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Abstract

TiAl 3 intermetallic has been successfully synthesizedthgy electrochemical
deoxidation of the Ti/Al-containing oxides precusancluding TiQ/Al,O3 mixture
and titanium-rich slag/AD3z; mixture at 1000 °C and 3.8 V in molten Ca@\ solid
oxide membrane (SOM) tube filled with carbon-satdaliquid tin was served as
inert anode, and the pressed pellet of Ti/Al-camiej oxides precursors was used as
cathode during the electrochemical deoxidation ¢gec The results show that the
reduction proceeds through a serious of individiages, which mainly involve the

formation-decomposition of calcium titanium/alummuoxides and the formation of
1/27
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TiAl alloys. The analysis of the partially reduced odth pellet confirms that the
three phases interlines (3PIs) reaction area ghgdexgands from the pellet’'s surface
to its centre. The morphology of the TiAbbtained from Ti@AI,O3; precursor
exhibits a homogeneous nodular structure. The fpraduct produced from the
titanium-rich slag/AdlOs precursor contains TiAland Lb Tip 7 25Als. In addition,
the porous TiAd with high porosity can be prepared by using NaGl the
space-holder material. The results demonstratetiea®OM process has the potential
to be used for the facile production of Ti-Al alfofrom complex oxides precursors.
Keywords: TiAl 3; electro-deoxidation; SOM; oxides; CaCl
1 Introduction

Titanium aluminides (includes FAl, TiAl and TiAl3) are regarded as innovative
high-temperature engineering materials owing tartlexcellent properties [1-3].
Among these titanium aluminides, TRl the most lightest with a density of ~3.4
g/cn? [4]. Moreover, good oxidation, high modulus of steity, moderately high
melting temperature (around 1400 °C) and concegvdbyh-temperature specific
strength make TiAl becomes an attractive potential candidate for spere
application [5-7]. In addition, TiAlis a suitable reinforcement for aluminum due to
the good wettability and clean interface betweehl sland Al matrix [8]. Numerous
technologies have been developed to prepare; Tidin Ti and Al powders, such as
arc melting, thermal explosion (TE), hot pressiH§) and reaction synthesis of solid
Ti and liquid Al [9-14]. The process (usually Krgdrocess) used for producing Ti
powder generally involves high cost and high eneaysumption.
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In 2000, a novel electrochemical deoxidation methathed FFC Cambridge
process has been first proposed to extract matdlsléoys directly from metal oxides
[15]. The electrochemical deoxidation process isitmnly operated at a moderate
temperature (800-1000 °C) in molten salts, suchmadten LiCl, CaC} and
CaCb-NacCl [16, 17]. During the electrochemical deoxidatprocess, the inexpensive
metal oxides are used as raw materials, and thalsredtoys/composites can be
directly synthesized at cathode. Generally, theplgta is used as the consumable
anode during electro-deoxidation to react withh ® form CO and/or C®gas. The
generated C@can further react with ©in the molten electrolyte to form GO (CO;

+ O — CO%). Consequently, C can be formed through the sidetrechemical
reaction (C@ + 46 — C + 3% and thus influence the deoxidation process [18,
19]. In addition, the graphite powder dropped frtime graphite anode will also
pollute the molten salts and inevitably decrease trrent efficiency of the
electrochemical deoxidation process [20]. Howetlegse side reactions and carbon
pollution can be avoided by modifying the consureabhode. The solid oxide
membrane (SOM) assembled anode system has beesdpram be used as the inert
anode to replace the graphite anode [21, 22]. [Qurihe SOM-assisted
electro-deoxidation process, only @an pass through the SOM and thus the anodic
reaction area has been separated from the molishasaschematically shown in Fig.
1 [22-24]. Generally, high current efficiency care kachieved by using the
SOM-assisted electro-deoxidation process due toc#rbon-related side reactions
have been avoided [25]. In the previous work [224-3R], various
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metals/alloys/composites have been successfullfhegized from their relevant
oxides and complex ores (such as titanium-rich ,slagenite and Ti-bearing
blast-furnace slag) by using the SOM-assisted m@attoxidation method. The SOM
process has been considered as a green and edfamthnology for the preparation of
metals/alloys/composites, especially refractoryemals [30].

