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Production of Fe–Ti–Si alloys from the ilmenite
ore and their magnetic properties
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Abstract

We report a new smelting reduction process for the production of Fe–Ti–Si alloys directly from ilmenite (FeTiO3) ore by means of the
molten silicon equilibrated with the molten slag materials containing CaO, SiO2, Al2O3, and CaF2. X-ray diffraction and microstructural
studies revealed that metallic Fe–Ti–Si alloys were successfully produced from ilmenite ore by the direct reduction process. The resultant
Fe–Ti–Si alloys consisted mostly of either the FeTiSi or FeTiSi2 phase depending on the amount of silicon used. It was found that these
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ilicides exhibit attractively high Curie temperatures (Tc), Tc = 728 K for the FeTiSi phase andTc = 917 K for the FeTiSi2 phase. Howeve
he saturation magnetization of the FeTiSi and FeTiSi2 phases was found to be relatively small compared to the other iron compound
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. Introduction

Ilmenite ore is used for the production of titanium metal.
n the titanium production process, ilmenite is first reduced
o be rutile, then the rutile is reduced to be titanium metal by
eans of a metallothermic reduction process, called the Kroll
rocess[1]. The Kroll process involves two steps; first the ru-

ile (TiO2) is converted to be titanium tetrachloride (TiCl4)
sing chlorine (Cl2) gas, and this is then reduced by magne-
ium metal in a reactor at about 1100 K. The resultant tita-
ium metal is obtained at a deposit on the wall of the reactor,

rom where it is removed at the end of the reaction. Since
his process is no continuous process, but a so-called batch-
ype process, the productivity is very low compared to that
or other metals such as iron or copper. This low productivity
ives rise to the higher price of titanium metal. A new tita-
ium production technique is desired in the industry because

his metal has many advantages such as high strength and
igh corrosion resistance.

Several attempts have been explored for the produ
of titanium metal from rutile[2–6]. One example is the d
rect electrochemical reduction of rutile using molten calc
chloride[2]. Another new technique is the so-called prefo
reduction process, based on the calciothermic reducti
preform containing titanium oxide[6]. However, these ne
processes are still underdeveloped and involve the redu
of rutile, not the ilmenite ore itself. From the economic
environmental points of view, it is essential to develop a
reduction process for ilmenite ore.

In a series of the thermodynamic studies of the mo
CaO–SiO2–Al2O3 slag materials and the molten silicon,
have found that the molten silicon equilibrated with
molten CaO–SiO2–Al2O3–CaF2 slag materials can be us
for the direct reduction of ilmenite. In this process, Fe–T
alloys are directly produced from the ilmenite. The st
tures and magnetic properties of the Fe–Ti–Si alloys
also studied.

2. Experimental
∗ Corresponding author.
E-mail address:tetsuji@pf.it-chiba.ac.jp (T. Saito).

Ilmenite (FeTiO3) and CaO, SiO2, Al2O3, and CaF2
powders were weighed in the proportions of 30 mass%
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FeTiO3–37.8 mass% CaO–16.8 mass% SiO2–6.3 mass%
Al2O3–7.0 mass% CaF2 and then mixed by mortor and
pestle. Mixtures of the powder of 20 g in weight were poured
into alumina crucibles. The powder mixtures were melted
and superheated to 1773 K under a flow of a nitrogen gas.
Small amounts of silicon were injected into the molten
samples and the samples were kept at 1773 K for 1 h under
a flow of a nitrogen gas. After the reaction, the specimens
were cooled down to room temperature in the furnace.

The specimens were removed from the crucibles and then
cut for measurements. The phases in the specimens were
characterized by X-ray diffraction (XRD) using Cu K� radia-
tion. The microstructures of the specimens were investigated
under a scanning electron microscope (SEM) equipped with
an electron probe microanalyzer (EPMA). The saturation
magnetization of the specimens was measured by a vibrating
sample magnetometer (VSM) with a maximum applied field
of 1.6 MA/m. The VSM was calibrated with a pure nickel
sphere. The thermomagnetic properties of the specimens
were examined at a heating rate of 0.16 K/s in a helium
atmosphere by a VSM with an applied field of 40 kA/m.

