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As well as oxidising at high temperatures in the conventional way to form an
oxide scale, titanium and other elements have a significant solubility for oxygen
20 and other metalloids (e.g. carbon and nitrogen) which results in a serious loss of
ductility. This high reactivity of titanium and other Group IVA elements extends to
reaction with refractory materials such as oxides, carbides etc. at elevated
temperatures, again contaminating and embrittling the basis metal. This behaviour
is extremely deleterious in the commercial extraction, melting and processing of the
25 metals concemned.

Typically, extraction of a metal from the metal oxide is achieved by heating
the oxide in the presence of a reducing agent (the reductant). The choice of
reductant is determined by the comparative thermodynamics of the oxide and the
reductant, specifically the free energy balance in the reducing reactions. This

! 30 balance must be negative to provide the driving force for the reduction to proceed.

The reaction kinetics are influenced principally by the temperature of
reduction and additionally by the chemical activities of the components involved.
The latter is often an important feature in determining the efficiency of the process
and the completeness of the reaction. For example, it is often found that although
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titanium alloys this is often called the "alpha case”, from the stabilising effect of

oxygen on the alpha phase in alpha-beta alloys. If this layer is not removed,

20 subsequent processing at room temperature can lead to the initiation of cracks in
the hard and relatively brittle surface layer. These can then propagate into the body
of the metal, beneath the alpha case. If the hard alpha case or cracked surface is
not removed before further processing of the metal, or service of the product, there
can be a serious reduction in performance, especially of the fatigue properties.

25 Heat treatment in a reducing atmosphere is not available as a means of
overcoming this problem because of the embrittiement of the Group IVA metals by
hydrogen and because the oxide or "dissolved oxygen" cannot be reduced or
minimised. The commercial costs of getting round this problem are significant.

In practice, for example, metal is often cleaned up after hot working by

30 firstly removing the oxide scale by mechanical grinding, grit-blasting, or using a
molten salt, followed by acid pickling, often in HNO,/HF mixtures to remove the
oxygen-enriched layer of metal beneath the scale. These operations are costly in
terms of loss of metal yield, consumables and not least in effluent treatment. To
minimise scaling and the costs associated with the removal of the scale, hot
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consequent effect on the chemical composition and increase in hardness of the
metal into which they are recycled. Even greater édvantages might accrue if
material which had been in service at elevated temperatures and had been
20 oxidised or contaminated with oxygen could be rejuvenated by a simple treatment.
For example, the life of an aero-engine compressor blade or disc made from
titanium alloy is constrained, to a certain extent, by the depth of the alpha case
layer and the dangers of surface crack initiation and propagation into the body of
the disc, ieading to premature failure. In this instance, acid pickling and surface
25 grinding are not possible options since a loss of dimension could not be tolerated.
A technique which lowered the dissolved oxygen content without affecting the
overall dimensions, especially in complex shapes, such as blades or compressor
discs, would have obvious and very important economic benefits. Because of the
greater effect of temperature on thermodynamic efficiency these benefits would be
30 compounded if they allowed the discs to operate not just for longer times at the
same temperature, but also possibly at higher temperatures where greater fuel
efficiency of the aeroengine can be achieved.
in addition to titanium, a further metal of commercial interest is Germanium,
which is a semi-conducting metalloid element found in Group VA of the Periodic
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or ger manimotien copper during a refining process. The molten copper is treated in a cell with

barium chloride as the electrolyte. The experiments show that sulphur.can be
removed using this process. However, the removal of oxygen is less certain, and
20 the authors state that spontaneous non-electrolytic oxygen loss occurs, which may
mask the extent of oxygen removal by this process. Furthermore, the process
requires the metal to be molten, which adds to the overall cost of the reﬁriing
process. The process is therefore unsuitable for a metal such as titanium which
melts at 1660°C, and which has a highly reactive meilt.
25  Summary of Invention .
According to the present invention, a method for removing a substance (X)
from a solid metal or semi-metal compound (M'X) by electrolysis in a melt of M?Y,
comprises conducting the electrolysis under conditions such that reaction of X
rather than M? deposition occurs at an electrode surface, and that X dissolves in
30  theelectrolyte MPY.
According to one embodiment of the invention, M'X is a conductor and is
used as the cathode. Alternatively, M'X may be an insulator in contact with a
conductor.
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oxygen dgsso!tves in the electrolyte.
When a suitably negative potential is applied in an electrochemical celt with
the oxygen-containing metal as cathode, the following reaction occurs:
20 O +2e = 0%

