthesize titanium alloys as the
source material to avoid disproportionation reactions. Alloy-
ing can be broadly categorized into three types. Type I alloys
can be formed by selecting liquid metals (Sn, Pb, and Fe) as
the cathode, which allows direct electron transfer from TiF;-
in the solution, forming titanium alloys with the liquid cath-
ode [189-191]. Similarly, when KF—KCI-K,Ti4O,; is used as
the molten salt and copper powder is used as the cathode, ti-
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Fig. 6. (a) Raw materials—Process—Product pathway diagram and (b) chemical mechanism diagram for producing titanium metal.

tanium precipitates on the surface of the copper powder,
forming Ti—Cu alloys [192]. Type II alloy, a molten salt con-
taining multiple metal ions can be chosen and direct electro-
lysis and reduction of the metal ions in the molten salt can
generate alloys. For example, using NaCl-KCl-NaF-K,TiF¢—
K,NbF; as the molten salt, Ti-Nb alloys can be obtained
through cathodic electrolysis [193]. Similarly, using LiCl—-
KCI-VCL-TiCl, or KCI-LiCl-MgCl,-TiCL-AICl; as the
molten salt allows for the cathodic electrolysis and produc-
tion of Ti—V alloys [193-194]. Type III alloys can be pro-
duced by mixing other metal oxides with titanium dioxide to
form a cathode, followed by electrolysis to generate the de-
sired alloy.

Fig. 7(a) lists the literature on titanium production pro-
cesses developed over the past two decades. The FFC Cam-
bridge process is still a significant methos used for titanium
metal preparation, and recent research conducted particularly

around 2020 has proposed advancements to it. The USTB
process, MSE, aluminum thermal reduction, and hydrogen
reduction are also methods used for titanium production, and
related research is ongoing. Fig. 7(b) compares the number of
publications on thermal reduction and MSE processes. MSE
continues to attract significant research interest, resulting in a
surge in studies since 2019, particularly in developing the
FFC Cambridge and other related MSE processes. Regard-
ing electrolysis, the focus of research remains on the enhan-
cing the efficiency of high-purity titanium production and ac-
cumulating knowledge on replacing the Kroll process with
MSE. Since 2016, research on producing titanium alloys
through electrochemical and thermochemical has shown a
growing trend because of the ability of alloying elements to
enhance electrolysis efficiency, as shown in Fig. 7(c).

Fig. 8 summarizes the timeline of the development of ti-
tanium metal production processes and their research direc-
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Fig. 7. (a) Research interest in different processes during the 2000—2023 period, (b) comparative of research interest between elec-

trochemical and thermochemical process, and (c) comparative graph of research interest in titanium metal and titanium alloy pro-

duction.

tions. It shows the research development of titanium and ti-
tanium alloy production as a tree structure, comprising two
main parts: “root system” (1910—2005) and “research fo-
cus” (2013—2023). The root system is divided into thermal
reduction and MSE roots. The thermal reduction method
started with the sodium thermal reduction method in 1910
and went through the calcium thermal reduction method in
1937, hydrogen reduction method in 1938, magnesium re-
duction method in 1940, and aluminum thermal reduction
method for titanium—aluminum alloy production in 2001.
Thermal reduction has continuously explored different redu-
cing agents to improve the efficiency of industrial produc-
tion, purity, safety, and cost of titanium.

The MSE root started with the 1955, which was the first in
the world to produce titanium—aluminum alloys. It has
centered on anodic reactions, such as the electrolysis of ti-
tanium dioxide as the cathode in 2000, the electrolysis of cal-
cium to reduce titanium dioxide in 2002, and the exploration
of a soluble anode (TiC,0,) in 2005, which is dedicated to re-
ducing side reactions, improving current efficiency, purity,
and flexibility. This study focused on a variety of directions.

In summary, we sorted out the history of titanium prepara-
tion development and the current research interests to pro-
mote the continuous progress and innovation of titanium and
titanium alloy production technology.

The titanium metallurgy industry faces two critical tech-
nical challenges: (1) continued dependence on the magnesi-
um reduction process developed by Kroll in 1940 for titani-
um metal production, which is characterized by elevated op-
erational costs, extended processing durations, and strict spe-
cifications for raw material quality; (2) substantial genera-
tion of titanium scrap with elevated oxygen content during
the metallurgical, casting, and machining processes. In stand-
ard metallurgical and material processing workflows, ap-
proximately 85% of the Ti mass is transformed into contam-
inated waste chips and residues, collectively classified as in-
dustrial Ti scrap, requiring removal [195].