The melting point of aluminum is only 660 °C, theiically, aluminum is liquid
at the experimental temperature (800-1000 °C) durthe electrochemical
deoxidation process. However, aluminum can reath Wi to form Ti-Al alloys
during the solid-state electro-deoxidation procgld. In the present study, TiAl
intermetallic has been electrochemically synthekizem TiO)/Al,O3 precursor and
titanium-rich slag/AdlOz precursor in molten Caglby using the SOM-assisted
electro-deoxidation process. The phase compositidhe cathodic products obtained
from different electrolysis conditions was systegaly investigated by using X-ray
diffraction (XRD), and the microstructure of thedi product was analyzed by using
scanning electron microscope (SEM). In additiore fphase composition of the
partially reduced pellet has been carefully analyg using XRD from the pellet’'s
surface to its centre area, and the reaction pathdvaing the electrochemical
deoxidation process of Ti/Al-containing oxides presors in molten Caglhas been
discussed. In addition, the porous BAlloy has also been tried to electrochemically
produce by the SOM process with the use of Na@l gizace-holder material.

2 Experimental
2.1 Fabrication of electrodes
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The raw materials used in the experiments invotwaroercial TiQ, Al,O3; and
titanium-rich slag. The titanium-rich slag was pnodd by the reduction of the
titaniumferrite ore with coal in an electric arariace, and the chemical composition
of the slag is listed in Table 1. The mixture oOJiand AbOz; was prepared at the
stoichiometric ratio of Ti:Al = 1:3 (34.31 wt % TOand 65.69 wt % ADs)
corresponding to TiAl Then, the Ti@AI,O3 mixture with anhydrous alcohol and 5
wt % polyvinyl butyral (PVB) was ball-milled for alit 4 h at a rotation rate of 450
r/min. The milled mixture was then pressed undstadble pressure (12 MPa) for 2
min to form a cylinder pellet. In addition, theatiium-rich slag/AlO; mixture (49.91
wt % titanium-rich slag and 50.09 wt % »8k) pellet was also prepared using the
above process. The pressed pellet without beingiptered in high temperature has
been proved to possess enough strength to mee¢dhe@ement of electrolysis. The
pressed pellet was directly sandwiched between garous nickel foils, and then
fixed with Fe-Cr-Al alloy wire (1.5 mm in diametet) form a cathode. The porous
nickel foil can provide more initial reduction ptsnto the mixture pellet during the
early stage of electrolysis.

The SOM tube (8 mol % yttria-stabilized zirconia3X)) used in the experiment
was fabricated by slip casting and high temperasiméering process. It has been
proved that the home-made SOM tube can supporh@ time electrolysis process
[25, 27-29]. The inert anode was composed of theMS@be filled with
carbon-saturated liquid tin, and a Fe-Cr-Al/Mo wikas inserted into the tube to
conduct electric current. The liquid tin containedthe SOM tube is acted as a
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medium to transport © generated from the electrochemical reduction reasti.e.,
MOy + 26 — M + 2xO*~. The carbon saturated in liquid tin is used asiceht to
react with oxygen ions,e,, C +x0*” — COe10r2)+ 2¢€. As shown in Fig. 1, the
key feature of the SOM-assisted electro-deoxidgtimtess is that the anode reaction
area can be separated by the SOM tube from theemslt, therefore, only“Ocan
pass through the SOM tube. As a result, the CQ/Génerated in the SOM tube
cannot react with ® in the molten electrolyte to form GO, and thus the
carbon-related side reactions can be effectivelyided. In addition, higher voltage
(such as 3.5-4.0 V [29],) can be applied duringSRM-assisted electro-deoxidation
process, which means that the SOM electrolysis ggo@enerally possesses high
reduction speed [25].
2.2 Electrolysis procedure

