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Abstract Micro-ferrotitanium powders have been prepared by
molten salt electrolysis via directly electrochemical reduction of
solid ilmenite in eutectic CaCl,-NaCl melt at 973 K. In the direct
electrochemical reduction process, the reduction of FeTiO5 first
gives rise to the formation of Fe and CaTiOs, which as interme-
diates will be further deoxidized at the interface of iron metals,
solid CaTiO3 matrix, and electrolyte to directly form
ferrotitanium alloy powders in porous structure. Furthering the
electrolytic time can promote the dense structure of ilmenite
pellet turn to be more porous, indicating pores inside the pellet
are sufficient for the diffusion of oxygen ions. Based on the
reduction behavior of partially reduced powders in metallic cav-
ity electrode during the cathodic potentiostatic electrolysis, it
shows that the slow deoxidization rate is mainly caused by the
more and more difficult reduction of CaTiOj3 than that of FeTiOs.

Keywords Micro-ferrotitanium powders - [lmenite - Molten
salt electrolysis - Reduction mechanism

Introduction

In recent years, the direct extraction of metals and alloys in
solid state from their complex multicomponent oxide powders
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with anisotropic particle morphologies has attracted consider-
able attentions by molten salt electrolysis method [1—4]. This
method is actually an electrolytic process in molten salt by
using the graphite as consumable anode and the sintered com-
pounds pellet that is tied to a noble electrode as cathode.
During electrolysis, oxygen in solid oxides is gradually ion-
ized and dissolved into electrolyte, which is then discharged to
form CO and CO, at the graphite consumable anode [5]. This
method is well known as the Fray-Farthing-Chen (FFC)
Cambridge electro-deoxidization process and has been ap-
plied to convert metallic oxides directly into metals and alloys
in solid state successfully due to the advantage of the crystal
growth at temperatures far below the melting point of the
synthetic product phase, such as Nb, Ta, Ti, Ge, NiTi, and
Z1Si alloy powders [6-9]. Contrary to the previous attempts
including the dissolution of the mineral and the deposition of
the metal, the FFC Cambridge process provides an effective
metallurgical process that the porous mineral precursor is sim-
ply “metallized” in solid state on the cathode with the aid of
molten salts, offering advantages in both case of operation and
economics over metallothermic reduction [10, 11]. The as-
produced metals from the FFC Cambridge process also retrain
the shape of the mineral precursor with some shrinkage in
dimensions. Thus, it is possible to control the process condi-
tions to produce the powdery, porous, or dense metal products
for the industrial demand. This method has also been carried
out on pilot scale at the company Metalysis (https://www.
metalysis.com) in England.

Ferrotitanium, used as a well-known hydrogen-storage car-
rier and deoxidizer, is traditionally prepared by carbothermic
and aluminothermic reduction of oxide ores and concentrates
or by melting iron and titanium scraps together at high tem-
peratures. However, these methods have many disadvantages
such as high-energy consumption and low quality of products.
For example, the carbothermic process should be operated in
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an electric arc furnace at extremely high temperatures, which
leads to not only an extensive energy consumption but also a
high carbon residue in the FeTi products. The aluminothermic
process consumes a large quantity of aluminum primarily for
maintaining a sufficient heat balance, and the energy con-
sumption of this technique is regrettably also high.

The FFC process provides a promising technique for the
extraction of FeTi alloy powders from their oxides, such as
ilmenite ores and titanium slag [12—15]. Recently, researchers
have prepared FeTi alloys with this process at 1223 K by use
of the pretreated ferrotitanium oxide processor as cathode,
graphite as the consumable anode, and CaCl, as electrolyte.
Eventually, they found that some intermediates such as
CaTiO3, TiO,, and TiO were produced during electrolysis
[16-19], and the electrochemical reduction path was indica-
tive to be a stepwise process. However, we found that
ferrotitanium alloys were produced by the direct electro-
deoxidization of perovskite in the presence of metallic iron-
enriched grains other than producing sub-titanium oxides. The
further deoxidization of perovskite also left plenty of pores
and led into forming micro-ferrotitanium alloy powders in
porous structures. Thus, more investigations and comprehen-
sive measurements are needed to better understand the phase
transitions as well as the mass transfer mechanisms.