3. Results and discussions
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Fig. 1. Typical cross-sectional micrograph of the specimen in the crucible.
The metallic specimen was seen at the bottom of the crucible.

structures of the metallic specimens were examined by XRD
and SEM.

Fig. 2shows the XRD patterns of the metallic specimens
produced using the required molar ratio of silicon and half
of the required molar ratio. The XRD pattern of the metallic
specimens produced using the required molar ratio of silicon
is indexed to the FeTiSi2 and Si phases. This indicates that the
metallic specimen produced by the reduction of the ilmenite
consists of the FeTiSi2 phase. The finding that not the Ti
and FeSi2 phases but the FeTiSi2 phase was obtained from
ilmenite by means of the molten silicon was quite unexpected.
On the other hand, no diffraction peaks of the FeTiSi2 and Si
phases are seen in the XRD pattern of the metallic specimens
produced using half of required molar ratio. The diffraction
peaks are well indexed to the FeTiSi and FeSi phases in the
XRD pattern. When half of the required molar ratio of silicon
was used in the experiment, the different silicides, FeTiSi and
FeSi, were obtained from the ilmenite by means of the molten

F e re-
q

When the ilmenite (FeTiO3) ore is directly reduced b
he molten silicon, one of the products is silicon dioxi
SiO2) and the others are pure titanium metal and iron
ides. Among the iron silicides, one of the most stab
eSi2 in the Fe–Si system alloys. Thus, we first assume
eduction reaction in this process to be as follows;

eTiO3 + 7
2Si → Ti + FeSi2 + 3

2SiO2

s seen in the above equation, a molar ratio of 3.5 time
uch silicon as ilmenite was used in this experiment.

omparison, a molar ratio of half the required amount of
on was also used. After the experiment, the crucible wa
nto half to show the appearance of the specimen.

A typical cross-sectional micrograph of the specime
he crucible is shown inFig. 1. Virtually the same micro
raph was obtained from the specimen prepared using
f the required amount of silicon. The specimen in the
ible was clearly separated into two regions. The upper
f the specimen was grayish, which was considered t

he slag materials. On the other hand, the bottom pa
he specimen has a metallic surface. Although only o
nd fluoride slag materials were used in the experim
metallic specimen was obtained in this process. Sa

t al. have reported that the CaO–SiO2–Al2O3 slag mate
ials were equilibrated with the molten Si[7]. Since we
sed calcium fluoride CaF2 as one of the slag materia

he CaO–SiO2–Al2O3–CaF2 slag materials were also eq
ibrated with the molten Si. In other words, no reaction
ssumed between the CaO–SiO2–Al2O3–CaF2 slag material
nd the molten Si. Thus, the ilmenite (FeTiO3) is the mate
ial reduced to be the metal in this process. The phase
ig. 2. XRD patterns of the metallic specimens produced using (b) th
uired molar ratio of silicon and (a) half of the required molar ratio.
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Fig. 3. Scanning electron micrograph of the metallic specimen produced by the use of the required molar ratio of silicon and the corresponding X-ray mappings
of titanium (Ti), iron (Fe), and silicon (Si). The matrix and two grain boundary phases (black and gray regions) were seen in the micrograph.

silicon. Although the metallic specimens can be produced
from ilmenite ore by means of the molten silicon, the phases
of the metallic specimens are found to be dependent on the
molar ratio of molten silicon to ilmenite in this process.

Fig. 3 shows the SEM micrograph of the metallic speci-
mens produced using the required molar ratio of silicon and
the corresponding X-ray mappings of titanium, iron, and sili-
con. Gray regions and black regions were found between the
matrices in the SEM micrograph. Titanium, iron, and silicon
were detected in the matrix, as expected for the TiFeSi2 phase.
No titanium or iron were detected in the black regions where
silicon was enriched. This suggests that the black regions
are the remaining silicon. According to the XRD studies,
the specimen consists of the FeTiSi2 and Si phases. How-
ever, thin layers of the gray regions are noticed between the
FeTiSi2 matrix and black Si phases. No iron was detected in
the gray regions where titanium and silicon were detected.
The composition of the gray regions was found to be TiSi2.
Thus, the microstructural studies revealed the existence of a
small amount of the TiSi2 phase between the FeTiSi2 matrix
and remaining silicon.

