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1. levads.

Ka ir minéts Progresa zinojuma-1 [1], tradicionala titana razo$anas metode pamatojas uz titana
sukla iegtiSanu térauda reaktora. Kopuma tas ir gars, dargs un darbietilpigs razoSanas process.
Tas paredz ka izejvielu izmantot titana ridu un starpposma razojot titana stkli, kuru atdzesg,
izvac no reaktora, attira no sarniem, veic divkartéju parkausésanu, skiro, pako utt.

Faktiski titana razo$anas procesa pamata ir titana tetrahlorida reakcija ar magniju (Krola
process), vai natriju (Hantera process).

1/2 TiCly + Mg = 1/2Ti + MgCl,
94.86 + 24.32 -» 23.95 + 95.23 (molekulu masas)

Apskatitais titana iegiiSanas process ir ciklisks un ta praktiska realizacija izsauc nopietnas
neertibas.

Praktiski, realiz€jama projekta koncepcijas pamata ir ideja izstradat tehnologiju nepartrauktam
ciklam metaliska titana, vai ta saukaus€jumu iegiianai.

Projekta realizacijas pirmajos trijos ménesos (1. etaps) paveikts sekojosais [sk.1]:

Izanalizétas metodes un pan€mieni titana un ta sakaus€jumu iegiiSanai;

e [zstradatas titana titana - aluminija (Ti/TiAl) eksperimentalas iekartas blokshéma un
principiala shéma;

e Izstradata Ti/TiAl iekartas reaktora modula principiala sheéma, tehniskais projekts un
darba rasgjumi;

e Veikts Ti/TiAl iekartas reaktora modula siltuma tuvinats balansa apréekins;
Izskatitas iesp€jas titana, titana sakaus€jumu paraugu sastava kimiskas analizes.

Otra etapa trijos méneSos galvena uzmaniba tika pieversta Ti/T1Al iekartas reaktora modula
stenda projekteSanai un izgatavoSanai (1. aktivitate), ka ar1 veikti aprékini raktora matematiska
modela izstradasanai (3. aktivitate).

Nemot par pamatu 1. etapa izstradato reaktora modula principialo shému, zim. 1.1. un tehnisko
dokumentaciju, zim. 1.2. tika izstradata reaktora modula stenda principiala shéma, zim. 1.3. ,
attieciga tehniska dokumentacija, izgatavots reaktora modulis un dalg€ji samonéts stends titana un
ta sakaus€jumu iegliSanas reZimu atstradasanai ar mérki ienest attiecigas korekcijas Ti/TiAl
eksperimentalas iekartas tehniskaja projekta pirms tas realiz€Sanas metala izstradajuma.

Uz reaktora modula paredzets izpétit un atrast 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. Tada veida
turpmako eksperimentu gaita izveidojot no pilosa titana metaliska titana stieni. Paral€li tam ir
jaatrod labakais kusnu sastavs. Te ir loti svarigi tadi parametri ka kuSnu blivums un viskozitate,
jo titana pilieniem jaiziet cauri kuSnu slanim ar minimaliem zudumiem.
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2. Ti/TiAl eksperimentalas iekartas reaktora modulis

Reaktora modula principialas shémas apraksts dots Progresa zinojuma Nr.1 [1]. Ta konstrukcijas
pamata ir sekojosi galvenie mezgli:

reaktora modula korpuss;

korpusa dzes€Sanas sist€ma (siltummainis);
modula dzes€jams augsejais vaks;
elektrods un

modula dzes€jams apaksgjais atloks.

Atsevisku mezglu temperatiiras kontrolei uz tiem uzstadits definéts termoparu skaits.
Reaktora modela montazas process paradits zim. 2.1.

Zim. 2.1. Reaktora modulis montazas procesa.
a — reaktora modula korpuss; b — modula siltummainis; ¢ — modula korp[ss kopa ar siltummaini; d — modula
apaksgjais atloks.
Galiga varianta reaktora modulis zZim. 2.2. tika uzmont€ts uz speciala ramja, zim.



Zim. 2.2. Reaktora modula kopskats.

un veiktas attiecigas tehniska rakstura parbaudes, proti:

Modulis tika pieslégts vakuuma sistémai un parbaudits metinato Suvju un savienojumu
hermétisms, ka arT pieslégts augstspiediena tidens siiknim un nopres€ti visu mezglu savienojumi
un blivju noturiba lidz spiedienam 15 kg/cm2, zim. 2.3.

- L \
Praktiski reaktora modulis sagatavots attiecigu eksperimentu veikSanai, vienigi uz So bridi atklats
jautajums - elektriskais baroSanas bloks.



3. Ti/TiAl eksperimentalas iekartas reaktora modula stends.

Lai izp@titu un atrastu optimalus rezimus titana pilienu (kuri atdalijusies no elektroda),
caurpliidei cauri izkaus€tam un uzkarsétam Iidz 1400°C kusnu (flux) slanim un to nosé€Sanos uz
titana aizmetna virsmas, kas atrodas zem izkausétas kusnu - flux kartas izstradats reaktora
modula stends, zim. 3.1.

