The Southern African Institute of Mining and Metallurgy
Advanced Metals Initiative
Light Metals Conference 2010

SJ Oosthuizen

IN SEARCH OF LOW COST TITANIUM: THE FRAY FARTHING
CHEN (FFC) CAMBRIDGE PROCESS

S J Oosthuizen
Materials Science & Manufacturing, CSIR, Pretoria

Abstract

This article explores the Fray Farthing Chen (FE@nbridge Process, a novel method
for the electrochemical de-oxidation of metal oside molten salt, discovered at the
University of Cambridge in 1997. The process wasetlaas a highly promising,
potentially low cost, novel method for the prodantiof titanium metal direct from its
oxides. The article should inform researchers aftald of some of the challenges in
the commercialisation of a novel, high profile pFes involving multiple stakeholders.
The author, former senior process engineer atdBriffitanium Plc, the company
originally tasked with commercialising titanium pretion via the FFC Cambridge
process, reviews the latest literature and dissupsest and present progress in the
pursuit of low cost titanium metal via this proce$epics explored include the history
of the process, attempts at commercialisation, NAS#ternative application, and
present status of the process.

1 Introduction

Titanium offers advantages over many alternativéatean terms of weight, density

corrosion, maintenance and lifetime costs. The niairrier to realizing the benefits

associated with titanium in numerous applicatioasehbeen the high cost of raw
material and secondary processing; as comparduetalternatives, e.g. stainless steel
and aluminium.

Present industrial production methods for titaniaatur by the reduction of titanium
tetrachloride (TiC]) with magnesium (Kroll process) or sodium (Hurgescess). After
more than 60 years of research and developmesmjuit yet holds the promise of a
process capable of significantly reducing titanipmduct cost, ideally by more than
30%.

A process merely delivering a sponge product, aiategeplacing Kroll sponge alone,
does not have potential for large reduction in alleiitanium cost. Significant cost
savings can only be achieved by also reducing #ngel number of process steps
required to process the sponge to mill product,luting sponge purification,
comminution, electrode forming, Vacuum Arc Re-mmgti Hot and cold rolling.
Presently, economy of scale in the production taintum dictates that it is most cost
effective to cast the largest possible size ingdtis however leads to significant
material waste in downstream processing, contriguto the existence of a large
titanium scrap industry.
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Titanium powder / granules material can be usedséweral powder metallurgy
processes, e.g. laser forming and Powder Injedtionlding, to directly produce final
product in fewer steps. Also, rather than machinigcate components from wrought
billet, by creating near net shape parts, titanipowder metallurgy can decrease
processing cost and material wastage. Commercalbilable titanium powder is
however costly, as it requires titanium spongengiot as starting material. To obtain
titanium as a powder requires further processinghefsponge or ingot, e.g. via the
plasma rotating electrode process, where a rotd@rgf titanium is subjected to gas
plasma, the molten droplets are atomised and ¢etlexs titanium powder.

The FFC Cambridge process is a metallurgical psicggechnology developed at the
University of Cambridge in 1997, based on the ceuintuitive discovery that
ceramics like titanium dioxide can be used as eldes in a molten salt reactort has
now been demonstrated that oxygen can be sepdratadmost metal oxides by the
FFC process, including production of titanium fréitanium dioxide, chromium from
chromites and silicon metal from silica. The pracess hailed as a highly promising,
potentially low cost, novel method for the prodantiof titanium metal and several
other metals and alloys.

It has been more than a decade since the discwfettye process, and millions of
dollars has been invested in the development ofFthé Cambridge process to date.
There is, despite numerous apparent benefits, mitgseo commercial scale facility

employing the process for metal or alloy productidhis article examines the FFC
Process, its relative benefits, the challengesdfdneits commercialisation, and its
present status.

The basis of research is the personal experiendbechuthor whilst active as senior
process engineer at British Titanium Plc, the n@fudct company originally tasked
with commercialising titanium production via the&Eambridge process. The article
also reviews the latest literature, and discussss gnd present progress in the pursuit
of low cost titanium metal via this process. Topéeplored include the history of the
process, attempts at commercialisation, NASA’sra#téve application, and present
status of the process.