The assembled cathode and anode were placed inuadcon crucible which
contained molten Cagls electrolyte. The experiments were systemaficaltried
out in a vertical tubular corundum reactor whichsv@cated in an electrical furnace,
as shown in Fig. 1. The ultra-purity argon gas w@ginuously purged into corundum
reactor to provide/keep an inert atmosphere dutiegelectrochemical deoxidation
process. The electrochemical experiments includgtb-electrolysis of molten CaCl
and the subsequent electrochemical deoxidatiorepsod he pre-electrolysis with the
aim to remove residual redox-active species anduakmoisture from molten Cagl
was performed at 2.5 V and 1000 °C between a FAtl@iloy wire cathode and the
SOM anode for 2 h. The electrochemical deoxidafimtess was then conducted at
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3.8 V and 1000 °C between the pellet cathode aadSthM anode for appropriate
time. A BioLogic HCP-830 electrochemical workstatiovas used to control the
electrochemical experiment. After the electrolysis finished, the reduced cathode
was taken out from corundum reactor, washed wiphwtater and dried at 90 °C in a
drying oven.
2.3 Characterization

The chemical composition of the titanium-rich slags analyzed by X-ray
fluorescence spectroscopy (XRF-1800, Shimadzu EmnitCo. Japanese) and
inductive-coupled plasma spectroscopy (ICP, Peiklmer PE400). The phase
composition of the cathodic products was determibgda D8 Advance X-ray
diffractometer (XRD, Bruker Co. Germany). The malggy of the cathodic
products was examined by scanning electron micmpsc(BEM) on a JEOL
JSM-6700F microscope. The elemental compositiorthef cathodic products was
analyzed by energy-dispersive X-ray (EDX) speciwpgdOxford INCA EDS system)
attached to the SEM.
3 Results and discussion
3.1 Production of TiAlz from TiO,/Al,O3 mixture precur sor
3.1.1 XRD analysis

To investigate the influence of molten Cadmmersion process on the
precursors, the TigAl,O; mixture pellet was immersed in molten CaQiath
(without being pre-electrolyzed) at 1000 °C for.2As presented in Fig. 2, the phase
composition of the pellet after being immersed ioltan CaCj for 2 h mainly
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contains AfOs3, Ca2Al14033 and CaTiQ. This finding suggests that Ti@nd AbLO3
are converted mostly into CaTiOand CaAl.14033 through chemical reaction
processes. Actually, a small amount of CaO woukVitably exist in molten Ca¢l
due to the impurity of the purchased Ca(urity > 98 %). In addition, CaO is
believed to be available in molten CaQalt due to the hydrolysis reaction of
CaCb-x(H20), i.e, CaCh-H,O — CaO + 2HCI [32]. Therefore, the chemical
formation of CaTiQ and Ca.Al 14033 can take place by reactions (1) and (2).

TiO, + CaO— CaTiO; AG’ 1000 °c)= —88.36 kJ/mol (1)

7AI,05 + 12Ca0— CaAl140s3  AG (1000 °c)= —374.97 kd/mol )

In order to investigate the detailed variationspbfise composition during the
electrochemical deoxidation process, the partiafiguced pellets obtained from
different electrolysis times were systematicallplgmed. As revealed in Fig. 3, A3,
Ca2Al 14033 and CaTiQ, along with trace amount of ;05 were obtained after 1 h
electrolysis. During the electrochemical deoxidatiqorocess, oxygen was
continuously removed from the cathode to molten IgaBence, the chemical
reactions between TiAl,O; and G/C&”* will also contribute to the formations of
CaTiO; and CaAl14033, as expressed by reactions (3) and (4). Besidg®sAl
Ca2Al 14033 and CaTiQ, the titanium sub-oxides Jd; and TiO have also been found
to coexist in the product obtained from electr@dysir 2 h. When the electrolysis time
was prolonged to 3 h, a small amount of TiAl wasegated, however, the main
phases still consisted of Ad;, CaAl14033 and CaTiQ. The decomposition
potentials of AJOs, Ca2Al14033 and CaTiQ at 1000 °C are calculated to be 2.18 V,
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2.27 V and 2.07 V, respectively. Obviously, 168d14033 is a relatively stable
compound during the electrochemical deoxidatiorcg@ss [29]. As revealed in Fig. 3,
a certain amount of GaAl 14033 still existed in the pellet after being electrayzfor 4