This study provides compelling evidence for the electro-
chemical extraction of ferrotitanium alloy powders directly
from ilmenite by using ilmenite as cathode, graphite as con-
sumable anode, and equal molar eutectic CaCl,-NaCl as elec-
trolyte at 973 K. The reduction path was investigated by ca-
thodic linear sweep voltammetry, potentiostatic electrolysis,
and constant cell voltage electrolysis. The morphology of
the reduced pellet was observed by second electron morphol-
ogy (SEM), back-scattered electron (BSE), and energy-
dispersive spectroscopy (EDS), respectively.

Experimental
Preparation of CaCl,-NaCl eutectic electrolyte

The analytical grade anhydrous CaCl, (73 g, purity >97
mass%) and NaCl (32 g, purity >98 mass%) were mixed at
equal molar ratio, added into a Al,O5 crucible (57 mm in inner
diameter, 63 mm in outer diameter, and 75 mm in depth) and
transferred into a vertical quartz tube reactor under argon (an-
alytical grade, >99.999 %). The mixture was heated to 973 K
that was higher than the eutectic point of 777 K [20]. Pre-
electrolysis was carried out at 2.8 V for 12 h by using the
graphite (99.9 % in purity, 6 mm in diameter, and 80 mm in
length) as anode and molybdenum plate (10 x 10 mm) as
cathode in order to remove redox-active impurities remained
in molten salt.
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Electrochemical analysis

All electrochemical measurements were carried out under a
purified argon atmosphere in eutectic CaCl,-NaCl melt at
973 K by using a computer-controlled CHI760D electrochem-
ical system (Shanghai Chenhua, China). A conventional
three-electrode cell was used for these experiments. A metallic
cavity electrode (MCE) [21] filled with/without FeTiO; pow-
ders (particle size ~50 pm) was served as the working elec-
trode, a graphite stick (99.9 % in purity, 2 mm in diameter, and
100 mm in length) as the counter electrode, and an Ag wire
(0.5 mm in diameter and 50 mm in length) as the quasi-
reference electrode. The mass of ilmenite powders in MCE
was measured about 0.006 g. Generally, the metallic cavity
electrode (MCE) has been employed comprehensively in the
electrochemical analysis [22-27] due to the characteristics of
the tiny iR drop and high CV measurements sensitivity. In the
present study, the MCE was fabricated by high-speed mechan-
ical drilling a ~0.35-mm circular hole at the end of molybde-
num foil (0.5-mm thickness, ~0.7-mm width, and ~100-mm
length). The foil was then polished on the metallographic
sandpaper, boiled in concentrated NaOH for another 10 min,
washed in distilled water, and dried in air. Then, micro-FeTiO3
powders were manually filled into the MCE hole by repeat-
edly finger-pressing the powder on both sides of the foil, and
wiped off carefully any powder left on the surface of the foil.

In the current experiment, ilmenite powders filled into the
MCE hole were first immersed into the molten salt for 5 h
without electrolysis to investigate the phase changes. After
that, linear cathodic sweep voltammetry and
chronoamperometry of FeTiO3-MCE were measured with
the starting potential of 0.05 V (vs. Ag), which was more
negative than the open circuit potential of 0.10 V (vs. Ag).
After cathodic potentiostatic electrolysis at —0.8 V for 5 min,
60 min and at —1.5 V for 5 min and 60 min, the reduced
powders in MCE were removed from the cavity, washed with
distilled water in order to remove residual salts, and then ex-
amined by X-ray diffraction (D/max-2200pc model) with Cu
K-alpha radiation at a scan rate of 10°/min in the range of
29=10~90°.

Products and morphology analysis after electrolysis

In order to verify the reduction mechanism, electrolytic exper-
iments were carried out in the two-electrode cell between as-
sembled FeTiO; pellet cathode and graphite anode for2 ~ 16 h
at cell voltage of 3.2 V under argon inert atmosphere. The
schematic diagram of experimental apparatus and the assem-
bled ilmenite cathode were shown in Fig. 1. The cathode was
assembled by micro-FeTiO; powders (2.0 g) that were mixed
thoroughly with ammonium bicarbonate (NH4HCO;, 0.67 g,
served as pore-forming agent), and then the mixed powders
were pressed (15 MPa in pressure) in a columnar module for
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5 min to form a pellet of 13 mm in diameter and 3 mm in
thickness. The mixed powders were further sintered in a nu-
merical controlled tube furnace under argon inert atmosphere
at 1173 K for 3 h. Finally, the pellet was wrapped with Mo
wires to assemble as the cathode, as shown in Fig. 1b.

