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Abstract: A novel method to prepare low-oxygen and high-titanium ferroalloy by multistage and
deep reduction was proposed in this study. Specifically, the raw materials, high titanium slag and iron
concentrate are firstly reduced by insufficient Al powder to obtain high temperature melt. Secondly,
CaO and CaF2 are added into the melt to adjust the basicity of the molten slag. Then, a melt separation
under the heat preservation is carried out to intensify the slag-metal separation. Finally, calcium or
magnesium is added into the metal melt for a deep reduction. Thereafter, high titanium ferroalloy
with an extra-low oxygen content can be obtained. Effects of slag basicity and melt separation
time on the slag-metal separation removal were systematically studied. The results indicate that
the high titanium ferroalloy, produced by the thermite method, contains a lot of Al2O3 inclusions.
This leads to a high oxygen and aluminum content in the alloy. With a melt separation with high
basicity slag treatment, the Al2O3 inclusions can be effectively removed from the alloy melt, and the
slag-metal separation efficiency is greatly improved. With the addition of high basicity slag during
melt separation, Ti content in the alloy is improved from 51.04% to 68.24%. Furthermore, and the
Al and O contents are reduced from 10.38% and 9.36% to 4.24% and 1.56%, respectively. However,
suboxides, such as Ti2O and Fe0.9536O, still exist after a melt separation. This indicates that a deep
reduction is needed to obtain extra-low oxygen high titanium ferroalloy.

Keywords: multistage and deep reduction; low-oxygen high titanium ferroalloy; inclusions; melt
separation; slag-metal separation

1. Introduction

High titanium ferroalloy is one of the most important alloys in the melting of special steel and
structural steel. It is also an important directive alloy in aviation and space [1]. At present, the
major method for the industrial production of high titanium ferroalloy is vacuum remelting process.
However, this method has disadvantages with respect to the limited source of titanium scrap and a
high production cost [2]. It has been a hotspot issue to directly prepare titanium or titanium alloy
from titanium oxides by the electrochemical reduction. Molten salt electrolytic methods, as a short
process and direct preparation of titanium alloys, is becoming an issue with an increased concern,
while it has not been used in a real production due to the limits of electrode materials and current
efficiency [3–8]. Thermite method (also called thermite reduction), using aluminum as a reductant
and high-grade ilmenite as raw materials, is another short process of directly producing high titanium
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ferroalloy. However, this method has some disadvantages of incomplete reduction of titanium oxide
due to the weak reducing action of aluminum and incomplete slag-metal separation with a direct
casting, which results in a high residual oxygen (up to 12%) and aluminum contents [9,10]. All
industrial production lines, using the thermite method to produce high titanium ferroalloy have
been shut down. In recent years, researchers in titanium industry have studied the preparation and
deoxidation mechanism of high titanium ferroalloy with the thermite reduction method. They all
agreed that low-oxygen high-titanium ferroalloy cannot directly be produced from titanium oxides by
thermite reduction [11–13]. Chunarev et al. [14] researched technological possibility of manufacturing
high-titanium ferroalloy form crude ore. The results show that high ferrotitanium (Ti, 60% to 70%)
with oxygen content less than 5% (wt.%) cannot directly be produced by thermite method and the
oxygen exists in the forms of Ti4Fe2O phase.

Dou et al. [15,16] has investigated the formation mechanism of oxygen in high titanium ferroalloy.
The result indicates that the oxygen in high titanium ferroalloy exists in forms of Al2O3, suboxides and
titanium-oxygen solid solution. He has further researched the effects of physical properties of molten
slag on the slag-metal separation and eliminating inclusions in the high titanium ferroalloy prepared
by thermite reduction. The results indicate that the appropriate addition of CaF2 and high basicity of
the slag improves the effects of slag-metal separation and inclusion removal [17,18].

Based on our previous researches, a novel methodology for directly preparing low oxygen and
high titanium ferroalloy from high titanium slag and iron concentrate by multistage and deep reduction
is put forward [19,20]. This method is described as follows: (1) Thermite reduction. High titanium
slag and iron concentrate as raw materials are firstly reduced by insufficient Al powder to obtain high
temperature melt. (2) Melt separation under heat preservation. CaO and CaF2 are added into the melt
by thermite reduction to adjust the basicity of the molten slag and a melt separation under the heat
preservation is carried out to strengthen the slag-metal separation. (3) Deep reduction. Calcium or
magnesium is added into the metal melt to carry out a deep reduction and extra-low oxygen high
titanium ferroalloy is obtained. In this paper, the effects of slag basicity and melt separation time on the
slag-metal separation during the melt separation under heat preservation were systematically studied.

