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Abstract

The properly dried CaCl, salt is melted to the required temperature of electrolysis. Electrolysis of TiO, electrode
has been carried out at two different bath temperatures of 900 and 950°C keeping a constant cell voltage of 3 V.
Also the electrolysis of TiO, electrode is carried out at three different cell voltages of 2.8, 3.0 and 3.3 V at a bath
temperature of 950°C. The current-time plot is drawn for each experiment. The resulting products after electrolysis
are characterized by XRD and SEM. The effects of bath temperature and cell voltage of electrolysis on reduction
process as well as on the characteristics of reduced products are studied.
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Introduction

Presently titanium is produced by Kroll’s process which is a batch
type process as well as labour and energy intensive process. Therefore
although titanium and its alloys have many desirable and attractive
properties, it can not be used to the level it requires. Hence, lots of
processes are being developed by various researchers to replace the
existing Kroll's process. In order to achieve the objective, the new
process should be continuous, fast reduction process with effective
purity control of the product.

It is reported by Fray et al. that TiO, can be directly reduced to
Ti in a molten CaCl, bath [1-4]. In a similar attempt, Ono and Suzuki
[5] have also developed a process for production of Ti metal based
on calciothermic reduction of TiO, in molten CaCl, bath. In the
FFC process, TiO, is reduced by oxygen ionization, whereas in Ono
and Suzuki (OS) process, the reduction occurs by calcium produced
electrochemically. Calcium reduction is facilitated because of the
extensive solubility of Ca in molten CaCl, at 900°C. In order to make
the Ti metal free from impurity, an electronically mediated molten salt
electrolysis (EMR/MSE) has been developed by Park et al. [6]. This
process is not only effective in maintaining the purity control but is
also suitable for improving energy efficiency. However, when reduction
is associated with oxygen ionization according to FFC process, the
success of the reduction process requires an understanding of the
detailed electrochemistry, thermodynamics, transport phenomena
and microstructural and morphological changes during the course
of reduction [7] as well as the effect of various parameters such as
preparation condition of TiO, electrode, cell voltage and temperature
of molten salt bath during electrolysis. The effects of parameters such as
applied load, compaction time and temperature of heating during pellet
preparation have already been discussed by Mohanty et al. [8]. This
paper reports the effect of cell voltage and molten bath temperature of
electrolysis on the reduction process as well as on the characteristics of
the reduced product.

Experimental

Electrode preparation: A reagent grade titanium dioxide powder
(Merk, India) was selected as the starting material for the preparation
of the oxide cathode. The material was specified as rutile of 99% purity
with average particle size of 1.174 um (measured by Malvern particle
size analyzer). Specific amount of the TiO, powder was taken in an
agate mortar and required amount (a few ml) of water was added to
it. The mixture was properly mixed and then compressed into pellet

of circular cross-section applying a load of 3 ton by using a die with 3
cm diameter and HERZOG HTP 40 (40 Tons) Hydraulic press. During
pressing cotton was put at the center of the pellet. The pellet was dried
at 150°C for 12 h in a high temperature oven and then heated at 1000°C
for 3 hours in a horizontal Therlak muffle furnace having silicon carbide
heating elements.

At the time of heating, the cotton was burnt out forming a hole at
the center of the pellet. Through this central hole the pellet was bolted at
the end of a stainless steel rod which was connected to the cathode lead
during electrolysis thus making the TiO, pellet as the cathode.

Electrolysis set-up: Electrolysis was performed in a cylindrical
graphite crucible (I.D. 9.5 cm and height 22 cm) placed inside a
vertical tubular pot made of inconnel 600 alloy (0.6 cm thickness, 15
cm diameter and 35 cm height) located inside the heating zone of a
programmable digitally (temperature) controlled vertical muffle
furnace with a water cooled top jacket and silicon carbide heating
elements. The temperature was measured using a thermocouple made
up of Pt-Pt-Rh13% (‘R type) covered with silimanite sheath. The upper
end of the inconnel pot was closed by a heat insulating refractory board
through which electrode leads, gas inlet/outlet and the thermocouple
were inserted into the system.