After electrolysis, the crucible was left to cool down in
argon atmosphere. The reduced cathode was then lifted from
the cooled salt and washed in distilled water for 3 h. The
reduced pellet was then polished and analyzed by SEM,
BSE, and EDS analysis (XL 30ESEM TMP model).

Results and discussion
Linear sweep voltammetry

The typical current-time plot was recorded during the 60 min
of potentiostatic electrolysis of MCE with 0.006 g ilmenite
powders at —1.5 V, as shown in Fig. 2, which indicated that
the electrolytic current was sharply decreased from 0.132 to
0.02 A in the initial 5 min and maintained at about 0.02 A
hereafter. In order to clarify the electrochemical behavior of
ilmenite powders during the sharp current decrease stage as
well as the further current stabilization periods, potentiostatic
electrolysis was also respectively conducted at —0.8 V for
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Fig. 2 Typical current-time curve during 60 min of potentiostatic elec-
trolysis of FeTiO; powder at —1.5 V
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5 min, 60 min and at —1.5 V for 5 min, 60 min. The products
obtained were further analyzed by XRD, as shown in Fig. 3.

Figure 3 shows the phases transitions during the
potentiostatic electrolysis of ilmenite in CaCl,-NaCl molten
salt. The detected diffraction peaks were also characterized
with the crystal planes from the MDI Jade 9.0 software.
From the XRD patterns of Fig. 3a, it was seen that after il-
menite powders were immersed into the melts for 5 h, there
are no phase changes of them. All the detected diffraction
peaks belong to the thombohedral FeTiO3 (PDF card #15-
1203) with high intensity. The calculated lattice parameters
of FeTiO; are a = 5.1202 A, b = 5.1202 A, ¢ = 14.0229 A,
and V = 367.63 A>. After 5 min of electrolysis at —0.8 V, the
ilmenite powders were reduced to CaTiO; with the largest
peak intensity, minor intensities of Fe and FeTiO; phases, as
seen in the XRD patterns of Fig. 3b, suggesting that ferrous
oxide in ilmenite was quickly reduced to Fe and titanium
dioxide in FeTiO; was transformed into CaTiOs, leading to
forming new diffraction peaks observed around 23.23°,
26.11°, 33.09°, 39.14°, 40.68°, 47.56°, 49.31°, 51.02°,
53.13° 65.48°, and 82.04° that correspond respectively to
the (110), (111), (112), (103), (022), (220), (221), (222),
(131), (204), and (332) crystal planes of the intermediate
CaTiO; (PDF card #22-0153), and forming three diffraction
peaks at 44.67°, 65.02°, and 82.33° that correspond to the
(110), (200), and (211) crystal planes of Fe (PDF card #88-
2324). Take further observation in Fig. 3c, after 60 min of
electrolysis at —0.8 V, the detected phases have been no
changed but the peak intensity of CaTiO; is increased, imply-
ing the hard reduction of CaTiO5 at —0.8 V.

The mixtures of FeTi, Fe,Ti, Fe, and CaTiO5 were detected
after ilmenite was electrolyzed by 5 min and 60 min of elec-
trolysis at —1.5 V, as shown in Fig. 3d, e. In cooperation with
the detected phases in Fig. 3d, e, the peak intensity of CaTiO3
at 33.09° is disappeared as the electrolysis time is prolonged,
suggesting CaTiO; is reduced at —1.5 V. These electrolytic
products, obviously, are indicative that ilmenite was preferen-
tially reduced to the intermediates such as iron metal and
perovskite via reaction (1) at small negative potentials, and
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CaTiO; would be further reduced to ferrotitanium alloys in the
presence of Fe metals at more negative potentials via reaction

@)
FeTiOs(s) + Ca’t + 2¢

Fe(s) + CaTiOs(s) (1)

CaTiOs(s) + xFe(s) + 4e”

= Fe,Ti + Ca’" + 30% (x 1,2) (2)

