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31 August 2020 tion route for a wide range of metals and alloys. For titanium, this could provide
a route to produce alloys at a lower cost compared to the conventional Kroll-

© The Author(s) 2020 based route. Use of synthetic rutile instead of high purity TiO, offers further

potential cost savings, with previous studies reporting on the reduction of this
feedstock via the FFC-Cambridge process. In this study, mixtures of synthetic
rutile and iron oxide (Fe,O3;) powders were co-reduced using the FFC-Cam-
bridge process, directly producing titanium alloy powders. The powders were
subsequently consolidated using FAST to generate homogeneous, pseudo-bi-
nary Ti-Fe alloys containing up to 9 wt.% Fe. The oxide mixture, reduced
powders and bulk alloys were fully characterised to determine the
microstructure and chemistry evolution during processing. Increasing Fe con-
tent led to greater P phase stabilisation but no TiFe intermetallic phase was
observed in any of the consolidated alloys. Microhardness testing was per-
formed for preliminary assessment of mechanical properties, with values
between 330400 Hv. Maximum hardness was measured in the alloy containing
5.15 wt.% Fe, thought due to the strengthening effect of fine o phase precipi-
tation within the B grains. At higher Fe contents, there was sufficient B stabili-
sation to prevent a phase transformation on cooling, leading to a reduction in
hardness despite a general increase from solid solution strengthening.
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Introduction

Titanium and its alloys have impressive properties,
including high strength to weight ratio, corrosion
resistance and biocompatibility, making them desir-
able for use in a wide variety of applications. The
costs associated with current production prevent
widespread use however, despite relative abundance
of the ores. Therefore, there are many circumstances,
for example in the automotive industry, where it
would be preferable to use a Ti alloy, but an inferior
material is used due to lower cost. Significantly
reducing costs requires the realisation of an alterna-
tive production route, which is becoming increas-
ingly plausible with novel extraction and processing
techniques. Combining the FFC-Cambridge process
with field-assisted sintering technology (FAST) offers
an alternative, entirely solid-state processing route
(Fig. 1).

Ti extraction via the FFC-Cambridge process

The FFC-Cambridge process was first reported in
2000 by researchers Fray, Farthing and Chen as an
electrolytic method for extracting Ti metal from its
oxide [1]. The process has since been shown to be
capable of reducing many different metal oxides,
including those of tantalum, chromium and cerium
[2-4]. Mixed-metal oxides can also be reduced
simultaneously, allowing for the direct production of
alloys, as well as more novel materials like high-en-
tropy alloys and those derived from lunar regolith
simulant material [5-9].

The process uses an electrochemical cell, consisting
of a metal oxide cathode and a graphite anode, sub-
merged in a molten salt electrolyte, usually CaCl,.
Applying sufficient voltage causes ionisation of the
oxygen at the cathode, which is then transported
through the electrolyte to react with the graphite
carbon anode. This overall oxygen transfer results in

Figure 1 Proposed alternative
Ti extraction and processing
route used in this study.
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deoxidised metal(s) and generation of CO and CO,
gas (Egs. 1-3).

MO, + 2ye~ — xM + yO*~ (1)
C +20% — CO;, +4e” (2)
C+0* - CO+2e (3)

This is a simplified description of the process
however, and various studies have been published
on understanding the process in more detail. Partial
reductions have been used to study the reduction
pathway of metal oxides, revealing that they reduce
via intermediate suboxides and Ca compounds
[10-14]. Ca** ions are incorporated from the elec-
trolyte and facilitate the transfer of O*~ ions to the
anode. Additions of CaO were found to accelerate the
rate of electro-deoxidation of TiO, by providing an
initial source of O®~ ions. This sustains the ionic
current, preventing Cl, formation and increasing
current efficiency [15]. There has been some debate
on the nature of O*~ ion transport through the elec-
trolyte, with a recent study suggesting that when low
amounts of CaO are present, transport occurs by
diffusion and not migration [16].

Meanwhile, UK technology company Metalysis has
been improving and scaling up the FFC-Cambridge
process to create alloy powders on a commercial
scale, designing facilities with the capability to pro-
duce tens to hundreds of tonnes of alloys per annum.
Improvements to the process include the ability to
directly reduce oxides in powder form, without the
need for compaction into preform pellets [17].