2. Experimental Part

High-titanium slag (86.03% TiO2, particle size: ≤ 3 mm, Panzhihua Iron & Steel Group Co. China)
and iron concentrate (63.07% TFe, particle size: 0.1–0.5 mm, Fortescue Metals Group Ltd, Pilbara,
Australia) were used as the raw materials. The chemical composition of the raw materials is shown in
Table 1. Aluminum powder (Al, 98.5%, particle diameter: ≤ 3 mm, Jinzhou Metal Co., Ltd., Jinzhou
China) was used as the reductant. KClO3 (99.5%, particle diameter: ≤ 3 mm), CaO (99.5%, particle
diameter: ≤ 250 µm), magnesium powder (99.5%, particle diameter: 0–0.2 mm) were produced by
Sinopharm Chemical Reagent Co., Ltd. City, Shanghai, China.

Table 1. Chemical composition of raw materials, wt.%.

Raw Material TiO2 TFe Al2O3 SiO2 CaO MgO Others

High-Titanium Slag 86.03 2.40 3.30 5.60 0.17 0.98 Bal.
Iron Concentrate - 63.07 2.71 3.40 0.54 0.45 Bal.

The workflow of the experiment is shown in Figure 1. High-titanium slag, iron concentrate, CaO
and KClO3 were put into the oven to dry at 110 ◦C for 24 h, then they were evenly mixed with Al
powder in proportion by a barreltype mixer for 40 min. The mass ratio of high-titanium slag, Al
powder, iron concentrate, KClO3 and CaO is 1: 0.61: 0.23: 0.35: 0.13, the stoichiometric ratio of Al
powder used as the reductant for TiO2 is 0.9. The reactants were preheated at 150 ◦C for 2 h, and then
were put into a homemade graphite reactor (dia. 350 mm, 480 mm in height). Magnesium powders
(about 3 g) were covered with on the top of the reactants and then were ignited to introduce thermite
reaction. After a complete thermite reaction, a high temperature melt was obtained and then was
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teemed into a furnace (SPZ-160A, dia. 150 mm, 200 mm in deep) for a heat preservation. Next, two
group of experiments were separately carried out for melt separation, and the experimental process
is as follows. Group 1: the high temperature melt was directly carried out a melt separation at 165
◦C for 30 min, 60 min, 90 min respectively. Group 2: eliminated 90% of the upper slag and added
Al2O3, CaO and CaF2 into the molten slag to adjust the basicity, making its composition that the mass
ratio of Al2O3, CaO and CaF2 was 1: 1: 0.05, and then kept the melt at 1650 ◦C for 30 min, 60 min, 90
min, respectively. After the melt separation, it was cast into a graphite crucible and the alloy ingot
was obtained.
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The alloy and slag were analyzed by X-ray diffractometry (XRD, Model D8, Bruker, Karlsruhe,
Germany; working conditions: Cu Kα1, 40 kV, 40 mA). The composition of high basicity slag after
melt separation was analyzed by X-ray fluorescence (XRF, Model S4, Bruker, Karlsruhe, Germany).
The oxygen contents of alloy samples were measured by the oxygen and nitrogen hydrogen analyzer
(Type G8, Bruker, Karlsruhe, Germany). The compositions of alloys were analyzed by inductively
coupled plasma atomic emission spectrometry (ICP, Optima 4300DV, PerkinElmer, Waltham, USA).
The microstructures of alloy samples were observed by Scanning Electron Microscope (SEM, SU-8010,
Hitachi, Tokyo, Japan) and Energy Dispersive Spectrometer (EDS, Bruker, Karlsruhe, Germany).

3. Results and Discussion

3.1. Characteristics of Slags

Figure 2 shows XRD patterns of slags after melt separation without addition of Al2O3-CaO-CaF2

slag. The diffraction peaks can be indexed to Al2O3, TiO, Ti0.913O0.7304, Fe3.3Ti9.7O3 and FeTi2.603O0.35.
The existence of Al2O3 indicates that, in thermite method, it is difficult to completely remove Al2O3

inclusions from the alloy prepared by thermite reaction with direct casting. The slag-metal separation
is strengthened by a melt separation after thermite reaction, but this process will decrease the yield
of Ti and Fe. This is due to that TiO, Ti0.913O0.7304, Fe3.3Ti9.7O3 and FeTi2.603O0.35 will be separated
from alloy. The existence of TiO, Ti0.913O0.7304, Fe3.3Ti9.7O3 and FeTi2.603O0.35 indicates that thermite