h. Besides, TiAl and TiAk were formed through the reactions between thergeat
titanium and aluminum. The product obtained froraceblysis for 5 h contained
TiAl 3, TiAl,, Al,Tiz and AbOs. TiAl3 was finally formed when the electrolysis time
was extended to 6 h. The observation of the intdiates CaTi@, TisOs, TioO; and
TiO suggests that the electrochemical deoxidatiomi©, is a multi-step process as
the sequence: TiD— CaTiO; — Tiz0s — Ti,O3 — TiO — Ti and/or TiQ — Ti30s

— Ti,03 — TiO — Ti. In addition to the direct reduction of &), partial ALO; was
firstly converted into CagAl14033 and then reduced to Al. The formed titanium and
aluminum would react to form TiQl(Al,Tis, TiAl, TiAl; and TiAk) in the cathode
according to reactions (5)—(8), and TjAlas finally formed with the increase of

electrolysis time.

TiO, + C&* + OF — CaTiOs 3)
7A1,05 + 12C&" + 120~ — CaoAl 14033 (4)
3Ti + 2Al — Al,Tis (5)
Al,Tis + Al — 3TiAl (6)
TIAl + Al — TiAl, (7)
TiAl, + Al — TiAl 3 (8)

Generally, the reduction process gradually extdraia the pellet’'s surface to its
interior. To further investigate the detailed elechemical deoxidation process for
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TiO2/Al, O3 mixture pellet, a partially reduced pellet waslgped by XRD. In this
experiment, the partially reduced pellet was grotnodn the pellet's surface to its
interior in a certain distance, as illustrated ig.@a. Then the phase composition of
the corresponding layers was determined by XRBhasvn in Fig. 4b. As revealed in
the figure, the pellet’s surface has been complattiuced to TiA. However, the
pellet's centre still contains unreduced oxides/osoomds (A}O3, Ca2Al14033,
CaTiG; and TpO3), and the formation of W3 may be attributed to the reduction of
CaTiO; and/or TiQ. The aluminum-containing oxide compounds G@&Al and
Ca2Al 14033 exist in the pellet’s exterior and interior, resipeely. CaAlLO; may be
formed through the reduction of GAl;14033 and/or the combination reaction of,®%
with C&* and G, as described in reactions (9) and (10). It carséen that the
Ti-containing oxides (BO3; and CaTi@) exist in the centre of the pellet, and no
Ti-containing oxides present in the outer of thégbeThe decomposition potentials
of Ti-containing oxides (FDs: 2.02 V; CaTiQ: 2.07 V) are lower than that of
Al-containing oxides (C@Al14033 2.27 V; CaAlO7: 2.25 V; ALOs: 2.18 V).
Therefore, titanium can be facilely formed durirg telectrochemical deoxidation
process. It is worth nothing that the formed alwminmay also be beneficial to the
reduction of titanic oxides through an aluminothernreduction process such as(4

+ 2Al — 2Ti + AlO3 (AG’ (1000 °c)= —99.954 kJ/mol). The formed aluminum will react
with titanium to generate TiRlx < 3) intermetallicsj.e., TiAl, TizAl, TiAl and TiAl,.
Eventually, TiAk can be formed by the reaction of TiAdnd Al when enough
aluminum is produced. Therefore, the partially m@mtl pellet can be divided into
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three partsi.e, surface (completely reduced part), middle layert{gy reduced part)
and centre (unreduced part). The phase compositieach part is summarized in Fig.
4c, in which thexCaOyAl,0O3; mainly refers to CaAl 14033 and CaAO;.