The ionised oxygen is then able to dissolve in the electrolyte.
The invention may be used either to extract dissolved oxygen from a metal,
i.e. to remove the a case, or may be used to remove the oxygen from a metal
25 oxide. If a mixture of oxides is used, the cathodic reduction of the oxides will cause
an alloy to form.
The process for carrying out the invention is more direct and cheaper than
the more usual reduction and refining process used currently.
In principle, other cathedic reactions invoiving the reduction and dissolution
30 of other metalloids, carbon, nitrogen, phosphorus, arsenic, antimony etc. could also
take place. Various electrode potentials, relative to E,, = O V, at 700°C in fused
chioride melts containing caicium chloride, are as follows:



5 In a separate enbodi nent, the electrolysis product (MX)
is nore stable than Merr] X In a preferred.

enbodi nrent, M2 may be any of Ca, Ba, Li, Cs or Sr and Y is 5
Pr ef er abl yWOM%&4638X i s a surface coating on a body of I\/[err]].’CT’Gmﬂms‘.

In a separate preferred enbodinent, X is dissolved within Merr].

In a further preferred enbodinent, Xis any of O S, Cor N

In a still further, prefgrred e joent, Merr] is any of Ti, Si, CGe, Zr,
H, Sm U, é]a%'*A?? 'V\g£ Nd, VE\%QW&)WE Nb, or any alloy thereof. 10

In the nethod of the invention, electrolysis preferably occurs with a
potenti al Jelow éhe decodtgég tion potential of the electrolyte. A
further netal &APoeRT R Ui -netal conpound (MNX) may be present,
and the el ectrolysis product may be .an alloy of the netallic

el enent s. The present invention is based on the realisation
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el ectrol yte. When a suitably negative potential is applied
in an el ectrocl#flitde <81 witA51®V  the oxygen-containing netal as

cat hode, the follow ng reaction occurs: 20

O+ 2e [err] Jerr] The ionised oxygen is then able to
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cat hodi c reactions involving the reduction and di ssol ution 30 of ot her
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in fused chloride nelts containing calciumchloride, are as follows:

The metal, metal compound or semi-metal coinpound can be in the form of
single crystals or slabs, sheets, wires, tubes, etc., commonly known as
semi-finished or mill-products, during or after production; or alternatively' in the form

20 of an artefact méde from a mill-product such as by forging, machining, welding, or
a combination of these, during or after service. The element or its alloy can aiso be
in the form of shavings, swarf, grindings or some other by-product of a fabrication
process. In addition, the metal oxide may also be applied to a metal substrate prior
to treatment, e.g. Ti0, may be applied to steel and subsequently reduced to the

25 titanium metal.
Descrigtiori of the Drawings

Figure 1 is a schematic illustration of the apparatus used in the present

invention;
Figure 2 illustrates the hardness profiles of a surface sampie of titanium
30 | before and after electrolysis at 3.0 V and 850°C; and
Figure 3 illustrates the difference in currents for electrolytic reduction of Ti0,

pellets under different conditions.
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In the present invention, it is important that the potential of the cathode is
maintained and controlled potentiostatically so that only oxygen ionisation occurs
and not the more usual deposition of the cations in the fused salt.

, 5 The extent to which the reaction occurs depends upon the diffusion of the
oxygen in the surface of the metal cathode. If the rate of diffusion is low, the
reaction soon becomes polarised and, in order for the current to keep flowing, the
potential becomes more cathodic and the next competing cathodic reaction will
occur, i.e. the deposition of the cation from the fused sait electrolyte. However, if

10 the process is allowed to take place at elevated temperatures, the diffusion and
jonisation of the oxygen dissoived in the cathode will be sufficient to satisfy the
applied currents, and oxygen will be removed from the cathode. This will continue
until the potential becomes more cathodic, due to the lower level of dissolved
oxygen in the metal, until the potential equates to the discharged potential for the

15 cation from the eiectroiyte.