Metals 2020, 10, 309 4 of 10

reaction in this experiment is incomplete. This is mainly attributed to the inadequate aluminum
powder (90% stoichiometric ratio of Al powder used as reductant for TiO2) in ingredients. Therefore,
a deep reduction using calcium or magnesium as a reductant is necessary. The titanium sub-oxides
and Ti-Fe-O complex oxides in slags indicate that they will be absorbed into the refining slag during a
melt separation process, which will decrease the recovery rate of Ti and Fe. In addition, the diffraction
peaks intensity of Al2O3 are improved with the increase of melt separation time. This means that that
Al2O3 is effectively removed in the metal melt. Table 2 shows that the content of Al2O3 increases with
the melt separation time. This result agrees well with the XRF analysis.
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Table 2. XRF (X-ray fluorescence) analysis result of slags after different melt separation time (1,2,3:
without addition of Al2O3-CaO-CaF2 slag, 4,5,6: with addition of Al2O3-CaO-CaF2 slag), wt.%.

Number Separation
Time Al2O3 CaO TiO2 CaF2 SiO2 MgO Fe2O3 Others

1 30 min 12.01 0.64 67.03 - 4.54 0.03 13.39 Bal.
2 60 min 12.56 0.14 67.41 - 3.96 0.01 13.57 Bal.
3 90 min 12.94 0.56 65.97 - 4.04 0.07 14.38 Bal.
4 30 min 49.76 33.31 7.69 4.32 0.94 0.54 0.33 Bal.
5 60 min 52.09 31.06 5.82 5.5 0.81 0.50 0.2 Bal.
6 90 min 53.17 28.15 6.81 5.48 1.24 0.86 0.27 Bal.

Figure 3 shows XRD patterns of slags after melt separation with addition of Al2O3-CaO-CaF2 slag.
The diffraction peaks can be indexed to CaAl2O4 and CaAl4O7. It can be speculated that high basicity
slag reacts with Al2O3 inclusions in the alloy melt obtained by thermite reduction and the reaction is
as follows [21]:

y(CaO) slag +(Al2O3) inclusion = (yCaO·Al2O3)liquid, slag (1)
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Low melting point calcium aluminates are formed during melt separation, and they strengthen
the slag-metal separation. Figure 3 shows that the diffraction peaks intensity of CaAl4O7 increase
with the increasing of the melt separation time, while that of CaAl2O4 increase and then gradually
decrease. According to the equilibrium diagram of Al2O3-CaO system [22], this result is mainly
attributed to that the amount of Al2O3 inclusions from alloy melt into the slag increases with melt
separation time. Comparing to the XRD patterns of slags without the addition of Al2O3-CaO-CaF2 slag
in Figure 2, the diffraction peaks of Ti-Fe compounds oxides and titanium suboxides cannot be observed
in Figure 3. The XRF analysis results in Table 2 indicate that the Al2O3 content in slag increases with an
increased separation time. This indicates that a long melt separation time is beneficial for the slag-metal
separation. In addition, the contents of TiO2 and Fe2O3 in the slag with addition of Al2O3-CaO-CaF2

slag are obviously lower than that in the slag without the addition of Al2O3-CaO-CaF2 slag. It can be
concluded that the slag-metal separation effect is strengthened, and the migration of alloy components
is suppressed by regulating the slag basicity during the melt separation, which is beneficial to increase
the recovery rate of Ti and Fe elements.

3.2. SEM Images and EDS Analysis

Figure 4 shows the SEM images of the alloys directly prepared by thermite method and after melt
separation under heat preservation.

Figure 4a indicates that the microstructure of the alloy directly prepared by thermite method
is loose and contains amorphous Al2O3 inclusions with a size about 200 µm, which indicates an
incomplete slag-metal separation. Figure 4b–d shows that Al2O3 inclusions can also be observed
in the alloys after different separation time in the cases without addition of Al2O3-CaO-CaF2 slag.
However, the morphology and size of Al2O3 inclusions are different with different melt separation
time. Comparing to thermite method, Al2O3 inclusions in melt separation under heat preservation go
through an aggregation-floating upward-recrystallization process, which is beneficial to the Al2O3

inclusion removal. The sizes of Al2O3 inclusion in the alloy are uneven, ranging from 5–50 µm
under a 30 min separation, and the size ranges from 10 to 20 µm after a 60 min separation. However,
they are rod-like with a size about 70 µm at 90 min separation. This result indicates that big size
Al2O3 inclusions can float upwards and are preferentially separated out. However, small size Al2O3

inclusions get together, recrystallize and grow up with melt separation time and then are separated out.
Compared to the alloys without addition of Al2O3-CaO-CaF2 slag for melt separation in Figure 4b–d,
Al2O3 inclusions can hardly be observed in the alloys for the cases with addition of Al2O3-CaO-CaF2
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slag in Figure 4e–g. In addition, the microstructure of alloys is more uniform and compact, which
indicates that the effects of slag-metal separation are greatly enhanced.
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Figure 4. SEM (Scanning Electron Microscope) images of alloys: (a) directly prepared by thermite
method; (b–d) 30 min, 60 min, 90 min without addition of Al2O3-CaO-CaF2 slag; (e–g) 30 min, 60 min,
90 min with addition of Al2O3-CaO-CaF2 slag.

