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Projekta uzdevums :

> Veikt rlpnieciskos pétijumus ar mérki izstradat jaunu tehnologiju, kas
balstita uz Krola un elektrosarnu procesiem un tehnologijas prototipu
Ti/TIAl sakauséjumu iegdsanai.

Projekta rezultati:

> Jabit izveidotam jaunas Ti/TiAl sakauséjumu iegidSanas tehnologijas
prototipam;

> Jabut apstiprinatai un aizstavétai projekta izpildes gaita izstradatajai
tehnologijai patenta forma, publicétiem 4 originaliem zinatniskiem
rakstiem un 8 zinojumiem starptautiskas konferencés.
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tehnologiskas komponentes
1.1.TiAl eksperimentalas iekartas reaktora modula stends.
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Ievads.

Ta ka jaunads titana un ta savienojumu iegiliSanas metodes pamatd ir titana tetrahlorida
metalotermiska reduc€sana izmantojot kaus€tu kusSnu slani, kur§ darbojas ka vieda
puscaurlaidiga mambrana, ir jaizp€ta kusnu slana sp&ju izfiltrét cauri tam titanu, atdalit reaktora
karsto zonu (1700 — 1750 C) no nosaciti aukstas (1200 — 1400° C), ka ari vienlaicigi pievadit
titana parkaus€Sanai nepiecieSamo papildus termisko energiju izmantojot elektrosarnu
parkauséS$anas procesu, tapéc projekta 3. Etapa (09.-10.2017.) izpildes procesa galvena
uzmaniba bija pievésta eksperimentalas iekartas reaktora modula stenda izstradei un kuspu
1pasibu analizei.

Aktivitate Nr. 1. Tehnologijas prototipa izstrade, integréjot galvenas tehnologiskas
komponentes

Ti/TiAl eksperimentalas iekartas reaktora modula stends.

Ka jau minéts Progresa zinojuma-2, lai izp€titu un atrastu optimalus reZimus titana pilienu (kuri
atdalijusies no elektroda), caurpliidei cauri izkaus€tam un uzkarsétam lidz 1400°C kusnu (flux)
slanim un to noséSanos uz titana aizmetna virsmas, kas atrodas zem izkausétas kusnu - flux kartas
izstradats reaktora modula stenda tehniskais projekts, zim. 1.1.
Reaktora modula stenda galvenas sastadalas ir:

> reaktors, poz.1,
kondensators, poz.2,
elektroda piedzinas mehanisms, poz.3,
vakuumsuknis, poz. 4,

tidens siuikni, poz.5 un

YV V V VYV V

caurteces meritaji, poz.6.

Galvenas ierices un mezgli tiek un projekta gaita tiks uzmonteti uz speciala ramja.



Zim.1.1. Ti/TiAl eksperimentalas iekartas reaktora modula stends.

Projekta 3. etapa paredzeéto darbu izpildes laika turpinajas Ti/TiAl eksperimentalas iekartas

reaktora modula stenda montaza, kuras rezultata paveikts sekojosais:

- uz reaktora modula uzmontets elektroda piedzinas mehanisms, zim. 1.2.;
- reaktora modulis kopa ar piedzinas mehanismu parbaudits uz vakuumu un spiedienu (15bari);
- elektroda baroSanai renovéts 10 kW barosanas bloks (transformators), zim. 1.3;
- izstradata reaktora modula barosanas principiala shéma, zim.1.4.;
- transformators pieslégts elektriskajam tiklam un veikta ta darbibas parbaude tuksgaita;
- lai sagatavotu stendu eksperimentiem ar elektrodu un kontrol&tu reaktora sastavdalu
temperatiiru, reaktora korpusam uzmontéts definéts skaits termoparu, zim.1.5.;
Sekmigai eksperimentu veikSanai ar titana elektrodu vél nepiecieSams izstradat un samont&t

reaktora korpusa un ta atsevisku sastavdalu dzes€sanas sist€ému.



Zim.1.2. Reaktora modula stenda kopskats. Zim.!.3. Barosanas bloks (10kW)
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Z1m.1.4. Reaktora modula baroSanas principiala shema.
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Location of termocouples on the reactor body.

T1..TS - K-type termocouple 40.7pV/°C
TM1-TM2 - Thermometer VOLTCRAFT304

Designed by Checked by Approved by Date Date
User 11/10/2017

Electrical diagram

SLUFI |zm| Sheet
1/1

Zim.1.5. Reaktora modulis aprikots ar definétu termoparu skaitu.

Aktivitate Nr.2. Eksperimentala validacija.

2.1. Pirmie eksperimenti un to merkis.

Projekta 3.etapa darbu izpildes laika turpinajas iesp&jamo kuSnu 1psibu analize un iesp&ja tos
izmantot Ti parkaus€Sanas procesa, ka arT iegiito termovakuumkrasni paraugu analize ar mérki
izpéetit ka titans filtr&jas cauri kusnu slanim.

