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SUBSTANCES, FROM METAL AND SEI ~I' I ~I ETI I L d of Invention This
invention relates to a nmethod for reduci n ll f dissolrred 5 oxygen
or other el Q?Q}ﬁsjsr om soNd n~et~s, net aI d sem P@‘Pkﬁ”lonsl
conpounds an l'1oys. In addition, the net hod ‘@t es to ~e diced

p~od~rcdon of netal from netal OXIdeS or _other_ co ounds Eadca dfio
the Inventi ZEMOMAY QE: SVESTANCER  BROMMETAL (A)R B 8“58&?‘8' ave a

sint io sotubiNly for oxygen. M many cases, the oxygen |s detrimeMa! and
—~erof i ore- needs to be reduced or renoved before the netal can be fulNy
exploited fa its nec~~anical or electrical properties. For exanple,

titani um ZFidi@ef InveRliend hafnium ~e tar reactive el ements and, when exposed
to oxygen-containing environments ra=dly forth an oxide |ayer, even at room

tenperature. Thi 9‘%!@%@@?ﬁ@imﬂﬂﬂ§9f§emw dissoived| ng oonosi on

resi st ance g‘é,ﬂg &qﬁm kbifd Metalg0 EE‘ Sd ity has
attende%nt &Qgg%{/ant ages ace om nat ed th)gﬁgitte on abgrprocesm ng of
these net alcomppandseand alioys. in-additiom thenmgthod gelptescih thedirect prddactiomo€nt i ons!
way to form !UI'@E <Ot her el enents have a significant .
sol ubi | ity@@%éﬁ %%’gand er &t oi ds (e.g. carbon and nitrogen)
whi ch resula‘a__ek_ggu_@MS of ductHty. This high reactivity of

titani um and ot ext ends t reactlon with refractory
material s such SE’"JW%@@”@A g'en%a‘té axides, @9 ‘AQ"G&%“ agai n
cont afignat isgigbilitydoeoitygen! wmmy baseb.ames:xmﬂls dMWW&f enel y
del eterious | ONMEr Ci racti ting and proceSS|ng of the 25
metal s cond® %Eﬁiﬂ"’?@ ?‘S?%b@i ﬁ?ﬂ&?ﬁ&?ﬂngeﬁ@{] onits meehanicali de i s
achi eved byr eatricatprd mumexmhemmwmmmw%mwa@my (the
reduc~ant). The choi C&r uct ant reduct ant,  spedftca the free

energy bal Bfctve gle ﬁxggi n‘g‘ gefsrentaining envime #olY negat i ve
to provi defdanaaniviide lager, evers af mont hmpeedmt This paSsipatisreie the Hauis bpact i on

klnetlcs are. i uepce ri,nci eraturé of reduction and
addi t &8nal PV W‘%‘?@%Sﬁf‘t f%{s% ‘%’ﬂggm . The
tatter is higheeadivity hpsatterdiant dlaadvamagasdmi&rlmw dgnihBedahé exrdstionof t he

process and_the the reaction. For exanple, it is often
found that Pﬁ?&%%ﬁrﬂ}'%&@gvgﬁ“ 0oEC Zooz WD 99164638 2 PCT/ GB99101781 this

reduct i on shoul As well il @sidising atchighl temperatupssdh itheecorivantitinal eay ¢ farhean

The: conponeit€ SEHEUIRR 2R dulf SEABHETLS subifEant Pkt oaey 1 1s

resul ge i namd other niauuoidom gncarbon and pitrogen) whick rémilts dn ar:eﬂtbuﬁlhas ofri ght be

ot o S (TR i RG] it i oo B WA Benfod UehdE1s°

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 concemed.

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 gl
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

L

*G00002*




H

frequently leads to the need for further operaYrons to refine th&'nﬁat[};ﬁc ;ZHQ?
renmove the final residual inpurities, to achieve high quality netal.

Because the reactivity of Goup )VA elenents is high, and the del eterious
ef f ect of WoJoftdgds | npurities serious) extraction of these epeeBvsoiBINOL
nonrally 1 o carried out fromthe oxide, but followng prelimnary
chlorination, by reducing the chloride2 Magnesi umor sodium are often used
as the reductant. In this way, the deleterious effects of residual oxygen

are avoi dgfis reliicion BRtiIG ADineohep@eked @V EdmMpletién the RidtticE ael sonsiierdblpake t he
final netal nore expensive) which limts jts application and value to a

pot ent i al slowed down pytheipregrefeive davering ofithe griyitasof the cpaRPRERtSON Wi t h
0xygen st i b @aC s fe dideioh BnfHASE SOH el Ahis!EERATA e HeSRual ESména™! €. 2

hard | aye oxygen-enriched materia } nore conventional oxide
scal e. | nof dstymenior andtibgrelement thab might hednvatesd) iwhich-¢an-be daleterjousitor n~t he

stabilising ef ~es~~ € h | -betg .al |l oys. |f
this 3 ayem%i R oﬂﬁﬁ'e? gﬁﬁ@é’gs%dén‘s‘%s@ghg%p%r g@g‘géflﬂ‘gé‘@'{]”a?g‘o r’;ﬂ?'gnper ature
can | ead fréquditlyileads tottheneed farfarther operationsitarefirethermétal and:remove tt | e
surface |l ayer. These can then propagate intg the body of the netal) beneath
the al phatheding! qufﬁw‘%‘}'as&&ﬂ?ﬁ%zf@%ﬂui‘ﬁméﬂ- surface is not renoved
bef ore further paeasRthe gaclivity BEGIBURIVA elenfents/is Migh, lantiiRe BElRtelidus t her e
can be a serious reduction in pertornance, especially of the fatjgue

propert i eeffectof pesigual fSefipus, euaction.ef hiessele iSOt pErBRWY | abl e as
a Teans lariid bEPFMIhe biide bRATbRSMAG préliminaY chithinaibr,tylre6IBig thé  he

Goup | VA netal s ydrogen and because the oxi de or ssohred oxygen"

;c?nnot becthlidﬁseMaéﬁ'e#H’ﬂPﬁFg@Hm aecofienpsadasthe redyctany; lothis way. heund this

pf obl em aﬁ@hggi&h&&fabf résidual ag{g’r&earefwo;@aammisemma& Idadls Ohéweever! eaned

up after ' ' %/mrem)w ng the oxide scal e by nechani cal

ing by 3 o fir .
gri ndi ng)todigherisioststwhieh make ke fipalmetal more gxpansivegwhishdimitsyitsaci d pi ddi ng)

often in Wg%ﬁ;‘e%dﬁmﬁ,ggoféﬁgygs&he oxygen-enriched | ayer of netal

beneat h t ~These operations are costly in terms of |oss of netal
yi elid consunabespitedhe use of this progess cantamination with axpeen sl 08aWsH se scal i ng

and the e Y h X e soalnd
56, 6a65s DR FEEEEHE SH temberRniBEnE oxdingle) & hafiager

1 I's carried out at &8s low a tenperature
as i s pr apygeaienEiRGmElens) bdermed enesibdng mie conEralaede selend | a
| ner east fgadiif diogé! uilis!dienaleit b Retpha.blde"! FEMARE sUBilHY enfdeloff 1 NE
material at Tower “tenperatures. Al of these factors increase the costs of
processi rgygeén pn taeialpha phase i alphadiats alioyss s layerds sotrempved, control
ei they | #%géﬁrﬁfpnmég&iﬂﬂ%? réSHA e BAlna L ledd fo HaliAkiatioH b Cdatieams t O
serious enbrittlenment praobl or in surface finish and di nensi onal

ens, .
control . e bardandrelstivelyrite urace et Jhese can fhenpropagatedntodhe bary
mat eri al Sor e thetsi, W&ﬁ@%lﬁhﬁ c8Se W the hatt @iphlalcds® di\eratkel suaeeisor e, that

a process which can renpve the oxide |layer from1l o a netal and additi onaNy
‘the di s s diok remeveefore fupther Resessing of thexmstal araeevice,pt theprodurd, theredi ng
and pi ddi i aheRi % i -@%’ ia@and econoni c
benefits %ﬁ%eeigfﬁ%%gges& ng")‘ i nd%?ﬁ?%@gﬁbgkﬁéﬁggﬁi&%n. Sugﬁh.aegbr ocess may
al s@shavdHead reatraeddn aredyring ptigsphess is rAt avaliable 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