The FFC-Cambridge process has gained particular
interest for producing Ti and its alloys, due to the
potential advantages it has over conventional Kroll-
based extraction. These include being a single-step
process, using oxide directly rather than TiCl, and
having lower projected costs. Current titanium alloy
powder production methods involve further pro-
cessing of billets, such as atomisation or hydride-
dehydride, which further increases their price.

-

= -

Field assisted
sintering technology

Solid Ti-Fe
alloy pellet

Ti-Fe alloy
powder
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Therefore, the ability to directly produce alloy pow-
ders makes the FFC-Cambridge process appealing for
a range of downstream powder metallurgy manu-
facturing routes.

To assess projected costs, a life cycle analysis study
estimated that Ti production via the FFC-Cambridge
process could reduce ‘gross energy requirements’
and ‘global warming potential’ by 10 — 15% com-
pared to conventional Kroll production; with further
reductions of 30-35% achievable using lower TiO,
purity feedstock [18]. Developments to the process
have been investigated to make it even more attrac-
tive for Ti extraction, including use of more sustain-
able feedstocks, improving current efficiencies, use of
inert anodes which prevent CO, generation and
production of near-net shape components from
shaped oxide precursors [15, 19-21]. A recent study
on the use of shaped oxide via the ‘Near-net-shape
Electrochemical —Metallisation (NEM) process’
attempted to quantify the environmental impacts of
components produced using this method, compared
to electron beam melting of Kroll derived, gas ato-
mised powders. It found that the NEM process dra-
matically reduced the overall environmental impact
by about 68% in comparison [22]. Overall, the con-
tinued research and improvement of Ti extraction via
the FFC-Cambridge process, along with supporting
evidence of the potential advantages, demonstrates
the potential for further exploitation of this technol-
ogy in the future.

Until recently, most research has used pigment
grade rutile (TiO,) to produce Ti via the FFC-Cam-
bridge process; but significant cost reduction can be
achieved using lower purity precursor materials
instead [22, 23]. One example is synthetic rutile (SR),
which contains around 90-95% TiO,, and is usually
further processed into TiCly for use in conventional
Kroll extraction [24]. It is produced from ilmenite ore
(FeTiO3) via an Fe removal process, such as the
Becher process [25]. Some impurity elements such as
Fe, Al and Mn remain, with their relative amounts
depending on the ilmenite source and processing
conditions. Previous studies have directly reduced
this material using the FFC-Cambridge process, pro-
ducing a Ti alloy powder naturally containing these
impurities as alloying elements [26]. The reduction
pathway was also fully characterised and was found
to be consistent with that of pure TiO, but with
variations due to reductions of the other remnant
elements. Overall, further investigation of SR as a

@ Springer
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feedstock in this production route is attractive for
cost reduction while benefitting from already present
alloying elements.

Field-assisted sintering technology (FAST)

FAST (also referred to as spark plasma sintering) is a
consolidation technique suitable for many different
powdered materials, including Ti powders [27]. It
combines uniaxial pressure and joule heating, from
pulsed direct current, to achieve high heating rates
and rapid sintering. Consolidation occurs in the
solid-state, preventing any melt-related defects which
can arise during conventional processing. Segrega-
tion defects have limited the use of some alloying
elements in Ti, including Fe, and so FAST can be used
for new alloy development using these elements.
Although FAST is currently only able to produce
billets up to 300 mm in diameter, it can be combined
with a subsequent forging step to create near-net
shape components, developed as the FAST-forge
process [28]. Ti alloy powder derived from SR
reduction in the FFC-Cambridge process has previ-
ously been consolidated using FAST, generating a
homogeneous o + B microstructure with compres-
sive mechanical properties comparable to Ti-6Al-4V
processed under the same conditions [29].