Elektrosarnu parkauséSana (ESP) ir sekundars metalu rafin€Sanas process. Izmantojama
elektroda ESP ar tideni dzes€jama kristalizatora plasi izmanto riipnieciba.

Saja procesa sarnu slanim ir divas svarigas funkcijas — tas kalpo gan ka galvenais siltuma avots,
gan ka butiskakais ktmiska sastava reguléSanas Iidzeklis. Sarpiem ir ar1 vairakas paligfunkcijas.



Sacietgjot uz kristalizatora sieninam, tie noverS tieSu saskari starp izkaus€to metalu un
kristalizatora materialu, izol§jot metalu gan termiska, gan elektriska zina no kristalizatora un Iidz
ar to, aizsargajot metalu no oksidéSanas. ESP procesa sarnu vanna tiek uzkarséta un izkauséta ar
elektriskas stravas palidzibu, kas pliist no elektroda uz dzes€jamo pamatni. Kad sarpu vannas
temperatiira parsnierdz rafingjama metala kuSanas temperatiru, elektrods sak apkust. No
elektroda gala tekoSie Skidra metala pilieni nokliist sarnpu vanna, veidojot uz pamatnes metala
vannu, kas pakapeniski sacieté. Rafinésana notiek metala un sarnu savstarpgjas reakcijas procesa,
kas norit tris stadijas:

- veidojoties pilienam elektroda gala;

izejot metala pilienam caur sarpiem,;
+ - pie robezvirsmas sarpu vanna/metala vanna.

Sarnu sastavdalu izvéle.
1. ESP sarnu galvena sastavdala parasti ir CaF,;, CaO, MgO, SiO, un Al,Os. Siem
materialiem piemit stabilitate augstas temperatiiras, t. i. zems tvaiku spiediens. Ming&tas
vielas butiba nosaka sarnu fizikalas un kimiskas 1pasibas.
2. Mazak nozimigu sarpu sastavdalu (<10%) izv€le vajadzibas gadijuma uzlabo sarnu
kimiskas ipaSibas. Ka $adas piedevas izmanto, pieméram, metalu fluoridus (MgF, vai
BaF,), stabilus oksidus (BaO vai ZrO;), nestabilus oksidus (TiO,, SiO u.c.), metalu
karbidus, nitridus, silicidus, boridus un citus savienojumus.
Izveloties sarnu sastavu ESP procesam tiek ievérotas sekojoSas pamatprasibas:

sarnu sastava kuSanas temperatirai jabiit zemakai par metala kuSanas temperatiiru,

maisijumam jabit stabilam procesa darba temperatura;

sarnu maisijumam javada elektriba;

sastavam jagarant€ vélamo kimisko reakciju norisi;

sarnu kimiskajai aktivitatei jaatbilst gala produkta vélamajai tiribas pakapei un

kTmiskajam sastavam.

sarnu maisijumam jabiit ar atbilstoSu stigribu procesam paredz€taja temperatura.
Svariga loma ir arT tadiem raksturlielumiem, ka siltumvaditsp€ja, stigriba un virsmas spraigums.
Fluoridu — oksidu sarpu sist€mas, kas ir visuniversalakas lietosanai ESP procesos, satur CaF, un
CaO; CaF, un Al,O3; CaF,, CaO un Al,O3; CaF,, MgO un Al,Os. Tadgjadi ESP procesa metals
tiek izkaus@ts un attirits, ejot caur vannu ar izkaus€tiem sarniem uz fluoridu bazes.
Hantera procesa pamata ir titana tetrahlorida termiska reducésana , izmantojot natriju. Reakcijas
gala produkts ir tirs titana pulveris un natrija hlorids. Ta rezultata, kombing€jot Hantera metodi ar
ESP procesu, sarnu sastava izveli nosaka gan procesa fizikalie parametri, gan 1paSas prasibas
sarpu sisttmas izejas komponentu sastavam un tiribas pakapei, lai izvairitos no metala
piesarnoSanas, tam ejot caur sarnu vannu. NepiecieSams arT nemt véra NaCl klatbtitni sarnos — ta
daudzums pieaug, reducgjot titanu (IV) Iidz metalam.
Hantera procesa beigu stadijas sastavam atbilstosa modelsistéma - reakcijas galaprodukti
(attieciba maistjuma Ti : NaCl =1:4,5) keramiska tigela augsgja dala un sarni uz NaF bazes tigela
apakseja dala — pétits sarnu kimiskais sastavs péc 1 stundu ilgas parauga apstrades pie 1025°C
argona atmosfeéra (objekts 1). Saskana ar veiktajiem rentgenografiskajiem pétjjumiem , (zim.
2.1.) sarnos kopa ar NaF un NaCl konstatéts ari NasTiFs. AtseviSskos objekta paraugos
piemaisijumu veida atrasti ar1 produkti, kas veidojuSies sistémas komponentu mijiedarbiba ar
skabekli, kas nav pilniba izvadits no sistémas, NasTisO12 un Ti,O3, ka arT ar tigela materialu -
NaAlSiO,.
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@00-005-0628 (*) - Halite, syn - NaCl - Y: 27.95 % - d x by: 1. - WL: 1.5406 - Cubic - a 5.64020 - b 5.64020 - ¢ 5.64020 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fm-3m (225) - 4 - 179.425 - I/ic PDF 4.4 - S-

