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Reduction of CaTiO; in Molten CaCl, - as Basic Understanding of Electrolysis

Ryosuke O. Suzuki'!, Hiromi Noguchi, Hiromasa Hada"?, Shungo Natsui and Tatsuya Kikuchi

Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan

Electrochemical decomposition of CaTiOs at the cathode was examined in a scheme of titanium metal production from natural deposit,
Ilmenite (TiFeOs). Based on the possible precipitation of CaTiO3 from TiFeOs, the electrochemical decomposition of CaTiOj is here examined
using combination of the calciothermic reduction and the electrolysis of CaO in the same molten salt. Inhomogeneous reduction in the cathodic
basket is related with buoyancy of Ca and insufficient dehydration. By optimizing the cooling conditions, CaO content in the molten salt, and

dehydration method, an industrial level of 0.42 mass%O could be achieved as powder form.
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1. Introduction

1.1 Ocxide reduction in the chloride melt

Electrochemical decomposition of oxides at the cathode
has been examined by using CaCl,-CaO or LiCI-Li,O molten
salts. Fray, Chen and coworkers'™ have extensively studied
the reduction of TiO,, and they proposed “FFC Cambridge
Process” that the oxide anion from the solid oxide pellet
placed at the cathode transfers to the anode in the salt bath.
Because Ti-O binary system contains many lower oxides than
TiO,”, oxygen in a higher oxide is removed to form a lower
oxide. Namely, by receiving the electric charge from the cath-
ode, the oxide MeOQy, is ionized as,

MeOy.(s) + 2~ = MeOy(s) + 0%~ (1)

When the lowest oxide MeOy can be also ionized, it is possi-
ble to obtain the metal (Me) at the cathode by repeating the
ionization of a series of oxides as shown in eq. (1). However,
the decomposition voltage increases as the valence of Me de-
creases. By applying the voltage larger than 2.4 V® (the de-
composition potential of pure CaO to pure oxygen gas) above
the melting temperature of CaCl,, CaO in CaCl, melt is de-

composed to metallic Ca and the oxide anion’™.
CaO = Ca** + 0%~ 2)
Ca’ +2e” = Ca (at cathode) 3)
20% = 0,(g) + 4e~ (at anode) “4)

Because CaO can dissolve in molten ionic CaCl, as large as
20 mol%Ca0'%'?) it is natural that CaO is ionized as eq. (2)
and thermochemical activity of CaO should be less than 1.
Pure oxygen gas will be adhered on the surface of anode, al-
though it is not easy to allow oxygen gas evolution. The se-
vere anodic oxidation causes dissolution of metallic anode.
Carbon is most commonly chosen as one of stable materials
for anode in CaCl, melt. In case of carbon anode, 0>~ prefer-
entially reacts with C to form CO and/or CO, gas on the sur-
face as’™,
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C+ 0% =CO(g) +2e (5)

C +20% = CO,(g) + 4e (6)

The decomposition voltage for CO/CO, gas formation be-
comes about 1.0 V lower than that for O, gas evolution®. This
is because pure O, gas evolution was rarely found.

1.2 Reduction by Calcium

The deposited Ca at the cathode in eq. (3) dissolves in the
CaCl, melt, because the solubility of Ca is reported as about
4 mol%Ca'*'®. The droplets of Ca may be found as the
“metal fog” near the cathode'**?, when Ca dissolution rate is
delayed. This Ca-rich environment can be considered as a
powerful reductant, even if it does not hold the highest chem-
ical reactivity such as pure Ca. In the mechanism of “OS pro-
cess’, the calciothermic reduction accompanied with this dis-
solved Ca at the vicinity of the cathode is essential, where the
oxide is placed close to the cathode®2!=>¥.

MeOy,(s) + Ca (in CaCly) = MeOx(s) + CaO (7)

The dissolved calcium works effectively to reduce the oxide
powder, even if these particles do not have any direct elec-
tronic contact with the cathode, or even if the oxides are elec-
tronically insulators, or even if their state are gas or liquid.
The contribution of electric conduction in OS process®>!~24
are different from that of the FFC-Cambridge process' ™.
The by-product CaO in eq. (7) should decompose as shown
by egs. (2)-(4), or form CO and CO, gas as shown by eq. (5)
and eq. (6), respectively. However, the excess amount of CaO
may form the Ca-containing complex oxide with the residual
oxide, such as CaTiO3 and Ca,TiOj as the intermediate prod-
ucts®2. Note that Ca,TiO, contains trivalent Ti and it can
be grown only in CaCl, melt with metallic Ti*®. The appear-
ance of these Ca-containing complex oxides in the way of
reduction is one of the proofs that the calciothermic reduction
(OS process) is working. A small addition of CaO in CaCl,
improved the rate of reduction and deoxidation?. However,
CaO in the salt can react with TiO, to form CaTiO3 without
any apparent electron transfer. This is also evidence that the
calciothermic reduction occurs in the molten salt. Calcium
deoxidation in pure Ti could achieve a very low oxygen level
less than 100 mass ppmO?”-?®), although the commercial pure
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titanium is contaminated as high as a few thousands ppm.