Fe additions in Ti alloys

Fe is the most effective Ti B phase stabiliser by mass,
thus less Fe is required to achieve the same level of 3
stabilisation as other elements. Fe is also considerably
cheaper than Ti and commonly used B stabilisers
such as V and Mo, although it is not used in many
commercial Ti alloys. Restricted use of Fe is generally
due to processing issues associated with the melting
process which can affect the quality of the resulting
alloys. Segregation of Fe during vacuum arc remelt-
ing can lead to localised regions of high B stability
known as P flecks, which cause worse than expected
mechanical performance [30]. Solid-state alloying
using blended elemental powder metallurgy has
been shown to avoid these issues. Ti alloys up to 7
wt.% Fe have been produced by press and sintering
of blended elemental and alloy powders to produce
homogeneous microstructures with no trace of
intermetallic phases [31-33].

Most metastable B alloys, such as Ti-3Al-8V—-6Cr—
4Mo-4Zr (Beta C) and Ti—-15V-3Cr-3Al-3Sn, contain
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lots of costly alloying elements. An addition of only
3.5 wt.% Fe is required to retain 100% [ phase after
quenching to room temperature, therefore Fe could
be used to replace other B stabilising elements at a
lower cost [34].

The Ti-Fe binary phase diagram (Fig. 2) shows that
Fe is a B-eutectoid stabiliser and therefore has limited
solubility in both Ti phases as it forms an inter-
metallic TiFe phase [35]. This phase is brittle and so
formation must be avoided to prevent poor
mechanical performance. Despite formation of TiFe
being thermodynamically favourable, it is a kineti-
cally slow process and therefore can be avoided using
a sufficient cooling rate from the P region [36].

In this study, the proposed two-step FFC-Cam-
bridge process coupled with the FAST processing
route presents an opportunity to create high Fe con-
tent Ti alloys, which after further large-scale devel-
opment, may be able to replace pre-existing alloys
and reduce the cost of Ti alloy components. Exploit-
ing a cheaper feedstock in SR further contributes to
cost reduction and reduces reliance on alloying
additions. SR contains remnant Fe from precursor
ilmenite which becomes an alloying element once
reduced. Enhancing this Fe content is possible by co-
reducing SR with Fe,O5; additions, as Fe;O3 can be
reduced using the FFC-Cambridge process [37-39].
Therefore, this study investigates the co-reduction of
SR and Fe,O;, followed by FAST consolidation, to
produce a range of pseudo-binary Ti-Fe alloys.

15991

Material characterisation is performed at each stage
and some final alloy properties are analysed.

Materials and methods
Synthetic rutile + Fe,O; oxide preparation

Heat-treated synthetic rutile (provided by Iluka
Resources, 150212 uym) and Fe,O; (Sigma-Aldrich,
<5 pm, > 99%) powders were mixed using a Tur-
bular mixer for 1 h. Five different oxide compositions
were made in addition to undoped SR, containing 1,
2.5,5,7.5 and 10 wt.% Fe,Os.

Reduction of mixed oxides via the FFC-
Cambridge process and post-processing

Reductions were carried out using 20 g of each oxide
composition, using R&D scale cells at Metalysis.
Figure 3 shows a schematic of the reduction cells
used. The same electrolysis parameters were used as
in previous work where SR was successfully reduced
to a titanium alloy containing 4000 ppm O, except
that a longer reduction time of 18 h was used after
initial experiments showed a further reduction O
levels [26].

1.6 kg of dried CaCl, with CaO (0.4 wt.%) was
placed into a ceramic crucible within a steel retort.
The oxide was placed into a steel basket lined with a
stainless steel mesh. The cell was then sealed and

Figure 2 Ti-Fe phase 1800
diagram calculated using
Thermocalc TTTI3 database "
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Figure 3 Schematic of FFC reduction cell used.

heated to 950 °C to melt the salt. Argon was contin-
uously flushed through to create an inert atmosphere
and remove gaseous by-products. The basket and
graphite anode were then submerged into the molten
salt electrolyte and the electrolysis began. A constant
current of 5 A is applied following an initial ramp
which prevents high voltages and decomposition of
the electrolyte. The corresponding voltage therefore
fluctuates to maintain the constant current. Exhaust
gases were monitored using mass spectrometry to
follow reduction progress and confirm that no Cl,
formation occurs. Reductions were performed for
18 h and the basket raised out of the salt. Once cool,
the basket was removed from the cell and the mate-
rial inside post-processed. This involved soaking in
water followed by light grinding into a powder. The
powder was then soaked in a solution of dilute aqua
regia, washed with water and dried in a vacuum
furnace at 80 °C. The resulting powders were then
sieved to a size range of 75-212 pm and ready for
analysis and consolidation.