[#]00-036-1455 (*) - Viliaumite, syn - NaF - Y: 25.02 % - d x by: 1. - WL: 1.5406 - Cubic - a 4.63329 - b 4.63329 - ¢ 4.63329 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fm-3m (225) - 4 - 99.4646 - I/ic PDF 1. -

[®]00-026-1491 (I) - Sodium Titanium Fluoride - Na3TiF6 - Y: 3.80 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 5.54300 - b 5.74800 - ¢ 8.00200 - alpha 90.000 - beta 90.290 - gamma 90.000 - Primitive - P21/n (14) - 2 - 254.950 - I/lc

Zim.2.1. Modelparauga 1 sarpu parauga rentgenogramma.

Nomainot tigela materialu ar nertsgjoso téraudu un kusnu (NaF) slani tigela apakséja dala ar tiru
NaCl, parkausésanas procesa pie 1050°C 30 miniisu laika tika iegiits objekts 2, kur§ paradits
zim.2. 2. No dazadam kusnu zonam nemto paraugu rentgenografiska fazu analize uzradija tadu
piemaistjumu ka natrija titanati un dazadas stehiometrijas titana oksidi, ka arT TiN klatbiitni,
zim.2.3. Objekta atrasti ari produkti, kas radusies titana un tigela materiala mijiedarbibas
rezultata skabekla klatbttng, ka arT tigela materiala oksidé$anas produkts - Fe;0s.

Att.2.2. Objekta 2 gareniska griezuma attgls.
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@01—087—0630 (1) - Osbornite, syn - (TiN).88 - Y: 1.75 % - d x by: 1. - WL: 1.5406 - Cubic - a 4.22000 - b 4.22000 - ¢ 4.22000 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fm-3m (225) - 4 - 75.1514 - I/ic PDF 3.
00-005-0628 (*) - Halite, syn - NaCl - Y: 0.64 % - d x by: 1. - WL: 1.47639 - Cubic - a 5.64020 - b 5.64020 - ¢ 5.64020 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fm-3m (225) - 4 - 179.425 - I/ic PDF 4.4 - S-

00'042*0513 (1) - Sodium Titanium Oxide - Na4TiO4 - Y: 0.21 % - d x by: 1. - WL: 1.5406 - Triclinic - a 8.78300 - b 5.78500 - ¢ 6.47600 - alpha 124.240 - beta 102.310 - gamma 95.870 - Primitive - P1 (1) - 2 - 2565.504 - I/ic PDF 1.

Zim. 2.3. Modelparauga 2 sarpu parauga rentgenogramma.
Veikto eksperimentu un paraugu analizes rezultata izpétits sarnpu fazu sastavs péc to
parkaus€Sanas vakuumkrasnt argona atmosféra. Ta ka eksperimentos tika izmantots tehniskais
argons, kura ir ievérojams skabekla un slapekla procents, neizdevas iegit tira titana aizmetni. To
apliecina kusnos fikséta skabekla un slapekla savienojumu klatbiitne. Tas nozimé, ka turpmakie
pétijumi javeic vakuuma, vai ar1 paaugstinatas tiribas argona apstak]os.

Aktivitate Nr.3. Mérijumi, modelésana un raksturosana

Sakta zinatniskas literatiras mekléSana un apzinasana par industrialo sarpu termofizikaliem
raksturlielumiem un to atkaribam no eletrosarnu sist€émas termodinamiskiem parametriem. Sakta
ieglto datu apstradasana un apkopoSana skaitlisko modelu parametrizacijai. Sakta iepriekseja
atskaites perioda iegiito zinatnisko rezultatu apkopoSana, analize un noforméSana, vizuala
materiala sagatavo$ana, zinatniskas publikacijas sagatavoSana un redigéSana atbilstosi
recenzentu atsauksmém. legitie zinatniskie rezultati noform&ti un prezent€ti starptautiskaja
zinatniskaja konferencé “Materials Science and Applied Chemistry, MSAC 2017

¢ oo

Aktivitate Nr.4. Zinasanu un tehnologijas parnese

legttie rezultati, literatiiras avoti, darbs projekta aktivitateés regulari apspriesti projekta
seminaros. Notiek zinojumu sagatavoSana starptautiskam konferencé€m lai nodroSinatu projekta
iznakuma raditaja Nr. 13 ,,Citi petijuma specifikai atbilsto$i projekta rezultati (t.sk. dati), kas



papildina rezultatu raditajos Nr. 2., 3.1., 4., 5. min&tos rezultatus” sasniegSanu. Projekta pirmo 6
meénesSu rezultati tika prezentéti 2 zinatniskos referatos konferncé ,,Modelling for Materials
Processing” MMP-2017. (Pielikums 1,3), ka ari zinoti ,,Materials Science and Applied
Chemistry” MSAC-2017 konferencé (1 referats, Pielikums 2).