» purification~treatnment, or processing. For instance, the scrap tuLnSnBEC 2002
produced 15 either during the mechanical renoval of the al pha case,
machining to finished size, are diffuxrtt to nrcyde due to their high

_ oxygen cornwersy/6aéds hardness) and the consequent effect on theCT/GBIS/eBI
conposition and increase in hardness of the nmetal into which they are
recycl ed. Even greater advantages m ght3 accxue if material which had been
in service at elevated tenperatures and had been 2 0 oxi di sed or

cont am naiwagking mcamygmn abas bwiztenperaterebeis fracticab | Thib dintitselfit nent . For

exanple) th I|f [ 0-engi.ne .co ade, or ~di.sc made from

titani kun ePYEy H Q‘f&'{! “9‘?“&53{"8%%? 'jth%??grﬂ"mﬁf'ﬁmguﬁéﬁﬂﬁ of the
al pha casgeduckd Wsmnw Mmamgmaweh erathRasC TAICHE thesd faxtdren and

! propagation into the body of the disc, ading to prenmature failure. In

this mstM%asea’BP(POﬁ RrAgessing. surtace 2 5 grinding are not possible
t f h
opti ops since. dn badfioR adlk PRRAGS nbPElayS CasPfo L, %ﬁgwrﬁembp' que v-~ic

* lowered the diss oxyg t ent WI out e over
di mensi onbydregge samaminatianoefithe metaiawbich lwisno seribusembritemestpr essor

he. of oat BrobigHidy T KBS AL b bindfFiseh Bt SR8 Befar IFQfiapidiy 0o ©

benefits inpdrtarib& mecprodulpimrm&dn mathnglsaum\mjtmmehohtsﬁrm wireogter at e not
just for |onge I e o] at hi gher
{enper at ur o5 witdh EVBnGiheldifrel Al i FRBRS TR (b i e R el
achi gyed. Imatabbhd addibomwlmwssmvedaoiygmmm\mmbuwéwﬂmbase.l i nt erest
|s Germanl en,.conduct. | rretal el emrent found in Gou
Y of |t netpbyt e 5pnting rd HGiE0 A5t Eipe] W) Gy Saeideradn gniy
pur ified fdcnheal and ecdniomic denefits bnmmmmbMﬁmmMmd)mwmphor us,
arsenic, anti and ot her |tFa | oi d are ég/ﬁ g npurities
whi ch nust bengﬂéPmsb"o'HWB V?l’? 'a@’n§'5P§° theadequat e
per for trranpmﬁcsd tibr(bj treatmmt ta:lulsprutdsemtgs EFOranstah, ﬂ':a ﬁ{iﬂp tdrﬁn;@bﬁ%dddéa' v of
roperties, depen itic on i cont en nt.ro uri 0
ltohep:'p)%\ren?'"m qu" %"ﬁ&ﬁﬂ'ﬂﬁ?mf’ i“ﬂ»&%ﬂ%ﬁ?&?f@q rﬂﬂ%?‘f’?ﬁ?ﬂ to,fini cu%/e and
Leplrodum&&e mmwmmcmmxmegesr%h °"’1’°°'°°2*f1”‘??“ mmmﬁl s;amwﬁan be f
uilt up in co ent sc oses the use o
cal ci um nquw(ﬁﬁ??af‘g’é‘ofgﬂ Lﬁﬁm@? ’BE‘Q‘HPa%ﬁ]H‘ 'e'?‘ ¢raps B.
2|38 .(1932:)14;8363“0 mmkmsedrareggﬂgq u&vahgutemwhtmstrm ﬁ%abggggl)tizgym
al um ni de. ape. . ra,. a.shi an ;
deoxi di séﬂaﬁﬂﬁg‘ﬁb'ﬁﬁjﬁﬁ%@ éﬁ?f‘@ﬁ?@(ﬂ?v@éﬂgﬁ %‘Eﬁ?‘ipﬁﬂ‘gf rom a
cagczsol (rjn C&)hdléf]dier é&hémnrzuladhﬂh sxyderceoudd bbldré,awm( alxiTSplaawo) haimeQ.Shl, Ono
and Sado ou oys anct nds ave
deoxi di SZPO&M%%FWQ‘”(E ?%‘39'"&%%‘”@‘{? %ﬁ 898 oM of the
]Icnst i th ut emsrfuuml ua?ss ¢oréirnined) b & cédaindagent] Me&pf&ﬂoﬂm@llpﬁﬁ yaseC tregt ment
or the rermva variou mi.n nts_from en _copper durin
fa)refini etg s |sf'@ﬁé°c8'a‘ﬁ€|'“'f']%"1"rﬁ@89???%"d% t‘"ﬁn%PH r| um °
chlori ge the ddcﬁlﬁabu'gttbcliwmauré' Taliure phrﬂr:isﬂnsmnﬁd;l @oid ﬁtatlmgtdmmrrflaean be )
rermve usj t hi roce vveve the r nis |less certain
and % M&W @fﬂé‘? PYRM §°§ﬁ)ﬂ'e‘gﬁ?’88f'f’ﬂlc9f'¢yd%§>t§g}8'ﬁ"2 1 0ss

occur s) Vi technidoe mm@mmﬁemn cORERY Mthut dffécting e ess.
Furt hernore, the process requires the netal to be nolten, which adds to the
speRgiyIncomple

overal | @ysfakgimepgiong,re X $haPes: Suehas blades OF CPWPESSAE Ui t abl e
for a netfidcsSwoliddave dtaitus Bndiven inmporiant dtoridihic Pendfid, \Bicallsé 8Pt hi ghly .

reactive melt. 30 Summary of |nvention The invention provides in its

various AEeRiet gﬂmﬁéﬁmaeranuean thermadynamic efficienpythesg bensfisweuldbe( X) from
|l d M d
a sqly ngrm RiHGP &mtﬁuw&%%ﬁ%%m&%rmn@?mm%( ), an

a nmethod
same temperature, but also possnbly 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 IVA of the Periodic



- 5 DEC 2002 4 -4a of two or nore netal or seni-metal conponents (M Jﬂ%?zmn
as defined in the appended i ndependent clainms, to which reference - s

now be made. 5 Preferred or advantageous features of the invention are set
out in dependent subclains. In a preferred enbodi nent, the invention may
therefore provide a nethod for renoving a substance (X) froma solid netal
conpound or sem netal conpound (M X) by electrolysis in a nelt of MY,

whi ch conprises 1 o conducting the electrolysis under conditions such that
reaction of X rather than M2 deposition occurs at an el ectrode surface, and
that X dissolves in the electrolyte MZY. 4According to one enbodi nent of the
i nvention) M X is a conductor and is used as the cathode. Alternatively,

M X may be an insulator in contact with 15 a conductor. 43167. SG01 anended

page 4.doc - TEleEﬁn@&’&a ne ﬁ&lﬁﬂ@%ﬁd@ﬁfé %Wa%%éﬂos a%d'éibcﬁoﬁn@@af ate

enbodi nent, the el ectrol SIS roguct S rmreﬁSg han M X In a
preferred embo@XyaaR: ph ‘Rﬂp g PNk 0% "‘B%‘S‘eereta d*b?"eitxp'%ﬂﬂfﬂ?el s C. 5