Consolidation of Ti alloy powders

The alloy powders were consolidated using FAST
with an FCT Systeme GmbH type HP D25 spark
plasma sintering furnace. Powders were placed
within a graphite mould set, lined with graphite foil
for ease of removal. Optimised parameters included a
100 °C / min ramp rate to a maximum temperature
of 1100 °C, followed by a dwell of 1 h at a pressure of
35 MPa. 5 g of powder was used in a 20 mm diam-
eter mould to create a disc of around 3 mm height.
The discs were then cut perpendicular to the

@ Springer
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compression direction to expose a surface for metal-
lographic preparation and analysis.

Characterisation techniques

The feedstock, alloy powders and consolidated
material were all analysed using various techniques.
An FEI Inspect F50 scanning electron microscope
(SEM), with an acceleration voltage of 20 keV, was
used to view powder morphology and characterise
the microstructure. An Oxford Instruments energy-
dispersive X-ray spectrometer (X-EDS) was used
alongside SEM to determine chemical compositions
in specific regions. Interstitial element contents of O,
N and C were measured by an ELTRA ON-900 and
an ELTRA CS-800. Bulk alloy chemistry was mea-
sured by X-ray fluorescence (XRF) using a PANalyt-
ical Zetium, with a mean average of 3 results taken.
Phase analysis was done using X-ray diffraction
(XRD) using a Bruker D2 Phaser with Cu-Ka radia-
tion. Porosity was measured using a high-resolution
mosaic of a 10 mm? area, taken with an Olympus
BX51 optical microscope. A colour threshold was
then applied to leave only the porosity visible and the
percentage area was measured using ImageJ software
[40].

Microhardness testing

Vickers hardness measurements were carried out
using a Struers Durascan-80, with a force of 5 kg
(HV5), held for 15s. A 5 x 5 grid of 25 measure-
ments was tested, covering an area of 10 mm? in the
centre of each sample. The mean average hardness
was calculated, along with 95% confidence intervals
on the means.

Results and discussion

Characterisation of synthetic rutile
and Fe,O; powders prior to electrolytic
reduction

Elemental analysis of the SR was used to determine
the alloying elements expected to be present in the
reduced powders. X-ray fluorescence (XRF) data
revealed that it contained approximately 4 wt.%
stabilising elements, mainly Fe, and <1 wt.% AL
Therefore, it would be expected that the resulting
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alloy will also contain these elements and so will
have significant B stabilisation compared to pure Ti.

Figure 4 shows that the SR particles vary in both
size and morphology. The particles exhibit significant
porosity, due to the conversion from the precursor
ilmenite ore. XRD analysis determined that the heat-
treated SR consisted of two major phases, with all
peaks being assigned to TiO, (rutile) or Fe,TiOs
(pseudobrookite) (Fig. 5). Although the Fe,TiO5
phase is only present in small amounts, it is visible in
backscattered SEM as brighter Z contrast regions due
to its higher density. Mixing the SR with Fe,Oj;
caused the much finer Fe,O; particles to adhere to the
surfaces of the SR, though this was not uniform due
to the angular morphology of the particles. Some
particles were coated with greater amounts of Fe;O3
than others, which was expected to lead to significant
chemical heterogeneity in the material post-
reduction.

Characterisation of Ti—xFe alloy powders

Figure 6 shows that the resulting powders exhibited
a variation of sizes and morphologies, which is

Figure 4 Backscattered
electron micrographs of: a SR
particle, b SR particle with
surface Fe,03, ¢ SR + Fe,O3
particles, d X-EDS element
map of the ¢ showing Ti (blue)
and Fe (red).
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Figure 5 XRD patterns SR and SR + Fe,O3 (10 wt.%) mixture.

typical for milled powders such as those derived
from the hydride-dehydride process. Some internal
porosity was still present, although it had noticeably
reduced during the reduction from the initial SR
powder. No features were visible within the pores,
suggesting that they did not contain any material,
however any gases present would have been released
once exposed from metallographic preparation.
Microstructural variation was seen between particles,
suggesting significant chemical heterogeneity as
predicted due to non-uniform coating of Fe,Os.