2Al1,0; + CaO— CaAllO;  AG’ 1000 °c)= —58.67 kd/mol 9)
CayoAl 14033 + 306 —11Ca0 + 10Al + CaAD; + 15G~ E(000°c)=2.30 V (20)
3.1.2 Morphology observation

During the electrochemical deoxidation processs iwvell determined that the
reduction reaction occurs at the oxides/molteriraalial three—phase interlines (3PIs)
area [33, 34]. The 3PIs are firstly formed on thdace of pellet and then gradually
expands along the depth direction. Fig. 5a showsStEM image of the section of a
ground pellet electrolyzed for 3 h. As evidencedhia figure, the pellet has not been
completely reduced. It is clear that the sectiopaifet shows different morphologies,
and it consists of two parts separated by the 3Ris.outer part shows a loose and
homogeneous morphology (Fig. 5a and g), on theraontthe inner part possesses a
dense structure (Fig. 5a and h). It should be ntitatithe loose structure can provide
the direct channels for the transmission of mo@&C} and the migration of oxygen
ions during the electrochemical deoxidization psscelhe corresponding elemental
analysis indicates that the outer part has beensdlreduced to Ti-Al alloys, whereas
the inner part is still unreacted, as revealed im Bc—f. According to the EDX
analysis presented in Fig. 5b, a considerable atrafleiements Ca and O, along with
elements Ti and Al, exist in the inner part of fhadlet, which mainly correspond to
the intermediate compounds.e., CaTi0;, CasAl14033 CaALO; etc. As the
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electrolysis time increasing, these intermediatenmaunds would be reduced to
titanium and aluminum respectively. As a resulg tlense structure of the inner part
would also become loose/porous.

Fig. 6 shows the SEM images of the product elegtesl for 6 h. The EDX
analysis suggests that the 718,03 mixture has been completely reduced to JiAl
alloy. As revealed in the Fig. 6a, the obtained IFiparticles possess a uniform
microstructure and these Ti#particles (approximately 3—+fn) begin to interconnect
with each other to form a porous nodular structually, the interconnected Til
particles are grew up from the smaller particlggpfaximately 1um) through the
sintering process, as evidenced in Fig. 6b. It khdae noted that the formed
aluminum is theoretically presented in liquid foahthe experimental temperature
(1000 °C, the melting point of Al is 660 °C). Hoveythe liquid Al can react with the
surrounded/generated titanium to form Ti-Al intetalkcs immediately. Meanwhile,
the liquid Al may also act as the binder to ac@kethe sintering of the surrounding
solid particles.

3.1.3 Synthesis of porous TiAl3

It was suggested that the titanium alloys with adpsigned geometry can be
preparedvia the reduction of the pre-formed oxide precursarsnblten salts [35].
Porous TiA} intermetallic can be applied as heat insulatioth separation materials
due to its better oxidation resistance in elevaezdperature [36, 37]. Therefore, we
tried to electrochemically prepare porous TEiAtom the TiQ/AI, O3 mixture
precursor with a space-holder material (NaCl) inltemo CaC}. The whole
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experimental process is illustrated in Fig. 7. Npéiticles (200-50Qm) are used as
the space-holder material, which can be removetlydasm the pellet by dissolving
into molten CaGl at experimental temperature (1000 °C). Fig. 8 gmesthe SEM
images of the final TiAJ obtained from different electrolysis conditionsbvausly,
there are lots of tiny pores (marked with arrow§iig. 8a and d) are found among the
interconnected nodular skeletons due to the reslu@tind the sintering processes. In
addition, it is obvious that the microstructuredhod electrolyzed pellets with/without
NaCl show considerable difference, as shown in &gand Fig 8b, c. The large pores
are distributed on the skeletons (marked with egc¢h Fig. 8b and c), the pore sizes
are approximately 100-500m. Evidently, the large pores are formed becaudbef
removal of initial NaCl particles during the elemthemical deoxidation process. It
should be noted that the pore size and porositig@porous TiAd can be affected by
the characteristics of the added NaCl particleshsas patrticle size, shapes and
contents [37].
3.1.4 Reaction mechanism of the electrochemical deoxidation process