. Preferalyly) Mptrities whighl rrfuaﬂsia memumarmuai .bc@hrmaﬁuum to ehBuré apepar at e
preferred enbod

enmbodi nent) X Péergg’%{g ‘Eﬁ{%@a@e %qlgpn i§a §1Hn3r 'f\?"IdHFtPhT@’:ljJ ig‘eé?‘a&raif erred

enbodi nent) M piopertiny dependi )'m&Ily ofe@$ pidrity coitentSri§ontiolied puritiof thielparebt Cr) Nb,

or any alloy tg'iﬁéo%q;rlgﬁmariv ent |g%%9%| Pﬁ%&gg\é%%urg%d%ﬁfi ﬂ{l(.ys' Sof t he

preferably occurs w osIt1on poten
electrol yte. Abaaﬁ.pn@rwm@!tmp rwrﬁéemtrsa' Rrepgriefean b%@ﬂbmmothe; may be
present, gnd tm Ieﬁ,ctrol ysi s product may be an ahoy of the netallic

l eron s, e B T e R R 1
solid netal sotithhiain. Okabey OjshdandiOns (MeteTrans B RBB ¢1992):683, \Have ubltca a
oxygen- sont & niAg RAhLE aed 124 {ﬁ%t‘té‘*?’f* Sl o SEPs Raeffire. 20 b The
i oni sed oxygenOisbi andcOna(el. TransiP 893)n449hde@0¢$§¢tdalwm by
15 electrochemically producing calcium from a calcium chloride melt, on the
surface of titanium. Okabe, Devra, Oishi, Ono and Sadoway (Journal of Alloys
and Compounds 237 (1996) 150) have deoxidised yitrium using a similar
approach.
Ward et al, Journal of the Institute of Metals (1961) 90:6-12, describes
20 an electrolytic treatment for the removal of various contaminating elements
from molten 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 the authors state that spontaneous non-electrolytic oxygen
25 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 refining process. The process is therefore unsuitable for a
metal such as titanium which melts at 1660=C, and which has a highly
. reactive mel.
"“) 30 Summary of Invention
The invention provides in its various aspects a method and an
apparatus for removing a substance (X) from a solid compound between the

substance and a metal or semi-metal (M*), and a method for forming an alloy



The invention may be used either to extract dissolved oxygen fro”LaSWBEe|§m2
i.e. to renove the a case, or may be used to renove the oxygen from’a et
25 oxide. 1f a 'nixh~e of oxides is used) the cathodic reduction of the
oxides will cause an ahoy to form The process for carrying out the 4
invention is nore direct and cheaper than the nore usual reduction and
refining process used currently. In principle, other catholic reactions

i nvol ving the reduction and dissolution 3 0 of other netaNpids) carbon)

ni trogen, phosphorus, arsenic, antinony etc. could also take place. Various
el ectrode potential s, relatlve toE,,._5z 0V, at 700 Cin fused chloride
nmelts containing ca~iumchloride) are as foll ows: - 5 DEC 2002 WO

99/ 64638 6 Bay + 2e' = Ba -0.314 VCap + 2¢' = Ca -0.06 V5 H" + 4e' = Hf

LO92 'V Zr' " +4eqfigk, olrrﬁkﬁMePaq{ @3%&§|7&?npon¥ht§' (e’ M"g a@de%n@@% %l O QU +e
- Cu 2.339 V Qu~+ + The netal,

met al conpoundaﬁnenge‘i'ﬂ"dﬁﬁﬁﬂ#n u‘i?d’”l!‘%fef?ée'icﬁ sm\éldmsmhedna@q ngle cr yst al's

or sl abs) ssheepgelervéd & advantifous Gatures 6OREWVeNtidH HEBesUt Ftdepehbéntshed or
m || - product s) %@Rg or after production; or alternatively |n the fonf 2 0
r

of an artefact$ oma mll-product such as by forging, nachining)
wel di ng, or a conbi naipreferreéi etbedinent] dhe ngemlbnafayehereﬁwbmeide‘éhe el enent or

t [ | i .
ot her by pr ocuRE g K rpRgying aisAflate X5 B TR comBoLRES RS 70C 1y
al so be appl i emvetabcqnmmmdl(M%tjytel@m@'ymsnm maB of M&¥: whioh corapisesTeQz may be
applied tg st e&&r‘?gaﬂ\ %h@éﬁa@sf'é Nnde?@bﬁﬁ%n&%ué%a%a&ﬁ&n%'%fh P! -

DeSCX|ot|on of D'fawi n ure ‘?‘JS % ng;tlc LITustration of the
appar at us usedMl Hemmﬁl"é%‘ﬁﬁ?t ?f'éﬁf Y ?‘i"b\ﬂ@d at X dissejves dsthehe har dness
profiles of a auﬂf@nemrrpl e of t| tan| um 30 before and after electrolysis

at 3.0 V and 850C, rence [n.currents for
el ectrolytic reduct‘%"ﬁ ngggl?loéf?é é’q gln&gﬁqﬁe%ﬁfs %ﬁ'&i%%ﬁgd - 5
DEC 2002 WO 99ik &$é&dp8s the cathode. Altematlvely, M X may be an insulator in contact with

15 a conductor.

43167.8G01 amended page 4.doc



- 7 Description of the Invention PG'f/(GB99101781 In the present inve_nﬁi pEC 2002
is inportant that the potential of the cathode is maintained and controlled
potentiostatically so that only oxygen ionisation occurs and not the nore

_ usual depGgphlobissef the rations in the fused salt. 5 The extwAycB§yRSLH
the reaction occurs depends upon the diffusion of the oxygen in the surtace
of the metal cathode. If the rate of di$fusion is kniv, the reaction soon
beconmes pol arised and) in order for the current to keep flow ng, the
potenti al beconmpsa sepatateanibddiment) the électnalysis prodpet (M?X) isanbre stablecact i on
will occur) i.g  the deposition of the ration fromthe fused salt
el ectrol ytt anMh¥ever, if 1 o the process is allowed to take place at
el evat ed temerﬁtw?@%néd@nﬁbdiﬁ\em.w may bk @Ry 8ACAOBa Ofi, E8®r &Ry i ssol ved
in the cathode will be sufficient to satisfy the appNed currents, and
oxygen wi IC@l be renoved fromthe cathode. This will continue until the
pot enti al beco i U ﬂ,&wet; evel of dissolved oxygen
in the nmetal, 'lﬁﬁ@%ﬁéﬂ%{yegn%%ﬁ eql%iﬂgtgﬁfao t ef I Scharged potential for
the 15 ration finensepasate peefered pmbodirnent, Xiis/dinsolved withinMSo be used to
remove di ssol ved i I . sul phur, nitrogen
and carbon fro &qﬁéﬁgwgﬁ@h}%%%ﬁ&%ﬁgté?saﬂg@%g’nﬁr ium silicon)
haf ni um and zi rip@stillfurtiérpreferred embodimantaMs i dry of SBOSK GecZeckih Smytlical |y
deconpose oxi des of elenments_suc titanium uranium 2 0 magnesi'um
al umi ni u@'-ﬂgcéﬂm%éhﬁnpﬁﬂ?yﬂ oggf'ﬁm"t"rml ybdenum neodymi um sanmari um and
ot ge'fm(r]I are ei'ir tlh_&hel mhemf crdfilt_lﬂsinvéaﬁtlamfel@&dls&& ﬁtéﬁrd(ijﬂﬁb&aﬁfsh ldvagm sbbtanltiaf the
reduced metal s w orm. The, net xide c o] shou show at | east
Sqme | i { PaloweAacPEREBHER BEISTEP e RO A JhefosoLCI R BF - 2 5
AN enbodi geRi-nsEtaltddmpoine I may beprasén, méiémdgistdwpmhema%et o the
drawi ng) where Fi g'ure 1 _sh?ws '§ pi ece of titaniummade in a cell consisting
of an i ne@p aliey oL e netalic elements,\,en salt. The titaniummay be in the form
of a rod) sheetnpresétimantion Rasedfor the reallsanibn Mat anfeledtistnopicalol svart
or particulate matter, it may be held in a pesh basket. On the application
of albol t RRCess£an bediser tgajn}/s‘(eetﬁeyxgggn coptaingd "?I\Pé"ﬁ%f“eé?'aﬁoc‘hﬁb"% ow unti |
bal anci ngg&ﬁ@&{&i@.&ﬂvé@iﬁ%e&fem.the anode and cat hode. At the cathode)
there are two possible reactiopns, the di.scharge of the canop fromthe salt
or the ionisat iW%ﬂ&"ﬂ?@%BPﬁ?‘f"Gm?n V&y2RP 'egl'fbaﬁ‘ ecpchemical 68l Witk ur s at
a nmore pogid biRenontiniag netalast dithste; théfdiewing redticieécdurs:at i on and,
therefore, will occur first. However, for the reaction to proceed, it is
necessary for a4i pap! no~d pasn aq plnoo ;tes ~(uy -ssat ~6u! puodsalLOO aq
| ~urggaoetd al es o; uo~ep! xoap ~0~Oamgeas @*ago j a~a4; pue ~a~tel aoe-rns
a4; u! uaB~co a4; 40 uo!sn~p a4i aq ittnn ~a;ea~6 a~ 'uo~e~ado ;0 a-n;
e~adwa; a4; ~aN6~ a~ 'a~owr a~rn~ vogesuoden antssaoxa ; noditnn a~r~e-~adura;