1.3 Reduction of TiO; in CaO-CaCl, melt

The ternary phase equilibrium of Ca-Ti-O system at
1273 K was reported®, but it contained some discrepancy
with various experimental conditions?>3?. As shown in
Fig. 1°?, no phase exits inside of the small triangle of Ca-
CaO-Ti. Although some phases stably exist in the quasi-bina-
ry phase diagram of TiO, and Ca0?'73%, no other phases were
experimentally reported except for CaTiO3, when they coex-
ist with CaCl, melt. Using the phase diagram equilibrated
with CaCl, melt’”, the route of the phase transition from
TiO; to the metallic Ti is predicted as follows.

When TiO, was taken as the starting material for reduction,
the averaged concentration in the reactor stays on a conjuga-
tion tie line between TiO, and Ca, as indicated in Fig. 1.
Therefore, the precipitation of CaTi,O4 from TiO, should be
found as the intermediate phase from the view of local ther-
modynamic equilibrium?®. After rapid decomposition of
CaTi,Oy4, three-phase phase equilibrium among CaTiOs3,
CaTi04 and a-Ti (at Ti,O composition) will be realized. The
next three-phase equilibrium among CaTiOs, @-Ti and CaO
shows the disproportional reaction from CaTi,O4 (valency of
Ti: +3) to CaTiO3 (+4) and a-Ti (0). Because of dissolution of
the byproduct CaO in CaCl, melt, the three-phase equilibri-
um among CaTiOs, @-Ti and CaO successively shifts to a new
two-phase equilibrium of CaO and a-Ti, to three-phase equi-
librium among e-Ti, 5-Ti and CaO, and finally to two-phase
equilibrium of CaO and S-Ti.

In representation as chemical equation, this sequence can
be written as,

TiO, — CaTi,O4 — (CaTiO3, CaTiyO4 and a-Ti)
— (CaTiOs3, a-Ti and CaO) — (a-Ti and CaO) (8)
— (a-Ti, B-Ti and CaO) — (B-Ti and CaO)
The first reaction (from TiO; to CaTi,O4) was not common in
the experiments®?, however, the existence of CaTi,O4 was
confirmed at the central part of oxide pellet by in-situ X-ray
diffraction®). Because the stability of CaTi,Oy4 is weak, it is

thought that the single phase could not be practically formed.
The existence of CaTiO; as intermediate phase has been well

at 1173 K
in CaCl,

Fig. 1 Phase equilibria in Ca-Ti-O system coexisted with CaCl, melt*”.

Reduction route from CaTiO3 to metallic Ti is inserted when oxygen is
removed as CaO.

reported in the previous studies!™#8921-23.25)  however, its

meta-stable existence is considered as a barrier to obtain pure
B-Ti in the route from TiO, to Ti*2>3%3)_ The final phase
transition is known as “deoxidation from a-Ti"?”*®. The ob-
tained pure B-Ti transform to @-Ti during cooling to room
temperatures).

Therefore, looking for the best conditions to achieve the
lowest oxygen content in the ever-obtained Ti powders, the
decomposition of CaTiO3 and the successive oxygen removal
from a-Ti and B-Ti are key points. Too quick decomposition
of CaTiOj3 causes the particles coarsening of metal Ti so that
the deoxidation from a-Ti particles becomes slower. On the
other hand, the slow decomposition of CaTiO3 causes CaO
trap among the Ti particles’**?. Once CaO was caught at the
grain boundary, it is difficult to dissolve CaO in the wet
chemical procedure. Therefore, the detailed reduction behav-
ior of CaTiOs is worth to be clarified experimentally>®*?. The
effective decomposition of CaTiO3 in CaCl, melt is important
to obtain high quality of Ti when the starting material is TiO,.
Ca in CaTiOs is rigidly hold in the crystalline structure of
oxide, however, once CaTiOj5 is reduced to Ti, Ca in CaTiO;
may contribute as a suitable reductant during the electrolysis.
Because it is reported that the reduction of CaTiOj; is faster
than that of TiO; at the initial range of reduction®?, the reduc-
tion of CaTiO; may realize the cost-affordable titanium pro-
duction through CaTiO3 from the oxide ores.