This invention may also be used to remove dissolved oxygen or other
dissolved elements, e.g. sulphur, nitrogen and carbon from other metals or semi-
metals, e.g. germanium, silicon, hafnium and zirconium. The invention can also be
used to electrolytically decompose oxides of eilements such as titanium, uranium,

20 magnesium, aluminium, zirconium, hafnium, niobium, molybdenum, neodymium,
samarium and other rare earths, When mixtures of oxides are reduced, an alloy of
the reduced metals will form.

The metal oxide compound should show at least some initial metallic
conductivity or be in contact with a conductor.

25 An embodiment of the invention will now be described with reference to the
drawing, where Figure 1 shows a piece of titanium made in a cell consisting of an
inert anode immersed in a molten salt. The titanium may be in the form of a rod,
sheet or other artefact. If the titanium is in the form of swarf or particulate matter, it
may be held in a mesh basket. On the application of a voltage via a power source,

30 a current will not start to flow until balancing reactions occur at both the anode and
cathode. At the cathode, there are two possible reactions, the discharge of the
cation from the salt or the ionisation and dissolution of oxygen. The latter reaction
occurs at a more positive potential than the discharge of the metal cation and,
therefore, will occur first. However, for the reaction to proceed, it is necessary for
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Melting Point (°C) Boiling Point (°C)
BaCl, 963 1560
20 CaCl, 782 >1600
CsCli 645 1280
LiCl 605 1360
SrCl, ' 875 1250
YCl, 721 1507
25 |

Using salts with a low melting point, it is possible to use mixtures of these
salts if a fused salt melting at a lower temperature is required, e.g. by utilising a
eutectic or near-eutectic mixture. It is aiso advantageous to have, as an
electrolyte, a salt with as wide a difference between the melting and boiling points,
30 since this gives a wide operating temperature without excessive vaporisation.

Furthermore, the higher the temperature of operation, the greater will be the

diffusion of the oxygen in the surface I_ayer and therefore the time for deoxidation

to take place will be correspondingly less. Any salt could be used provided the
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Examples 3 - 5 relate to removal of dissolved oxygen contained within a
metal.

Example 3
Commercial purity (CP) titanium sheets (oxygen 1350-1450 ppm, Vickers

20 Hardness Number 180) were made the cathode in a molten calcium chloride meit,
with a carbon anode. The foliowing potentials were applied for 3h at 950°C
followed by 1.5h at 800°C. The results were as follows:

V (volt) Vickers Oxygen
25 Hardness Content
Number
3v. 133.5 <200 ppm
33V 103 <200 ppm
28V 111 <200 ppm
30 31V 101 <200 ppm

The 200 ppm was the lowest detection limit of the analytical equipment. The
hardness of titanium is directly related to the oxygen content, and so measuring the
hardness provides a good indication of oxygen content.
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15 removed as shown by the hardness curve (Figure 2), where VHN represents the
Vicker's Hardness Number. -

Example 5
A titanium 6 Al 4V alloy sheet containing 1800 ppm' oxygen was made the

cathode in a CaCl, melt at 850°C and a cathodic potential of 3V applied. After 3
20 hours, the oxygen content was decreased from 1800 ppm to 1250 ppm.
Examples & and 7 show the removal of the alpha case from an alloy foil.
Example 6
A Ti-6A1-4V alloy foil sample with an alpha case (thickness about 40 pm)
under the surface was electrically connected at one end to a cathodic current
25 collector (a Kanthal wire) and then inserted into a CaCl, melt. The meltwas™
contained in a titanium crucible which was placed in a sealed Inconel reactor that
was continuously flushed with argon gas at 950°C. The samplé size was 1.2 mm
thick, 8.0 mm wide and ~50 mm long. Electrolysis was carried out in a manner of
controlled voltage, 3.0V. it was repeated with two different experimental times and —-
30 end temperatures. In the first Case, the electrolysis lasted for one hour and the o
samplé was immediately taken out of the reactor. In the second case, after 3 hours
of electrolysis, the temperature of the furnace was allowed to cool naturally while
maintaining the electrolysis. When the furnace temperature dropped to slightly
lower than 800°C, the electrolysis was terminated and the electrode removed.
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<200 ppm Example? 3.3 V 103 <200 ppm 2.8 V
111 In a %eP3rkEBperiment, Ti-6A1-4V foil samples as described above (1.2

