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Abstract: X-ray diffraction (XRD) and crystal structure analysis were used to study the effects of Mg content and cooling rate on the
titanium phase transformation of three types of titanium slag. The results indicate that in the rapid cooling process, the titanium phase
is anosovite, whose chemical formula is Mg, Ti3-,Os (0<n<1). In the slow cooling process, when the Mg content is high, anosovite
transforms into karrooite MgTi,Os5 structure; when the Mg content is low, karrooite MgTi,Os and rutile TiO, both exist. The stability
of karrooite MgTi,0s is better than that of anosovite Mg, Ti;—,Os. Slow cooling contributes to the doping of Mg into the anosovite

crystal and stabilises the anosovite crystal structure.
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1 Introduction

Titanium is known as a modern metal. It has been
widely used because of its unique physical and chemical
properties [1—4]. In the current titanium industry, the
production of titanium sponge and titanium dioxide,
produced by the chlorination process, requires the use of
high grade titanium product, whose content of CaO and
MgO must be less than 1.5%. The titanium slag produced
by the electric furnace smelting process using the generic
quality of ilmenite concentrate contains high contents of
CaO and MgO. This slag is only suitable for the
production of titanium dioxide via a sulphuric acid
process. If the slag is used to produce titanium dioxide
via a chloride process or is used to produce titanium
sponge, additional technical and cost problems arise [5].
With the advent of new technologies, new titanium-rich
product is produced, such as direct reduction and
smelting of titanium slag, which is produced in a process
in which titanomagnetite concentrate is directly reduced
with coal, and then is smelted in an electric furnace. The
titanium slag produced by direct reduction and smelting
process contains TiO, with a content of 40%—50% and
CaO and MgO with a content that is in the range of

13%-20%. The comprehensive utilisation of smelting
titanium slag in the new process is a key issue.
Therefore, the research on determining how to remove
impurities, such as Ca and Mg, and how to improve the
TiO, grade, has great significance for promoting the
development of the titanium industry.

However, some impurities in titanium slag are
difficult to be removed through leaching, flotation and
other methods, especially the magnesium. Studies have
found that magnesium existing as independent minerals,
such as spinel and olivine, also exist in titanium
minerals. The primary titanium mineral in titanium slag
is anosovite solid solution, which can be expressed as
m(AO-Ti0,)-n(B,05°TiO,), where A is the divalent
titanium, magnesium, iron, manganese, etc., B is the
trivalent titanium, iron, aluminium, chromium, etc., and
m and n are constant coefficients [6—8]. Magnesium
always dopes into the anosovite crystal by isomorphism.
Thus, the study of the effects of magnesium on titanium
phase composition will contribute to the development of
impurity removal technology. Studies on the preparation
of high quality synthetic rutile using titanium slag
containing a high content of impurities also indicate that
changing the phase composition is the key to improve the
quality of titanium slag [9—11].
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The anosovite crystal structure is affected by
magnesium content and the cooling method of titanium
slag. Therefore, the effects of magnesium content and
slow cooling rate on the phase transformation behaviour
of three types of titanium slag were investigated in the
present work. In addition, the related mechanisms for
these effects were also discussed.

2 Experimental
2.1 Materials

The No. 1 and No. 2 titanium slag materials used in
the experiment were provided by Panzhihua Iron and

Steel Group Limited Liability Company in China; the No.

3 titanium slag material came from Yunnan Province in
China. The No. 1 material is smelting titanium slag
which is produced by the direct reduction and electric
furnace smelting process, and the raw materials of the
process are titanomagnetite concentrates. The No. 2 and
No. 3 materials are titanium slag produced by the electric
furnace smelting process, and the raw materials of the
process are ilmenite concentrates. The chemical
compositions of the three materials are presented in
Table 1. As seen in Table 1, the TiO, grades of the No. 1,
No. 2 and No. 3 materials are 46.80 %, 68.82 % and
93.45 %; the MgO grades of the No. 1, No. 2 and No. 3
materials are 11.49 %, 6.94 % and 0.59 %, respectively.