Fig. 4 shows the SEM micrograph of the metallic speci-
mens produced using half of the required molar ratio of sili-
con and the corresponding X-ray mappings of titanium, iron,
and silicon. The microstructure consists of two phases: the
m were
d e. No

titanium was detected in the second phase where iron and
silicon were enriched. This implies that the second phase is
the FeSi phase. Unlike the metallic specimens produced us-
ing the required molar ratio of silicon, no remaining silicon
nor TiSi2 phase are found in the microstructure of the metal-
lic specimen produced using half of the required molar ratio.
Further studies are essential to determine the reaction be-
tween ilmenite and molten silicon equilibrated with molten
CaO–SiO2–Al2O3–CaF2 slag materials.

The FeTiSi and FeTiSi2 phases were successfully pro-
duced from ilmenite ore by means of molten silicon equili-
brated with molten CaO–SiO2–Al2O3–CaF2 slag materials.
As far as we are aware, little is known about the proper-
ties of FeTiSi and TiFeSi2 phases. We therefore, studied the
magnetic properties of FeTiSi and FeTiSi2. For the magnetic
measurements, FeTiSi and FeTiSi2 alloys were prepared by
arc-melting and subsequent annealing at 1273 K for 24 h in
an argon atmosphere since the Fe–Ti–Si alloys produced by
direct reduction of ilmenite contained some other phases.
Fig. 5 shows the thermomagnetic curves of the FeTiSi and
FeTiSi2 alloys. It was found that these silicides exhibit at-
tractively high Curie temperatures (Tc): Tc = 728 K for the
FeTiSi phase andTc = 917 K for the FeTiSi2 phase. However,
the saturation magnetization studies revealed that the FeTiSi
and FeTiSi2 phases had a saturation magnetization of 3.77×
1 −2 −3 li-
c tura-
atrix and a second phase. Titanium, iron, and silicon
etected in the matrix, as expected for the FeTiSi phas
0 T and 1.72× 10 T, respectively. Although these si
ides contained relatively large amounts of iron, their sa
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Fig. 4. Scanning electron micrograph of the metallic specimen produced by the use of the half of the required molar ratio of silicon and the corresponding
X-ray mappings of titanium (Ti), iron (Fe), and silicon (Si). The matrix and a grain boundary phase were seen in the micrograph.

Fig. 5. Thermomagnetic curves of (a) FeTiSi and (b) FeTiSi2 alloys mea-
sured at a field of 40 kA/m in a helium atmosphere.

tion magnetization was found to be relatively small compared
to the other iron compounds.

4. Conclusions

The use of molten silicon equilibrated with molten slag
materials containing CaO, SiO2, Al2O3, and CaF2 for the
direct reduction of ilmenite ore was studied. The Fe–Ti–Si

alloys consisted of the FeTiSi2 and Si phase together with a
small amount of TiSi2 phase when produced using a molar
ratio of 3.5 times as much as ilmenite. On the other hand,
the Fe–Ti–Si alloys consisted of the FeTiSi and FeSi phases
when produced using a molar ratio of 1.75 times as much as
ilmenite. In both cases, the Fe–Ti–Si alloys were produced
directly from ilmenite (FeTiO3) ore by means of molten sil-
icon in molten slag materials containing CaO, SiO2, Al2O3,
and CaF2. The Curie temperatures and saturation magnetiza-
tions of these phases were studied using a vibrating sample
magnetometer. The FeTiSi phase exhibited a saturation mag-
netization of 3.77× 10−2 T and a Curie temperature of 728 K.
The FeTiSi2 phase showed a low saturation magnetization of
1.72× 10−3 T and a Curie temperature of 917 K.
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