mm thick, 8 mm wide and 25 mm long) were placed at the bottom of the titanium
crucible which functioned as the cathodic current collector. The electrolysis was
15 then camied out under the same conditions as mentioned in Example 6 for the 3-
hour sample except that the electrolysis lasted for 4 hours at 950°C. Again using
microhardness teSt. SEM and EDX revealed the successful removal of the alpha
case in all the three samples without altering the structure and elemental
composition except for oxygen.
20 Example 8 shows a slip-cast technique for the fabrication of the oxide
electrode.
Example 8
A TiO, powder (anatase, Aldrich, 99.9+% purity; the powder possibly
contains a surfactant) was mixed with water to produce a slurry (TiO,:H,0 = 5:2 w)
25 that was then slip-cast into a variety of shapes (round pellets, rectangular blocks,
cylinders, etc) and sizes (from millimetres to centimetres), dried in room/ambient
atmosphere ovemnight and sintered in air, typically for two hours at 950°C in air.
The resultant TiO, solid has a workable strength and a porosity of 40~50%. There
was notable but insignificant shrinkage between the sintered and unsintered TiO,
30 pellets.
0.3g-10g of the pellets were placed at the bottom of a titanium crucible
containing a fresh CaCl, meit (typically 140g). Electrolysis was carried out at 3.0V
(between the titanium crucible and a graphite rod anode) and 950°C under an
argon environment for 5~ 15 hours. It was observed that the current flow at the
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oxygen content can be estnmated by the resistance to pressure applied at room

temperature. The pellets became a grey powder under the pressure if there was a
high level of oxygen, but a metallic sheet if the oxygen levels were low.

SEM and .EDX investigation of the pellets revealed considerable difference

15 in both composition and structure between metallised and partially reduced pellets.
in the metallised case, the typical structure of dendritic particles was always seen,
and no or littie oxygen was detected by EDX. However, the partially reduced
pellets were characterised by crystallites having a composition of Ca,Ti,0, as
revealed by EDX.

20  Example @

It is highly desirable that the electrolytic extraction be performed on a large
scale and the product removed conveniently from the molten salt at the end of the
electrolysis. This may be achieved for example by placing the TiO, pellets in a
basket-type electrode.

25 The basket was fabricated by drilling many holes (~3.5 mm diameter) into a
thin titanium foil (~ 1.0 mm thickness) which was then bent at the edge to form a
shallow cuboid basket with an intemal volume of 15x45x45 mm®. The basket was
connected to a power supply by a Kanthal wire.

A large graphite crucible (140 mm depth, 70 mm diameter and 10 mm wal

30 thickness) was used to contain the CaCl, melt. it was also connected to the power
supply and functioned as the anode. Approximately 10g slip-cast TiO,
pellets/biobs (each was about 10 mm diameter and 3 mm maximum thickness)
were placed in the titanium basket and lowered into the melt. Electrolysis was
conducted at 3.0V, 950°C, for approximately 10 hours before the furnace
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In a geparate exmeakemative {6ithé Baskéttypeidiecmdplisthease df aclollydypabi®se (1. 2

electrode. This is composed of a central current collector and on top of the
_collector a .reasonably thick layer of porous TiO,. In addition to a reduced surface
area of the current collector, other advantages of using a lolly-type TiO, electrode
include: firstly, that it can be removed from the reactor immediately after
20 electrolysis, saving both processing time and CaCl,; secondly, and more
importantly, the potential and current distribution and therefore current efficiency
can be improved greatly.

Example 10
A slurry of Aldrich anatase TiO, powder was slip cast into a slightly tapered

25 cylindrical lolly (~20 nm length and ~ mm diameter) comprising a titanium metal foil
(0.6 mm thickness, 3 mm width and ~40 mm length) in the centre. After sintering at
950°C, the lolly was connected electrically at the end of the titanium foil to a power
supply by a Kanthal wire. Electrolysis was camied out at 3.0V and 950°C for about
10 hours. The electrode was removed from the melt at about 800°C, washed and

30 leached by weak HC| acid (pH 1-2). The product was then analysed by SEM and
EDX. Again, a typical dendritic structure was observed and no oxygen, chiorine
and calcium could be detected by EDX.