Table 1 Chemical composition of materials (mass fraction, %)

Material

No. Ti 02 Fe Cr

\'% A]203 SIOZ CaO MgO

1 46.80 1.38 0.074 0.46 18.08 16.20 5.09 11.49
2 68.82 10.55 0.028 0.13 3.39 6.96 2.02 6.94
3 93.45 0.36 0.019 0.084 252 2.56 031 0.59

2.2 Experimental
characterisation

The experiments were performed in a box-type
resistance  furnace. The heating elements are
molybdenum  disilicide U-shaped bars, and the
temperature was measured by a platinum—rhodium
thermocouple. Temperature was controlled by an Al
intelligent digital temperature controller with an
accuracy of 2 K.

The materials were crushed to 2 mm by using a
crusher. Approximately 80 g of the sample was
transferred into a graphite crucible and placed in a
resistance furnace. The temperature of the furnace was
increased to 1723 K, and then maintained for 30 min to
melt the materials. Afterward, the resistance furnace was
cooled to 1423 K at cooling rates of 4 K/min and
2 K/min, as shown in Fig. 1. Then the resistance furnace
was closed, and the materials in resistance furnace

procedure and  product

together with the furnace were cooled to room
temperature slowly. Finally, when the temperature
dropped to room temperature, the materials were taken
out and XRD analysis was conducted.
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Fig. 1 Heating and cooling curve

The crystal phases composition of the titanium slag
before and after slow cooling treatment were
characterised by XRD (D/Max 2200, Rigaku, Japan)
using Cu K, radiation (4=0.154056 nm, 40 kV, 200 mA)
over the 26 range of 10° to 90° at a scanning rate of
3 (°)/min.

3 Results and discussion

3.1 XRD characterisation

Figure 2 and Table 2 present the XRD results of the
three types of materials before and after the samples
were subjected to different cooling rates. From Fig. 2 and
Table 2, it can be seen that the Mg content and the
cooling rate have a significant effect on the titanium
phase in titanium slag.

No. 1, No. 2 and No. 3 materials were cooled to
room temperature directly from the molten state after
electric furnace smelting. As crystallisation occurs in the
melt, a fast cooling rate limits crystal growth. As a result,
crystallisation completed in a short time, and numerous
small crystals contain irregular granular aggregates. As
seen from the XRD patterns, there are many minor peaks
of anosovite, which indicates that the crystal developed
incompletely. A smaller amount of Mg was doped into
anosovite lattice; therefore, the anosovite chemical
formula of the No. 1, No. 2 and No. 3 materials are
Mgo¢Ti240s,  MgossTin 505  and Mg goTiz0,0s,
respectively.

Anosovite crystals grew slowly and developed
completely during the slow cooling process. To stabilise
the anosovite crystal structure, Mg separated from the
minerals which contain Mg and then transferred into the
anosovite crystal during the slow cooling process. Thus,
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Fig. 2 XRD patterns of three materials before and after slow
cooling treatment: (a) No. 1 Material; (b) No. 2 Material;
(c) No. 3 Material

with the decrease of the cooling rate, the Mg content in
anosovite solid solution increased gradually. As shown in
Table 2, the titanium phase crystal structure of the three
titanium slag materials finally transformed into MgTi,Os
at a cooling rate of 2 K/min. MgTi,Os was named as
karrooite by KNORRING and COX in 1961 [12]. The
main characteristic peaks of karrooite are evident, as
shown in Figs. 2(a) and (b).

The low Mg content (0.59% MgO) in the No. 3
material is not sufficient to cause the entire anosovite

Table 2 XRD results of titanium phase component

Cooling Titanium phase
Sample . 1
rate/(K-min ') component
Before cooling Mg 6Ti5.405
No. 1 .
i 4 MgTi,05
material
2 MgTi,05
Before cooling Mgy .75Ti52505
No. 2 .
i 4 MgTi,0s
material
2 MgTi,05
Before cooling Mg .09Ti2.9105
No. 3 .
i 4 Mg 9Tiz 105
material
2 MgTi,05

crystal to transform into karrooite MgTi,0Os5 structure, so
only a part of the crystal had been transformed. The
structure of the remaining anosovite crystal is of TizOs
type, which is unstable. As a result, the remaining
anosovite crystals were oxidised to rutile TiO, by oxygen
during the slow cooling process. The XRD patterns in
Fig. 2(c) show that the main characteristic peaks of the
No. 3 material are anosovite. However, the main
characteristic peaks of 4 K/min and 2 K/min are rutile;
also, there are some characteristic peaks of karrooite and
a small characteristic peak of anatase. As shown in Table
2, the titanium phase of the No. 3 material, the material
cooled at 4 K/min, and the material cooled at 2 K/min
in Fig. 2(c) are anosovite Mgo9Tir9;0s, anosovite
Mg, 9Ti,,0s, and karrooite MgTi,Os, respectively.