2. Discussion: The FFC Cambridge Process

The invention of the FFC Cambridge process involtrede people: Dr George Chen,
Prof. Derek Fray and Dr. Tom W. Farthing. It resd|t"completely out of expectation”
from a University of Cambridge research programeginat removing oxygen from

Group IV metals, particularly the alpha case oaniiilm and alloys by molten salt
electrolysis. It was found that upon applying atagé to an insulating metal oxide in a
molten alkaline earth chloride a small amount afution takes place in the porous
pellet, causing it to become an electronically eaanithg electrode. The ionization of
oxygen then takes place throughout the pellet, With oxygen anions dissolving in
CaCh, where they diffuse quickly out of the pellet intbe melt and eventually

discharge at the anode, leaving low oxygen metidieatathode.
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The first patent on the process was filed in 1998 the invention was first announced
in the September 2000 edition of Nature Magazif@lowing which the FFC Process
attracted significant interest and internationgbpsrt for its development and rapid
commercialization, including initial financial supp from the US Office of Naval
Research (ONR) and the Defense Advanced ReseavdtRrAgency (DARPA).

21  Process Description

The process takes place in a molten salt mediurd, ianlimited to operating

temperatures above the melting point of the utiligelt, typically being in the range of
800-1100°C. The salt is typically a molten alkadilile, with a preference for CaCl

due to the high solubility of oxygen (primarily @a0) in the CaGimelt.

Metal oxide reduction via the FFC Cambridge (FF&@)cpss is very simple in that the
oxide to be reduced is rendered cathodic in modtaline earth chloride, such as
molten CaC] at 950C. By applying a voltage below the deconmjmsipotential of the
salt (for CaCl it is 3V), it has been found that ionization ofygen is the dominant
cathode reaction, rather than alkaline earth nuetpbsition. For titanium the suggested
overall cathode reaction was giveri:as

TiO, + 4€ — Ti + 207 (in CaC})

The de-oxidation process is driven by the exteynapiplied voltage over an anode
(usually carbon) and cathode, comprising of theamexide to be reduced held in a
conductive metal basket. The negative voltage atdithode drives the release of
oxygen ions into the Cagimelt, and the oxygen ions react at the carbon anod
evolve CO or C@ The overall CaO content is unchanged over theseoof the
reduction, and the process occurs under the decgitiggopotential of the salt, hence
the process does not consume the electrolyte.

The technique has been applied to reduce a langd&uof metal oxides to the metals,
including titanium, zirconium, chromium, niobiumilicon, tantalum, uranium and

nickel. The metal oxide is then directly de-oxidis® metal or an alloy, where the
starting material was a mixture of metal oxides.

2.2 Process Benefits
When comparing the FFC process with the indugtriatesses for titanium production

(Table 1), it can be seen that there are significhffierences, which could lead to
significant process advantages.
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Table 1. Comparison of industrial titanium prodantprocesses with FFC Process

Process | Feedstock Reductant Byproducts Duration Product
Kroll TiCly Magnesiun MgCl, Batches, uy | Spong
Hunter TiCly Sodium NacCl to 7 days Sponge
FFC TG Applied current CO, CO Semi- Pellets /
(electrons) (from carbon| continuous, | Powder
anode) 8-24 hours

The FFC process in the production of titanium hasnbwidely claimed to offer the
benefits of:

a) An elegant, single stage process.

The Kroll and Hunter processes employ slow, batclisewreduction of
aggressive/reactive chemicals to deliver “titanisipponge”, which requires capital and
labor intensive product recovery, handling and essing. The batches of titanium
sponge are produced over several days in steetlgesielivering around 10 tons of
titanium sponge per vessel. The reactions areyhigtdthermic, and utilise reactive and
hazardous raw materials. When looking at materfe@sadling, the Kroll process
requires 380kg of TiGland more than 100kg magnesium to produce 100tgidim
and 380 kg MgGlbyproduct.

In the FFC process it is possible to simply loazhthode of metal oxide, complete the
electrodeoxidation step in a relatively short periand retrieve a spent cathode of de-
oxidized metal post reduction. Multiple cathode ambde arrangements can also be
simultaneously processed in a single molten sat,baith the scale of production
easily increased. The FFC process requires onlkdl®d TiO, to produce 100kg of
titanium.

b) Low Environmental Impact.