6u! ; e~ado apw- Thel6rised 6xygends-thieh abld to dissolv@ih theldiéqipee 6ur;taw a~
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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 cathodic reactions involving the reduction and dissolution
30 of other metalioids, carbon, nitrogen, phosphorus, arsenic, antimony etc. could also
take place. Various electrode potentials, refative to E,, = O V, at 700°C in fused
chloride melts containing calcium chloride, are as follows:
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pEC 2002 WO 99/Z8% R4 FER | GHON G168 9 oxide of the ration in the salt is
nore stable than the oxide of the nmetal to be purified. The foll ow ng
Exanples illustrate the invention. In particular, Exanples 1 and 2 relate
to renmoval of JWgete'rr dh an 0ROIBV 5 Exanple 1 A white TiOz pellet, 5miin
di anpl er and 1 mmin thickness, was placed in a titaniumcrucible filled

i th |ten calciumchloride at 950C. A potential of 3V was applied between
fa)graphi te ano@u'aed FheCwitan?3IBM ucible. After 5h, the salt was all owed
to solidify and then dissolved in water to reveal a black/netallic pellet.
1 o Analysis of the pellet showed that it was 99.896 titanium .' ~ xamA
strip of titaniOuisfo2d =Gts heaRBRW oxidised in air to give a thick coating
of oxide (c.50mm. The foil was placed in nolten calciumchloride at 950C
and a potential of 1.75V applied for 1.5h. On renoving the titaniumfoil
fromsghe nelt, O,4€é5 e@0te | a2.87 \had been conpletely reduced to netal.
Exanples 3 - 5 relate to renoval of dissolved oxygen contained within a
nmetal. Exarnole 3 Commercial purity (CP) titanium sheets (oxygen 1350-1450
ppm Vi ckers 2Tbelraetah ewtaliompauntls)semineetattabmpdundecerhbelin the formmof t en

o o BBl s ndbE AT e Earh SRR 1 0175 Ve
fol |l ows: semifinished or mill-products, during or after production; or aiternatively in the form
20 of an artefact made 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 also 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.
Description of the Drawings
Figure 1 is a schematic ilustration of the apparatus used in the present
invention;
Figure 2 illustrates the hardness profiles of a surface sample 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.



- V (vdl t) Vi ckersOxygen2 SHar dnessCont ent Nunmber 3 V ~133. 5<200 ppn8. 3 Y1pEEZ002
ppn2. 8 V111<200 ppnB 0 3.1 V101<200 ppm The 200 ppm was the | owest
detection limt of the analytical equipnment. The hardness of titaniumis
di rectly nPbadbeek3g0o the oxygen content) and so nmeasuring thedracBidmi s

" provides a good indication of oxygen content. - 5 DEC 2002 WO 99/ 64638
PCT/ (3899/ 01781 10 The deconposition potential of pure calciumchloride at
these tenperatures is 3.2 V. Wen polarisation | osses and resistive |osses
are consi ggrsg@!ﬁ, &1the IMeinfih | al of around 3.5V is required to deposit

cal ci um 'S not possible for calciumto be deposited below this
potential, thedntheptasestipyention; it i impedantthatthepotentiehet thecathodeds + 2¢' =
Qz' This furt ni um by
thi st echfAianed ST CEHbbd BoteARsstaouiy o R o, SEEN KihisdiBi el 1L

heat ed f oandmobthe moreusiial deposititidfithe catitars ih the fusedaaital pha case on the

f f th Af k th t i
R h o o e sXiend T whichGhe PBtiigH oobirs Y@RRnSe o el difision Bf the Tour s at
2;30 \%h thg ﬁiﬁtﬁasaﬂafﬁofg!ﬁemmv b aﬁa ahwmd h?/\loﬂnijmim&mismgrxet(fl gure
ere | re ents e er s es U er i tani um
& "4y Sreastion sabr DEEAINSS RPBHSSdE0R.I Rt J07dhe FTORtin AeFATOWING &k | 1

Cad z nel hoghtiddeonisd mo@aiahsadn&ammmelx%oﬁbeﬁ%g EatRbdie feactibh#ill 3 20

hours) the oxygen content was decreased from1l pmto 1250 ppm Exanpl es
8 and 7 showrt k@ the dspasition ofthe Ca?'%ﬁo@ébéf%e@rﬁaﬁrﬂwef boweves e~ e 6 A

- Vol brBleddis aNsRER i el placa eVt ﬁg;émwn?anaaewan 0 Nm

unde the surtace was ctrl caI 'y connecte one end to a catholic

cyrrent 2nisation of the Q’Qgﬂaﬁ'ﬁﬁal"edn'ﬁ the f@mmﬂ bersuificient o satisfy theql 2 nef G
e el  UBNERIni b exclodr] Wit ol et/ Uathodk STt GAFCrdgu Sea) ed

| nconel tor that was conti nuousl | ushed wi th argon gas at The
sanpl e si E@'MPQ‘%"#&%F@&@P’S GGW"WF’HG ta the lower level ofdissoivestt r ol ysi s
was carri i e MetEl Ui tef pdianidl shlfids v&lﬁeaaeeha?géwpotbhuxﬁar frapea ed
with two diTTerent ex‘;gerlrrental times and 3 0 end tenperatures. In the

f i r s15 cascationfromthe elegtrolytes f ast ed for one hour and the sarrpl e was

i mredi ately takgi ive hg;,,ﬁg}ﬁalggggmgdtg Rentd\Ve &gg&nﬁ y 3 hours of
el ectrol ysis, ?ﬁe 'ter?perature of the furnace was a d to cool naturally

whi | e nmai dusmmglemt%leeg:tsptﬂhysurﬁtmmnqwbwmfrnat@heemp&mapumnw opped to
slightly |QuGE ¢ 5ajeri@Rfuin, t SifcoR, Refnivh ¥Rl ZirdGriume TrieAbéiflionin!diso 64 eCt r ode

renoved. used to electrolytically decompose oxides of elements 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 molien 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 @ 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



- 5 DEC 2002 WO 99164638 11 PCf/GB99/ 01781 Washing in water reveal egoﬁgﬁtmﬂz
the 1 hour sanple had a metallic surtace but with patches of brown 3
whi |l st the 3 hour sanple was conpletely netallic. Both sanples were then
sectioned and nmounted in a bakelite stub and a nornal grinding and
pol i shi ng MY@8YEH§s® was carried out. The cross section of thé’%’@%’f?ﬁﬂ‘@%‘ was
i-nvestigated by m crohardness test) scagning electron mcroscopy (SEM and
energy di spersive X-ray anal ysi s (EDX) The hardness test showed that the

al pha case it t W gyl e showed a
har dness n %Rsurmggﬁm ower t gn atnﬂﬁ?‘ggrfi J%e%de re of the sanple.
I n additi ouemﬁ&mmdhﬁméndm a stondprogessy nFaraest esalts)ib is, itherefore simpoctant e and

1 o el enental Itl t f t he deox at ed sanpl es.
Bl o IRt aapon i Saried Pt LBl Sied Bmeitaiiie Al e ;T oo
above (1. ZcEIEbHiéIﬁJ(entﬁl isaoirdhed o p?&emmiemﬂéntwefremmsa@dnmhé hretdiot t om of
the titani um crucible which funcbﬂsgggga s the cathodic current collector.

The el%&ctr 6?‘}@%"\’!%959'55"?'%1"%%9 ag AAmReling Leactiondq dhe jqnisation
mentioned Lpg GisaBidtién 8f B%fgehhﬁxoiihawmwl ThiS X6/ Bb enSafed B\EmRa8GH dgﬂ ysis

tasted for 4 hours at ai n using mcrohardness test)” SEM and EDX

reveal ed ttr@mxee@s?fmetnammmwemé refeppncecqleqtrods, and prewented B sanpl es
Wi thout al befehtiGkthfitcoditial Sb el v oftinfBRiEVel bEQRASfidandycatRbaibds 0XYgen.