Reaktora modula stenda galvenas galvenas sastadalas ir:

reaktors, poz.1,

kondensators, poz.2,

elektroda piedzinas mehanisms, poz.3,

vakuumsiiknis, poz. 4,

tidens sukni, poz.5 un

caurteces meritaji, poz.6.
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Galvenas ierices un mezgli tiek un projekta gaita tiks uzmontgti uz speciala ramja.

Zim. 3.1. Ti/TiAl eksperimentalas iekartas reaktora modula stends.

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



4. Pirmie eksperimenti un to mérkis.

Lai iegiitu noteiktu rezultatu pat viena eksperimenta laika ir javeic vesela rinda sarezgitu
un darbietilpigu operaciju un aktivitasu. Projekta izstrades rezultata tika nolemts sakt no
vienkarsaka un varbiit pat iz§kirosa testa, proti izpétit ka titans filtr&jas cauri kuspu slanim.

4.1.Eksperimenta gaita

Ir veikta sérija modeleksperimentu titana iegiiSanai maksimali tuvinatos péc ta saucamas
Hantera metodes. t. i. pulverveida titana iegliSana no titana tetrahlorida izmantojot natriju ka
reducétajelementu reakija Ti Cl4 + 4 Na = Ti + 4 NaCl elektrokusnu parkauséSanas apstaklos. To
merkis bija izzinat titana filtraciju cauri kusnu slanim un ta izplatibu paraugu tilpuma. Atskaite
pievesti divu raksturigako eksperimentu apraksts. Pirmaja eksperimenta kiiSnu veida izmantojam
NaF (120g). Kasni tika ievietoti korunda tigeli. Virs kuspu slana tika uzb@rts mehanisks
pulverveida titana un NaCl maisijums (71g) proporcija Ti: NaCl =1 : 4.9. Reagentu sastavs
tigell tika maksimali nopreséts un ievietots termokrasni, zim. 4.1. P&c tigela ievietoSanas krasni
tas darba tilpums vairakkart tika izskalots ar tehnisko argonu. Krasns kopa ar paraugu tika
uzkarséta Iidz 1100°C. Temperatiiras izmainas atrums bija 10°C/min. Paraugs krasni pie minétas
temperattras tika izturéts 2 stundas.

Zim.4.1. Termokrasns (a), tigelis (b).



P&c tam krasns tika atdzeséta. Paraugs (Nr. 1) , zim. 4.2. tika sadalits trijas horizontalas dalas (to
augstums — 3cm) un no katras parauga virskartas tika nonemta ,,prove” talakai analizei. Tika
veikta paraugu kimiska analize izmantojot rentgena — fazu un rentgena — fluorescenses metodes.

Zim. 4.2. Ti + NaF + NaCl paraugs Nr.1.

Rentgena fazu analize paradija, ka titans galvenokart sakoncentréts parauga videja dala.
,Termo” apstrades rezultata notieck NaCl un NaF vienm@riga parvietoSanas pa Visu parauga
tilpumu, zim. 4.3. (no  augsg§jas horizontalas dalas virsmas) un zim. 4.4. (no apaks$gjas
horizontalas dalas virsmas), bet titans ,,nabadziga” skabekla oksida veida (TiOg4g) ir koncentréts
parauga centralaja dala, zim. 4.5. To apliecinaja arT rentgena —fluoresnenses analizes rezultati.
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Zim. 4.3. Parauga Nr.1 elementu spektogramma (augsa).
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Zim. 4.4. Parauga Nr.1 elementu spektogramma (apaksa).
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Zim. 4.5. Parauga Nr.1 elementu spektogramma (vidus).



Otraja modeleksperimenta termokrasns darba tilpums tika vakuumméts ar turpmaku
argona skaloSanu. Krasns un attiecigi parauga temperatiira bija nedaudz augstaka - 1200°C. Sini
gadijuma paraugs Nr.2, zim.4.5 tika sadalits Cetras horizontalas dalas (katras dalas augstums
(biezums) — 1,5 cm un tapat ka pirmaja gadijuma ,,proves” analiz€m tika nemtas no katras dalas
virsmas. Sini gadjuma ,,provju” rentgena-fazu un rentgena — fluorescenses analizes paradija,ka
titans (Ti20) oksida un natrija titanitu (ar daZzadu stehiometriju) veida atrodams paruga augseja
dala, zZim. 4.5 .

Zim. 4.6. Paraugs Nr. 2.
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Eksperimentos iegtitie rezultati apstiprina projekta vadmotivu, ka ir iesp&jams realizet
titana un ta sakaus€jumu iegiiSanas procesu, apvienojot Hantera razoSanas metodi un
elektroku$nu parkauséSanas metodi. Tikai speciali jaatzimé, ka ir janodroSina attiecigus
razoSanas apstaklus. It Tpasi japieverS uzmaniba skabeklim, jo ta klatblitne izsauc nevélamas
blakus reakcijas, t.sk.ari pamatprodukta (Ti) oksidéSanos.