@ Springer
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Figure 6 Backscattered
electron micrographs of
reduced Ti—xFe alloy powders,
derived from a range of

SR + Fe, 03 mixtures. a:
range of powder particles
(powder sample from 4.64
wt.% Fe alloy — see Table 1),
b: o-rich and B-rich particles
(6.21 wt.% Fe), c: particles
with o + [ microstructures
(3.41 wt.% Fe), d: B stabilised
particle containing brighter
TiFe phase (9.03 wt.% Fe).

Figure 6a—c shows examples of the types of particles
observed in all samples, including a-rich, o + § and
B-rich microstructures. A few particles in the pow-
ders derived from 7.5 and 10 wt.% Fe,Os; oxide
compositions contained a third phase, determined by
X-EDS to be intermetallic TiFe (Fig. 6d). These parti-
cles therefore must have originally had more Fe,O3
locally and so contained enough Fe to retain the TiFe
phase on completion of the reduction. No TiFe, or
metallic Fe was observed in the final powders,
although these will have formed during early stages
of the reduction, before further Fe diffusion into the
Ti matrix [26].

The interstitial O and C contents of the powders
were measured at this stage (Table 1), whereas Fe
content was measured post-consolidation (dis-
cussed later). O contents had a range of around
2000 ppm (1668-3745 ppm), which is significant for
Ti alloys. O is a potent o stabilising element and small
variations considerably affect mechanical properties.
For example, alloy grades 1 to 4 differ in max O
content by just 0.22 wt.%, but yield strengths can vary
from about 170-480 MPa [41]. The increase in
strength causes decreased ductility and so Ti alloys
typically do not exceed 0.4 wt.% O.

@ Springer
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There are many potential reasons for this variation,
including slight deviations in process parameters
between reductions, the use of multiple reduction
cells and inherent inconsistencies in manual post-
processing of the powders. There seems to be no
correlation between residual O content and oxide
composition used, suggesting it has no significant
effect, but this may be concealed by the other influ-
encing variables.

C contents also varied; with C pickup occurring
during the reduction process due to degradation of
the graphite anode. Loose C covers the surface of the
reducing material and some diffuses into Ti solid
solution. For this small-scale reduction, the relative
surface area of the powder exposed to this material is
high, causing higher than desirable C levels. Such
levels can be reduced when scaling up the process,
due to a lower relative surface area. Thorough
washing of the material after removal from the cell
removes most of the C pickup, although this is lim-
ited, especially when done manually. Some C may be
present on the surface of the particles, but this was
not observable using SEM as the samples were
mounted in conductive bakelite. C is also an o sta-
biliser but only has a maximum solubility of 0.48
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Table 1 O, C and Fe contents of the reduced Ti—xFe alloys with
corresponding oxide compositions. O and C measured directly
from powder, Fe measured by XRF from bulk material post-

consolidation

Oxide Fe,O; content / wt.% O /ppm C/ppm Fe/wt%
0 3460 1519 1.84
1 3351 927 2.22
1 2238 1467 3.65
2.5 2224 1424 341
2.5 2742 1189 5.15
5 1668 1256 6.21
5 3682 1619 8.02
7.5 1934 774 4.64
7.5 1891 832 7.19
10 3745 896 9.03

wt.% in the o phase at 920 °C [42]. It therefore forms a
ceramic phase (TiC) on cooling, even at low concen-
trations. This carbide phase is brittle and therefore
undesirable in the alloys. No evidence of carbide was
seen in the powder micrographs, suggesting C levels
were sufficiently low to prevent formation.