1.4 Reduction of CaTiO; in CaO-CaCl, melt

Due to depletion of high quality of TiO, ore, ilmenite ore
(mainly TiFeOs3) has been used for TiO, production, which is
also served to Kroll process for Ti metal production, as shown
in Fig. 2. TiO, was originally considered as the starting mate-
rial for OS process’, but some trials on TiFeOj3 reduction
have been reported to produce Ti-Fe alloy>~37). However the
iron removal is needed as the major impurity for usage as
pure Ti, because Ti metal becomes brittle by a small addition
of Fe. Once the sponge titanium is polluted by Fe in Kroll
process, it was difficult to remove Fe.

Fe should be practically separated at the earlier stage of

Kroll method 0S method

Iimenite

H,50, NH,, Ca0

TiFeO,
TiO,
> CO/CO,
A
Cl TiCl
ectrolytic
I Mg | Mg Ca reduction
ECLrolysts reduction cao_——"
t Mgcl,

sponge Ti powder Ti

Ti ingot |

Fig. 2 Flowsheet of designed procedure starting from Ilmenite to Ti ingot
via CaTiOj3 in comparison with Kroll process.
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processing such as at oxide formation. Fe removal is also
needed for oxide reduction techniques such as FFC Cam-
bridge and OS processes. If we are allowed to take CaTiOj3 as
the intermediate material for Ti metal production, and if we
can remove Fe component on the way from TiFeOj3 to CaTiO3
as shown in Fig. 2, we can skip at least one process to form
TiO,.

The purpose of this paper is to show the fundamental opti-
mization in electrochemical reduction of CaTiOs5 in the mol-
ten CaO-CaCl,. The authors will report the results on a new
route from TiFeO3 to CaTiOj3 precisely in a separate paper. As
the CaTiO; particles suitable for OS process could be ob-
tained, this paper reports the efficient operating conditions to
form Ti metal from CaTiO3 and to remove oxygen in Ti in the
framework of OS process. The goal concerning the quality of
Ti will be set as the same level of commercially available Ti,
such as a few thousands mass ppm oxygen. The authors be-
lieve that this basic analysis will be helpful to produce a high
quality of Ti not only from CaTiO; but also in reduction of
TiO,.

2. Experimental

Anhydrous CaCl, was heated at 573 K for a few days in air
for dehydration. 600 g of CaCl, was mixed with a small
amount of CaO that had been calcined at 1373 K in air to
decompose the possible contamination of CaCOj3. The mix-
ture was filled in dense MgO crucible (90 mm inside diame-
ter, 200 mm depth), and heated in vacuum. Ar gas was intro-
duced prior to electrolysis at 1173 K. The anode and cathode
consisted of carbon bar (10 mm in diameter) and metallic
basket (Ti or stainless steel (SUS316L) net of #100), respec-
tively, and they were connected to the stainless bar and Ti bar,
respectively, as the current leads. A constant voltage of 3.0 V
was applied between these two bars. The oxide powder was
filled in the cathodic basket before heating, and the electrodes
were inserted after melting of the salt. Current, voltage, pres-
sure and temperature were measured and recorded in 10 s in-
terval.

The obtained powder was washed by drinking water, a di-
lute acetic acid, distilled water, ethanol and acetone, in this
order. It was kept in vacuum before analyses. The phases
were identified by X-ray diffraction (XRD) measurement.
The oxygen content and particle size distribution were ana-
lyzed by LECO TC-600 oxygen analyzers and Microtrac
MT30001II, respectively. The particle surface was observed by
scanning electron microscopy (SEM, Hitachi TM-1000).

High purity CaTiO3; powder for this work was purchased
from four producers, Alfa Aesar, Furuuchi Chemical Corpo-
ration, Kojundo Chemical Laboratory Corporation and
Soekawa Rikagaku Corporation. They are hereafter denoted
as #A, #F, #K and #S, respectively.

3. Results and Discussion

3.1 Oxygen distribution in the cathodic basket

2.0 g of CaTiO; powder (particle size <20 um) was filled
in cathodic basket. After dehydration at 1173 K, Ar gas was
filled in the vessel, and the electrolysis was conducted in Ar
gas flowing at 1173 K. After the electrolysis for a period be-

tween several hours to a day, the cathode was pulled up from
the molten salt, and cooled in Ar gas atmosphere in the rate of
1/60 Ks~!. The residual oxygen was analyzed at several posi-
tions from the cathode.