5. Literatiiras izpéte

Sakta literattiras izplte par titana ekstrakcijas industrialam tehnologijam. Apskatiti titana
iegliSanas tehnologiju varianti izmantojot metaltermisko reducéSanu. Apskatiti titana ieglisanas
eksperimentalo tehnologiju varianti izmantojot VPR reducésanu, rutila reducéSanu, elektrisko
reduceSanu, gara diapazona elektronu pastarpinato reakciju, 1sa diapazona elektronu pastarpinato
reakciju, KIT procesu, GTT procesu, sagatavju procesu, dalito reakciju procesu, burbuloSanas
procesu, plazmas procesu, ko-reducésanu, Gdenraza procesu, mehaniski termisko reducésanu,
verdosa slana procesu u.c. Veikta perspektivo titana iecgtsSanas tehnologiju salidzinoSa analize.
Apzinati literatira aprakstito eksperimentalo tehnologiju priek$rocibas un trukumi. Veikts
literatiiras petijums par titana tetrahlorida reduc@sanas fizikali-kimiskiem pamatiem, pielietojot
metaltermisko reduc@Sanu lidz metaliskam titanam. Izmantojot pieejamus literatiiras avotus,
apskatita magnijtermiskas reducé€sanas, natrijtermiskas reducéSanas, kalcijtermiskas reducésanas,
aluminijtermiskas reducéSanas varianti industrialos un eksperimentalos reaktoros. Apzinata
iegiSanas procesa dinamika dazadas stadijas, procesa raksturigie parametri, procesa veikSanas
iesp&jamie rezimi. Industriala titana siikla iegiSanai izmanto Krola hloridu procesu, parsvara
titana saturs mainas intervala no 99.2 lidz 99.8%. Talak titana siklis tiek parstradats lietnos un
plaksnés.

Sakta detalizeta literatiiras izp€te par titdna industrialas ekstrakcijas procesu materialtehnisko
aprikojumu un tehniskas realizacijas variantiem. Apskatiti noslégto sist€ému realiz€Sanas varianti.
Apskatiti vielu ievadiSanas un izvadiSanas iesp€jamie varianti. Apskatiti reakcijas produktu
parstrades varianti atkariba no morfologijas. Veikta literatiiras izp&te par siltuma un masas
parneses iezimé€m titana industrialas iegtiSanas procesa (Krola procesa). No pieejamiem
literatiiras avotiem iegita vértiga informacija par reagentu cirkulaciju procesa ietvaros. Seit
zemako hloridu veidoSanas nosaka daudzfazu reakcijas procesa kinétiku. Magnija dihlorids
veidojas skidra forma, Iidz ar to, hloridu izvadiSana sarezgi procesa tehnisko realizaciju. Magnija
hloridu parpalikumu atstikn€ no reaktora, atlikumu destilé vai kodina. Tadejadi, Krola process
nav piemérots nepartrauktai reduc€Sanas reakcijas veikSanai. Turklat, reducé€Sanas procesa
nogulsn&jumi pielip pie reakcijas konteinera. Titana stkla augSana, savukart, ir [€ns process ar
zemu energetisku efektivitati. Ta kinétiku, galvenokart, nosaka pozitiva atgriezeniska saite un
prekursora padeves rezims. Centrala loma ir aktivacijas energijas padeves mehanismam, kur$
nosaka siikla veidoSanas procesa stabilitati un ir atkarigs no izmantojama prekursora tipa.
Savukart, Hantera procesa veidojas titana pulveris natrijtermiska reakcija.

Veikts literatiiras mekl&jums par elektrosarnu parkauséSanas procesa pamatiem, tehnologija
izmantojamo sarnu sastavu, siltumfizikalam un fizikali kimiskam ipasibam. Titanu, titana
sakausgjumus, intermetaliskus savienojumus plasi izmanto augstas temperattras pielietojumiem,
lidmaSinas un automobilos. Elektrosarnu process tiek pielietots daudzu sakaus€jumu
parkaus@Sanai ar kontrol§jamo saciet€Sanas fronti. Mainstrava vai lidzstrava tiek pievadita
elektrodam, kuru izgatavo izmantojot, piem. VIM procesu, vai péc parastas metodes. Izveidota
Skidra metala vanna pakapeniski sacieté kristalizatora. Seit svarigi, ka virsmas spraiguma efekti
ir saméra lieli un lielu lomu fazu atdaliSanas procesa spéle specifiskas blivuma starpibas. Ka
viena no priekSrocibam vert§jams tas, ka sarnu reakcijas ietekm& deoksidacijas Iidzsvaru.
Aluminija oksida klatbiitn€ samazinas silicija saturs iegtta produkta. Fluoridu sarni, t. sk. kalcija
fluorids, veido lietni ar minimalo kimisko segregaciju, izSkidina séru, veicina lietna lubrikaciju
un pasarga no metalu kontaminacijas ar skabekli. Veicot literatiiras mekl€jumu, no pieejamiem
avotiem ir apzinats elektrosarnu procesa realizéSanai laboratorijas vide nepiecieSamais tehniskais
aprikojums. Apskatitas elektroda padeves sisttmas un turétaju konstrukcijas. Aplikoti