2 0. Exanple ovvs a slip-cast echnl gue for tron of the oxide
el ect r ode. discharge thesmetal ns-Argm thfefuse r&&!tase Al drich, 99.9+% purity; the

PO q 0SS! ) YrhBaind il LRI Ll onh ¥ it drihsle LabRRHC °

‘s P)apes (r othrecequiNalert spits ot thermetabwhishde hgmg cefineddands Jdeally,) tharsalmhwki (from

Gt ored | he 28 FEEH RO iete FinBle b 505 RTdh Bl o biENRIRED K1) 10 1T,

sol i d has possiblé.aThe choice ingiudesiibe £hionide saity obbariin, murﬁheemmmhnm.abl e

pel 1 et's. ortArRt = WA Ing il ohd Bpllhd B orihésd CHOME 86 gl 1
cruciyg e cbelbwi ning a fresh CaCz nelt (typically 140g). Electrolysis was

carried out at 3.0V (between the titaniumcrucible and a graphite rod
anode) and 950C under an argon environnment for 5-15 hours. It was observed

that the current flow SkeltingdPoint (*C) Boiling Point (°C)
BaCl, 963 1560
20 CaCl, 782 >1600
CsCl! 645 1280
LiCl 605 1360
) sc, 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 also 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 layer and therefore the time for deoxidation
to take place will be correspondingly less. Any salt could be used provided the
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I ncreased nearly proportionally with the anount of the pellets and foll owed
roughly a pattern of 1 g TiOQz corresponding to 1A initial current flow It
was obserwpd obgadsst he degree of reduction of the pellets carpdgceaiorrgt ed 5
" by the colour in the centre of the pelleE. A nore reduced or netallised
pellet is grey in colour throughout) bt a | esser reduced pellet is dark
grey or black in the centre. The degree of reduction of the pellets can

al so be | usitlofitie mation ingthefsalhis modk stablel than Wit exidé of the rhetal twbés t o
overnight. The partially reduced peNets automatically break into fine black
powder s wiyn edhe netaliised pellets remain in 1 o the original shape. It

was al S0 not i ceghd folbwingExahiples MEsts Mé inseRtidhe! h ParticuldICERAMERE 1coNt ent

can be estimated by the resistance to pressure applied at room tenperature.
The pel | etandiZereiate ta repeval ob pvgen frme @ntoxidesr essure if there was a high

| evel _of 1but a netatl'~c sheet if the oxygen levels were k>H. SEM
and EBX i%"‘égﬁ%ation of the pellets reveal ed considerable difference 15 in
bot h conposi t i dawhite TiDy paliet; 'Senrp én dismetersand 1rmmdd thickhess; wias placeddnac ed
peNets. In the netatlised case, the typical structgife of dendritic

parti cl es tifgpium crigle &MWQH&P"&B cg’a&rﬁ chioride g4 99l - wAPAental of dViwaspx.

, the. LAl ' b i
navi ng & CORBACDHWAENY orBHTF e ofd delibiluf VGRS AR S e bftey | o°
hi gIhI y dgszl?]mtl ﬁn soligify nd theredissalved inovatet toacw'eai{ahl:aﬁgﬂaéﬂﬁzglen:m;t at Ihgr g (ra]d

e an '
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be achieve or ‘exanpl e by placing the Ti O-
'pal I ets i ExamplesXet type el ectrode. 25 The basket was fabricated by

drilling many ho : i 1.0 10 | foil. (-1.0 mm
t hi ckness) whi gh'l'tﬁgs?‘ f’ﬁ@%@ﬁﬁ"‘ﬁ"ﬁv 88'8%‘3?6’1" P‘(S ??r:‘-’}é’grs%]g\ﬁqko@aé?{’ l?ii d basket
wi th an i okide e 50mni)ufiheddil Was pliaced innilten lcaichums khioride st 950G @andd t 0 a
power suppl hai,. W I I, | t.e_cnrcible 40 epth) 70
nm di anet BP%Q% “?6‘% ﬁg'll’ 'P\Mj&? Isﬁr c% gegg%@éﬁmeﬁgwu%fog (Srr?t"gh? 'f'ﬁnE tgﬁCh
mel t 35l t oRide ddyed hadibeen icorhplalely iredymadao msetabl y and functioned as the
anode. Approxi gat el LD- T] el |l et.s/ bl obs (eac s _about 10 nm
di anet er and 3%ﬁ"ﬁéﬁ%ﬁ?ﬂ%‘h{&c@ﬁ@?#'ﬁrdgssﬁ‘vgg&’,fy?%" Fﬂétaﬂ N basket and
| oner ed i nfetalt he nelt. Electrolysis was conducted at 3.0V, 950'C, for
appr oxi ma eI'¥' %(E hours before the furnace 5 DEC 2002 WO 991 64638 13
Xa
Commercial purity (CP) titanium sheets (oxygen 1350-1450 ppm, Vickers
20 Hardness Number 180) were made the cathode in a moiten caicium chloride melt,
with a carbon anode. The following potentials were applied for 3h at 950°C
foliowed by 1.5h at 800°C. The resuits 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.



PCTI GB99101781 tenperature was allowed to drop naturally. Wen the § gEC 2002
tenperature reached about 800C, the electrolysis was term nated. The basket
was then raised fromthe nelt and kept iri a water cool ed upper part of the
| nconel t JoRaékOr until the furnace tenperature dropped tg-Hgeon¥eP C
bef ore being taken out for analysis. 5 After acidic |leaching (HC, pH<2)

and washing in water) the el ectrol ysedlpellets exhibited the sanme SEM and
EDX features as observed above. Sone of the peNets were ground into a

powder and analTHeededoynposition potpriial ofmire\caitiuh caHdeaf tHesetem 6f§!u%§|
anal ysis. The results showed Rhat taag gowder cont ai ned about 000 ppm
oxygen. 1is S2\Y.aM¥henpolapsation lasses and fJesistive logses are copsigered, ?ﬁﬁ'"cal

dendritic Bleritis iw&ouﬁa)a%wwéwelaltb%p%isu@a@u% §i Egtlé"ﬁéﬁprst%ﬁﬂ 6Ysd 1n the

powder vthc be responsib for a significant ractlon e oxygen
cont ai nedcaleiunm to be depesited Ibe'QW\ﬂBS patential, theseyesultsiprowsxthat thedcathedic upon
mel ting the cggqu;r) purer titaniumnetal ingot can be produced 15 An
al t emat ' WEEIFOPRE basket - type electrode is the use of a "lolly" type Ti Qz
el ectrode. This is conposed of a cOmtReal=E3rrent collector and on top of
the collector a reasonably thick | ayer of porous TiOz. In addition to a

reduced s v es of using a
lolly-t ypiﬁ'fﬁ@h%rcg%? alteal?fsntgaﬁf%gﬂkpl rst §e%?_ye?tf&% 3%& ugigby ved fromthe
reactor itechdiqueecly after 2 o electrolysis, saving both processing time and

Cad s; seéondlm !and nore inportantly, the potential and current
di stm but therefore current efficiency can be inproved greatly. r |

Examﬁlle 10 - AAdsdﬂe@yopéonﬁnddrd.allpluﬁulyalttamenggehs@red%r ‘r]ﬁﬁoﬁkiuﬁ)ai‘r%gt into 3':1
shightly tapere ndrical 1o nm th and - nmm di aneter

“ Drrprl si ng0 cﬂ"t%[ﬁ?’dfhfﬁgf'&r'af 3ca56. %}/m%ﬁtmafﬁr? “%"'Hmvm dth and -40 mm
|Fn9t h) Iln theAﬂGﬂhﬁEmgAﬁéeérrr]lplerﬁ\ercaﬂ@dﬁfln%oébl,iﬂw\hﬂi & Laitioh mb ted ]
electrically at t en t ani.um f o r su y a Kant hat
wire. El e@%cﬁfﬂp egﬁ"?'?'e‘ﬁsé}'{" gth%‘"ﬁ?& éﬁ@%%‘%ﬁ gg{a\élo hours. The
el ecig Oderemeaemsmwﬁ mmtﬂwdnsbtcme (Higurie [OWKerewasth ¢6braadnt3Qhé eached
by. weak HC] 'g gEB ﬁ% he product was then anal ysed by SEM and EDX
Again, a W Fc‘oﬁ" o)1 Etructure was observed and no oxygen, chlorine
and cal ci pxarapke!8l be detected' by EDX The slip-cast nethod may be used to
fabrlcate arg recta ndrical ks of TiOz that K can then be
machi ned to an é\%’?%a‘%{?ﬁf’y %ggppgtammg qgg Vgenwagsnads e

PCT/ GB99/ dthddd inld CalBiReln8os0 Crarida hatﬂcm.é ﬂditehmwﬁbvla’ﬁ ied.oOARRP3 | N

addi tion, Iar%gretlculated Ti 072 bloﬁ%ﬁf & Qmsvmthathlck
skel2® on, NQUEs HESYYSRN FeRENtWas deqreasey from, qorf?‘g“\%?l S¢.BPY- t he drai ning of
t he nol ton sal Examples Baarid 7 bhdw tHecremoval lof tHe siple ya@sefrom ah alloydeil.f r esh

CaCl ? mel% suagists that 5 the discharge of the chloride anions nmust be the
dom nant eaction at the initial stage of electrolysis. This anodic

reaction will Aqeeansy aldyl foil eamgbrwmimnrspriar cavel (HicknasS aBeut 4@pmport to
N s i T e B
Whenssuf fdole€idl (dRanth@nwiré) shdathen rieriedcinin® CaCl,/mat t TR niehapaes: 15
contained in a titanium crucible which was placed in a sealed Inconel reactor that
was continuously flushed with argon gas at 950°C. The sample 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
sample was immediately taken out of the reactor. In the second case, after 3 hours
of electrolysis, the temperature of the fumace was allowed to cool naturally while
maintaining the electrolysis. When the fumace temperature dropped to slightly
lower than 800°C, the electrolysis was terminated and the electrode removed.