The electrochemical behavior of the mixtures partially
reduced after potentiostatic pre-electrolysis was analyzed
by the linear sweep voltammetry. In Fig. 4, curve a pre-
sented the cathodic polarization curve of metallic cavity
electrode (MCE) without FeTiO3 powders at a scan rate of
2 mV/s ranging from 0.05 to —1.6 V versus Ag wire in
eutectic CaCl,-NaCl melt at 973 K. It showed a small
increasing current with negative potential scan. The polar-
ization curve of FeTiO3-MCE was then detected at the
same condition, as shown in curve f. Compared to the
blank MCE curve, a beginning reduction current at
—0.05 V and some small but noticeable current peaks were
observed in the scan range of potential, suggesting that
the electrochemical deoxidization of ilmenite is a complex

reduction of multi-steps.
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The cathodic polarization features of the intermediate pow-
ders reduced respectively at —0.8 V for 5 min, 60 min and at
—1.5 V for 5 min, 60 min were similar to those of ilmenite
powders but the corresponding reduction current was lower
than that of ilmenite, as shown in curves b ~ e. According to
the phases detected in Fig. 3, curve b and e represented the
cathodic polarization features of the mixture powders of
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Fig. 4 Cathodic polarization curves of MCE with/without ilmenite pow-
der and partially reduced mixtures after pre-potentiostatic electrolysis in
molten salt
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FeTiOs, Fe, and CaTiOs; and curves ¢ and d recorded the
polarization curve of the mixture powders of CaTiO;, Fe,
FeTi, and Fe,Ti. It showed the beginning reduction current
near —0.05 V and the increasing current with the negative
potential scan in curve e, but in curves b ~ d; the reducing
current was increased slightly as the potential scanned nega-
tively in the same conditions. The reducing current in curves
b ~ d were obviously lower than that in curve e, suggesting
that the reduction of CaTiO3; would become more and more
difficult than that of FeTiOs as the electrolysis constantly pro-
gresses, resulting in the slower reduction kinetics. The reason
could be attributed to the fact that FeTiO3 is more easily re-
duced than CaTiO; in thermodynamics, resulting in the two-
step deoxidization that is the first easy deoxidization of
FeTiO; and the further difficult reduction of CaTiOs5.

Constant cell voltage electrolysis

Based on the previous study of linear sweep voltammetry, in
order to better understand the electrochemical reduction be-
havior of ilmenite, the sintered ilmenite pellet was also studied
via eutectic CaCl,-NaCl melt electrolysis in a two-electrode
system by using an assembled ilmenite pellet electrode as
cathode and graphite as anode with cell voltage of 3.2 V at
973 K. The partially reduced pellets after electrolysis for 2, 6,
12, and 16 h were washed in distilled water and manually
grounded into powders for XRD phase detection, as shown
in Fig. 5. It showed clearly that the electrolytic products were
FeTi, Fe,Ti, CaTiOs;, and Fe phases for the ilmenite pellet
reduced for 2 h. The presence of the intermediate product

CaTiO5 presented the highest diffraction peak intensities at
33.12° with the following 37.33°, 33.89°, 40.66°, 47.54°,
78.78°, 80.37°, and 82.22°, respectively corresponding to the
(112), (120), (110), (103), (220), (213), (211), and (311) crys-
tal planes. The lattice parameters of the orthorhombic CaTiO3
are a = 5.1773 A, b = 7.8864 A, ¢ = 5.3022 A, and
V = 216.49 A>. Besides, the formation of CaTiO; also sug-
gested that calcium ions in molten salt participated in the
electrochemical reduction of ilmenite, obviously, implying
that ilmenite was not directly reduced to ferrotitanium alloy.
In the mixtures reduced for 6 and 12 h, FeTi became the major
product, while Fe,Ti, Fe, and CaTiO3 were the minor phases.
After 16 h of electrolysis, from Fig. 5(ep), only three well-
defined diffraction peaks appearing at 43.10°, 62.49°, and
78.76° were observed in the XRD patterns, which could be
indexed into the lattices of (110), (200), and (211) crystal
planes of the FeTi (PDF card #83-1635) with Pm-3m space
group of the cubic crystal system. The lattice parameters of
FeTi calculated are a =2.9793 A, b =2.9793 A, ¢ =2.9793 A,
and V = 26.44 A>. No other diffraction peaks were detected,
suggesting the high purity of the production of FeTi powders.
In addition, the product evolutions strongly suggest the fact
that CaTiOs is further deoxidized and simultaneously reacted
with the intermediates Fe, Fe,Ti to form FeTi. The result is
also in good agreement with those conducted by the FeTiOs-
MCE potentiostatic electrolysis.