5.Secinajumi.

Bazgjoties uz pirmajos divos etapos izstradato stenda tehnisko dokumentaciju un uz
speciala rami iemontéta reaktora modela, uzmontéts elektroda piedzinas mehanisms.
Reaktora modelis kopa ar elektroda piedzinas mehanismu parbaudits uz spiedienu
robezas p = 5x10?Pa— 1,5 MPa (vakuums — spiediens).

Rekonstruéts elektroda baroSanas bloks (10kW), un veikta ta profilakse.

Barosanas bloks parbaudits tukSgaita un pieslégts reaktora modula elektrodam..
Turpindjas otraja etapa termovakuumkrasni iegiito paraugu rentgena — fazu un rentgena —
fluorescenses analize. Konstatéts, ka notiek dalga titana filtracija cauri kuSpu
slanim.Tomér process (eksperiments) bija dal&ji ne korekts, jo tika izmantots tehniskais
argons, kurs§ satur lielu skabekla un slapekla procentu.

Turpinajas Ti/TiAl eksperimentalas iekartas tehniska projekta izstradasana.

Turpinajas literatiiras analize, lai apzinatu titana razoSanas procesa matematiska modela
formul&sanu.;

Prezentéti tris referati starptautiskas konferences.

Problémas. Arvien vél lepirkumi!

Plans (orientéjoss) 1. Pabeigt Ti/TiAl eksperimentalas iekartas tehniska projekta

1zstradasnu

2. Sagatavot titana reaktora modela stendu eksperimentu
veikSanai ar elektrodu

3. Veikt titana filtracijas eksperimentus reaktora modeli cauri
ku$nu slanim,izmantojot titana elektrodu.

4. Veikt ieglito paraugu rentgena —fazu un rentgena —
fluorescenses kimiska sastava analizi.

5. Turpinat termodinamiskos aprékinus un hidrodinamikas
modelesanu.

. 6. Sagatavot rakstu publicéSanai..



Pielikums Nr.1.
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A feasibility study for high-temperature titanium reduction from
TiCl using a magnesiothermic process

S. Ivanoy, D. Zablockis
Abatract

Reslization of the process of titamium production by magnesiam thermal roduction
from titameum setrackloride at a temperature higher than that of the moder industrial process
usang a resctor prodeced froen & hagh-temmperature niobium alloy.

Intreduction

Totanium is the most common metals und hins & unique combination of properties. Die
W the hagh specific strosgth, refractonmess and heal rossstance, o 15 widely used i the
mrospie  indestry, shipbullding  induery, nuclhear  mdustry. However, the  comples
composiion of the Btanivm-costxinmg mmerals sod & high affmty of Disamm 10 oxygen ©
oreste dafficulties o obtaming pure Btankemn, secessstating o phernlity of process stnges, and
complex kardware aod Mow chart mplomented in the mdusinial profuctxon of BEanees with
magnosium  (Kroll prooess). Brosd  effective wse of Stanium s livted by iss  high
cost. Numerons  attompts industrial implementation of ether ways of mansfacturing of
litaneam were smsuocessfal

Chlormation of eariched titansum ore yiclding titassum tetrachloride and #ts thermal
redaction 10 metallic ttanium by mugnesivmn is the basic modem industnial method of
titameum prodaction. Steel retorts are wsed in the production. When mteracting with ttanises,
iron and aicked in steels form a liquid ewtectse at high temperatures. These matenals e
wasked out, the spoage titanaum is polluted (contaminatod) and the walls of the retort become
flimsy {exhaused). Therefore, the heating of the retort s limited to 900 “C. The tmansam,
which contacts with the sseel walls of the equipmwnt, is contaminated by the matenial of the
walls; that is why it undergoes regencration or & used as a low.grade masterial Afier
maltiatage procensing of metallic ttanium, only 10-15% of pure titsnivm o peoduced from
thas HiEansem raw maserial

Aboul 70 resctioms mre possable in the systom TICITHIV)Y -TICH « TWCRCTHIN) -
TICH = T - Mg = MgCl - MpCOIXMg(Il). The followmg cons sre scheciod from the point of
view of thormodymamics and Kinetics (see Fig. 1) (1] The roduction teles place &
intermodiae stages of the formation of stanium lowest chlondes. The finst, most possible
stage 5 B reductwn of TiCK vapors by magnesiem 1o TiC bocsuse this deoands the
collseon of caly twe molecules of the mtial reagesas. The formation of kewest chlondes =
also possble & 8 rosull of the secondary reachons of chlorides with Ti. A complex mudu-
phase contribution of the components 10 the reaction takes place. To obtain the desired result,
i 15 nocessary 10 understand not oaly the bnetics of the dmecily rescting moleceles, bul slw
thew tramport mto the regon of reacson aad the removal of the reaction products froes o, ansd
then to comectly realze the prooess.