Based on the time/position-dependent variationgpludse composition (Figs.
2-4), the thermodynamic consideration (at 1000 a@Jl the previous studies on the
reaction mechanisms of the electrochemical rednafanetal oxides [19, 29, 38-40],
the reaction path of electrochemical reduction @.1Al,O3 mixture precursor to
TiAl 3 in molten CaCl has been suggested, as schematically illustratéagi 9. It is
suggested that the electrochemical synthesis of; Tiinly includes three partse.,
the formation-decomposition of Ti-containing oxiddse formation-decomposition of
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Al-containing oxides and the formation of TjAlIThe formation of CaTi@ is
inevitable due to the reaction of Ti@nd CaO/(C4, O*) during the electrochemical
deoxidation process, as described in reactionsa(t) (3). The decomposition of
CaTiOs/TiO, proceeds through a number of individual steps whiainly involve the
formation and reduction of JjOy3 (i.e., TizOs, Ti,O3 and TiO) (reactions (11)—(13))
[19, 40]. The dissolubility of CaO in molten Ca@ approximately 21 mol % [41],
therefore, the generated CaO can completely digsote molten CaGl
3TiO,/CaTiO; + 26 — Tiz0s/2Ca0 + G~ E1000°c)= 1.28 V/2.65 V (11)
(X=2)Tix.1023 + 26 — (x=1)Tix 2005 + OF
Ewo00°c)= 1.46 V &= 3), 1.70 VX = 4) (12)
TiO + 26 — Ti + O° E1000 °c)= 2.18 V (13)
Ca2Al 14033 is also formed through the chemical reactionscfreas (2) and (4)),
which is similar to the formation of CaTiOThen CaAl14033 can be reduced to
compound CaAl; according to reaction (10). Therefore, Aluminunm ¢e formed

by the reduction of AD3, Ca»Al14033 and CaAlO; according to reactions (14)—(16).

Al,O3 + 66 — 2Al + 302_ E(]_ooo °Cc)= 2.18V (14)
Ca Al14033 + 426 — 12Ca0 + 14Al + 216 E(]_ooo °C)= 227V (15)
CaAl,O; + 12¢ — CaO + 4Al + 66_ E(]_ooo °C)= 2.25V (16)

Ti-Al intermetallics (TiAk) are formed by the reactions between titanium and
aluminum and the formation process can be exprebgethe reaction sequences
(reactions (5)—(8)): BAl — TizAl, — TiAl — TiAl, — TiAl 3. It should be noted that
the above-mentioned formation steps are not neglgssatemporal sequence, and
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they may occur simultaneously during the electratbal deoxidization process.
3.2 Production of TiAlz from titanium-rich slag/Al,O3 mixture precur sor
3.2.1 XRD analysis

The electrochemical synthesis of TiArom titanium-rich slag has also been
investigated. 50.09 wt % AD; was added into the titanium-rich slag to provide
adequate aluminum to form TiAlThe variations of the phase composition durirgy th
electrochemical deoxidation process were determiyeXRD, as revealed in Fig. 10.
As evidenced in Fig. 10a, the initially as-receivw@dnium-rich slag with complex
composition is composed of kennedyite (§€io.4dV1Q0.21)(Ti1.oMJo.1)Os, PDF#
80-1216), titanite (CaTiSi§) PDF# 73-2066) and trace amount of rutile @O
PDF# ). The XRD analysis result (Fig. 10a and beats that the pellet has been
deoxidized completely within approximately 4-5 tneTfinal product contains TiA)|
Tip79& 25Al3, and trace amount of sBiz. A fact that Fe can be partially/completely
removed during the electrochemical deoxidation @sschas been reported in the
previous work [29, 42]. However, in this work, & lielatively difficult to completely
remove Fe from the pellet during the electrochehdeaxidation process due to the
content of total FeQin the titanium-rich slag is 12.77 wt %. Actualtile generated
Fe can promote the subsequent electrochemical ggodee to its good electronic
conductivity [27, 43], and Fe will react with Ti @nAl to form T d&25Al3
intermetallic. It should be noted that oFi#e.25Als intermetallic has the
high-symmetry L} cubic structure and thus has better ductility cared to the
tetragonal D@, structure TiA}. Usually, the ductility of TiAd can be improved by
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alloying with other elements, such as Cr, Mn, Fd @o [9, 10]. During the early
stage of the electrochemical deoxidation processt (f h electrolysis), the product
mainly contains unreduced oxides/compounidg, Al,Oz; CaTiQ, CasAl14033,
CaAlgO13, TioO3 and TgOs. CaAlgO3 can be formed by the electrochemical
deoxidation of CgAl14033 (CaizAl 14033 + 24€ — 8Ca0 + CaAlgO13 + 8Al + 1207)
and the reaction between 8, and CaO/(C&, O*) (3Al,0; + 4Ca0/(C&', O*) —
CaAl¢Oy3). Finally, the formed titanium and aluminum widact with each other to
form TiAl,, and then the formed TiAlcan further react with Al to form TiAl as
shown in Fig. 10 (2, 3 and 4 h).