After electrolysis terminals, the reduced pellets were cut in
cross-sections and polished by sandpaper to analyze the cross-
section by use of back-scattered electron imaging (BSE) and
then were manually grounded in powders to observe the

Fig. 5 XRD patterns of the
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12 h (dy), and 16 h (e))
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partially enlarged area by scanning electron microscopy
(SEM), as shown in Fig. 6. The elemental content was also
detected by energy-dispersive spectroscopy (EDS), as shown
in Fig. 7. The micrograph of ilmenite pellet after immersed
into CaCl,-NaCl melt and washed in distilled water was pre-
sented in Fig. 6a;. It showed that ilmenite particles with dense
structures have a size of about 15 um in diameter and some

Fig. 6 The cross-section back-
scattering micrographs with the
corresponding partially enlarged
second-electron scattering micro-
graphs inside after different re-
duction period: unreduced ilmen-
ite by immersed in the electrolyte
(a;); electrolyzed for 2 h (b;); 6 h
(c1); 12h (d;); and 16 h (e;)

@ Springer

pores with about 5 um in diameter exist inside the pellet.
These pores, to a great extent, play an important role for the
penetration of electrolyte into the core of ilmenite pellet as
well as oxygen transfer from solid oxides into electrolyte.
After 2 h of electrolysis, the reduced pellets showed the light
gray phases surrounded by white spiculate matrix. According
to the EDS analysis in Fig. 7b, and XRD results in Fig. 5by,
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Fig. 7 EDS results of the partially reduced ilmenite; the detected element
contents inside correspond to the detected area in Fig. 6

the white spiculate phases were the enriched Fe metals of
98.8 mass%, and the light gray phases were the CaTiOs.
The composition of mixtures of CaTiO3, Fe,Ti, and FeTi
was 14.28 mass% Fe, 23.14 mass% Ti, 33.5 mass% O,
26.88 mass% Ca, and 2.2 mass% Cl. The SEM image
inside showed the dendritic metallic iron grains and newly
produced pores, implying that with the constant growth of
metallic iron grains, the initial dense perovskite particles

_Electrolysis

—Penetration

Interface of limenite
and Electrolyte

CaCl,-NaCl Electrlyte

will be further deoxidized in the presence of these increas-
ing iron grains to form ferrotitanium alloys. Moreover,
pores that are formed during the deoxidization process
could continually enlarge the boundary arecas where the
oxide particles and electrolyte are in contact and can def-
initely promote the ionized oxygen transport. Take further
inspection in Fig. 6b;, due to the extensively high reduc-
tion rate in the early electrolytic process, the newly pro-
duced iron grains were generated to form nodular nucle-
uses near pores and clusters rather than continuous layers
inside the pellet. The enriched metallic matrix could in-
crease the conductivity of the pellet and could also serve
as the conducting medium to enhance the reduction pro-
cess from the superficial to the profound propagation.

By furthering electrolysis time to 6 h, the morphology of
the reduced particles in Fig. 6¢; showed the light white grains
covering the surface with a content of 17.63 mass% Fe, 26.46
mass% Ti, 11.5 mass% Ca, and 35.94 mass% O, suggesting a
combined component of Fe, Ti, FeTi, and CaTiO; mixtures, as
were evidenced by XRD results in Fig. 5¢y. Moreover, the
reduced pellet showed more porous and looser structures in-
stead of the dense pellet. This could be ascribed to the further
deoxidization of the solid intermediate CaTiO5 and the release
of oxygen from the solid crystals towards the pores. The SEM
image inside Fig. 6¢; showed that the white metallic particles
of 2 wm were adhered to the larger solid dark gray particles of
10 pm. In this process, the spiculate iron phases and the dense
perovskite phases were lost simultaneously, suggesting that
perovskite was deoxidized near iron metals to form metallic
ferrotitanium alloys.