elektriskas stravas plusanas celi un mehanismi. Veikta jaudas sist€mas konstrukciju un
nepiecieSamo rezimu, ka arl jaudas parverSanas panémienu salidzinoSa analize. legiita
informacija izmantota materialu un aprikojuma iepirkumu sagatavosana. Noskaidrots, ka
atseviskos mezglos nepiecieSams pielietot izolaciju ar biezumu lidz 1mm, kas arT samazina
siltuma zudumus. Apskatiti panémieni ,,gaisa” spraugas efekta noverSanai, kurs ir iespg&jams
atseviskos gadijumos. Apzinati elektrosarnu procesa optimalie darbibas rezimi, apskatita
pieejama informacija par esoSo pieredzi dazadu frekvencu izmantoSana. Apzinatas elektrosarnu
procesa pielietosanas iesp&jas titana nogulsnéjumu morfologijas uzlabosanai vienota iegiiSanas
procesa ietvaros. Eletrosarnu procesus daudzus gadus izmanto industriala t€rauda iegiiSanai,
augstas veiktspgjas sakaus€jumu un t€rauda lietnu raZzosanai. Tapat ka VAR process, tas sakas ar
elektroda formé&Sanu. IzSkiroSa loma ir sarnu sastavam. Parkaus€jot notiek nemetalisko
savienojumu reakcija ar sarpiem. SacietéSana notiek vienvirziena bez centrala dobuma, ar
uzlabotu homogenitati. Iesp&jama kimiska attiriSana, piem&ram, izmantojot kalciju saturosus
aktivus sarnus, ka ar1 CP titana deoksidacija, mainot sarpu sastavu. Slapekla piemaisijumu
strukturala attiriSana var tikt panakta pielietojot elektrosarnu parkausésanu. Apzinatas industriali
pielietojamas sarpu sist€émas elektrosarnu parkauséSanas procesos, veikta sarnpu kompoziciju
sakotngja atlase turpmakam darbam.

6. Pétama procesa matematiska modela izstradasana

Veikta literatliras izp€te un apskatita iepriek$€ja pieredze matematisko modelu formulésana
elektrosarnu procesa masas parneses modeléSanai. Sakta daudzfazu matematiska modela
formulésana statisko un dinamisko model€Sanas situaciju izp&tei. Apskatiti tradicionalie un
modernie modeléSanas pan€mieni, veikta sakotn€ja modelu salidzinoSa analize. Sakta modelu
parametriz€Sana, veicot parametru mérogoSanu, balstoties uz apzinatiem bezdimensionaliem
skaitliem, relaksacijas laiku hierarhiju un skaitlisko parametru novértejumu. Veikta fizikalo
lauku sagaidama sadalijuma sakotn€ja novertéSana, t. sk. apskatitas elektromagnétisko,
termodinamisko, hidrodinamisko lauku konfiguracijas un faZzu dinamika modeleSanas sisteémas.
Reaktora geometriskais modelis, ieskaitot reaktora tilpumu, korpusu, tidens dzes€Sanas sist€émas
kanalus u.c. elementus, paradits 1. attéla. Masas parneses procesus reaktora raksturo
nepartrauktibas vienadojums

dp

E +V- pv=~0 (1)

a

kur 2 ir materiala blivums un V ir pliismas atruma vektors, 8z ir atvasinajums pec laika, bet ¥
ir diferencialoperators nabla. Skidruma pliismu reaktora var aprakstit izmantojot Navjé-Stoksa
vienadojumu, kas ir kustibas daudzuma parneses vienadojums:

d
E(PV]+?-(PV®V]=—?-;}I+?-T+F @)

kur P ir spiediens, I ir vienibas matrica, T ir spriegumu tenzors, F ir speks, bet ar ® apzimé
tenzorialo reizinajumu.
Gravitacijas sp3ks

F=pg (3)
Siltuma parnese nosaka temperatiiras sadalijumu reaktora, kuSanas un sacietéSanas procesu
norisi. Konvekcijas-difuizijas parneses vienadojums:



]
E(PU]‘FIE'@"U}:IE'{A?T]-I_Q (4)

kur 4 ir siltumvadisanas koeficients, T — temperatiira un Q — siltuma avotu blivums.
Spriegumu tenzors ir izsakams, ka

T=pv4+VvT) (5)
Elektromagnetiskam paradibam ir svariga loma elektrosarnu procesa. Elektromagnétiska lauka
izplatisanos telpa apraksta Maksvela vienadojumi,

t. sk.
Gausa likums:

V-D=g (6)
kur D ir elektriska lauka indukcijas vektors, bet @ ir elektrisko 1adinu blivums;
Magnétiskais Gausa likums:

V-B=10 )
kur B ir magnatiska lauka indukcijas vektors;
Maksvela-Faradeja elektromagnétiskas indukcijas likums:

dB
VxE=- E (8)
kur E ir elektriska lauka intensitates vektors;
Ampéra likums:
aD
VxH=]+ 3 )

kur H ir magnatiska lauka intensitates vektors un I ir elektriskas staBvas blivums.
Elektromagngtiskais Lorenca speks
F=]xB (10)
Elektriskas stravas blivums
J=o(E+vxB) (11)
kur @ ir elektriska vaditspgja.
Veicot aprékinus tika izmantots Busineska tuvinajums

P—pPo =BT —Tp) (12)
Y
kur P 3T’ ir termiskas izplesanas koeficients.
Elektriska lauka elektriskais potencials ¥ :
JA
E=-Vo-5 (13)
Magnétiskas indukcijas vektorpotencials:
B=VxA (14)

Dzoula siltuma izdaliSanas blivums

Q=]-E (15)



Analize rada, ka magnétiskais Reinoldsa skaitlis, kas raksturo magnétiska lauka advekcijas un
difiizijas parneses relativo nozimiir Rém <1 Veikta sarnu biitisku hidromehanisko un
siltumfizikalo parametru apzinaSana (sarnu kompozicija Nr.1 un sarpu kompozicija Nr.2)
model€Sanas sistemu siltumfizikalo aprékinu veiksSanai. Balstoties uz literatiiras avotiem, sakta
sarpu kompoziciju hidromehanisko un siltumfizikalo parametru apkopoSana un analize plasa
temperatiiras intervala.
Balstoties uz literatiiras avotos atrodamas informacijas un izmantojot COMSOL, Autodesk u.c.
programatiiru, izveidots pétama procesa 2D skaitliskais modelis, realiz§jot ieprieks formuléto
matematisko modeli detalizétai temperatiiras, hidrodinamisko un elektromagnétisko lauku un
fazu sadalfjumu un dinamikas aprékinasanai. Att. 1¢ paraditais skaitliska rezga modelis satur
~1.3 milj. elementu ieskaitot elektrodu. Elektrosarnu reaktoram tiek pievadita vienfazes strava.
Elektromagnétisko fizikalo lauku aprékinam tiek izmantots vienadojumu formul&ums potenciala
forma. Elektriska potenciala vienadojums iegiits izmantojot elektriskas stravas nepartrauktibas
nosacijumu. Vienadojumi elektriskam potencialam un magnétiskam vektorpotencialam tiek
atrisinati diferenéu forma. Dzoula siltums ieklauts energijas saglabasanas vienadojuma ka
siltuma avots.
N-fazu dinamikas aprékinam tiek izmantota nepartrauktas vides reprezentacija un VOF modelis:
d;
at

+V-(wp)=0 (16)

iy
Zfﬂe =1
i=1

kur @; ir fazu tilpuma dalas:

(17)
Katram tilpumam:

/= ;Peﬁﬂe 17)

kur 2: ir fazu blivumi. Mainiga elektromagnétiska lauka aprékinam tiek izmantots
kvazistacionars tuvinajums.

Identificéti eksperimentalas iekartas projektésanai Saja etapa relevanti skaitliskie parametri un
geometrijas, reaktora materialu parametri. Izmantojot apzinatas parametru sérijas, veikti
sakotngji siltumfizikalie, hidromehaniskie un elektromagnétiskie aprékini vairakas modeléSanas
geometrijas ar atbilstoSiem robeZnosacijumiem



Att. 6.1. Modelsistémas N5 geometrija: (a) 3D skats, (b) Skersgriezums; (c) skaitliska rezga
modelis. Apreékinatie 2D fizikalo lauku (temperatiras, stravas blivuma, pliismas atruma)
sadalijumi modelsistéema N5 ar volframa elektrodu: (e) stravas blivums un magnétiska lauka
indukcija, (f) temperatiiras sadalijums, (g) temperatiiras sadalijums un konvektivas plismas
atrums



legiitie aprékinu rezultati turpmak izmantojami eksperimentalas iekartas projekta izstradasanai
un tas optimalo darbibas rezimu noteikSanai. Tiek veikts planoSanas un sagatavoSanas darbs pie
matematiska modela valideéSanas, balstoties uz eksperimentalam modelsisttmam ar volframa
elektrodu.

Sakta skaitliska modela konstruéSana cieto piemaisijumu dinamikai Skidra faz€ elektrosarnu
procesa masas parneses pétijuma veikSanai modelsistemas. Uzsakta specifiska matematiska
modela konstruéSana cieto piemaisijumu dinamikai, izmantojot statistisko pieeju. Veikta
atbilstoSo robeznosacijumu formuléSana matematiskajam modelim atsevisko modeléSanas
situaciju apskatam. Paral€li notiek darbs pie kristalizacijas modela formuléSanas, balstoties uz
literatiiras avotiem, turpmakai kristalizacijas modela integréSanai kop&ja matematiskaja modelr.
Sakts darbs pie atbilstosa 3D modela formulésanas.