Consolidation of Ti—xFe alloy powders
by field-assisted sintering

The chemical heterogeneity, angularity and porosity
of these powders make them unsuitable for powder
metallurgy techniques such as additive manufactur-
ing, where a defined level of sphericity and powder
size is required. In contrast, FAST is far more flexible
with respect to input powder feedstock, as demon-
strated by a successful study on directly consolidat-
ing irregular machining swarf particulate [43].
Therefore, it can process these powders without
issues to create alloy billets for subsequent forging
and/or finish machining. Optimisation of the FAST
process was necessary for these powders to ensure
chemical homogeneity and uniform microstructures.
Although FAST can sinter powder within minutes,
longer dwell times are required in this case to facili-
tate the necessary solid-state diffusion. Fe rapidly
diffuses in Ti and is known to enhance sintering,
therefore the parameters could be relatively moderate
[44].

Initial consolidation of the powder was achieved
based on previous FAST processing of SR derived
alloy powders, using a dwell temperature of 1000 °C

15995

for 30 min. Figure 7 shows that these conditions were
insufficient for complete diffusion, as localised
regions of o and B remained. These were likely due to
larger particles which were particularly rich or defi-
cient in Fe, such as those in Fig. 6b. After an inves-
tigation on the effects of both temperature and dwell
time, it was found that a dwell at 1100 °C for 60 min
was able to produce homogeneous microstructures.
Higher temperatures and longer dwell times are
expected to have the same effect but would be
unnecessary, costly, and could cause undesirable
grain growth. Figure 8 shows a profile of the FAST
process, using these optimised conditions. Sintering
is achieved within around 10 min, while the system
ramps to maximum temperature. Diffusion then
continues during the dwell, followed by uncontrolled
cooling to room temperature and thermal contraction
to final volume.

Analysis of consolidated Ti—xFe alloys

Elemental compositions of the bulk alloys were
determined using XRF, showing that alloys with a
range of Fe contents from 1.84 to 9.03 wt.% were
produced (Table 1). The final Fe contents do not
correspond well with the initial oxide compositions,
indicating that significant amounts of Fe were lost
during the reduction process. Figure 9 shows the
comparison of oxide composition against final Fe
content. Previous work on reducing SR using the
FFC-Cambridge process has shown that the Fe con-
tent in the alloy is approximately 0.5 times the theo-
retical maximum [45]. Therefore, this was expected to
some degree, although it was unknown exactly how
the Fe;O3; would react during the reduction com-
pared to Fe,TiOs.

The loss of Fe must occur physically and/or
chemically. Given the Fe,Os is only loosely coating
the surface of the SR particles, it is likely that some
separation occurs on submersion of the oxide into the
molten salt. It is also possible that there is a side
reaction of the salt with the Fe,Os; and the Fe,TiOs,
which causes leaching of the Fe and thus reduces the
expected content in the resulting alloy. This requires
further understanding to accurately predict alloy
chemistry from oxide composition; however, this was
beyond the scope of this study. The inconsistencies in
the process are unideal, yet this oxide mixture has not
been investigated previously and so it is anticipated
more consistent results can be achieved in the future,

@ Springer
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Figure 7 Backscattered ES e
electron micrographs of initial A & . 7N 5
FAST consolidation of 4.64 NS e 8

wt.% Fe alloy at 1000 °C with
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high B (right) stabilisation. ) &

1200 Contraction on cooling -3 o
iy e
1000 =
g g
i J L, @
o 2
S 800~ Diffusion 7]
© o
g ] =}
Sintering =
& 600 -1 3
[} o
= ] =
400 - 3
3

T T r I r I T 0

0 20 40 60 80

Time / min

Figure 8 Temperature profile of FAST processing at 1100 °C
with a 60 min dwell and powder consolidation behaviour,
indicated by the relative movement of the graphite punches.
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Figure 9 Fe contents of reduced alloys compared with initial
oxide mixtures, calculated theoretical and expected (52%
theoretical) Fe contents also shown.

via improved mixing and better adhesion of the
surface layer. Heat treatment of the oxide mixture
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may also improve mixing and Fe retention through
diffusion and formation of the Fe,TiOs phase at the
surfaces of the SR particles.