According to the microscopic analysis result in Table 3, regions 1, 5 and 8 in Figure 4b–d are
supposed to be Ti-O solid solution, and region 3, 4 and 7 are TiFe phase. Si is dissolved in the matrix.
Regions 10, 13 and 16 in Figure 4e–g are matrix based on Ti, Fe, Al, Si. Regions 12 and 15 are supposed
to be Ti-O solid solutions. Under a high-powered microscope, a “basket microstructure” structure can
be observed in the regions 12 and 14 in Figure 4e,f, and they are based on Ti, Fe, Al, Si. However, coarse
lath-shaped structures, in the form of titanium silicide, arise in region 17 in Figure 4g. Compared
to thermite method, the microstructure of alloys becomes more uniform and denser with a longer
separation time.

Table 3. Microscopic analysis of the microstructures of alloys in Figure 4, wt.%.

Region Ti Fe Al Si O

1 81.69 2.14 0.78 - 15.39
2 - - 59.5 - 40.5
3 59.88 20.74 7.94 1.73 9.71
4 53.24 32.52 3.47 2.59 8.18
5 84.5 - - - 15.5
6 - - 58.3 - 41.7
7 55.42 28.49 5.66 2.89 7.54
8 82.15 - - - 17.85
9 - - 61.88 - 38.12

10 42.59 40.25 11.64 3.18 2.34
11 54.88 27.43 5.71 5.38 6.6
12 97.28 - - - 2.72
13 43.31 40.72 11.2 3.37 1.4
14 55.61 24.7 7.89 5.43 6.37
15 98.34 - - - 1.66
16 44.55 43.12 8.48 2.73 1.12
17 79.42 7.67 4.26 6.65 2

3.3. Phase of Alloys

Figure 5 shows XRD patterns of alloys directly prepared by thermite method with a melt separation.
The obvious diffraction peaks of Al2O3, Fe3.3Ti9.7O3, FeTi2.6O0.75 and TiO can be observed in the alloy
directly prepared by thermite method. This means that the metal and slag have an incomplete
separation because of the direct casting and a rapid cooling. However, the diffraction peaks of alloys
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after a melt separation with the addition of Al2O3-CaO-CaF2 slag can be indexed to Fe0.9536O, TiFe,
Ti2O, Al3Ti0.75Fe0.25, Al86Fe14 and Al2.1Ti2.9, but diffraction peaks of Al2O3 cannot be observed. The
existing state of elements in the alloy is determined by thermite reduction reaction at high temperature,
diffusive migration and recombination of constituent element during melt separation [23]. The Ti,
which is reduced by residual aluminum in the alloy, preferentially combines with Fe to form Ti-Fe
metallic compound and Ti3.3Fe9.7O3 [24]. However, new intermetallic compounds, such as Al86Fe14,
Al3Ti0.75Fe0.25, are produced after a melt separation with high basicity Al2O3-CaO-CaF2 slag. It can be
supposed that the formation of Al86Fe14, Al3Ti0.75Fe0.25 is mainly due to the basicity change of slag,
diffusive migration and recombination of constituent element during melt separation. As a result, melt
separation has a great effect not only on regulating the microstructure of the alloys but also on the
removal of Al2O3 inclusions. This result agrees well with the microstructure analysis in Figure 4e–g.
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Figure 5. XRD patterns of alloys at 1650 ◦C: (1) directly prepared by thermite method; (2–4) 30 min, 60
min, 90 min after melt separation with addition of Al2O3-CaO-CaF2 slag.