S. Titanium scrap recycling technologies

Ti mining and refining are expensive. Recycling titanium
scrap enables resource reuse and reduces titanium produc-
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Fig. 8. Titanium metal production process and its progress.

tion costs. Recycling titanium from scrap parts avoids the
high costs of titanium ore mining and smelting, creates value
at various lifecycle stages, and boosts economic efficiency of
the industry. A precision machinery company using a titani-
um chip briquetting system raised the titanium scrap recov-
ery rate from 42% to 89%, saving over 1.68 million dollar
annually in raw material procurement.

Industrial titanium scrap primarily comprises substandard
metallic titanium generated during sponge titanium produc-
tion, melting operations, and material processing, as shown in
Fig. 9. Titanium scrap comes under four principal categories:
(1) iron-contaminated surfaces of magnesium-reduced sponge
titanium resulting from reactor wall interactions, particularly
affecting the bottom and lateral sections, with scrap rates typ-
ically reaching 10%-20%, (ii) ingot head sections removed
during melt-casting operations and machining swarf gener-
ated during surface defect elimination, collectively represent-
ing 4%—-5% of the total ingot mass, (iii) residual material
from downstream titanium product manufacturing, including
trimmings from hot/cold rolling processes, accounting for
30%—-35% of the total mass, and (iv) scarp arising from pre-
cision machining limitations due to inherent properties of ti-
tanium. The combination of high hardness and low thermal
conductivity induces cutting zone temperatures in the range
of 800-1000°C, promoting oxygen/nitrogen interactions that
form brittle oxide layers. This phenomenon restricts the ma-
terial utilization rate to 18% in high-precision applications.
Fig. 9 presents the material flow dynamics and oxygen con-

Titanium sponge
[O] ~500 mass ppm Waste ingots from melting

Molten

Scraps from machining

Machining — . —
i 2
m Scraps after rolling

Rolling —7

Low-oxygen scrap
[O] <4000 mass ppm

Products
[O] 500—4000 mass ppm

Titanium scraj

High-oxygen scrap _ gieel production
[O] > 4000 mass ppm

Fig. 9. Material flow and oxygen concentration of titanium
production process.

centration variations during a titanium scrap recycling pro-
cess. Multiple sources of scrap Ti, each with distinct proper-
ties and challenges, underscore the need for effective recyc-
ling and reprocessing strategies to fully leverage the valuable
secondary resources.

Implementing the cascaded utilization or closed-loop re-
cycling of titanium scrap is crucial for enhancing the utiliza-
tion efficiency of titanium metal. The removal of iron from
titanium scrap is particularly challenging. Typically, sponge
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titanium with a high iron content is directly used as a raw ma-
terial for producing iron—titanium alloys. Titanium with low
iron and oxygen contents below 0.4wt% is directly fed into
the remelting stage for ingot production. When the oxygen
content exceeds 0.4wt%, a mix of high-purity titanium
sponge (0.05wt%) is required in proportion to the oxygen
content, which is then recovered by vacuum arc remelting
(VAR), electron beam cold heater melting (EBCHM), or
plasma arc melting (PAM). Although remelting is performed
in a vacuum environment, it does not effectively deoxidize
and remove iron, and thus the remelting process may even in-
crease the oxygen content. Given the limited production of
high-purity sponge Ti, methods such as VAR and EBCHM
struggle to efficiently process large quantities of industrial ti-
tanium scrap [196]. Stored titanium scrap forms a thicker ox-
ide layer on the titanium scrap surface when exposed to air
for extended periods, further complicating the recycling of ti-
tanium scrap. A significant amount of titanium scrap with
high oxygen contents cannot be fully recycled through
remelting processes, and the current practice of stockpiling
represents a waste of space and resources. The challenges of
treating and recycling titanium scrap highlight the need to
consider alternative methods that effectively address the
unique properties of titanium scrap compared with tradition-
al raw materials.

The composition and morphology of titanium scrap signi-
ficantly differ from those of the typical raw material, titani-
um dioxide, commonly used in titanium metal production.
Titanium scrap contains impurities, such as oxygen, calcium,
magnesium, and iron. In contrast to powdered raw materials,
such as titanium dioxide or titanium tetrachloride, used for ti-
tanium metal production, titanium scrap often exists as
shaped metal pieces or high-density blocks. The traditional
industrial process, such as Kroll process, requires scrap to be
processed into TiCl, for recycling. However, the chlorination
process requires the pulverization of titanium scrap into pel-
lets. Impurities, such as calcium and magnesium, in the ti-
tanium scrap have to be below 1.0% to prevent the accumu-
lation of low-volatile impurity chlorides (CaCl, and MgCl,)
in the fluidized bed, which can lead to agglomeration in the
fluidized bed. Thus, titanium scrap cannot be recovered us-
ing conventional industrial fluids. The inherent differences
between spent titanium material and TiO, cause many pro-
cesses suitable for treating titanium dioxide or titanium tetra-
chloride to encounter problems, such as poor reaction kinet-
ics, when treating titanium scrap. Therefore, recycling titani-
um scrap has become a popular research topic in recent years.