Figure 3 shows the cross-sectional view of basket in which
the oxide powder was filled. The diameter of Ti bar was set
6.0 mm, and the diameter of Ti disk at the bottom of basket
determined the diameter of cathodic basket. Depending on
the diameter of the basket between 9-30 mm, the packed
depth of oxide powder was varied between 20—4 mm, respec-
tively, when the basket was recovered from the molten salt.
The reduced sample was roughly separated in 4 parts; the in-
ner and outer parts at the upper and lower position. As shown
in Fig. 3, they were denoted as #1 to #4.

The supplied electricity Q during the electrolysis was eval-
uated by integrating the current during time. Q is normalized
by Qo, where Q is the stoichiometric charge to form Ca
equivalent to reduce the charged amount of CaTiO3 by as-
suming the apparent reaction as,

CaTiO; + 2Ca = 3CaO + Ti )

Ca’* +2e=Ca (10)

Therefore, Q/Qp = 100% is an index of electric charge to re-
duce all the charged oxide in an ideal condition of egs. (9)
and (10).

Figure 4 shows the residual oxygen in the obtained powder
at these 4 portions after the electrolysis of Q/Qy=200%. The
upper parts were fairly well reduced to the level of 7 mass%O,
while the lower parts contained a higher level of oxygen. The
phases existing in the sampling portion were identified by
XRD measurement such as TizO and Ti,O. They were a-Ti at
the operating temperature, and decomposed during cooling.
They corresponded to the oxygen level.

The outer parts of the basket were better deoxidized to the

/‘\C

/Ti bar

Basket

’ ¢ consisted of
Y, N metallic mesh
4 \

d6Mm

|
< siThickness, §

|
ol
Q|
C“
£3]
HE 1
E %2 —upper
o
N -
é 2
= HE 3
& wa — lower
m
Ti disk
Diameter of
cathode

Fig. 3 cross-sectional view of the cathodic basket.
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lower level. Note that the stainless steel (SUS316L) net was
used as the basket material. It neither reacts with the oxide
nor removes oxygen, although mutual diffusion of metallic
elements occurred for a few days operation. In case of Ti bas-
ket, there remained the possibility of reaction between the
oxide and Ti net.

The difference of oxygen level by height in the powder
may be caused by the density difference. The densities of
CaCl, and Ca are 2.0 Mg/m? and 1.37 Mg/m?, respectively.
The lighter Ca floats at the upper portion of heavier molten
CaCl,. Because Ca metal deposits preferentially on the ca-
thodic surface such as on the metallic net, Ca droplets or
highly Ca-dissolved liquid flows upward along the outer sur-
face of basket, as illustrated in Fig. 5. Although the current
concentrates to the edges of cathode such as Ti disk at the
bottom, the precipitate does not remain there and begins to
flow upward.

It is not easy to explain this oxygen distribution in the
framework of FFC mechanism, because the larger current
density at the lower portion seems to cause the better deoxidi-
zation due to edge effect in electrolysis. The oxygen distribu-
tion in the packed powder may be characteristic as calciother-
mic reduction in the molten salt. Therefore, the upward flow
of Ca-containing salt close to the oxide sample should be
regulated for the effective reaction with the oxide.

(=]
5 11
© Q/Q, = 200%
£ 10 #3 Basket : SUS#150
\O Disk : ®15mm
Q
> 9 #4
C
8 8
C
S
c 5 #1
S #2
2
O 6 i

lower upper

Sampling position

Fig. 4 Oxygen contents in the sample reduced at Q/Qp = 200%.

Ca A |Ca
< Ca i
Ca

(a) (b)

Fig. 5 illustration of reaction model of deposited Ca and the oxide. (a) slim
basket and (b) thick basket.

3.2 Reduction in various baskets

The exposed time of oxide to Ca is limited at the lower
portion as illustrated in Fig. 5(a), while it is longer at the up-
per part as in Fig. 5(a). The exposed time at the slim basket
(Fig. 5(a)) is longer than that of the thicker basket (Fig. 5(b)),
because the same amount of oxides were filled. The physical
contact between Ca or Ca-dissolved liquid and the oxide
powder will affect the degree of oxygen level.

Figure 6 shows the residual oxygen when the diameter of
cathodic basket was varied. The oxygen concentration was
averaged over 4 portions; the sample after electrolysis was
not separated by the location. The whole sample was mixed
well for analysis.