« O ~~ Oz + 2e'" and the overall reaction: 2 0 TiGs ~Ti + QO T Ap%abgetiu\ﬂz
the depletion of chloride anions is irreversible and consequently th
cathodicalty fom-ed oxygen anions will stay in the nelt to bal ance the
charge, | aggign@4é3@ an i ncrease of the oxygen concentration iger&Bo9hér

" Since the oxygen 25 level in the titaniumcathode is in a chem cal
equilibriumor quasi-equilibriumw thXhe oxygen level in the nmelt for
exanple via the following reaction: Ti + Ca0 ~ Ti0 + Ca K(950" C)=3.28x10 3
0 It is ewsshimgintwater remealéed thit thex § dwor sample hiad 4 metadicesirtatieyit edthl vy

extracted tifani cannot be . wif the electrolysis proceeds in the
sane mel t PHFPES egﬁ]‘f’r’&@ '1‘??'@’@%%58%?&’9? eﬂﬁsscqmpg#@rﬁ"ﬁ%h'cbe sol ved by
(1) controlli path snpies werd theasectidndd End molARHGN @bakeeStas Bdd ge and (2)
reduci ng the oxygen conceptration of the nelt. The - 5 DEC 2002 WO

99/ 64638 Manmatgoding #d pelishing procedure was earried wutl The eress sertiansf thee

currgnt f leetidd tm”igg e | : e

gr adﬁg;l I yéﬁ?%@?%g?? ﬁ%"e'? éeétg?);??i e ggﬁﬁel\%gltfiet‘bﬁnglnpﬁéel%d;n%gﬁ va] te' so t hat

t td1e E:JI‘ r (SEM) and epergy ﬂvépergtye_tkm" alysis EEIBX)- Tﬂliasharéoasnjteﬁhshdned thatred )
oubl e- : m may be
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first, wha bardnessvear the Surface mhch lnyerithan that at thegtentreyaf dine samplentin and t hen

ol ot r o yideiion SEWERT EP U6 A6 reforincati cBENIHE In R Srecdiredid. o cer ed as
an aleect redémiental carhpositiop (except $or axygenhin the deexygenatetisdrmplese! t

el ectrol ysis". 0 Exanple 11 illustrates the use of the "doubl e-nelt
feT)ect r ol @@%ﬁi nciple. Exanctle 11 ATiOz lolly el ectrode was prepared as

déscribed in HnmmaﬂéexpeMQratkadeoﬂgﬁmpws@s dmﬂd ibéd ﬁb@&b (Ellﬂl at 3.0V)
950C overni ght, (s 12 rs), i re-nelte copt ai ne ' [ n al um na
uuci bl e. 'ﬁ@%'&%ﬂﬁ? Oerg@%igmh?ggk were ﬁ@cﬁﬂég&e%"?\é\*w t@?’ﬁﬁ?‘r ode was
then tr amﬁwl_égfhmm cicried gastltwectatﬁddﬁs@r&%o{bﬁdtbr. qmﬁqéaﬁdyd ?é?vbisn g -
titani um.gcr . second el ectrol.ysis was . .then.carried .o of abou
hould ot therhcarmnd oylides I sding EphaBERE Be MROpES i Bamiie £y 16 % o ayai
with a gmphkémplecni(B ceptmbﬂheh Mbpy;s'isglagnhlfyr ﬁ"ﬁdmﬂ@mﬁ' AgEvasingrom t he
reactor at. abo , | eache was he ajn in
distill e&"S@E@FUJ'\ﬁ‘gg"gﬁr’%@éiaﬁgﬁ'ﬁgﬁe‘{ﬁ% $ Huss .’°W§¥?‘r?qt3€$ I —
conf i Mmegasé in silthedbreeisamplas witiiout altering theostrastyetandrelémental was appl ied to
det er M NG, { 12 AUk bkdert for digoea! " Uded

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 wt)

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 ovemight 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 peliets.

0.3g- 109 of the pellets were placed at the bottom of a titanium crucible

containing a fresh CaCl, melt (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



titani um based on the principle of re-oxidation. About 50 ng of the &4 &002
fromthe lolly electrode was placed in a small alumna crucible with alid
and heated in 25 air to 950" E for about 1 hour. The cnrcible containing the

sanpl e vvaswmkﬁd before and after the heating and the wei ¢ir/GBdARSH Was
observed. The 'welght increase was then conpared with the theoreti cal

I ncrease when pure titaniumis oxidiseddo titar>wr) d' roxide. The result
showed that the sanple contained 99.7+% of titanium inplying | ess than

3000 ppm Oyaeisiing 8f thetaotpolgsid hcTéeserrieafly prapopfioridly with e Rimcunt @R thebe
applied not 'only to titaniumbut also other netals and their alloys. A

m xt ure ofpetiets-antchtelipwed ropghly apattem of,} g Tigscormespending igiié iBitiahcament
pressed i v peNets (20 'mm di ameter and 2 nmthi ckness) which were | ater
sintered inair at 950C for 2 hours. The sintered pellets were 5 DEC 2002
WD 991 64638 16 IP@as@bservedibat theidegresof reductioniof therpeliets cah e estimated

descr ited MicRlay IFRCaror b Belier 3 1Bt/ §8hbst Br heSaf b ndfBY ey .,
1%, 123t b e bt o ot
concent r at insrdegEee Hk PR °FHE %ﬂﬁfﬁ' &N 50 Ee B'PJW}WPF@P M near the
T oy pel | e e e ot Bo. it T Bt Lot 3 s ove ¢ h
conpar| soruamasALhresk o bk pogrrhe B aiatabte b polbte e RaN Bt o Lnder
di f f grent (@ BAgihaPSapel tit was alto ridiiced thdtaiver s themetaliséd petietsthe 10 1 owi ng
is directly proportional to t%ug of, oxide in the reactor. More

t he . .
i Rpor t ant 19xygen cantept canhe estme G resistEncR .t rgs e Anphed at £0om o
t Her ef or e b nbRnireO DN PelleBEDELENISE gréy bOWdeHiLPbHthe Prksi® if Merewas sand not

the deposition of calcium .if calciumwas being deposited) the current
shoul d r ethighlevelpfiaxyoen, but amgialic sheetif thaoxygsn leyels were lows net hod f or

renoving a subgieehd(EDX frvedtigatioh oftthe peiidts fsl caldd"dorixfderanie différehbdst ance

and a netal or semnetal (M), rising the steps of; arrangin

5
ol ecBode it bAbreomRRFtaRARd FENTS Metalised and Rartih:seduced prists: o
(MeY) Ccompy i MetaRisedT@de Stk itypitstRicRire bPHARItE PERIdIS Wis dWas sden( VD) ;

arrangi ng an anode in contact with the_electrolyte; and 10 applying a

vol t age bendaeroniitie exygenvardetegtedhy BREqsowevar. the partially gegueed al at the
el ectrode g?eiie:k & chbrittetseamysd s@mtmnbi@&:ﬁpéssﬁ&eofehmm,% a surface

of the electrode and such that the substance dissolves in e el ectrol yte.
15 2. TherexeaestibyEPX:-ding to claim 1, wherein the solid conpound is an
i nsubgt or g_x_gmtpgl? met hod according to claiml1l or 2, wherein 20 electrolysis
|S carriet ot nais h{ingl';[h;a ggs?irra%tleutrheat Meog?eé(agﬁié eoxtrla(t):t?gt? 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, peliets 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 wall
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,
peliets/blobs (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 furmace