3.2 Mechanism

The crystal structures of Tiz;Os and MgTi,Os5 were
created using Materials Studio 7.0 software, as shown in
Figs. 3 and 4.

As seen from Fig. 3, the [TiOg] octahedron forms a
characteristic row extending along the c-axis by sharing
faces, and a characteristic row extending along the b-axis
by sharing corners. The radii of 6 coordination Mg*", Ti**
and Ti*" are 0.0720, 0.0670 and 0.0605 nm, respectively.
The radius of 4 coordination O*" is 0.138 nm [13].
Thus, #(Mg>")/r(0*)=0.522, #(Ti*")/r(O*)=0.486 and
H(Ti*")/r(0*)=0.438, all in the range of octahedral
coordination 0.414—0.732 [14]. As a result, Mg”", Ti**
and Ti*" easily form an octahedral coordination when
combined with O*". In the crystal structure of the
anosovite, O*" forms an octahedron and cations fill the
octahedral voids, thereby forming an [MOg] octahedron.

According to Pauling’s rules [15], the sharing of the
faces by two [TiOg] octahedrons decreases the stability
of the ionic structure. The effect is larger for Ti’" and Ti**
cations of high charge and low coordination number.
When adjacent [TiOg] octahedrons share a common face,
it brings the cations closer, thus increasing electrostatic
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(a)

(b)

Fig. 4 Crystal structure of modification MgTi,Os: (a) 3D ball and stick model of crystal lattice; (b) Packing of [TiOg¢] and [MgOs]

octahedrons

repulsions and leading to an unstable structure. As a
result, Ti** and Ti*" cations will be as far apart from each
other as possible and are thus separated by other low
charged cations.

In the actual crystal, a [TiO4] octahedron is linked
only by sharing a corner that does not exist because its
stabilisation energy is negative [16]. If the [TiOg]
octahedrons attempt to link with each other by sharing a
corner, some cations must be involved. As a result, the
pure Ti;Os crystal is unstable. Therefore, Mg, with an
ionic radius similar to Ti, instead of Ti dopes the
anosovite crystal and form [MgOg] octahedrons. A [TiOg]
octahedron tends to link with an [MgQOs] octahedron or
link with each other by sharing corners and edges, rather
than by sharing faces, as shown in Fig. 4. Thus, [MgOgq]
octahedrons are used to separate [TiOg] octahedrons. In
addition, because of the doping of Mg, the stability of the
anosovite crystal is enhanced [17-20].

When titanium slag cools rapidly, Mg does not have
sufficient time to dope the anosovite crystal. Thus, the

anosovite crystal of poor stability with less Mg formed,
such as the No. 1-No. 3 materials. When titanium slag
cools slowly, with anosovite crystal growth, Mg
gradually dopes the anosovite crystal and increases the
stability. XRD patterns indicate that when a sufficient
amount of Mg has doped into anosovite, anosovite will
transform into karrooite MgTi,Os structure, which has
good stability. However, if there is insufficient Mg in
titanium slag to make all of the anosovite Ti;Os to
transform into karrooite MgTi,0s5 structure, Ti;Os will be
partially oxidised into rutile TiO,. Therefore, during the
slow cooling process, part of the anosovite Mg g9 Ti5.9105
in No. 3 material transformed into karrooite MgTi,0Os
structure, and the others were oxidised into rutile TiO,.

4 Conclusions
The Mg content and the cooling rate have a great

influence on the titanium phase transformation of
titanium slag. The titanium phase mainly consists of
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Mg, Ti3-,Os (0<n<1), MgTi,Os and rutile TiO,. Using a
rapid cooling process, the titanium phase is anosovite,
and its chemical formula is Mg, Ti;-,Os (0<n<1). Using a
slow cooling process, when the Mg content is high,
anosovite transforms into karrooite MgTi,Os structure;
when the Mg content is low, part of anosovite transforms

karrooite MgTi,Os structure, and the rest are

oxidised into rutile TiO,. By crystal structure analysis, it
is found that the titanium phase transformation relies on
the change of crystal stabilization.
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