The same amount of oxide (2.0 g) was filled in the basket,
and the same amount of electricity was supplied (Q/Qo =
200%). The thickness of the sample is defined as illustrated in
Fig. 3. When the thickness becomes smaller, the oxygen level
even at the inner part could be decreased.

The mesh spacing (#100-#200) and stitch (plain or twill
weave) did not significantly affect the oxygen concentration
in the reduced sample. This means that the Ca deposit can
invade into the central part of oxide without any severe distur-
bance of mesh opening or particle spacing (a few tens ym).
Namely the pore among the metallic particles such as a few
tens um does not affect the adhesion and wettability of reduc-
tant, Ca, or Ca-containing salt.

When Ti mesh was used as shown in Fig. 6, the oxygen
level slightly decreased because Ti has so strong affinity with
oxygen that Ti may absorb oxygen in the oxide. Ti mesh with
opening of #100 was hereafter taken as the standard material
for cathodic basket. The thickness was set 3.0 mm to get the
lower oxygen level at the same Q/ Q.

In comparison, the data at 1.5 mm in thickness and Q/Qp =
500% was shown in Fig. 6. Its oxygen level was achieved be-
low 2 mass%QO. This implies that many slim baskets can lie in
parallel as the cathode to get a high productivity per charge
and a fast reducing rate.

3.3 Dehydration prior to electrolysis

Relatively high oxygen level was obtained even in a slim
basket as shown in the previous section. Because a large
quantity of electric charge such as Q/Qp=200% was applied,
much lower oxygen level should be achieved if the efficiency

Q/Qy=200%

20

SUS#150

s \Y‘SUS#ZOO

SUS#100
5 + ’
/ Ti#100

’

@®(500%)

0
0 5 10 15 20

Oxygen content, C, /mass%
o

Thickness, § /mm

Fig. 6 Residual oxygen in the cathodic powder.
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is enough high.

One of the reasons for this low efficiency is the existence of
water in CaCl,. Because CaTiOz and CaO were calcined at
high temperatures, impurity water in hygroscopic CaCl, is
the source of water in the system. In order to decompose
monohydrate of CaCl,, dehydration above 543 K, favorably
above 573 K, is needed. Quick handling of salt at room tem-
perature is off course needed, and the dehydration at the ele-
vated temperature as high as 873 K will be effective in the
same vessel for reaction.

Figure 7 shows various related parameters for dehydration.
The result of dehydration effect was evaluated as the residual
oxygen in the sample after the electrolysis. When the larger
amount of water remained in the system, the higher current is
needed for water decomposition and the current efficiency
becomes worse. Evacuation is one of the easy methods to re-
move water, and it was applied for CaCl,-CaO melt. At tem-
peratures below melting, such as at 873 K, water was not ef-
fectively removed.

A small dependency of CaO concentration on the residual
amount of oxygen could be seen in Fig. 7. At the higher con-
centration of CaO, the larger amount of Ca is generated and
the stable current during the electrolysis becomes larger.
Then the same quantity of electric charge was achieved with-
in the shorter time. However, a sufficient diffusion did not
occur and deteriorated the quality of sample concerning the
residual amount of oxygen.

Dehydration above melting of CaCl, (1045 K) was more
effective to shorten the dehydration period, and to improve
the attainable oxygen level. Water electrolysis using two car-
bon electrodes in vacuum were very efficient and shortened
the dehydration time than the simple vacuum dehydration, as
shown in Fig. 7.

3.4 Optimization of CaO concentration

Because the starting material CaTiO3 contains CaO in the
crystalline structure, CaO is automatically fed to the CaCl,
melt during the electrolysis. CaCl,-0.5 mol%CaO has been
often used for TiO, reduction®?'2?, but the CaO addition
was found not necessary for CaTiOj3 except for the initial
stage of electrolysis. Previous studies reported smooth elec-
trolysis when 0.5 mol%CaO was added, but the effects of
CaO were not well studied®**%.