Sakta titana magnijtermiskas reduc€Sanas no titana tetrahlorida termodinamiska modelésana.
Balstoties uz literatiiras datiem un aprékiniem, veikta iesp&jamo un varbutigako reakcijas celu
analize no termodinamikas un reakciju kin&tikas apsveérumiem. Sakta reakciju siltumefekta
analize atkariba no uzdoto termodinamisko parametru vertibam reakcijas modela formul&sanai
un integréSanai kop&ja reaktora modeli. Veikta sakotngja (vienkarSota) reagentu padeves procesa
modeléSana reaktora darbibas nodroSinaSanai un noveértéti reaktora darbibas iesp&jamie
parametri.

7. Modelésanas eksperimentu sagatavosana

Sakta model&Sanas eksperimentu planosana un sagatavosana materialu raksturlielumu un siltuma
un masas parneses procesu izpétei sarnpu vanna. Tika veikta riciba esoSa materialtehniska
aprikojuma apzinaSana un sagatavosana darbam, nepiecieSama aprikojuma atkonservé$ana un
iepirkumu sagatavoSana. Uzsakta mufelkrasns MII-2YM atkonservéSana un sagatavoSana
siltuma un masas parneses eksperimentu veikSanai. ModeléSanas eksperimenta sagatavoSanas
gaita procesu izpetei veikta MII-2YM darba vietas sagatavoSana, ventilacijas sist€mas,
komunikaciju planoSana. Sakta digitala regulatora uzstadiSana. Inertas gazes padeves/vakuuma
nodroSinasanai modeléSanas eksperimentos, uzsakta vakuumiekartas BYII-4 atkonservéSana, tas
pieslégumu komunikacijam planoSana un sagatavoSana, pieslégSana un iekartas palaiSana, veikta
BVII-4 iekartas vakuuma sensoru parbaude. Veikta termostata SSVT diagnostika, parauga
temperatiiras reguléSanas laboratorijas ierices sagatavoSana darbam, laboratorijas ierices
temperatliras sensora parbaude, parauga temperatiiras reguléSanas laboratorijas ierices darbibas
analize.

Veikta projekta paraugu analizém nepiecieSamas aparatiiras — rentgendifraktometra un
rentgenfluorescences spektrometra apkope, kalibréSana un sagatavoSana darbam ar projekta
paraugiem. Sagatavoti rentgendifraktometra galvenie funkcionalie elementi - paraugu turétajs,
darba kameras iekSpuse, sliede. Parbaudita dzes€Sanas tidens sisteéma, rezervuari un pievadi.
Parbaudita aparata gataviba darbam, uznemot rentgenogrammu sagatavotam kalibréSanas
paraugu s€rijam — SRM, identific€tas sarnu kompozicijas uz kalcija fluorida pamata, titana
pulveri, vari€jot relevantu piemaisijumu saturu, hloridu paraugi, térauda un volframa paraugi u.c.
Noteiktas kalibrésanas parametru sérijas darbam ar paraugiem projekta ietvaros.

Veikta rentgenfluorescences spektrometra SA PIONEER (Bruker AXS GmbH) darbibas
parbaude un sagatavoSana darbam, ta aréjo funkcionalo mezglu — mériSanas kameras, paraugu
ievietoSanas bloka sakopsSana. Parbaudita dzes€Sanas fidens sist€ma, rezervuari un pievadi, veikta



ieks€jas dzesesanas k&des rezervuara parbaude ar destilétu fideni. [zmantojot kalibréSanas
paraugus veikta aparata kalibréSana, atstradata datu nobides korekcijas veikSana.

Sakts darbs pie eksperimenta iegiito paraugu atlases un to sagatavosanas analizei metodikas
izstradasanas, balstoties uz literatiiras avotiem un ieprieks€jas pieredzes projekta priekSpétijumu
stadija. Noteikts, ka pat neitrala atmosféra pulverveida paraugu kvalitate ar laiku samazinas.
Savukart, piemaistjumu saturs ir liela mera atkarigs no eksperimentalas procediiras. Titana
intermetaliskos savienojumos ar mazu aluminija saturu jabiit beta-titanam vai heksagonalai fazei.
Kompozicionalas analizes rezultats ir atkarigs no iekartas dzese€Sanas atruma salidzinajuma ar
reducéSanas temperatiiru. lespgjama virsmas tuvuma esos$a aluminija reakcija ar kalciju, veidojot
kalcija-aluminija sakaus€jumu. Aluminijs no Kkalcija-aluminija sakaus€juma var difundét
intermetaliskaja savienojuma, veidojot Al inkliizijas, ko iesp&jams noteikt, izmantojot
rentgenfazu

analizi. Tapat, no literatiras zinams, ka pirometalurgiska cela iegitic pulverveida paraugi
paradija augstako intermetalisko savienojumu veido$anos. Lidzigi noveérojumi veikti cietam
titanam, ka arT augstako intermetalisko savienojumu veidoSanas 1000-1200 K temperatiira, ko
var apstiprinat, izmantojot rentgenografiskas fazu un elementanalizes rezultatus.