Electrolysis procedure: The electrolysis experiment comprised
of the pre-treatment of the calcium chloride as well as the electrolytic
reduction of titanium dioxide. The pre-treatment consisted of heating
of the calcium chloride at 200°C for 12 hours and pre-electrolysis
of the molten calcium chloride, in order to eliminate redox-active
species and moisture. A suitable quantity of anhydrous calcium
chloride (Qualigens, India), usually between 700-800 g, was taken in
a graphite crucible which served as the anode. The salt was properly
dried by heating at 200°C for 12 h. Then the temperature was raised
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to the electrolysis temperature. The TiO, electrode was inserted into
the molten CaCl, mass so that the pellet remained totally immersed
in it. Another stainless steel rod (0.6 mm diameter, 520 mm length)
without pellet was also inserted into CaCl, for pre-electrolysis purpose.
The latter stainless steel rod was connected to the cathode lead wire of
the DC source during pre-electrolysis.

Pre-electrolysis: Pre-electrolysis was carried out, applying a direct
voltage of 2 V between the graphite crucible (anode) and a stainless
steel rod (cathode), until a small and time-independent current was
established.

Electrolysis: Electrolysis of the TiO, pellets was performed at two
different bath temperatures i.e. 950°C and 900°C at a constant cell
voltage of 3 V. Also the electrolysis of the TiO, pellets was performed at
three different cell voltages of 2.8, 3.0 and 3.3 V keeping a constant bath
temperature of 950°C. For each experiment the time of electrolysis was
22 h. After electrolysis, the reaction chamber was allowed to cool. The
graphite crucible was taken out of the inconnel pot and the solidified
salt was dissolved in water. The reduced titanium dioxide pellet along
with the stainless steel rod was taken out of the crucible. The reduced
pellet was detached from the rod and kept under cold water for 3-5 h.
Then it was washed with acetone, air- dried and gently rubbed with
emery paper to remove impurities from its surface and was taken for
characterization.

Characterization of the electrode and product

The products after electrolysis were characterized by techniques
such as X-ray Diffraction (XRD) using PAN ALYTICAL PW 1830
Generator X-ray Diffractometer and Scanning electron microscopy
(SEM) using JEOL, JSM-35 CF Model.

Results and Discussion

Effect of electrolysis temperature

Figure 1 and 2 shows the current-time plots for pre-electrolysis
at bath temperatures of 900°C and 950°C respectively. When the bath
temperature is 900°C, the initial current is 7.4 A. With increase in time
it decreases continuously and ultimately it reaches to a constant value
of approximately 2 A. However, when the bath temperature is 950°C,
comparatively higher initial current of 8 A is observed and it decreases
continuously with increase in time and remains at a constant value
of 3 A. The characteristics of current-time plots for 22 h electrolysis
at cell voltage of 3V for two different bath temperatures of 900 and
950°C are shown in figures 3 and 4 respectively. These figures show
an initial current of 10 A for both the cases. From these figures it is
observed that the current value does not change significantly up to 11
h of electrolysis. After 11 h the current value rises significantly. It may
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Figure 1: Pre-elesctrolysis of molten salt at 900°C.
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Figure 2: Pre-electrolysis of molten salt at 950°C.
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Figure 3: Electrolysis of TiO, electrode at 900°C.
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Figure 4: Electrolysis of TiO, electrode at 950°C.

be due to the reactions caused by Ca formed due to decomposition of
CaO which is formed during the course of reduction. Further increase
in the electrolysis time the current value decreases due to decrease in
concentration of oxygen in the TiO, electrode due to reduction.

The XRD patterns of the electrolyzed samples produced at these two
temperatures are shown in figure 5. When the electrolysis temperature is
900°C, the XRD pattern of the reduced sample (Figure 5a) shows peaks
due both Ti and Ti,O. However when the electrolysis temperature is
950°C, the XRD pattern of the product shows all the main peaks of Ti in
addition to a small peak of Ti,O. According to Mohanty et al. [8] Ti,0 is
the last sub-oxide of TiO, which ultimately reduces to Ti [9]. However,
comparing these two figures it is found that the sample is reduced more
effectively when the electrolysis temperature is 950°C.

The SEM micrograph of the reduced samples at these temperatures
is given in figure 6 and 7 respectively. Both show fibrous morphology.
Overall, there is not much difference in the titanium metal produced at
temperatures 900 and 950°C.
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Figure 5: XRD plot of the sample produced after electrolysis of TiO, pellet in
molten CaCl,, (a)at 900°C.and (b) at 950°C.
Cell voltage: 3V, Duration of electrolysis: 22h.

Conditions for TiO, pellet preparation: Compaction load: 3 ton, Duration of
compaction: 30s, Heating temperature: 1000°C, Duration of heating: 3 h.
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Figure 6: SEM image of titanium metal produced after electrolysis of TiO,
pellet in molten CaCl,.