Figure 8 shows the oxygen concentration analysis of the

Q/Qu=200% GEO*Mpig
§ 10 Initial Ceyo (dehydration Temp.)
@ A5mol% (873K)
IS g8 + < ©2mol% (873K)
> L A 40.5mol% (873K)
(@) ©0.1mol% (873K)
o o7 00.1mol% (1173K+Pre-Electrolysis)
g
= 4 T
(o]
(]
ISR .-
>
X
o 0
0 50 100 150 200 250 300

Vacuum dehydration time, t/ks

Fig. 7 Residual oxygen in the obtained samples after the electrolysis as a
function of dehydration time, temperature and CaO content.

samples after the electrolysis of Q/Qy = 200 or 600%. The
residual oxygen concentration was the lowest at the CaO con-
centration near 0.2 mol%CaO. When CaO concentration was
higher than 0.5 mol%, the oxygen concentration in the ob-
tained powder was as high as 6-8 mass%QO, as shown in
Fig. 7. Note that the CaO concentration given in Fig. 8 was
estimated as the sum of the initial amount of CaO and the
amount of CaO supplied from the reduced CaTiO3. The sup-
plied amount of CaO from CaTiO3 becomes dominant at the
optimal concentration range of CaO in CaCl, bulk, and the
initial charge of CaTiO3; was less than 2.0 g to examine the
dilute region. The data without any addition of CaO in CaCl,
was well consistent with the data with a small addition of
CaO0, as shown in Fig. 8. Therefore, the specification of origin
of CaO was not needed.

When the larger quantity of electric charge was given; Q/
Qo = 600%, the residual amount of oxygen becomes smaller
than those at Q/Qy = 200%.

These results were obtained by using CaTiO3 purchased
from the producer #A. When CaTiO3 purchased from the pro-
ducer #F was taken at Q/Qg = 600%, the lowest oxygen con-
centration in this work was achieved as 4200 mass ppmO.
The experimental difference was the particle size as men-
tioned later, but some other parameters were also modified:
the cathode was rapidly cooled in extra-high purity argon
(Ex-Ar, less than 10 vol ppm oxygen) gas. This excellent val-
ue is comparable with the industrial purity. Hereafter the rea-
son why such an excellent data was obtained is studied.

3.5 Particle size

It is certain that the size of oxide particles affects the ob-
tained oxygen level. In case of oxide pellet with a few tens
mm, it would take a longer time for oxygen to diffuse from
the inner part to the external surface, however, it does not take
so long time in a powder form at the calciothermic reduction.
The effect of particle size of oxide was checked by using a
few commercial CaTiO3 powder.

The particle size distributions of four producers were mea-
sured as shown in Fig. 9. Fairly sharp distribution is found in
#S, and very fine particles are included in #A. The distribu-
tion of #F extended to a large size. The powder #F was milled
in agate mortar, and the distribution of pulverized powder was
measured as “#F crushed” in Fig. 9. The median size D5, were

CaTiO(#A)= 0.5~2.5g Q/Qo

I Initial Ccyo = 0 mol%Ca0 0,
caCl, . =600g ® 200%
3+ Pure Ar B 600%

3 0.001mol%Ca0

Oxygen content, Cy/mass%
N

0 0.1 0.2 0.3

CaO concentration, Cc,o/mol%

Fig. 8 CaO concentration dependency of oxygen concentration in the ob-
tained sample after the electrolysis at Q/Qp =200 and 600%.
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evaluated as inserted in Fig. 9. By milling the powder #F, the
volume fraction of smaller particles increased and D5, of #F
(5.8 um) was halved to 3.7 um. XRD analysis showed that
the powder #K contained a small amount of TiO, and it was
not used hereafter.

Here CaO was not added to the initial charge of CaCl,, and
the initial concentration of CaO in the molten salt was set
zero. 1.7 g of CaTiO3 powder in the cathodic basket was in-
serted in 600 g melt. CaO concentration after the electrolysis
is estimated as 0.23 mol%CaO in the melt, assuming both the
complete reduction to metal Ti and the complete dissolution
of residual CaO. All the samples (#A, #F, #F crashed, #S)
were cooled in the extra-high purity argon (Ex-Ar).

As shown in Fig. 10, the oxygen concentration after elec-
trolysis (Q/ Qo = 600%) decreased as the initial oxide particle
size was larger. Because the total amount of obtained metallic
powder was small, the size distribution of metallic powder
could not be analyzed. However, it is noted that the pulver-
ized and reduced powder (#F crashed) contained a larger
amount of oxygen than that in the sample reduced simply
from #F. Because the finer powder of the oxide contained
very fine particles in addition to the larger grains, the surface
contamination of these fine metallic Ti particles may attribute
to the higher oxygen concentration. The surface area of me-
tallic powder should be considered in their fabrication. The
degree of sintering during the electrolysis is a sensitive pa-
rameter in seeking for lower oxygen concentration. The con-

8
i #S N
71 Ds=34im T /ﬁfﬂi"gj%‘?ﬁ
; 61 #K P
= = i Y #F
g 5 [ DemoMm [} // by=58um
&= #A P
=471 Deo=1.1pm {0
Q
c 37T
S
g 2T
g1t
o L LU

0.01 0.1 1 10 100
Particle size, d/um

Fig. 9 Particle size distribution of CaTiO3 powders from four producers,
#A, #K, #S and #F.