The slip-cast method may be used to fabricate iarge rectanguiar or
cylindrical blocks of TiO, that can then be machined to an electrode with a desired
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20 TiOszi+Q21
Apparently the depletion of chloride anions is ireversible and consequently
the cathodically formed oxygen anions will stay in the melt to balance the charge,
leading to an increase of the oxygen concentration in the meit. Since the oxygen
25 level in the titanium cathode is in a chemical equilibrium or quasi-equilibrium with
the oxygen level in the melt for example via the following reaction; |
Ti+ Ca0O=TiO+ Ca K(950°C)=3.28x10*
30 it is expected that the final oxygen level in the electrolytically extracted

titanium cannot be very low if the electrolysis proceeds in the same melt with
controliing the voltage only.

This problem can be solved by (1) controlling the initial rate of the cathodic
oxygen discharge and (2) reducing the oxygen concentration of the melt. The

(S
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the paser - A graphite/rodrwasf usedt dscthe dinede.t ke Rillp drectrog® waxither el y 109
Dot b et B 4 gt Bt ol SRR A "
| ower ed i ntapsédondreidctrolykit avsrthéty 8amiedidat for about EIRGUIS &t 81 sHmeSvditdge950C, for
appr oxi mat e'n& t%r?’upgr% urrg a? ?IJ: Ofrlrgt ttelggtrc];l)lvjsrisn 6zlﬂzcgam with a graphite rod as the anode.
The lolly electrode was removed from the reactor at about 800°C, washed, acid
20 leached and washed again in distilled water with the aid of an ultrasonic bath.
Again both SEM and EDX confirmed the success in extraction.
Thermo-weight analysis was applied to determine the purity of the extracted
titanium based on the principle of re-oxidation. About 50 mg of the sample from
the lolly electrode was placed in a small alumina crucible with a lid and heated in
25 air to 950°C for about 1 hour. The crucible containing the sample was weighted
before and after the heating and the weight increase was observed. The weight
increase was then compared with the theoretical increase when pure titanium is
oxidised to titanium dioxide. The result showed that the sample contained 99.7+%
of titanium, implying less than 3000 ppm oxygen.
30  Example 12
The principle of this invention can be applied not only to titanium but aiso
other metals and their alloys. A mixture of TiO, and Al,O, powders (5:1 wt) was
slightly moistened and pressed into pellets (20 mm diameter and 2 mm thickness)
which were later sintered in air at 850°C for 2 hours. The sintered pellets were



13 tenperature was al | owed to drop naturally. Wen the tenperature ,'

reached about 800C, the electrolysis was terni nated. The basket was
then raised fromthe nelt and kept in a water-cool ed upper part of
the 1 nconeWQWK463Beact or until the furnace t enper atur%‘pﬁﬁﬁi’)‘g@aﬂo
bel ow 200[ err] C before bei ng taken out,for analysis. 5 After
acidic leaching (HO, pH<2) and washi ng in water, the electrolysed

P oL, <ol Yyl ATy S S8, 05 e B Bl L o

and elecaolyset ihithé samel wanpas desaibalyrs Examplec! and EthptémwSEMémi t he

wd t d EDX
el ysi o BEaissevealsditatafh clarobs e paligs aPrnged to the TrALmElRL i o,
Some cryshfdy alHRgk thd-@ibiidntdl distfibiridh IWeepéllés%sﬁ%t Rifde th@uper whi ch

may be responsible for a significant fraction of the oxygen contained in
t he psodugqncentratlon was higheg in theqeptralbpart of tf'ﬁ%“@x‘bé@ﬂ"@é" a&u’fﬁﬁén nel ting
t he powde r a

An al ter ng ryﬂé ff‘d:)m ?%mg‘!afgkne%y? he r?ngrgtsgrgglgPél gﬂfﬁ%eﬁ stlgﬁ%db’élfe‘ill ol ly" type
Ti O err] similar to tbatefithe gure Tipellel.s conposed of a central current collector
and on top of ous
Tiderr]. In agglﬁ[el %rs]h?vgsﬁéﬁﬁééeﬁds d’sﬁuéf?% ?rgﬂé%ythte@I&&r&lﬁ?ﬁ%ﬁ@&gﬁ%fent

col | ector TiOgtdwetsa.nhdandéfgwt@bndmong 4 can bk showpdhat the @amdunt b cirrentie