Alloying elements aside from Fe were also detected
by XRF, as was expected from the impurities in the
SR feedstock, with Al, Si, Mn and Nb contents
between 0.2-0.5 wt.% and consistent between each
alloy. Cr contents were significantly higher than
would be expected from the SR alone, varying from
0.61-2 wt.%. It is therefore presumed that Cr pickup
occurs due to contamination from the stainless steel
mesh in which the oxide sits during electrolysis.
Further investigation and use of a different mesh
material would be required to confirm this. The
presence of these elements will affect the
microstructure due to their differing effects on o and
B stabilisation. Therefore, despite some o stabilisation
from the Al, this should cause an overall slight
increase in P stability compared to that from the Fe
alone.

Although no CaCl, residue was observed on
analysis of the powders, both Ca and Cl were
detected at around 0.2 wt.% in all the alloys. While
some Ca may have been retained from the SR, this
suggests that some electrolyte contamination was
present despite washing of the powders. More thor-
ough grinding and washing of the powders during
post processing could prevent this. It is unknown
exactly what effect FAST processing would have on
any CaCl, contamination, however formation of Cl,
gas, which could become trapped as porosity within
the material, is probable and requires further
investigation.

Figure 10 shows how the microstructure of the
alloys varies with increasing Fe content. At lower Fe
contents, o + B microstructures are observed,
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Figure 10 Backscattered electron micrographs of Ti—xFe consolidated alloys, in order of increasing Fe content, wt.% (labelled).

comprising of coarse o laths with fine secondary o
between them. Equiaxed prior B grains are clearly
identifiable as the grain boundaries are decorated
with o. With increasing Fe content, the o laths reduce
in size until only the P phase remains. A small
amount of o phase was seen in the 8.02 wt.% Fe
sample, although this sample does have a relatively
high O content which explains this. No intermetallic
TiFe phase was seen post-FAST, despite being pre-
sent in some of the powders. This confirms that there
was sufficient diffusion to allow the Fe from this
phase to fully dissolve into the Ti matrix. Although
some porosity remains, likely due to internal porosity
in the original powder particles (Fig. 6) or Cl, for-
mation, all samples were found to have a density
> 99%.

Small amounts of TiC are seen after consolidation,
visible as thin black needles in the SEM micrographs.
These needles were not seen in the powders which
suggests that the FAST process has caused them to
precipitate out from solid solution, or that residual C
was coating the powder particles rather than being
present internally. C pickup is known to occur during
FAST, resulting from use of a graphite mould setup
which is in contact with the powder. A previous
study has shown this to be around 100-200 ppm;

however, it may be more significant here due to the
lower mass of powder used and larger relative sur-
face area exposed to the graphite foil [27]. Further
research is required to better understand C contam-
ination and the formation of the TiC phase through
this production route.

XRD patterns for the alloys complement well with
the microstructures in Fig. 10, as there is a clear
increase in the ratio of B:a intensities with increasing
Fe content (Fig. 11). From 6.21 wt.% Fe, o peaks are
no longer detected, confirming single phase B alloys.
This shows that, under these processing conditions,
the formation of fully B alloys becomes favourable
between 5.15 and 6.21 wt.% Fe, but other factors also
affect the microstructure, such as the presence of
other alloying elements and interstitial contents.
Although some o was possibly present in the micro-
graph from the 8.02 wt.% sample, no corresponding
peaks were measured from XRD, suggesting that o
content was minimal. Despite TiC needles being
observed in the SEM micrographs, the corresponding
XRD peaks were not visible, indicating that this
phase must only be present in a very small amount.
This agrees with the C analysis of the powders which
all showed < 2000 ppm which prevents significant
carbide formation. Therefore, it is not expected that

@ Springer
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Figure 11 XRD patterns of consolidated Ti—xFe alloys, with
increasing Fe content.

this phase will have noticeable impacts on the
mechanical properties of the alloys.