The only significant consumable cost for the FFGcpss is carbon (consumed at the
anode). Some research has been conducted to tekt araterials other than carbon, as
an ‘“inert” anode could be used to produce oxygeherathan CQ@ eliminating
generation of the greenhouse gas. The FFC proeesalso process naturally occurring
minerals, e.g. rutile (a natural form of BLOwhereas the TiGlfeedstock for the Kroll
and Hunter processes requires the carbochlorinafiautile.

Presently CaGlis the preferred molten salt medium. It is a wasteduct from the
chemical industry and whilst containing very fewpimities, is inexpensively available.
The material is also given the same toxicity aswsadhloride so there are no problems
in handling or disposal. Salt byproduct from thenkéu process is often discarded, and
magnesium chloride formed as byproduct in the Kpodicess is again electrolyzed to
produce hazardous chlorine and magnesium for recyal comparison the feedstock
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and products of the FFC process are non-toxic fleag@rocess does not produce a solid
waste.

C) Direct production of alloys.

Through de-oxidation of mixtures of oxides it isspile to directly produce alloys via
the FFC process, with no need for melting. It isnttable to produce “impossible”

alloys which could not previously be made via conimal routes that involve melting

the metals, due to the fact that the individual tmgl and boiling points of the

constituent metals differ, or where the metals iammiscible. It could therefore be

possible to e.g. produce an alloy of aluminium Ifhgi point 2467°C) and tungsten

(melting point of 3422°C) directly from a mixturd the metal oxides. Some of the
earliest attempts at alloy production via the FFGcpss were aimed at the Ti-6Al-4V
alloy, which is extensively used in aerospace, c@dmarine, and chemical processing
applications.

d) Near Net Shape Components and Low Cost Powder

Materials losses and high scrap rates in aerospagiécations are high, the amount of
titanium purchased vs. that which ends up in al fpzat is claimed to be 10:1. It is
claimed that the FFC process may improve that ratio to 5:1

The FFC process can potentially offer near net shwgts, by pre-forming / moulding
oxide powder to the intended shape product. A @&rrthdvantage is that the solid
product formed is a porous agglomeration of findiplas, capable of being crushed to
produce titanium powder. In Figure 1 is shown pmers (B) produced from a metal
oxide (A).

The FFC Reduction from A (limenite powder) or B (limenite tiles) to
C [95% reduced), D {99% reduced, zintered) and E (melted tiles).
The FFC Process can remove >39% oxygen from metal oxide feedstock.

Figure 1. FFC Process: From mineral to metal
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e) Oxygen production / ILMENOX:

In 2004, NASA called for the development of teclugiés that would allow In-Situ
Resource Utilization (ISRU) of lunar materials. Téien of ISRU technologies are to
allow the use of space resources on site to prodsetil items, significantly reducing
the launch mass, cost, and risk of near and lomy-$pace exploration.

Oxygen production for rocket propulsion promisesfay the greatest cost and mass
saving of any off-world in-situ resource utilizatigl SRU). Since the 1960s most work
on lunar resource utilisation focused on the mindmeenite (FeTiQ) as feedstock for
in-situ oxygen production, as samples returnedivyApollo and three Luna missions
have shown that ilmenite occurs in high abundanpel6 to 20%) in Lunar Basalt. In
conventional ISRU processes oxygen is extracted fhmenite through a reaction with
hydrogen:
FeTiO;+ H,— Fe + TiQ+ H,O

This process is unsatisfactory as it extracts dil% oxygen per weight of iimenite,
requires a feed of hydrogen, and also further elblis stages for the separation of
products. The titanium dioxide (T#Dis left unreduced, robbing the process of 40%
oxygen by weight and potentially valuable titanioretal.

The author submitted a proposal suggesting a i@miatf the FFC process as to be
developed to extract oxygen from lunar ilmenite.eTRLMENOX process could
potentially extract >90% of the oxygen presenthia FeTiQ compound. This would
allow roughly 32kg of oxygen to be produced for mpvd00 kg lunar ilmenite
processed, which could then be used as propeltahtf@a human habitation. Liquid
oxygen is a primary component of rocket fuel, ctwiting as much as 85 percent by
weight, and its production outside the earth’s ifyawell would be very beneficial for
extra planetary missions.