1.2
O{’ CaTiO; =17 g
A 1 #F | cacl, =6pog
o crushed Initial C,o ¥ 0 mol%Cal
E r -—_| B | Ca0 content= 0.23mol%
> 038 Q/Q—=-600-9
(@] | #A \.\ Ex-Ar gas
o 06 #S
o [ \
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o r #F
© 02
C
()
1 0
x
& 0 2 4 6 8

Median size, Dsy/pm

Fig. 10 Particle size dependency of oxygen concentration in the obtained
sample after the electrolysis at Q/ Qg = 600%.

trol of size distribution may be one of the good approaches to
reduce the apparent oxygen content in the powder.

Figure 11 shows the SEM image of the reduced powder #F.
The smooth surface without asperity extends over the sample,
which represents a good sintering behavior. No twin structure
was found, which often indicates oxygen concentration high-
er than 1 mass%. The size of conglomerated particles was
larger than 10 um.

3.6 Oxidation in CO; and CO gas

Before solidification of molten salt, the electrodes were
pulled up in order to remove the solidified salt easily. During
electrolysis, CO, and CO gas were emitted from the bath to
the vessel and exhausted out from the outlet using a slow
feeding rate of Ar gas at the top of vessel. Therefore, there is
a risk to oxidize the reduced sample during cooling in the
environment of CO, and CO gas.

The oxidation behavior of Ti in these gases was not clari-
fied in the literatures. The oxidation of titanium powder (Osa-
ka Titanium technologies Co. Ltd., Ti sponge produced by
Kroll method was pulverized by hydrate-dedydrate process in
hydrogen gas) was experimentally tested without electrolysis.
The Ti powder (<#300 mesh) was filled in an alumina cruci-
ble (33 mm in inside diameter) and heated at 1173 K for
7.2 ks. The atmosphere surrounding the Ti powder was
switched from Ar gas to the gas mixture of CO, and CO gas.
After cooling in the applied gas flow, the sample was recov-
ered from the crucible, as shown in Fig. 12. The upper surface
was black with white spots, while the lower part was gray.

The phases were identified by XRD measurements as
TiC + Ti30, and Ti + TiC, at the upper and lower parts, re-
spectively, in the crucible. It is noted that TiC forms a com-
plete solid solution (NaCl-type) with TiO, and it is difficult to
identify it as TiC and TiO separately. TizO is a highly oxy-
gen-containing phase derived from a-Ti at 1173 K. Al-
though the stacking of Ti powder was not dense, the upper
part reacted well with CO, gas to form TiC or Ti(C,0O) solid
solution,

Ti + CO,(g) = Ti(C,0),_, + Ti,0 +yCO(g)  (11)

Ti + CO(g) = Ti(C, O) + 7Ti;0 (12)

and the lower part did not react well with the gas and it re-
mained as metallic Ti.

Fig. 11 SEM image of the reduced sample (#F), to which Q/Q¢ = 600%
was given. The sample was cooled in EX-Ar.
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The oxygen concentration at the upper part was analyzed
when the sample was heated either in the pure Ar gas, pure
CO; gas, pure CO gas or their gas mixture. The initial con-
centration of pure Ti powder was 0.273 mass%O, and in-
creased to 0.63 mass%0QO even in pure Ar gas (purity 99.997%).

Figure 13 shows the oxidation behavior under various gas-
es. The oxygen content increased as the concentrations of
CO; and CO gas increased. Both CO, and CO gas in the ves-
sel were not neutral for maintaining metallic titanium, and
they oxidized the titanium powder significantly.

The reactivity of Ti with CO, and CO gas can be predicted
from the thermodynamic data®, but the increment of oxygen
content became clear. If the exhaust gas during the electroly-
sis contains a few vol%CO, in Ar-CO, gas mixture, it is nat-
ural that the obtained Ti powder after the electrolysis was
easily oxidized to several mass%O. If the exhaust gas is so
reactive for oxidizing the obtained titanium, the Ti metal after
the electrolysis should be kept far from this oxidizing envi-
ronment.