Ta ka paredzetajos modeleksperimentos ir loti svarigi noskaidrot piemaisijumu un oksidu
izcelsmi reakcijas produktos, veikta kusnu izejvielu (tehnisko produktu) kalcija fluorida, natrija
hlorida un magnija hlorida elementanalize. Lai izslégtu kristalhidratu klatbiitnes iesp€ju, ka ar1
drosi identific€tu kalcija fluoridu ka individualu savienojumu (elementanalizg elementu fluoru
pulverveida paraugiem nevar noteikt aparatiiras konstrukcijas ierobezojumu dél), uz
difraktometra DSADVANCE (Bruker AXS GmbH) uznemtas pulveru difraktogrammas
minétajiem izejvielu paraugiem. Veikta difraktogrammu atsifréSana un analize, balstoties uz
ICDD PDF2 datu bazes.
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Att.7.1. Modelprekursora (Cy = 0.25 M) termografiskas loknes (pa kreisi). Modelparauga WO,/1 morfologijas
mikrofotografija (TEM, pa labi).

Sagatavotas vairakas modelparaugu sérijas mérojumu un datu analizes metodiku atstradasanai.
Ka piemérs, ar Skidras ekstrakcijas metodi iegiiti W-saturoSie prekursori to talakai izmantoSanai
model&sanas piroprocesos. Lai noteiktu masas parneses efektivitati prekursoru iegtiSanas laika,
tika izmantota fotometriska analize. Noteikts, ka veiktajos eksperimentos pie noteiktiem



nosacijumiem metalu ekstrakcijas pakape sasniedz 99.9%. Lai noteiktu modelésanas prekursoru
termisko aktivitati, tika izmantota termiska gravimetriska analize (att.2). Saskana ar veiktiem
petojumiem, lidz ar metala koncentracijas samazinasanos paraugos noveérota temperatiiras
maksimumu nobide diferencialas termiskas Iknés zemako temperatiiru virziena. Balstoties uz
iegltiem rezultatiem, tika noteikti termodinamiskie parametri modeléSanas pirolitisko
eksperimentu veiks$anai. Veikti sakotngji modeléSanas eksperimenti, varigjot fizikali-nomiskos
parametrus parauga WOx/1 iegisanai. legiito gala modelvielu sakotngjo fazu sastava un
morfologijas pétojumiem tika izmantoti attiecigi rentgena fazu analoze un TEM.

Ripigi izvertéti modelparauga WOx/1 rentgenografiskas fazu analizes dati, salidzinati ar datu
bazeé ICDD PDF-2 pieejamo informaciju. Ta ka datu baz€ ir pieejami dati par vairakam WO3
kristaliskajam modifikacijam, kuras savukart var atskirties atkariba no ieguiSanas apstakliem,
kristalitu lieluma un formas, , ka art absorb&ta gaisa mitruma, bija nepiecieSams darbs ar datu
bazi, lai novertétu iesp&ju konstatet §1s modifikacijas paraugos. Veikti sBkotngji modelésanas
eksperimenti, varigjot fizikali-kimiskos parametrus paraugu WOx/2, WOx/3 un WOx/4
iegisanai. legiito gala modelvielu sBkotngjo fazu sastava un morfologijas p&tojumiem tika
izmantoti attiecigi rentgena fazu analize un TEM. Pirolitiska modeleksperimenta rezultata
iegttajiem modelparaugiem WOX/2, WOx/3, un WOXx/4, ka ari komercialajam paraugam WO3
TREIBACHER INDUSTRIE AG (Austria) uz difraktometra D8ADVANCE (Bruker AXS
GmbH) uznemtas rentgendifraktogrammas.Tas atSifrétas un noformétas att€lu veida, izmantojot
datu bazi ICDD PDF-2. Paraugu difrakcijas ainas analizétas salidzinajuma ar ICDD PDF2
dazadas izcelsmes paraugu datiem. Mingtajiem paraugiem veikta elementanalize ar
rentgenfluorescences spektrometru SA PIONEER. Modelparauga WO,/1 rentgenografiskas fazu
analizes un caurstarojoSas elektronu mikroskopijas rezultatu apstrade un izveértéSana.
Modelparauga ( Tpir.= 400°C) rentgenogrammas difrakcijas maksimumi identificéti ka volframa
oksids ar tetragonalu struktiiru - WO;,g40,16 H,O (PDF ICCD 06-0706) un/vai WO;,9 (PDF
ICCD 18-1417). Sa parauga morfologiskie pétijumi paradija, ka volframa oksids ir nanoizméra
zvinu forma (Att. 2).