Zheng and Okabe [197] mixed crushed titanium scrap (31
um) with FeCl, at the temperature from 900 to 1200 K, con-
verting 99% of the titanium in the scrap into TiCl,. TiCly
serves as raw material for recycling processes, such as the
Kroll process. Moon et al. [198] achieved the reduction of
pure metallic titanium through the heat reduction of titanium
machining waste in a cold crucible using calcium as the redu-
cing agent. Hur ef al. [199] utilized hydrogen thermal reduc-
tion to convert shredded titanium scrap (30 mm x 80 mm) in-
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to TiH, and then recovered metallic titanium via vacuum
heating to remove H,.

All the aforementioned processes utilized powdered ti-
tanium scrap as the primary raw material. However, the ex-
perimental results revealed the sintering phenomenon of ti-
tanium scrap during high-temperature thermal reduction pro-
cesses, which reduced the deoxidation efficiency. Addition-
ally, continuous attention is required to monitor the con-
sumption of deoxidizers and the influence of byproduct con-
centration on the reaction process. Combining thermal reduc-
tion methods with MSE, the OS process can also be applied
to the treatment and recovery of titanium scrap [200]. Based
on the OS process, Kong et al. [201] utilized MgCl,—HoCl,
as molten salt to reduce titanium scrap. The oxygen ions in
the molten salt reacted with HoCl, to form rare-earth oxyhal-
ides, reducing the oxygen concentration in the titanium
product to the ppm level. Using MSE with NaCl-KCl eutect-
ic system for purifying titanium scrap, Jiao et al. [170] con-
ducted anodic electrolysis digestion of titanium scrap, result-
ing in the deposition of high-purity titanium on the cathode.
To understand the deoxidation purification mechanism, dir-
ect 3D visualization techniques using computed tomography
were used to comprehensively analyze the MSE process, an
approach aimed at regulating the titanium ion concentration
in the molten salt and enhancing the reaction efficiency. Nev-
ertheless, the electrolytic treatment of titanium scrap in mol-
ten salt encounters pressing issues, which include (1) optim-
izing mass-transfer conditions for highly dense titanium
scrap during electrolysis and (2) preventing oxidation during
the collection of products after electrolytic purification.

Effective recycling of titanium scrap requires addressing
the aforementioned challenges. However, the recycling of ti-
tanium scrap is a critical constraint in the development of the
titanium industry. Recycling titanium scrap can bring signi-
ficant benefits, such as lowering the price of titanium, in-
creasing the efficiency of resource utilization, and minimiz-
ing waste. Therefore, the development of an efficient and
low-energy recycling process for titanium scrap is necessary
for the future development of the titanium industry.

6. Conclusions

Metallic titanium is predominantly produced using the
Kroll process. However, driven by the increasing demand, it
has become critical to develop low-cost titanium production
technologies. Since 2000, titanium production technologies
have focused on thermal reduction and MSE, gradually
forming distinct technological clusters. Research efforts have
been directed toward improving product purity, achieving
continuous production, and reducing energy consumption in
titanium production.

The Armstrong process can continuously produce titani-
um via thermal reduction of sodium. The aluminum thermal
reduction process involves a spontaneous reaction, and the
heat released during the reaction can effectively reduce en-
ergy consumption during the preparation of titanium alloys.
The use of hydrogen gas as a thermal reducing agent in the
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production of titanium metal does not introduce impurities;
therefore, the resulting product is a clean and environment-
ally friendly titanium-iron alloy with excellent development
potential.

When using MSE, various intermediate and dispropor-
tionation reactions occur during the titanium reduction. Pro-
cesses using titanium-containing materials as cathodes fur-
ther improve the efficiency or product purity of electrolytic
titanium production. Processes using soluble anodic electro-
lysis have high current efficiency. Thus, studies are focused
on developing high-performance soluble anodes that are dif-
ficult to detach, exhibit high conductivity, and uniform
valence states. These processes combine thermal reduction
with MSE, effectively avoiding the problem of multiple in-
termediate reactions/disproportionation reactions in MSE and
reducing energy consumption in relation to single thermal re-
duction.

This study provides a comprehensive overview of the de-
velopmental trajectory of titanium metal production techno-
logy, offering insights into the technical bottlenecks, chal-
lenges, and prospective solutions embedded in currently pro-
cesses. We also discuss the potential approaches for the re-
covery of scrap titanium and its applications. The aim was to
instill new perspectives within the industry, fostering a re-
newed focus on research and development in titanium metal
production. By expediting the progress of industrial-scale
processes poised to replace the Kroll process, the application
domains of titanium as a high-performance metal can be re-
defined.
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