My Mo 4+ MoTsMg0 + | ]
5 Mg =2 0.5M0L, + My ~=05M0, +
MgO T2 Mg, 4 | TO4 o e go, 4
[ra)4] To, =22 TR+ Mg—emgO, +[ | (1)
e o~ T M0, +
s e e2|
| 2Mg Mgo, +

Fig. 1. Schomatx presentation of the dosired reactions @ thermodnamics and
kineics (sobd arrows — condensod phase, dashod armows — vigor-gas phissc).

Theoeetcal saadics (2] show that the semporsture range 1200 = 1400 °C & more
beneficial for the roduction to metsllic tmnmes, The development and realization of new
highly effective methods of thermal reduction of titanium by magnesium are determined by
the techmological and design Sutuees of the procos when e interaction of TuIv) wath
magnesium would occur at a hagher semperature if compase with that of the exuting process
and ender moee beneficial condstuons.

1. New reactor

The use of mobium alloy makes it pessible to consaderably mcsease the temperature
the reactor and to carry out the roduction process n the optimal semperature range. The
femperatere amcrcase i e reasctor offers the possabality of rpid remonal of magnessan
chioesdos by Giffusion 1oto the comdenser (Fig 2). The remonal of magnesivm chlorides,
which comprise moee thas 907 of |e resction products, makes moee working space in the
OO,

The IPUL teemn hos acoemulaead cxponence with NBZr contours with ahium ot high
temperatue (»1000°C) s & vacsum [3). The NoZr alloy is weldable snd therefore suitablo for
the prodection of & resert for pgnessothermic reduction of tasium wosschlonide a0
temporituees 120041500 *C. In 2007 the IPUL seam conductod & profaminary oxperimonts on
magnesiothecrmic rodaction up 50 1100 °C in & small reactor made of NbZr alloy. Ceerosive
degradation was nol obsorved.

The wmpersture ranges cxceoding 1000 *C have sot teen studsed o dewd
experimentally. We make attempes o prodict bow o utiize the advantages of the reactica
ocourning in the reactor at | 150 °C (Sas semporature is applicable for miobum i magaesiom
[4]) and how %o realize the process using special equipment, Le. degharmpenature, guick-
operating valves and gates or shulters whach willl make it possible to control the process sch
that = would take place predominantly in the gas phase. The costrol mmplics a dose supply of
reagents sl the removal of volatiles afler the reaction, making room for asother renction. In
thas case, the working space will be reduced only due to the titamsam remamang @ the reactor.
Since In the gas phase titanium o forssed 3 powder [£], then, apparcesly, it will be posasbic so
design a reactor with the periodic titanium powder spalfing through the opening channel into a
scpazate tank (vessel) oamside the seactor and the fumace, Then the thormal reduction of
Damen by magsesiem can be sssumed continmes,



1.4. Scenario of the reactor operation.

| — vacuum, reactor temperature | 150 °C
2 - 0.333 g supply / 10 L-bucket with magnesium; the pressure in the reactor
increases to 0.163 bar
3 - Ti(1V) injection of 1.297 (g/bucket). The reaction takes place. Very quickly. With heat
release.
4 - 1.302 (g/bucket) of magnesium chloride vapors and 0.327 (g/bucket) of solid titanium are
formed in the reactor. The pressure in the reactor is 0.137 bar.
5 - the outlet valve (gate) is open which connects the reactor with the cold evacuated chamber
with the temperature 720 °C (the vapor pressure is 48 Pa) to collect magnesium chloride
6 — the cycle is completed after the valve is shut (closed). The pressure in the reactor is 50 Pa;
then follows p. 1.
The quantity of titanium per cycle is equal to a cube with the edge 0.47 ¢cm, The procedure
distribution in time for one cycle is illustrated in the diagram in Fig. 2. The cycle duration
includes the time of evaporation of the supplied magnesium, the time of the reaction, the
precipitation of fine dispersed titanium on the walls, and the time of the distillation of
volatiles into the condenser. Titanium is periodically spilled through the bottom hole by
opening the shutter (not shown in Fig, 2). Powder titanium can undergo electroslag remelting
to produce ingots of titanium alloys.