3.4. Oxygen Content and Chemical Composition Analysis

Figure 6 shows the curves of Al and O contents in the alloy with the melt separation time.
The result indicates that both the Al and O contents of the alloys dramatically decrease after a melt
separation. The Al and O contents in the alloy directly prepared by thermite method are 10.38% and
9.36%, respectively. The values are reduced to 6.52% and 4.54%, respectively, after a melt separation
without the addition of Al2O3-CaO-CaF2 slag. However, they are further reduced to 4.24% and 1.56%,
respectively, after a melt separation with the addition of Al2O3-CaO-CaF2 slag. According to the
variation of Al and O before and after melt separation (in accordance with the chemical composition
of Al2O3), it is supposed that the oxygen mainly exists in the form of Al2O3. The removal efficiency
of Al2O3 during melt separation with Al2O3-CaO-CaF2 slag addition is obviously higher than that
without Al2O3-CaO-CaF2 slag addition. This may be due to the melting point decrease of the slag after
the addition of high basicity slag. A low melting point of the slag provides a good condition for a fast
metal-slag separation. In addition, the dissolution time of Al2O3 inclusion in the high basicity slag is
much shorter than the separation time of Al2O3 at the slag-metal interface (< 5 s) [25]. At the same time,
the dissolution rate of Al2O3 particle decreases with the increasing of the Al2O3 content in slag, due to
that the driving force of Al2O3 dissolution decreases. As a result, Al2O3 inclusions float upwards and
depart from the slag-metal interface. Then, they are absorbed by the melt slag. This should be the
main removal procedure of Al2O3 inclusion during the melt separation. Therefore, it is important to
improve liquidity of melt slag for the removal of Al2O3 inclusions. The Al2O3 inclusions are effectively
removed by strengthening the separation conditions during the melt separation. However, oxygen in
the form of suboxides, such as Ti2O and Fe0.9536O, still needs to be removed by a deep reduction.
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Figure 6. The curves of Al and O contents in alloys with the melt separation time: (1) without addition
of Al2O3-CaO-CaF2 slag; (2) with addition of Al2O3-CaO-CaF2 slag.

Table 4 shows the chemical composition of alloys. The result indicates that the Al and O contents
in the alloy directly prepared by thermite method can reach to 10.38% and 9.36%, respectively. After a
melt separation without the addition of Al2O3-CaO-CaF2 slag, the Al and O contents dramatically
decrease, respectively, from 10.38% and 9.36% to 6.52% and 4.54%, but Ti content evidently increases
from 51.04% to 62.12%. After melt separation with addition of Al2O3-CaO-CaF2 slag, the Al and O
contents dramatically decrease from 10.38% and 9.36% to 6.52% and 4.54%, respectively. Ti content
evidently increases from 51.04% to 68.24%. As a result, melt separation under the heat preservation
is the key to produce high titanium ferroalloys with high quality and low impurities. At the same
time, the oxygen in the alloy (about 1.50%) after melt separation illustrates that a deep reduction is still
needed to further decrease its content, namely a multistage and deep reduction.

Table 4. Chemical composition of high titanium ferroalloys: 1: directly prepared by thermite method;
2,3,4: without addition of Al2O3-CaO-CaF2 slag; 5,6,7: with addition of Al2O3-CaO-CaF2 slag.

Number Melt Separation
Time Ti Al Si O Fe

1 - 51.04 10.38 5.65 9.36 Bal.
2 30 min 61.20 7.24 5.26 5.89 Bal.
3 60 min 62.06 6.68 5.47 4.65 Bal.
4 90 min 62.12 6.52 5.36 4.54 Bal.
5 30 min 66.72 4.56 5.08 1.75 Bal.
6 60 min 67.76 4.26 4.64 1.55 Bal.
7 90 min 68.24 4.24 4.86 1.56 Bal.

4. Conclusions

A novel methodology for directly preparing low-oxygen high titanium ferroalloy from high
titanium slag and iron concentrate by multistage and deep reduction was proposed, and the effects of
slag basicity and melt separation time on the slag-metal separation during the melt separation under
heat preservation were systematically studied. The conclusions are as follows:

There are a lot of Al2O3 inclusions in the alloy, which is directly prepared by thermite reduction,
and they can be effectively eliminated by a melt separation under a heat preservation. The metal-slag
separation efficiency can be effectively improved by increasing the basicity of melt slag and by extending
the separation time. After the melt separation with the addition of Al2O3-CaO-CaF2 slag, the Al and O
contents dramatically decrease from 10.38% and 9.36% to 4.24% and 1.56%, respectively. The removal



Metals 2020, 10, 309 9 of 10

mechanism of Al2O3 inclusions during the melt separation is that Al2O3 inclusions float upwards and
depart from the slag-metal interface. After that, they are absorbed by the molten slag.

After a melt separation, the residual oxygen in the form of sub-oxides, such as Ti2O and Fe0.9536O,
still needs a deep reduction to be further removed, namely, a deep reduction. The deep reduction
process will be the object of subsequent papers.
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