NASA allocated funding to the value of $14.3 Mitlidor a 4 year project, aimed at
developing an oxygen production technology basedhenFFC Cambridge process.
The project, dubbed ILMENOX, was continued with sorauccess at both the
Cambridge laboratories and at partnering institytidhe Florida Institute of
Technology.

2.3 Processchallenges

A number of problems were observed, requiring smtuprior to the FFC process being
ready for commercial production of titanium mefiese issues included:

a) Current Efficiency:
It was found that current efficiencies were nohigh as expected, getting progressively

worse as the de-oxidation reaction neared completss the levels of oxygen
decreases in the cathode it is possible that caleietal, which is also soluble in
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CaCl, be produced. Such dissolved calcium leads to i ralectronically conductive
melt, and measurable reduction in current effigienc

There is also a concern that on larger scale dpagtcarbon particles from the anode
may build up in the cell and cause short circuitiidurther concerhis that CQ may
dissolve in the melt as carbonate ions §E)Ocarbonate ions will react at the anode to
deposit carbon both contaminating the product atid@as a parasitic reaction.

As electricity consumption is a major contributorthe cost of FFC produced metals,
current inefficiencies from the above mentionediéss may lead to high operating
costs.

b) Incomplete / partial reduction

If the Kroll and Hunter processes are not operattti a sufficient stoichiometric
excess of reductant (15-20%), partial reductionTigfl, to sub-chlorides (TiGland
TiCls) can occur.

In comparison the FFC process proceeds from, TéOtitanium metal via numerous
sub-oxided (TisO7, TisOs, TizOs, TiO), and incomplete reduction would leave these
sub-oxides at the core of the Ti@re-form/pellet. Analyses also confirmed the
presegce of calcium titanate, Cat%i@nd calcium titanite Caj®, in partially reduced
pellets.

C) Product Purity

To compete with the existing industrial procesd#anium product from the FFC
process must meet the minimum specifications of (CBmmercially Pure) Grade
Titanium in terms of chemical composition. Thesedifications determine upper limits
for e.g. oxygen, nitrogen, chlorine, carbon andchipresent in the titanium product.
There are significant challenges in meeting thietsstandards required for titanium
when utilising the FFC process.

Interstitial oxygen and nitrogen strongly affedt® tproperties of titanium metal and
alloys. Standards are then most often concernddthvit levels of oxygen and nitrogen
present in the product. When compared to the kKmodl Hunter processes, which start
with TiCls as raw material and virtually no oxygen presentha system, the FFC
process starts with TiOand has to get the oxygen remaining in the matddan to
less than 250ppm. This is no small task as oxygehighly reactive with, and also
soluble in, titanium metal.

In the Kroll and Hunter processes significant antsunf iron can be found in the
titanium sponge due to contamination from the steattor walls. This is lessened in
the FFC process which only utilizes a conductivéaineage to hold the material to be
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deoxidised. Iron, nickel and similar contaminatipom materials of construction are
then expected to be lower in FFC product.

The deoxidised pellets may sinter, trapping chksidn the microstructure which
cannot be leached. Titanium powders with chloridatent higher than 50ppm are
known to present problems in downstream sinterigching full density when
compacted, and during the welding of final products

24  Commercial challenges

A number of issues influenced the commercialisatibthe FFC Process. Intellectual
property rights to the FFC Process are protecte@%ypatent families, covering e.g.
production of “novel alloys”, superconducting anshape-memory” alloys via the
process. The licensing structure was complex andezhsome controversy, as per the
following summary:

. In 1999 the initial patent was granteavith Cambridge University Technical
Services (CUTS) owning the head license to the nelclyy and being
responsible for stimulating commercialisation.

.« In 2000 CUTS issued a sub-licence to Qinetiq (fatjmeJK Defence
Evaluation Research Agency) for production of iitamvia the FFC process.

« In December 2000, Mr James Hamilton, chairman aftisé\frican exploration
company, Bushveld Alloys, funded a pilot plant ikcleange for the exclusive
rights to the FFC process for the production ofkbtitanium and titanium
alloys?? The sub-licence was issued to British Titanium @Ti) by Qinetiq
founded and headed by Mr Hamilton.