The samples made on this scale were not large
enough to perform a thorough assessment of their
mechanical properties; however, microhardness
testing was performed to determine any effects of
increasing Fe content and varying microstructures.
Figure 12 shows that there is not a simple relation-
ship between the Fe content and hardness. The
hardness values seem to increase up to a maximum
of around 400 Hv for the 5.15 wt.% alloy, before
dropping down to around 340 Hv. This is likely due
to the strengthening effect of finer o laths that have
precipitated on cooling during the FAST process,
which are not present at Fe contents > 5.15 wt.%.
Fine-scale o formation is known to increase alloy
strength by creating more o/ interfaces which block
dislocation movement [46, 47]. The general trend of
increasing hardness can be attributed to solid solu-
tion strengthening, as more Fe is being forced into the
Ti matrix. Again, there are other factors to consider
besides Fe content which can affect the hardness. O
content has a dramatic effect on the strength of Ti
alloys and therefore it is difficult to compare these
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Figure 12 Vickers hardness of the consolidated Ti—xFe alloys.

alloys when they have varying O contents. Despite
this, no correlation was found between the O content
of the alloys and their hardness, with an R? value of
0.03.

Conclusions

Overall, this study has once again demonstrated the
flexibility of the FFC-Cambridge process for co-re-
ducing mixed metal oxides to directly produce alloys.
Co-reduction of synthetic rutile (SR) and Fe,O5; pro-
duced a range of pseudo-binary Ti-Fe alloys, pre-
senting the possibility of using unconventional and
cheaper feedstocks in the process to create lower cost
Ti alloys. After optimisation, FAST enabled the con-
solidation of the alloy powders and the diffusion
required to create homogeneous material. A range of
microstructures was observed, from o + B to fully B,
with a phase no longer detected at a concentration
between 5.15 and 6.21 wt.% Fe. Fe contents up to 9.03
wt.% were achieved without any intermetallic for-
mation, with further work required to discover the
limit of Fe solubility in Ti under these conditions.
The inconsistencies in the experiments, along with
the many variables involved, made alloy compar-
isons and reproducibility of results difficult. Pre-
dicting final alloy composition is challenging, due to
poor understanding of the mechanism of Fe loss
during reduction and pickup of Cr. Contents of the
remnant elements from the SR, mainly Al, Si, Mn and
Nb, were consistent across the alloys, however.
Interstitial contents also varied between the alloys,
due to slight variations in both the reductions and
post-processing of the material on this small scale.
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Nevertheless, this oxide mixture has not been inves-
tigated previously, and so it is anticipated that future
improvements could solve these issues. For example,
more effective mixing of the oxides should improve
Fe retention and, consequently, the predictability of
alloy composition. This could be done by mixing
using a binder, or perhaps by heat-treating the mix-
ture to chemically bind the oxides together as Fe,.
TiOs. Improved mixing should also make the
resulting alloy powders more chemically homoge-
neous, allowing for complete diffusion to be achieved
using a shorter FAST dwell duration.

Interstitial content variation could also be reduced
by altering aspects of the extraction process. Opti-
misation of the FFC-Cambridge process for this oxide
mixture could further reduce O contents and lower
the range between powders. Automated post-pro-
cessing of the powders would assist in the removal of
surface C, decreasing variation in C contents and
preventing any carbide formation. The use of inert
anodes in the FFC-Cambridge process would remove
C from the system entirely, producing O, gas instead
and improving current efficiency [20, 48]. Future
developments will be monitored, but currently only a
few materials have shown promise as inert anodes in
the FFC-Cambridge process, and more research is
required to assess their longevity over many reduc-
tion cycles.

The quantities of the alloy powders generated
meant that mechanical testing was limited to micro-
hardness only. These data suggested that there are
two main strengthening effects which increase the
hardness values: solid solution strengthening from
increasing Fe content and the precipitation of fine
secondary o on cooling. Further assessment of the
mechanical properties of these alloys is an important
next step in understanding their potential as materi-
als. This involves generating greater quantities of
powder to produce larger FAST billets from which
various specimens can be machined. Conventional Ti
alloy powders consolidated using the same FAST
conditions can then be tested for comparisons. Binary
Ti-Fe alloys can also be produced using FAST from
blended elemental powders, giving far greater con-
trol over Fe content. Investigating this would allow
for comparisons with these SR + Fe,O; derived
alloys to understand any effects of production via the
FFC-Cambridge process and the presence of other
remnant elements from the SR.
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