- 4. The nmethod according to claim1l1, 2 or 3, wherein the ration is §%W2002
fromthe group consisting of Ca, Ba, 25 Li, Cs and Sr; and the el ect
conprises an anion (Y), which is ClL. 5. The method according to any
pr ecedi ngwel yrgasagvherein the solid conpound is a surface coptt/689%061781 body

" of the 30 netal or semi-netal. 6. The nethod according to any preceding
claim wherein the substance is selectldd fromthe group consisting of O S,
C and N. 35 - 5 DEC 2002 is 7. The nethod according to any preceding
clai m whempenatune wastalipwed te diop-naturally. cWhenitee tenieratire itached@hout

di ' . iy - |
Sonpr1 5ot e BlechoBbFes fefnfiaten, Y SHbet s PR Taisgh sRRER ci 1 ¢ e
rcTF 1(;lfllrnsorl to Ge,jtﬁm?]glrvglgﬂmageeaf ﬁ‘a'.partﬁgﬂtﬁe |ermeané|Whrl ses antrmgtlmc'?'% (rz']:at hod
accor di ndempestiire;arappef 1o bfn%l”gi@qc\ﬂ?g?"& I?F'@%@kﬁ%f’ { fop AnaWSIs. et al
conprd ses H . AReft ZeiditMadiiid MCIGM<D) curmnésmy‘m wititerC it EBctlolysedd. Wherein

the metal or sem-netal conprises Sm . The 'net hod according to any of

cl ai ns 1 pelets exhibilgethejsameSEMaang ERX fe@mesmtq&zseo'@#mhoyes Someid The

met hod a em - net al
conpri se?ﬁﬁfghgg | @ adFﬁemn%ﬁ]% Bg’f:%'oér Qnaly\&% tﬁ’tﬂe&?@- ?ﬁn@e ta(;ﬁG wher ei n
t he met a|vmuummlmommm The rqsaslts ¥h@~¢ﬂamw%nwtwm"gwflﬁdany of

clains 1 ."g 3‘!2@ fqretal or sem -netal conprises Nd. 30 17. The
met hod ac ?ng t Clains 1 to 6, wherein the netal or sem -netal

conpro ses Mo. SEM a'miaEBKtMsmmdngat apanhgtomfthe ltypical dendotics, 35 wherein
ncoras ngoRb B RS ARERH SRty g By i "
mpr i sesmédpbe responsible for a significant fraction of the oxygen contained in the product.
If this is the case, it is expected that upon melting the powder, purer titanium metal
ingot can be produced.

15 An alternative to the basket-type electrode is the use of a "lolly” type TiO,
electrode. This is composed of a central current collector and on top of the
collector a }easonably 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.

1 ) Exa 10
- A slurry of Aldrich anatase TiO, powder was slip cast into a slightly tapered

25 cylindrical lolty (~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 carried 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 HCI 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 large rectangular or
cylindrical blocks of TiO, that can then be machined to an electrode with a desired



5 20. The nethod according to any preceding claim wherein the sol |$ DEC 2002
conpound is in the formof a porous pellet or powder. 21. The netho
according to any preceding claim wherein 10 electrolysis occurs with a
potenti al e deconposition potential of the electrol

met hod acc‘gﬁal Xr%é?o any preceding claim wherein a further #e(tera?gg%?%gﬁnd
or sem -netal conpound (MNX) is 15 preggnt, and the electrolysis product is
an alloy of the netals and/or sem -netals. 23. The method according to any
D e et od shige Gha $he/sindp M& iiBhahial YrooRd 1HBLANOR" AL Rl A0TE! hod
conpri ses 'S an , or nore selecte romthe gréup

consi st i nglc@ks'ﬁlg BO, f@ms E'ﬂh aHhvckshcleton A3n aldg be\madktby stip casthydntlb. 24.

The met ho | aim wherein 25 the electrode is

f or med frg?'rﬁ%ﬂmeig F}%&&wﬁ%oﬁhﬁﬁﬁﬂ%@% g'”red form by slip-casting and/or
sintering. 25. Tﬁéeactﬂhwﬂemsbmdlaxggemnmyned freshliOaC | cieit Bugydxts that t he
current flow,at an i I st age of el si.s does 30 not exceed a
predePer nihegis¢harg Nﬂ?&ﬁt@ r%t"m?cfnﬁ &ﬁ{ﬂe "EBa'a‘rﬁn"ﬂ'"e@éﬂp%a &SI m

wher ei n | sabwf%lmwsr Imk smidnt featcusn Wilpﬁﬁﬂmuért‘mﬁi &¥geRlanidhsPr ovi ded
in a second stage contain DEC 2002 20 concentration of

t he subst framdhe Rymm%ﬁp@? Etthecﬁ't?@e HMa@msm be summassed age. 27. The

nmet hod acgfeds:Nng to any preceding claim wherein 5 the solid conpound is
applied to a netal substrate prior to treatnent. 28. The nethod accordi ng
to any preceding claim conprising conducting the electrolysis under

cond% I ONgndde: such Ehatwp gaq,té' on of the substance rather than deposition of
t he Cati on occurs at the électrode surface. 29. A nethod for renoving a

S bstancech)dG‘r om li%otﬁel"crdrfpzfﬁ'nd (MzX) bet ween t he substance and a netal

or sem |z 1etal y\@@fgl-,n,, d conpound is an insul ator,
conprising the steps df; "arrangin an eI ectrode conprising the soI id

conmpound i n cont act with an el ectrol yte (MZY) conprising a fused salt, the

el ectrolyte CORRE nﬁ%&] {. r i n. ano i.n contact W th
the el ectrol yte appt@n'gﬂgav%%eggep%‘gt%g%@ggﬁb& g%?o?'i%gé and the anode

suchrs hat the substance di ssoI ves in the electrolyte. 25 30. The nethod
according to cl ai ma&.. %35 g the solid conpound is used in contact with a
conductor. 31. The meth accor ding to claim?29 or 30, wherein the 30
substance is selected fromthe group consisting of O S, C and N

and the overall reaction:
20 TiO, = Ti+ Oy

Apparently the depletion of chloride anions is ireversible and consequently
) the cathodically formed oxygen anions will stay in the meit to balance the charge,
leading to an increase of the oxygen concentration in the melt. Since the oxygen
25 levelin 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+ Ca0 = TiIO + Ca K(950°C)=3.28x10™

30 it is expected that the final oxygen level in the electrolytically exiracted
titanium cannot be very low if the electrolysis proceeds in the same melt with
controliing the voitage 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



32. The nethod according to claim?29, 30 or 31, wherein the netal org DEC 2002
sem -netal conprises one or nore sel ected - 5 DEC 2002 21 fromthe grous
consisting of Ti, Si, Ge, Zr, H, Sm U Al, My, Nd, Mo, Cr, and Nb. 33.

The net hogoaeseéadi ng to any of claims 29 to 32, 5 wherein ther/gabdeh7s:
conpound is in the formof a porous pellet or powder. 34. The met hod

according to any of clainms 29 to 33, wBerein electrolysis occurs with a
‘potential below the 10 deconposition potential of the electrolyte. 35. The

met hod acrephél Bah be acizvedf by tentrollingXhé euftdnt fowial thelintiacsagh 6f theg t he
el ectrol ysis under conditions, such that reaction of the substance rather

.than depcﬁ??‘@)flsi&v@b?xw gsaduslly craasinatheapplied ee!l yojtageda the desiress.  The
met hod  aqeigls that hedElkredt HEWAW m?o@% béyotes a WAR! Thid egﬁgt i pget al