20 18° ) BotPR s rden prosorfiiby i ieeRAGH, orohfird tnd BRI MABT ScConaly,

and nor e jmportantly, italso ahow.f,' that ltha pmemtdeateasesimb rtmmandithefefotml ison and

therefore c t efficie n be| gt eat | Exanpl e
10 %a{)lth%quﬁmprb?deme tgﬁ{ﬁgﬁ%ﬂ'ﬂg% gﬁ'ﬁé 'g' fas slip cast
into a sl té;bihhy It epciurivasbeing aepositird, tied currdnit shouldGemain corgtantail - mm

di anet er) corrprl sing atitaniumnetal foil (0.6 mmthickness, 3 mm
wi dt h andtiMmgo mmlength) in the centre. After sintering at 9500 t he
lolly was connected electrically at the end of the titaniumfoil to a power
supply by a Kanthal wire. Electrolysis was carried out at 3.0V and

950[ err] C for about 10 hours. The el ectrode was renoved fromthe
melt at about 800C, washed and 30 | eached by.weak HC acid (pH 1-2):
The product was then anal ysed by SEM and EDX. Again, a typical

dendritic structure was observed and no oxygen, chlorine and cal ci um

coul d be detected by EDX



The sl ip-cast nmethod may 'be used to fabricate |arge rectangular or
cylindrical blocks of TiJerr] that can then be machined to an el ectrode
with a desire 14
-shape and &’ngg{ﬁ’? able for industrial process.glo . L angggm731
reticulated Ti Q2 bl ocks, e.g. ‘5{702 fo;rB‘mJMimﬂﬂEﬁmlskel eton, can
al so be nmade by slip cast, and his w'l ning of the
The fact that there is little oxygen in a dried

nol ton salt
fresh cad [€MSrelt suggests that 5  the discharge of the chloride
ani ons nust1,be tAemetinod foaremaevingia subbstarde (X fratn & balid metal, ametal ti al st age of

l ectrol ysis. Thi di ti L ' until '
Trom t he cSORAINE, S Rembietal Bophatnehiiie) B3 fleckulfu i dusa e BEKBRR: scu as
follows:  piQture oPEAIES Which comphibéy édnduﬂiﬂ@!hé]e@d!r@%yrsis dnder Bonditions sucigat hode:

20T er ] 1 thatrepetianof X faiher than M deposiiarcascutsatiapi ipRade U ince, (BN o
Freff]ena te??j agﬁggke’fse{nﬁ?ghlééﬁolms' o and the overall reacti og o ]20_
Tigerr] Ti2.+ Qhemethod according to claim 1, wherein M'X is a conductor and is used as

the cathode. _
3. A method according to claim 1, wherein M'X is an insulator and is used in
10 contact with a conductor.
4, A method according to any preceding claim, wherein electrolysis is carried
out at a temperature of 700°C - 1000°C.
5. A method according to any preceding claim, wherein the electrolysis product
(M2X) is more stable than M'X.
15 R A method according to any preceding claim, wherein M? is Ca, Ba, Li, Cs or
SrandYis Cl.
7. A method according to any preceding claim, wherein M'X is a surface

coating on a body of M'.
8. A method according to any of claims 1 to 6, wherein X is dissolved within
20 M.
9, A method according to any preceding claim, wherein Xis O, S, C or N.
10. A method according to any preceding claim, wherein M is Ti or an alloy
thereof.
11. A method according to any of claims 1 to 9, wherein M’ is Si or an alioy
25 thereof.
12. A method according to any of claims 1 to 9, wherein M’ is Ge or an alioy
thereof. '
13. A method according to any of claims 1 to 8, wherein M' is Zr or an alloy
thereof.
30 14. A method according to any of claims 1 to 9, wherein M is Hf or an alloy
thereof.
15. A method according to any of claims 1 to 9, wherein M' is Sm or an alloy
thereof. '



Apparently the depletion of chloride anions is L rievabsrbT’e/a'h’d’/’

consequent |y the cathodically formed oxyg “g“‘“‘\‘mn\ay inthe
mel't to bal‘gﬁgﬁﬂk%echarge, | eadi ng to an m%g\ .

concentrati melt. Since the oxygen 25 kn Y he ti ta
cathode is in a chem cal equilibriumorjguasi-equilibriumwth the
oxygen level in the nelt for exanple via the follow ng reaction:

Ti + Ca0 =4 Tlomfgih ding to $0era4a 12@«_?. is
expected that the ngacgg)r/érégn 0evygl |n|mt§he e lﬁoh%l ca?d ?'S/ane§|°ryact ed

titani um canereof.be very low if the electrolysis proceeds in the sane melt

ol ved by (1) clhiieliac BRI ARFortiite 1 1. whersin M snALoF aR sy o7 CET B¢

di schar ge a#inete6R2) redum ng t he oxygen concentrati on of the melt The

|1§| tiaP st é&leog{xemg’a% accorad‘frltif %ﬂ’ %Icyagﬁ%gtﬁcf)’g"l %&ﬂ qwngt eggsng

t he appli e¢ghegrebf. voltage to the desired vaI ue so that the current
floww Il not go b Thi s et hod may
" doubl e- corfr ol |Pe@e§t°5@tcr=etﬂb@ﬁ°a"mfedw§ﬂép gsd‘fhﬁﬁ'%NFt'%Nﬂt% QSHJIS’Nem may be

5 achi eygstedty performng the electrolysis in a high oxygen | evel nelt

first, which reduces Ti2 to the netal with a _hi oxygen content,
and then t PAnsf érmeHgd@aseording to any aficigims e, Gd@rQl@N&mg\n%@g@toyrrelt for
furthey el gedrbdf Ysis. The electrolysis in the | ow oxygen nelt can
be conS| dereJ as an electrolytic refining process and may be ter med
"doubl e- meRf. el &cmethog#Acsording to any of claims 1 to 9, wherein M' is Cr or an alloy

thereof.

22. A method according to any of claims 1 to 9, wherein M* is Nb or an alloy
thereof.

15 23. A method according to any preceding ciaim, wherein M'X is in the form of a
porous pellet or powder.
24. A method according to any preceding claim, wherein electrolysis occurs with
a potential below the decomposition potential of the electrolyte.
25. A method according to any preceding claim, wherein a further metal

20 compound or semi-metal compound (MNX) is present, and the electrolysis product
is an alioy of the metallic elements.



10 . Exanple 11 illustrates the use of the "doubl e-nelt

el ectrol ysis" principle. Exanple 11 ATidgerr] lolly
el ectrode was pr red as described in Exanple 10. A first 81

el ectrol ysi§°§§/é§£§/as carried out at 3.0V, 950[err]C overni gPtﬁTK(n-;gl‘)gn%our S)
inre-nelted CaCl[err] contained within an alum na crucible. 15
A-graphite rod was used as the anode. ‘qt)g lolly el ectrode was then
transferred immediately to a fresh CaClTerr] nmelt contained within a

titani um crucible. A second el ectrolysis was then carried out for
about 8 hours at the sane voltage and tenperature as the first
el'ectrolysis, again with a graphite rod as the anode. The lolly

el ectrode was renmoved fromthe reactor at about 800[err]C, washed, acid 20
| eached and washed again in distilled water with the aid of an ultrasonic
bat h. Agai n both SEM and EDX confirmed the success in extraction.
Ther no-wei ght anal ysis was applied to determne the purity of the extracted
titani um based on the principle of re-oxidation. About 50 ng of the sanple
from the lolly electrode was placed in a small alumna crucible with
alid and heated in 25 air to 950[err]C for about 1 hour. The crucible
containing the sanple was wei ght ed before and after the heating and
t he wei ght increase was observed. T i ncrease was then
conpared with the theoretical increpse Wpen puré titaniumis

oxidised to titaniumdi oxide. The result showed|that the sanple contained

99. 7+% of titanium inplying|jless than 3000 ppgm oxygen. 30
Exanpl e 12 The principle of this ijnventfion can be applied not
only to titanium but al so other netals and thegir alloys. A mxture

of TigerrQat AP&r]derr]|powdefs (5:1 wt) \Was I(jpght Yy o

noi st ened and pressed i pe[Tets (20 mmdrarreger and 2 rgsﬁ _21'1: ‘é§§_) :

which were later sintered M&ir at}{950[err]C far 2 hjou®s. Y T nt éfed
16

pel l ets were \ /

white and slightly smaller than befpore sinterind. T the pellets were
el ectrolysed in the.sane way fs desg¢ribed in Exe,uﬁ?l and Exanple 3. SEM
and titanium specimen ~—_ _