Conclusions

The plant with 50 constantly operating 10m” reactors will produce 18.95 thousand tons of
powdered pure titanium throughout the year, The income from the sale of titanium at the
average market price is estimated at $ 0.379 billion. This perspective justifies the cost of
expensive research.

This work was supported by the ERDF project No. 1.1.1.1/16/A/085 (Ti-REMOLD).
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Abstract. The chemical synthesis is a leading route for the purposeful design of nanomaterials,
whereas the tungsten oxides are employed in a variety of special applications. The production of
nanomaterials by traditional synthetic methods is still a cumbersome multistep process. Here we
propose an improved method to produce tungsten oxide nanomorphologies via a pyrolytic process.
A tungsten-containing precursor was prepared by liquid extraction using n-trioctylamine (CsHi7)sN
solution in toluene. We have shown that the conditions of thermal treatment of the W-based
precursor determine the crystalline structure and nanomorphology of the final product. Monoclinic
WOs nanocrystallites are produced conducting the pyrolysis above 450 °C. The proposed method is
a facile and versatile route to produce and control the phase composition and morphology of
tungsten oxide-based nanomaterials.

Introduction

Tungsten oxides possess a combination of properties (photosensitivity, electron mobility, stability in
acidic solutions) that make them suitable semiconductor metal oxides (SMO) for a variety of
applications: electrochromic [1,2] (e.g. smart windows [3] and displays [2,4]) components change
their optical properties due to electric current; efficient photocatalytic systems [5,6], photoanode
materials with high incident photon-to-current conversion efficiencies for solar energy driven
photoelectrochemical water splitting to produce molecular hydrogen [1][7-9] - a key technology for
“green” society. SMO-based chemical sensors [10-16] reliably detect volatile organic - acetone [10],
alcohol [10,13] - or gaseous (e.g. nitrogen oxides (N20, NO, NO2 [11-12,16-17]) [17], NH; [14],
H-S [13], H» [18]) adsorbates. Nanostructured forms of SMOs, incl. WOs, are exploited to fabricate
such devices and to increase their efficiencies, sensitivity and achieve fast response/recovery due to
an enhanced surface-to-volume ratio [9,18]. Thus, the rational design of the nanocrystalline
morphology [19,20] and phase composition in the size range below <50 nm is key to superior
performance. Tungsten (VI) oxides are produced by hydrothermal [8] or solvothermal [11] reaction,
solution precipitation via hydrolysis of tungstate salts under acidic conditions [21] or sol-gel
processing, which is a versatile technique starting from tungsten alkoxide [15] or tungstic acid
[1,4,7] precursors. The cost and purity of the precursors is a key concern for nanoparticle synthesis.
The raw materials (e.g. tungstates) may contain additives leading to unclear effect on morphologies
and the intrinsic formation mechanisms. Frequently, a prolonged calcination to form WO; with high
crystallinity - a prerequisite for many applications — leads to suboptimal morphology and an overall
increase of the particle size. The extraction-pyrolysis method (EPM) is a viable alternative to the
sol-gel route to produce metal oxide nanomaterials [22-24] (incl. SMOs) via a two stage process:
metal extraction from the aqueous phase into the organic one and the subsequent pyrolytic
decomposition of the produced metal organic precursor. The refinement, quite exhaustive if
necessary, of target components is affected during the extraction stage. The pH wvalue, tungsten



concentration and storage time of the aqueous solution determine the composition of the forming
and extracting compounds [25]: alkaline (pH > 8) solutions of tungstates contain an equilibrium
mixture of monotungstate ions [WQ4]*- and [HWQy4]", which polymerize upon acidification forming
complex polytungstate anions, e.g. hexatungstate ions [HWgO,]* appear at pH 8-6. The salts of
ternary amines (e.g. n-trioctylamine (CsHi7)sN; OctsN) efficiently extract tungsten from weakly
acidic (pH 2-3) solutions containing polymeric anions of tungsten and are employed for industrial
production of pure tungsten compounds in hydrometallurgy [26]. The extraction of anionic forms of
metals by trioctylammonium chloride [OctsNH]"CI into the organic phase is achieved by anion
exchange and formation of ionic associate with trioctylammonium [Oct:NH]™ [27]. Previously [23]
we have shown that the pyrolytic decomposition of metal-containing extracts is a viable method to
produce metal oxide nanopowders and nanocomposites. Herein, we report a study on the formation,
nanomorphological and phase transformations of tungsten oxide nanoflakes produced via a pyrolytic
treatment of a tungsten-containing extraction system, i.e. a solution of tungstate trioctylammonium
in toluene.