Vi
conpound or sem -netal conpound (M I's present, an ectrolysis
product iterraed Zdauble-cantisfied glectrolysisS Theilatier selutiomrta thiesprobiem maydehod f or

formng . Qr I Qe .- et M, M),
conpri si %\)ee%éy?gsﬁo ﬁ@map"r‘%\%i I'n 'sérl' ?d‘ l@ﬁﬁ%{%ﬁd%ﬁﬁﬁ%ﬁ#%ﬁ each of

t he 25 caoepocesTiO, o the rmetal with ashighs oxygea contentoanditheadransferdng thie xi ng t he
solid conpound oget her: providi I r ol (: conpr.i si a fused
salt) ¢ naheeLepripdrl KiomPhBkh Pl firier ElesolsE, The detibes bPod.
conpri si rlé}n"dit?géfa vell can bectonSidensas! A ﬁde'mi wfaning/\pmgews?@h@twl ylte;
arrangi ng an in contact with the electrolyte; and applying a voltage
bet ween 3%@"%?2&”&938”%@%’&"%0% such that the potential at the

el eglgr ode i s |Exmipied1 iludtratesdne aseé of e dolbIBLmet eleetrolybie” pandipie. at a
surface of - 5 DEC 2002 22 the el ectrode and such that the substance or

sybst anc&xamRedNyes) in the electrolyte. 38. A method according to claim

37, in which tAgioyRckibctfdiel was preparitias aéstribed it ERSmPRS 10.€A ipétng
contacted with the el ectr%te. Iagg)py& gﬁgaod accor di n% to.claim 37 or 38,
conpri si PIUHRIICR Was camedt i S9UrH Overighti(r 14 hous) inre-meited o
reacti on cicy Béntained WithincarPalufriis trudibfs r at her than deposi tion of the
ration occurs at the el ectrode, surface. 40, A nethod for formng an all oy

of o or nor ¢ AEPHite mMd waspsed ps the.appde. cHhelofly plecirrsile wagthen sing t he
st eps of transferred immediately to a fresh CaCl, melt contained within a titanium crucible.

A second electrolysis was then carried out for about 8 hours at the same voltage
and temperature as the first electrolysis, again 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 S0 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 also
other metals and their alloys. A mixture of TiO, and ALO, 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 950°C for 2 hours. The sintered pellets were



15 providing solid conpounds (MLX, MN\Z) of each of the conponent s.\r/p'd?Eg
anot her substance or substances (X, Z), at |east one of the conpou ?%
an insulator,; mxing the solid conpounds together; providing an

el éctrol yt MeYesgconprising a fused 20 salt, the el ectrol yt g a
ration (M ;darrangl ng a cathode conprising the m xed solid %%anggé{g?sp

contact with the electrolyte; arrangi ng an anode in contact with the
el ectrolyte: and 25 applying a voltage between the el ectrode and the anode

such thatwh#&aﬁwbﬁmpcaﬂmérmah&sea&@%mdhﬁ?ows%?tﬁélgénib?sWeﬁ‘&tfO' yte. 41. An

apparatus for carrying out a nethod as defined in recedi ng claim

conpr i si ngjectselysaddn the samesay asdeseribpd lrssxampleohmmﬁaampbn SEMand ai ner

Lhe of oot Eo% andlykisTeledigd iahed sRRUEHSs the BeRAS ERbidia foithg TPR) gh' " 1 ©
;abrl cat edlogcauboubbmttg\eteiembatalrdtsmuon trlam,e peiletwas met ﬂmtorm@ﬂ\be ltlB A [nﬁt hod
st ange Q et ween t he :
Sags[éggvemél nﬁaags%&‘%?s phéxhtﬁﬁ%?ﬁﬁalmggﬁﬁ Eﬁﬁﬁﬁnp artheSUrace, gescri bed.
44. A netvigin gmﬁmm%goarwm | The alicrosPuctireothe "ﬁ‘-kﬁblldgf peligfivaset al
conponent s 45. An appar at us

S éaMl bstanﬁﬁé‘% as herein 10 describ )
for carryim rdptha 8htially as herein described. 15 46. A
metal , senmi- Weﬁnabmqsmmfcﬂmpﬁbﬁ@f eaﬁalitsl w&qné%n&tﬁrﬁub%&ﬁhﬁfoﬁm hally

as her ei n descri bed AlTR A |

Y. Al . Af . AiOapelietg-underdifierent gpnditions,: "a‘LamPe snmvm?vatmémguat of quient
10 flowing is directly proportional to the amount of oxide in the reactor. More
‘ ) importantly, it also shows that the current decreases with time and therefore it is
probably the oxygen in the dioxide that is ionising and not the deposition of
calcium. If calcium was being deposited, the current should remain constant with
time.
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109 () - 9. The method according to any of claims 1 to 6,

wherein the metal or semi-metal comprises Ge.

10 10. The method according to any of claims 1 to 6,

wherein the metal or semi-metal comprises Zr.

11. The method according to any of claims 1 to 6,
wherein the metal or semi-metal comprises Hf.

15
12. The method according to any of claims 1 to 6,

wherein the metal or semi-metal comprises Sm.

13. The method according to any of claims 1 to 6,

20 wherein the metal or semi-metal comprises U.

14. The method according to any of claims 1 to 6,

wherein the metal or semi-metal comprises Al.

25 15. The method according to any of claims 1 to 6,

wherein the metal or semi-metal comprises Mg.

16. The method according to any of claims 1 to 6,
wherein the metal or semi-metal comprises Nd.

30
17. The method according to any of claims 1 to 6,

wherein the metal or semi-metal comprises Mo.

18. The method according to any of claims 1 to 6,

35 wherein the metal or semi-metal comprises Cr.
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21. The method according to any preceding claim, wherein
10 electrolysis occurs with a potential below the

decomposition potential of the electrolyte.

22. The method according to any preceding claim, wherein
a further metal compound or semi-metal compound (M“X) is
15 present, and the electrolysis product is an alloy of the

metals and/or semi-metals.

23. The method according to any preceding claim, wherein
the metal or semi-metal produced by the method comprises,

20 or is an alloy of, one or more selected from the group
consisting of Ti, Si, Ge, 2Zr, Hf, Sm, U, Al, Mg, Nd, Mo,
Cr, and Nb.

24. The method according to any preceding claim, wherein
25 the electrode is formed from the solid compound in

powdered form by slip-casting and/or sintering.

25. The method according to any preceding claim, wherein
the current flow at an initial stage of electrolysis does

30 not exceed a predetermined limit.

26. The method according to any preceding claim, wherein
electrolysis is carried out in two stages, an electrolyte

provided in a second stage containing a lower
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27. The method according to any preceding claim, wherein
the solid compound is applied to a metal substrate prior

to treatment.

28. The method according to any preceding claim,
comprising conducting the electrolysis under conditions
such that reaction of the substance rather than deposition

of the cation occurs at the electrode surface.

29. A method for removing a substance (X) from a solid
compound (M!X) between the substance and a metal or semi-
metal (M'), wherein the solid compound is an insulator,
comprising the steps of;

arranging an electrode comprising the solid compound
in contact with an electrolyte (M’Y) comprising a fused
salt, the electrolyte comprising a cation (M?);

arranging an anode in contact with the electrolyte;
and

applying a voltage between the electrode and the
anode such that the substance dissolves in the

electrolyte.

30. The method according to claim 29, wherein the solid

compound is used in contact with a conductor.

31. The method according to claim 29 or 30, wherein the
substance is selected from the group consisting of 0, §, C

and N.

32. The method according to claim 29, 30 or 31, wherein

the metal or semi-metal comprises one or more selected
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35. The method according to any of claims 29 to 34,
comprising conducting the electrolysis under conditions
such that reaction of the substance rather than deposition

15 of the cation occurs at the electrode surface.

36. The method according to any of claims 29 to 35,
wherein a further metal compound or semi-metal compound
(M*X) is present, and the electrolysis product is an alloy

20 of the metals and/or semi-metals.

37. A method for forming an alloy of two or more metal
or semi-metal components (M, M%), comprising the steps of;
providing solid compounds (M'X, M'Z) of each of the
25 components with another substance or substances (X, 2):;
mixing the solid compounds together;
providing an electrolyte (M’Y) comprising a fused
salt, the electrolyte comprising a cation (M?);
arranging an electrode comprising the mixed solid
30 compounds in contact with the electrolyte;
arranging an anode in contact with the electrolyte:;
and
applying a voltage between the electrode and the
anode such that the potential at the electrode is lower

35 than a deposition potential for the cation at a surface of
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arranging a cathode comprising the mixed solid
compounds in contact with the electrolyte;
arranging an anode in contact with the electrolyte;
and
25 applying a voltage between the electrode and the
anode such that the substance or substances dissolve(s) in

the electrolyte.

41. An apparatus for carrying out a method as defined in
30 any preceding claim, comprising;
an electrode comprising the solid compound (M'X);
a container for the electrolyte (M?Y); and
a source of a potential for application to the
electrode.

35
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45. An apparatus for carrying out a method substantially

as herein described.

15 46. A metal, semi-metal or alloy fabricated according to

a method substantially as herein described.