~—

CaCl, melt

Figure 1
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EDX anal ysis reveal ed that after electrolysis the pellets changed to the

Ti Al netal all oy although the elenental distribution in the pellet
was-not uniform the Al 5 concentration was higher in thgGgpégishsipart
of the pel | WO P48 near the surface, varying from12 wt%to 1 w %
The mcrostructure of the Ti-A alloy pellet was simlar to that of
the pure Ti pellet. Fi gure@/3 shows the conparison of currents
for the electrolytic reduction of Ti Q2 pell ets under different

conditions. It can be shown that the anmount of current 10 flowing is
directly proportional to the anmobunt of oxide in the reactor. Mre
importantly, it also shows that the current decreases with tine and

therefore it is probably the oxygen in the dioxide that is ionising
and not the deposition of calcium If cal ciumwas bei ng deposited,
the current should remain constant with time.
17 CLAMN 1. A nethod for renoving a substance (X) froma
solid netal, a netal conmpound or seni -netal conpound (Merr]X) by
el ectrolysis in a fused salt of Merr]Y or a m xture of salts, which
conpri ses condve@i g the electrolysis under conditiops such .5 t hat
reaction of X rathper than M2 deposition occurs at an el ectrode sjurface, and
t hat X dissplves in the el ectrolyte MY. 2. A net hod
according to cgghm 15 wherein Merr]X is a conductor and is used as
t he cat hode. ; A nmet hod according to claim1, wherein Merr]Xis
an insulator and ip used in 10 contact with a conductor. 4, A
met hod accordi gggt any preceding claim érei n electrolysis is|jcarried
out at a tenperatufe of 700C - 1000[err]C. 5. A et hod| accordi ng
to any preceding cjaim wherein the el ec %?f%?s pr oduct M2X) is
nore stable thaggM erA] X.
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15 6. A nmet hod according to any preceding claim wherein Merr] is Ca,

Ba, Li, Cs or Sr and Yis d. 7. A net hod according to any
preceding claim_ wherein Merr]X is a surface coat i Nngp@EGRodAAGst Of
Merr]. WO 9964638 A et hod according to any of clainms 1 to 6, wherein X
is dissolved within 20 Merr]. 9. A nmet hod according to any
preceding claim wherein Xis O S, C q{/ N. 10. A nethod according
to any preceding claim wherein Merr] gTi or an all oy t her eof .

11. A nethod according to any of clainms 1 to 9, wherein Merr] is Si or an

all oy 25 t her eof . 12. A nmet hod according to any of clains 1 to
9, wherein Merr] is Ge or an all oy t her eof . 13. A nethod
according to any of claims 1 to 9, wherein Merr] is Zr or an alloy
t hereof. 30 14. A nethod according to any of clains 1 to 9, wherein
Merr] is H or an alloy t her eof . 15. A nethod according to
any of clains 1 to 9, wherein Merr] is Smor an alloy t her eof .
18 16. A nethod according to any of claims 1 to 9, wherein Merr]
is Uor an alloy t her eof . 17. A nethod according to any of
clainms 1 tegurentferein Merr] is*Al or an alloy thereof. 5 18.
A nethod according to any of clains 1 to 9, wherein Merr] is My or an
al | oy t her eof . 19. A nethod according to any of clains 1
to 9, wherein Merr] is Nd or an all oy
3.5
30
& 0 3.1 g TiO2, 3.1V,900C
2.5 1 O 0.3g Ti02, 3.2 V,950C
0
2
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Figure 3

SUBSTITUTE SHEET (RULE 26)



~a

)

1heregf 20.° A fethod according to. any of claims 1 tges
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Merr] is Mo or an alloy 10 t her eof . A net hod
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22.
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{57) Abstract

A method for removing a substance (X) from a solid metal or semi~metal compound (M'X) by electrolysis in a mel of M2Y,
conjprises conductmg the electrolysis under conditions such that reaction of X rather than M2 deposition occurs at an electrode surface, and
that X dissolves in the electrolyte M2Y. The substance X is either removed from the surface (i.c, M!'X) or by means of diffusion extracted
{from the care material. The temperature of the fused salt is chosen below the melting temperature of the metal M!. The potential is chosen
below the decomposition potential of the electrolyte.