Fig. 11 presents the XRD patterns of a partialjuced pellet (electrolyzed for
1.5 h) from the pellet’s surface to its centre. Peduct of the interior of the pellet
mainly contains unreduced oxides/compoundas, Al,Oz, Ca2Al14033, CaAleOrs,
Ti,O3 CaTiO;, TiO etc. Based on the experimental results (Figs. 10 &aljd the
reduction pathway of Ti-containing oxides followsetsequence of CaTiG~ TizOs
— Ti,03 — TiO — Ti. In addition, the reduction pathway of Al-comiag oxides
follows the sequences of A3 — Al and/or AbO; — (Ca2Al 14033 — CaAlg0q3) —
Al. Moreover, TiAb, Al,O3; and TiSiz are identified as the main phases of the surface
of the pellet. Obviously, when the residuab@d4 was reduced to aluminum, TiAl
would finally react with Al to form TiAd. It is obvious that the intensity of TiAl
peaks decreases while the intensity ofOAlpeaks increase gradually along the depth
direction. This observation is consistent with éix@ansion of 3PIs reaction area from
the surface to the inner part of the pellet durihg electrochemical deoxidation
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process.
3.2.2 Morphology observation

The as-received titanium-rich slag powder shows iramgular morphology
according to Fig. 12a, and the particle size isiado9 um. The EDX analysis (the
inset in Fig. 12a) over the SEM imaging area comgirthat the titanium-rich slag
consists of relatively complex compounds. Fig. EPlows the SEM image of the
titanium-rich slag/AJO; mixture after being ball-milled for 4 h. It is eethat the
particle size of the ball-milled mixture (approxitely 5 um) is less than that of the
initial titanium-rich slag. The SEM image of thenapletely electrolyzed product
obtained after 5 h electrolysis is presented in E@c. The particles of the final
product possess smooth surfaces, and the parbielgis to interconnect together to
form a porous sponge-like microstructure owing hie sintering affect during the
electrochemical deoxidation process. Elements Tji,F& and Si (corresponding to
TiAl 3, Tip7F&25Al3 and TiSis) were found in the final product. The impurity
elements Ca and Mg can be partially/completely nexdothrough the chemical/
physical processes [29, 44, 45]. It should be ndteat there are two types of
morphology present in the final produdte., the large and little particles, as
evidenced in Fig. 12c. According to the EDX anay($iig. 12d), it is obvious that the
little particles are ESi; and the large particles are TATisSi; is formed through the
reaction between the formed titanium and silicocoading to the reaction: 5Ti + 3Si
— TisSis (AG’ 1000 °«c)= —589.26 kJ/mol).
4. Conclusions
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The pressed pellets of Ti/Al-containing oxide pmsous (e, TiOJ/Al,O3
mixture and titanium-rich slag/ADs; mixture) have been electrochemically reduced to
TiAl 3 intermetallic by using the SOM-assisted electroxigation process in molten
CaCh at 1000 °C and 3.8 V. The characteristics of thedpcts obtained from
different electrolysis conditions were systematjcalvestigated. The results suggest
that the reaction mechanism of the electrolysistmadivided into three steps) the
compounding reaction of T Al,O; and CaO/(Cd, O*) to form compounds
CaTiO; and CayAl140s3; (ii) the reduction of CaTigxto titanium sub-oxide O, and
titanium in sequence, and the reduction oAl and xCaOyAIl,O3 (includes
Ca2Al 14033 and CaAlOy) to Al; (iii) the formation of TiAd through the reactions
between titanium and aluminum. The systematicalyara of the partially reduced
pellet demonstrate that the reduction process elgpgradually from the surface to
the inner of the pellet. The produced HAparticles obtained from TiAI, O3
precursor possess a typical interconnected nodularostructure. TiAd and Lb
Tip 9@ 25Al3 can be obtained from titanium-rich slag/®4 mixture precursor. In
addition, the electrochemical preparation of pordusl 3 from TiO,/Al, O3 mixture
precursor has also been proved by using the etdwroical deoxidation process.
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Table and Figure Captions