Temperature of electrolysis: 900°C, Cell voltage: 3.0 V, Duration of electrolysis:
22 h.

Conditions for TiO, pellet preparation: Compaction load: 3 ton, Duration of
compaction: 30 s, Heating temperature: 1000°C, Duration of heating: 3 h.

Effect of applied cell voltage

The current-time plots for the cell voltages 2.8 V and 3.3 V shown
in figures 8 and 9 respectively whereas the same for the cell voltage
of 3 V is already discussed in figure 4. The current-time plot for the
electrolysis at 2.8 V shows an initial current of 11 A which is very close
to that for electrolysis at 3 V. After few hours of electrolysis the current
value reaches to a maximum value and then decreases with increase in
electrolysis time. However the current-time plot for the electrolysis at
3.3 V (Figure 9) shows an initial current value of 27 A, which is higher in
comparison to that of other two cell voltages. The higher current value
is due to the higher rate of removal of oxygen from the TiO, electrode.
However, within one hour of electrolysis, it decreases to value of 20 A
and this current value is maintained up to 13 h of electrolysis. Again it

increases continuously and attains a maximum value of 27 A which is
much higher than that for other two cell voltages. The reason may be
due to the increased concentration of Ca in the molten bath, because
the cell voltage 3.3 V is higher than the decomposition potential of
CaCl, [10]. The Ca in the molten salt bath is responsible for various
parasitic reactions under the experimental conditions, causing a higher
reduction current.

From the XRD patterns of the products as shown in figure 10, major
peaks of Ti are observed in addition to other peaks such as TiO and Ti,O
against the cell voltage of 2.8 V. However, on increasing the cell voltage
to 3.0 V, major peaks of Ti are observed in addition to a small peak of
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Figure 7: SEM image of Ti metal produced after electrolysis of TiO, pellet in
molten CaCl,,.

Electrolysis temperature: 950°C, Cell voltage: 3.0 V.

Conditions for TiO, pellet preparation: Compaction load: 3 ton, Duration of
compaction: 30 s, Heating temperature: 1000°C, Duration of heating: 3 h.
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Figure 8: current-time plot for electrolysis at 2.8 VV at 950°C.
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Figure 9: current-time plot for electrolysis at 3.3 V at 950°C.
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Ti,0. On further increase in cell voltage to 3.3 V, only titanium peaks
are observed. Hence, increase in cell voltage facilitates the reduction
process, because at higher cell voltage the reduction is a combination
of oxygen ionization as well as calcium reduction whereas at lower cell
voltage the reduction is predominated by oxygen ionization.

In all the cases, the reduced product retained their shape during
washing. The SEM image of the product obtained at cell voltage of
2.8 V shows a spongy morphology (Figure 11), whereas, the products
corresponding to 3.0 V (Figure 7) and 3.3 V (Figure 12) show fibrous
morphology.

Conclusions

There is not much difference in current- time profile as well
as composition and morphology of the products formed at bath
temperatures 900 and 950°C. However, the nature of current-time
profile changes with change in cell voltage of electrolysis. Although
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Figure 10: XRD plots of the TiO, pellets after electrolysis in molten CaCl,: (a)
2.8V, (b)3.0V,(c)3.3V.
Temperature of electrolysis: 950°C, Cell voltage: 3 V.

Conditions for TiO, pellet preparation: Compaction load: 3 ton, Duration of
compaction: 30s, heating temperature: 1000°C, Duration of heating: 3 h.
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Figure 11: SEM image of Ti metal produced after electrolysis of TiO, pellet in
molten CaCl,,.

Electrolysis temperature: 950°C, Cell voltage: 2.8 V.

Conditions for TiO, pellet preparation: Compaction load: 3 ton, Duration of
compaction: 30 s, Heating temperature: 1000°C, Duration of heating: 3 h.
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Figure 12: SEM image of Ti metal produced after electrolysis of TiO, pellet in
molten CaCl,.

Electrolysis temperature: 950°C, cell voltage: 3.3 V.

Conditions for TiO, pellet preparation: Compaction load: 3 ton, Duration of

compaction: 30 s, Heating temperature: 1000°C, Duration of heating: 3 h.

higher cell voltage facilitates the reduction process, the possibilities of
parasitic reactions are more resulting in waste of electrical energy. In
order to reduce these parasitic reactions a cell voltage lower than the
decomposition potential of CaCl, is preferred. Also, the characteristics
of the reduced products change with change with cell voltage.
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