After 12 h of electrolysis, the white grains grew up to about
3 um in content 0f49.27 mass% Fe, 46.88 mass% Ti, and 3.85
mass% of O, as listed in Fig. 7d,. The surface presented a
regular porous and loose structure. From the SEM image in-
side Fig. 6d;, it could find the newly formed ferrotitanium
grains in homogeneous structures. As the newly formed crys-
tals grew up and the deoxidization proceeded, the final content
after 16 h of electrolysis contained the porous ferrotitanium
powder less than 5 pwm with 52.72 mass% Fe, 46.35 mass%

C

3 Interface of
. Fe/CaTiOs/Electrolyte
Porous

lectrolysis Penetration

\ /
CaCl,-NaCl Electrlyte

Fig. 8 Schematic illustration derives from the initial ilmenite particles to the final formation of porous ferrotitanium alloys
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Ti, and 0.72 mass% O, as shown in Fig. 7e;. Thus, the mor-
phology evolutions at different electrolysis terminals suggest
that the deoxidization process includes the iron grain increase,
the deoxidization of solid intermediate CaTiOz near the
spiculate iron phases, and the increase in pores and
ferrotitanium alloying process.

Mechanism of electrochemical reduction

According to the above analysis, the schematic illustration of
the ilmenite electrolytic process is proposed in Fig. 8. As
shown in Fig. 8a, the electrons are transmitted from the cath-
ode current collector to the surface of ilmenite particles via the
pores. By applied overpotential, ilmenite is reduced first to
form Fe metals and CaTiO; at the interface between the solid
particles and CaCl,-NaCl electrolyte via reaction (1), as illus-
trated in Fig. 8b. The newly formed iron grains then grow up
and are enriched to form nodular nucleuses, that is, to form
clusters morphologically near the pores and dendritic grains
inside the pellet. These enriched metals act as the conducting
medium to increase the pellet conductivity and enhance the
electron transport.

Simultaneously, the intermediate CaTiO; starts to be
deoxidized as the reduction process penetrates inward.
However, due to the slow deoxidization rate of perovskite,
the electrolysis proceeds slowly. In this process, CaTiO3 par-
ticles are suggested to be reduced near Fe-enriched clusters to
Fe,Ti and FeTi via reaction (2), as illustrated in Fig. 8c. As the
deoxidization proceeds constantly, the dense pellet turns to be
more porous and separates many trivial ferrotitanium grains.
After electrolysis, ilmenite is finally reduced to porous FeTi.

Overall, the electrochemical deoxidization actually occurs
in the next two stages. First, ilmenite is reduced to Fe/CaTiO;
mixtures; second, the intermediate CaTiOj3 is directly
deoxidized to produce ferrotitanium alloys, mainly Fe,Ti
and FeTi near Fe-enriched phases. The ionized oxygen re-
leased from the solid state is then dissolved into the electro-
lyte, diffused to the anode by electric field force, and
discharged at the graphite consumable anode in the form of
CO/CO, via reaction (3).

yO¥ 4 C(s)2ye” =

Conclusions

(1) The linear cathodic sweep voltammetry of FeTiO; pow-
ders in MCE shows that the direct electrochemical reduc-
tion is a complex heterogeneous process since some in-
termediates such as Fe, CaTiOs, and Fe,Ti have been
found. The reduction of CaTiO; would become more
and more difficult than that of FeTiO5 as the electrolysis
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constantly progresses, resulting in the slower reduction
kinetics. The reason could be attributed to the fact that
FeTiO5 is more easily reduced than CaTiO; in thermo-
dynamics, resulting in the two-step deoxidization that is
the first easy deoxidization of FeTiO; and the further
difficult reduction of CaTiOs.

(2) Constant cell voltage electrolysis in two electrodes sys-
tem has also been applied to analyze the phase transfor-
mation. The result shows that FeTiOs is not directly re-
duced to FeTi. Instead, FeTiOs is first reduced to form Fe
metals and CaTiOj; particles. CaTiOj is further
deoxidized and simultaneously reacts with the interme-
diates such as Fe, Fe,Ti to produce FeTi. The pre-formed
Fe and Fe,Ti phases could surely increase the pellet con-
ductivity and will act as the charge transfer medium to
enhance the reduction process penetrating inward.

(3) Pores within ilmenite pellets play an important role for
the penetration of electrolyte and provide transport path
for the oxygen ions from solid oxides into electrolyte.
During the reduction, the dense solid pellet turns to be
porous continually, and more pores could be found inside
the particles. Thus, after deoxidization, micro-
ferrotitanium alloy powders are formed.
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