Table 1 The chemical composition of the titanium-rich s{ad %).

Components TiO, SiO, CaO Al,0; MgO Total FeQ MnO

Content 70.74 6.46 258 2.72 3.66 12.56 1.28

Fig. 1. The schematic illustration of the experimentalapfus and the SOM-assisted

electro-deoxidation process.

Fig. 2. XRD patterns of the Ti@Al,O; mixture precursor before and after being

immersed into molten Caglor 2 h.

Fig. 3. XRD patterns of the products obtained from the JADQO; mixture pellet

after being electrolyzed for different times.

Fig. 4. (&) The schematic illustration of the partiallydueed TiQ/Al,O3 mixture
pellet which was firstly ground and then analyzgddRD; (b) XRD patterns of the
partially reduced pellet from the surface to thate= (c) a schematic illustration of

the phase composition of the partially reducedepell

Fig. 5. (a) SEM image of the section of the %8 ,0; mixture pellet after being
electrolyzed for 3 h; (b) EDX line profiles of tlwerresponding position of the SEM

image (marked with line in (a)); (c)-(f) The compesding elemental maps of the
25127



10

11

12

13

14

15

16

17

18

19

20

21

22

SEM image; (g) (h) SEM images of the outer partdgyl the inner part (h) of the

partially reduced pellet.

Fig. 6. (a) SEM image of the product obtained from the ;#/AD,O3 mixture pellet
after 6 h electrolysis, and the inset is the EDXcsum measured over the SEM

imaging area; (b) the enlarged view of the corredpw region marked in (a).

Fig. 7. The schematic illustration of the electrochemjmadparation of porous TiAl

from TiO./Al,O3 mixture precursor with the use of NaCl as the egamder material.

Fig. 8. (a) SEM image of the electrochemically preparefl Fwithout the addition of
NacCl; (b) and (c) SEM images of the electrochenycptepared porous TiAlwith
the addition of NaCl; (d) the enlarged view of tw@responding region marked with

rectangle in (c).

Fig. 9. The schematic illustration of the reaction meckanof the electrochemical

deoxidation of TiQ/AlI,O3 mixture precursor to TiAlintermetallic.

Fig. 10. (&) XRD patterns of the initial titanium-rich slagnd the mixed
titanium-rich/ALO3; before electrolysis, as well as the products okthi from
titanium-rich slag/AdlO3; mixture pellet after being electrolyzed for ditfet times; (b)
the detailed XRD patterns corresponding to the araked in (a).
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Fig. 11. XRD patternsthe partially reduced titanium-rich/&D; mixture pellet from

the pellet’s surface to its centre.

Fig. 12. (a) SEM image of initial titanium-rich slag, artketinset is its corresponding
EDX spectrum; (b) SEM image of the mixed titaniuiehrslag/AbOs; (c) SEM image

of the product obtained from the titanium-rich $hlgO3; mixture pellet after being
electrolyzed for 5 h, and the inset is the corregpmy EDX spectrum; (d) EDX

spectra measured at the corresponding positionsachavith rectangles in (c).
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Highlights
(i) Direct electrosynthesis of TiAlz from complex Ti/Al-containing compounds has
been investigated.
(i) The reaction mechanism and the detailed reduction process have been determined.
(iii) Porous TiAl3 has been produced using the solid oxide oxygen-ion-conducting

membrane (SOM) process.