- BTi managed to win contracts with the US OfficeNdval Research in 2000,
and again in 2002 towards research and developofetite FFC process for
titanium and its alloys.

- In September 2002 the US Defence Advanced Rese¥gemcy (DARPA)
funded a $12m project allowing US titanium manufaet TIMET to purchase a
non-exclusive license from BTi and attempt scalipghe process in the US.

- In 2002 Cambridge University spins-out Metalysisrifierly FFC Metals).
Metalysis is granted an exclusive world wide licerto the FFC process by
CUTS for metals and alloys, excluding titanium aba0% by weight. The
company was initially funded by the University ori@bridge Venture Capital
Fund to the value of £250,000.

« In 2004 BTi won a $14m contract with NASA to purgbe in-house developed
ILMENOX technology towards production of oxygen rfrolunar ilmenite
simulant.

- In 2005 Metalysis attracted £5m in venture capitacommercialise the FFC
process.

- In April 2005 CUTS transfers all rights/the heatkhse to the FFC Cambridge
process to Metalysis.

- In December 2005, BTi receives notice from Qinetigermination of its sub-
licence to exploit the FFC process as Metalysis dygghrently terminated the
licensed rights to the FFC process for titaniurmtgd to Qinetiq.
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-In February 2006 BTi claimed damages of more th&d0#h from QinetiQ and
Metalysis. In April 2006 BTi lost a Security for €3 hearing and entered
Administration. In April 2008 BTi was liquidated @rthe case for damages was
struck ouf.

o <~~~ 7 Formatted: Bulleted + Level: 1 +
. Metalysis has raised >$23m in venture capital aagitgfunding to dafe and is Aligned at: 0.63 cm + Tab after:

. . 1.27 cm + Indent at: 1.27 cm
proceeding with development of the FFC process.
- In April 2010 Metalysis claimedto be at the point of commissioning a pilot
production cell. The cell is said to represent aited outlay of single digit
millions of dollars and to have the capability toguce titanium in a 4-12 hour
cycle at commercial scale (thousands of pounds).

The brief summary above indicates only the actsitof the main license holders,
excluding developments at other organisations Maysk Titanium AS which was
formed with the intent to utilise the FFC process titanium production in Norway,
having the support of BTi and researchers at Catgbrlniversity. Norsk Titanium’s
connections with Norsk Hydro allowed access to wegberience in molten salts
processing (Hydro having magnesium and aluminiuodpetion facilities) and more
sophisticated laboratory facilities. Experimentsen@intly conducted at laboratories in
Porsgrunn, and by having improved monitoring amatrad of the process the team was
able to achieve reduction of Ti@ titanium in less than 24hrs.

BHP Billiton (BHP) also expressed interest in theCHprocess for titanium production,
but eventually developed a parallel technology, shecalled Polar process. In 2006
Metalysis acquired the Polar process from BHP thexge for equity and a seat on the
board of Metalysis Titanium Ltd., a company formad high volume titanium
subsidiary of Metalysfs

3 Conclusions

From an optimistic, highly publicised introductitime FFC process has now been the
focus of much previous development, numerous sfierdtudies and attempts at
commercialisation by various organisations.

The FFC process is versatile and can still offeide range of advantages over existing
processes, advantages which could positively imgygctost of titanium and titanium
products. The study of the issues around the cowiatisation of the high profile FFC
process, hailed as a breakthrough in the produaifolow cost titanium, can guide
decision makers and role players active in the ypursf novel titanium production
processes.

The combination of technical challenges, issuesiratolicensing, and conflict and
litigation between stakeholders in the FFC procdss negatively impacted
commercialisation efforts. It can also be obsertteat, despite the relatively large
amounts invested in the process, the standard atioov curve involved in the
development and commercialisation of a new proaeas followed, including the
“shake-out” and consolidation of competing firms.
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The article broadly discussed both technical andmercial issues related to process
commercialisation to date, and as such does notedébtep into specifics. Much

literature is still being generated and it is expdcthat the process will yet form the
basis of many future scientific investigations.

There now remains one well funded company taskéed a@dveloping the FFC process.
Claims of the imminent commissioning of a facildgpable of large scale production of
titanium powder via the FFC process have been mafith. scale-up often comes yet
unknown technical issues, and these will form theidof future research.
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