Experimental methods

Initially, a weakly-alkaline aqueous solution of 0.25 M Na:W0Ou was prepared for extraction. The
pH was adjusted to 7.5 by dropwise addition of aqueous solution of hydrochloric acid. An organic
solution of 0.6 M OctaN in toluene was prepared for use as the extractant. Initially, OctsN was
converted into a hydrochloric salt [OctsNH]"Cl™ by shaking it for 5 min with an equal volume of
aqueous solution of 1M HCI. Afier the phases were allowed to separate for 2 hours, the aqueous
phase was removed. Then equal volumes of aqueous solution of Na-WO4 and toluene solution of
[Oct:NH]'Cl- were mixed in a separation funnel, the time of phase contact was 10 min. Afier
complete stratification and removal of the aqueous phase followed by filtration, a tungsten-rich
precursor was produced.

The concentration of tungsten in the precursor solution was determined photometrically using
ammonium thiocyanate as described elsewhere [25]. To this end an aliquot of the precursor was
taken followed by reextraction into an aqueous phase by a 0.5 M solution of NaOH. The thermal
stability of the produced precursor was studied by thermal gravimetric analysis (TGA) using the
STA PT1600 (LINSEIS). The sample was heated in static air from ambient temperature to 700 “C at
a rate of 10 °C/min.

The tungsten oxide-based nanomaterials were produced by thermal treatment of the precursor
solution: heating it from ambient to a final temperature T (400 °C+700 *C) in a muffle furnace in air
followed by annealing for 30-90 minutes. The sample was then allowed to cool under ambient
conditions. The phase composition of the final product was studied by the X-ray ditfraction (XRD)
method (diffractometer D8 Advance, Bruker Corporation) with CuKa radiation (A = 1.5418A). The
mean size of the tungsten trioxide crystallites was determined from the half-width of the diffraction
maxima by the Scherrer method (EVA software). The products of pyrolysis were additionally
investigated by infrared (IR) absorption spectroscopy (EQUINOX 55, Bruker with KBr pellets) and
transmission electron microscopy (TEM) (FEI Technai G2 F20 operating at 200 kV).

Results and discussion

The photometrical analysis of the reextract shows that the concentration of the metal in the extract
was 0.25 M, evidencing that trioctylammonium chloride efficiently extracts tungsten into the
organic phase from a weakly alkaline solution at the above-described conditions. Presumably,
tungsten is extracted from the aqueous phase both as monotungstate ions and tungsten-containing
polymeric anions.
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The infrared absorption spectra of the samples produced at the lowest S1 (400 *C) and highest S4
(700 °C) temperatures are shown in Fig. 3. The 600-950 cm™' region corresponds to the W-O-W
stretching vibrations [28][29]. The weak peaks in the regions approx. 3300-3500 cm™' and 1600-
1700 cm! are associated with the O-H stretching and H-O-H bending modes from crystallization
water in S1 [29]. The intensity of these peaks decreases with increasing temperature of thermal
treatment. In the 600-900 cm™' region S1 (400 °C) shows one strong peak at approx. 800 cm™
whereas $4 (700 °C) displays two peaks at approx. 815 cm™ and 755 cm™', which may indicate the
previously discussed difference in the crystalline structure of the tungsten oxides. Here, the spectrum
of S4 coincides with the IR spectrum of m-WOs reported by Daniel et al. (1987) [28]. Note that no
presence of organic admixtures has been found in either sample.

Conclusions

In summary, we described a facile and chemically clean inorganic route based on a pyrolytic
treatment of trioctylammonium tungstate produced by liquid extraction to synthesize tungsten oxide
nanomaterials. Exploiting the key parameters of the precursor decomposition we demonstrate the
ability to exert selective morphological control by simply varying the temperature of the pyrolytic
synthesis, whereby the WO3 nanoparticle evolves via formation of low-dimensional nanoflakes and
their coalescence into faceted nanocrystals accompanied by the enlargement of the WO3 crystallites.
Overall, the proposed synthetic approach is a cost-effective strategy for monophase m-WOs with
size ranging from 20 to 50 nm as prospective candidates for electrochromic, photochemical and
electrochemical (incl. sensing) applications. Further studies should be directed toward exposing the
growth mechanism of the nanocrystals for improved morphological modification.
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Abstract

Kroll process for more than 50 years is a titanium-based production technology.
The primary product of titanium extraction is a titanium sponge, which requires complicated
processing. A variation of the Kroll process for the producing titanium/titanium aluminium
alloys and intermetallics is developed. The proposed technology is based on metallothermic
reduction of titanium tetrachloride and utilizes a molten flux layer acting as a smart
semipermeable liquid membrane. The intent is to improve the morfology of the titanium deposits
in the Kroll process by depositing titanium in molten form with the aim to potentially produce
titanium/titanium aluminium alloys more economically.

1. Introduction

The investigation is aimed at finding a better way of the production of metallic titanium and
titanium-aluminium alloys from titanium tetrachloride using metal reducers.