3.7 Cooling condition

Some attempts in cooling were tried so that the samples
might be isolated from the exhaust gas. Figure 14(a) shows
the setup during electrolysis. After stopping the current be-
tween two electrodes, they were pulled up as shown in
Fig. 14(b). The vessel was evacuated at the pressure of 7 Pa,
and the cathodic basket was cooled rapidly in the cooling tube
equipped at the upper part of vessel. The coolant water was

: 33mm

Fig. 12 Photo of the Ti powder after picked up from the cup-type alumina
crucible. The powder was heated in CO, gas at 1173 K for 7.2 ks, and the
bottom side of slightly sintered powder was reversed for photography.
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Fig. 13 Oxidation behavior of Ti powder under various gases.

circulated at 293 K through heat exchanger. In vacuum the
cooling rate might be slow due to thermal isolation. Instead of
vacuum as shown in Fig. 14 (c), 1 atm of pure Ar gas
(99.997%) or extra-high purity Ar (Ex-Ar, 99.9995%) was
introduced into the vessel, and the cathode basket was also
cooled at the upper part. In comparison, the basket remained
in the bath during slow cooling in Ex-Ar gas, as shown in
Fig. 14 (d). The cooling rate was 1/60 Ks™! by arriving at
573 K. The samples were picked up by dissolving in hot wa-
ter.

The obtained phases and oxygen concentration were listed
in Table 1. As mentioned above, the oxygen concentration of
0.42 mass% could be marked when the cathodic basket was
rapidly cooled in EX-Ar. The continuous evacuation or Ar gas
filling with normal-high purity was not sufficient to protect
the samples from high-temperature corrosion due to CO/CO,
gas.

Titanium is well known as the getter material to maintain a
high vacuum because the leaked oxygen and nitrogen react
with titanium and because they are absorbed in Ti. Even if CO
and CO, gas react mildly with titanium, the carbon and oxy-
gen decomposed from these gases are absorbed in the titani-
um metal. Because the reduced Ti powder is so fine, its sur-
face will be easily oxidized during cooling. Evacuation from
the vessel should be challenged to much lower pressure, and
highly purified Ar gas circulation might be one of solutions.
Coarsening of obtained Ti powder and residual salt on the
particle surface may give some protective properties against
high temperature corrosion.

4. Conclusions

Basic understanding on calciothermic reduction is present-
ed using the molten salt electrolysis of CaO in CaCl, melt.
Impurity phase CaTiOj; existing on the way from the oxide
TiO, to metallic Ti might have disturbed healthy operation.
This work studied the reduction of CaTiOs3, as a part of long
scheme as shown in Fig. 2. The strategy to reduce CaTiO;
bases on abundant existence of TiFeOs, and an intermediate
product CaTiO3 was reduced as the starting oxide in the mol-
ten salt electrolysis. Inhomogeneous growth of metallic part
in the metallic basket is related with buoyancy of Ca and in-
sufficient dehydration, as shown in Fig. 5. Slim basket may
give a low and homogeneous oxygen concentration. The de-
hydration from CaCl, at the solid state was weak, and it is
better to remove water from the liquid state by long evacua-
tion. Optimal CaO concentration was 0.2 mol%CaO to
achieve 0.42 mass%O, as low as the industrial level. To pur-
sue to lower oxygen level, the possible oxidation due to CO/
CO, gas during cooling is also avoided. ZrO, membrane or
oxygen absorbing anode may be able to separate the emitted
gas’®. The atmospheric impurity in vessel will contribute the
oxygen level, which may be caused also in industrial scale.
Thus this study analyzed some possible reduction mecha-
nisms coming from CaTiOs3, which may assist to operate the
reduction from TiO,.
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Table 1 Phase identification and analyzed oxygen concentration in the cooled samples. 1.7 g of CaTiO; (#F) was reduced in pure CaCl, without any addition
of CaO.

Cooling method illustrated in Fig. 13

(b) (©) (d)
Run number #93 #92 #80 #84 #102
Supplied charge, 600.1% 620.8% 627.8% 610.1% 600.0%
0/Qo
Cooling atmosphere In vacuum, Pure Ar, Extra-pure Ar, In vacuum,
About 7 Pa 1 atm 1 atm About 3 Pa

In the cooling tube placed on the

. . Frozen with the salt
lid of stainless steel vessel

Cooling position

Phase identified by a-Ti (94%), o-Ti (99%)
XRD and its Tiz0 (5%) a-Ti (100%) a-Ti (100%) a-Ti (100%) TiO (1%) ’
volume fraction TiO (1%)
Oxygen
concentration, 1.51 0.76 0.42 1.19 2.84
Co/mass%
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