At present, metallic titanium and titanium alloys are produced by vacuum arc remelting of
sponge titanium (by the Kroll method) or of titanium powder (by the Hunter method), fig.1. [1].

The production of metallic titanium and its alloys is a multi-stage process. Let us use the
Kroll method to illustrate it, [2,3].

e Production of a mass of sponge titanium from titanium tetrachloride by
magnesium in a reactor of confined volume, where to liquid magnesium and
liquid titanium tetrachloride are supplied. The reduction of titanium takes place
in an inert environment along with recurring removal of magnesium chloride
(as a reduction product).

e Cooling and evacuation of the reactor to remove the magnesium and
magnesium chloride, aimed at the utmost purification of the produced sponge
titanium.

e Extraction of the sponge titanium, partially welded onto the reactor wall, from
the reactor.



e Fragmentation (crashing) and manual sorting of the sponge titanium fractions
followed by their packing into sealed bags filled with an inert gas.

e Production of a titanium electrode sample for vacuum arc remelting by pressing
the sorted fractions of the produced sponge titanium.

e Vacuum arc remelting of the electrode made from the sponge titanium to
produce metallic titanium.

e Repeated vacuum arc remelting of the produced titanium ingot with alloying
additions to obtain the required titanium alloy.
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Fig. 1. Production of metallic titanium from sponge titanium by the Kroll method in the reactor:
a) sponge titanium production by the Kroll method; b) sponge titanium purification; c) sponge
titanium briquetting; d) electric arc remelting.

2. Presentation of the problem

In the course of the planned experiments, fig.2.we combine all the above-mentioned stages,
simplifying in this way the technology of titanium and its alloys’ production, in particular, of
titanium-aluminium alloys. For this purpose, we intend to create such conditions in the reactor



which would contribute to the reduction of titanium from titanium tetrachloride by magnesium or
by sodium as metal reducers, which implies creation of an inert environment in the reactor by
evacuating the reactor, filling it with argon, and, when heating a solid or a liquid flux in the
reactor, the reactor would be filled with the vapors of the melted flux. During the experiment, the
flux in the reactor is heated by a power supply source to a temperature more that the titanium
melting temperature, t = 1750°C — 1800 °C.

@ Wletaliska titana un ttana sakausgjumu iegdsanas iekarta

Fig. 2. Schematic presentation of the experiment: 1 — reactor, 2 — electrode,

3 — mechanism for controlling the electrode, 4 — metal cooling, 5 — alloying additions, 6 — bath
(tank) with water, 7 — thermocouple T1-T18, 8 — condenser, 9 — sodium supply, 10 - TiCl4
supply, 11 — bath with liquid sodium, 12 — bath with liquid TiCl4, 13 — electric heater pipe, 14 -
electrode cooling; P1-P4 — pumps; P.M1-P.M3 — flow meter.

When titanium tetrachloride and liquid magnesium or sodium (as metal-reducers) are
supplied into the reactor by a dispenser, the reduction of titanium takes place in an environment
containing a mixture of the flux vapors and argon, above the surface consisting of the liquid flux
heated to the temperature t = 1750 — 1800 °C. All the reduced titanium as particles of sponge
titanium when magnesium is used as a metal-reducer, or as powder when sodium is used as a



metal reducer, is precipitated onto the surface of the liquid flux bath heated to the temperature t =
1750 — 1800 °C, and a solid-to-liquid phase transition of the reduced titanium occurs. This
transition takes place as on the surface of the liquid flux as when the titanium passes through the
liquid flux.

Sponge titanium has the density 3.3 — 3.5 g/cm®. The liquid flux used in the experiment
must have a density lower than that of sponge titanium to provide the titanium pass through the
liquid flux bath. During the planned investigations, fluxes will be selected not only by their
density with regard to that of sponge titanium but also by the value of surface tension of the
liquid flux as well as by other flux parameters which could affect the purity of the reduced
titanium casted during electroslag remelting.

In the experiments, the parameters of the processes occurring in the reactor and
determining the energy release during the reduction of titanium from titanium tetrachloride by
magnesium or by sodium will be analyzed.

TiClagiquid) + 2M0qiquid) = Tigiquia) + 2MgCliguia)
HHyeaction = -393.9 kd/mol
TiClygiquia) + 4Nagiquia) = Tigiquia) + 4NaClgiquia)
JH reaction = -726.85 kJ/mol

The processes occurring in the reactor and in the condenser when the products of the titanium
reduction by magnesium (magnesium chloride) or by sodium (sodium chloride) are removed
from the reactor into the condenser will be also examined, in particular, the variation of the heat
balance in the reactor at the removal of magnesium (or sodium) chlorides from it.

3. Conclusion

A basic scheme for investigation of the new method of the production titanium based on a
combination of Kroll (Hunter) and electroslag melting techniques, is described.
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