8. ZinaSanu parnese

legiitie rezultati, literatiiras avoti, darbs projekta aktivitat€s regulari apspriesti projekta seminaros
un sédes, apspriesana tiek protokoléta. Notiek zinojumu sagatavoSana starptautiskam
konferenceém lai nodroSinatu projekta iznakuma raditaja Nr. 13 ,,Citi petijuma specifikai
atbilstosi projekta rezultati (t.sk. dati), kas papildina rezultatu raditajos Nr. 2., 3.1., 4., 5. minétos
rezultatus” sasniegSanu. Projekta pirmo 6 ménesu rezultati tiks prezentéti ,,Modelling for
Materials Processing” MMP-2017 konferencg, kur pieteikti 2 zinatniskie referati (Pielikums 1),
ka ar1 zinoti ,,Materials Science and Applied Chemistry” MSAC-2017 konference (1 referats,
Pielikums 2).
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A feasibility study for high-temperature titanium reduction from
TiCl, using a magnesiothermic process

S. Ivanoy, D. Zablockis
Abutract

Realization of the process of titamium production by magnesiam thermal roduction
from titansum setrackloride at a femperature higher than that of the moder industrial process
usang a resctor prodeced froen o hagh-temmperature niobium alloy.

Intreduction

Totanium is the most common metals und his & unique combination of properties. Die
W the hagh specific strosgrh, refractormess and et resstance, 01 15 wadely used in e
mrospie  indestry,  shipbullding  induery, nuclear  mdustry. However, the  complex
compasition of the Btanivm-costainmg mncrals snd a high affaty of Dtsamm 1o axygen
creste dificulties in obtaming purc Blankem, secessstating & phernlity of process stnges, and
complex kardware aod Mow chart mplomented i the mdustnial profacton of L with
magnosium  (Kroll process). Brosd effective wse of ttanwem s liwted by its high
cost. Numerons attompts industrial implementation of ether ways of mansfactering of
it were smsuocessfal

Chlormation of enriched titanmum ore yiclding titassum tetrachlonde and its thermal
redaction t0 metallic ttamium by mugnesivm is the basic moden industrial meshod of
titameum production. Steel retorts are wsed in the production. When isteracting with ttanises,
iron and aickdd in sseels form a liquid eetectse at high temperatures. These matenals ae
wasked out, the sponge 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 contaminatod by the matenial of the
walls; that is why it undergoes regencration or 3 used as a low.grade masterial Afier
maltatage procensing of metallic tasniam, only 10.15% of pure titsniven i peoduced from
thas iansem raw mascrial

Aboul 70 rescticms mre possable in the systom TICOMLTHIV)) <TICH « TRCRCTHIY) -
TICT = Th - Mg = MgCl - MpCOIXMgi). The followmg coes e schecsod from the point of
view of thormodymamics and Kinctics (e Fig. 1) (1] The roduction tskes place &
intermodiate stages of the formation of stanium lowest chlondes, The finst, muost possible
stage 5 B reductwn of TiCk vapors by magnesiem 1o TICE bocsuse this demands e
collsson of caly twe mokecules of the mtial reageses. The formation of kewest chlondes =
also possable & a resull of the secondary reachons of chdorides with Ti A complex mudu-
phase contribution of the compeaents 10 the reaction takes place. To obtain the desired result,
i 18 nocessary 10 understand not oaly the bmetics of the dmectly reacting moleceles, bul slw
thew trampon mio the regon of reacson aad the removal of the reaction products froms o, ansd
then to comectly realize the process.
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Fig. 1. Schemat presentation of the dosired renctions @ thermodhnamics and
kinctics (sobd arrows — condensod phase, dashod armows — vigor-gas phisse).

Theoectxal saadics [2] show that the semporsture range 1200 = 1400 °C % more
beneficial for the reduction to motallic tmnies, The development and realization of new
highly effective methods of thermal reduction of titanium by magnesium are determined by
the sechmological and design feutuees of the procos when e interaction of TuIv) wath
magnesium woeld occur at a higher semperature if compare with that of the exasting process
and ender moee beneficial condstsans.

1. New reactor

The use of mobium alloy makes it pessible 10 consaderably mcsease the temperature
the meactor and to carry out the roduction process i the optimal semperature range. The
femperatare imcrcase in e reactor offers the possbality of rapid memonal of magnessan
chioesdos by ffusion 1ot the comdenser (Fig 2). The remonal of magnesiom chlorides,
which comprse moee thas 907 of B resction products, makes moee working space in the
roucNT.
The IPUL e has accemubsead cxponence with NBZr contosrs with laium o8 high
temperituee (> 1000°C) s a vacsum [3]. The N&Zr alloy is weldable snd therefore suitablo for
the prodection of & resert for pmgnessothermic reduction of tasium wischloride a0
temporituees 1 2001500 *C. In 2007 the PUL sesmn conductod & profaminary oxperiments on
magnesiothecrmic rodaction up %0 1100 °C in & small reactor made of NbZr alloy. Ceerosive
dogradation was nol observed,

The tempersture ranges oxceoding 1000 °C have sot teen studsed in dewd
experimentally. We make attempes o prodict bow o utilize the advantages of the reaction
ocowrning in the reactor at | 150 °C (S semporature s applicable for miobium ia magaesiom
[4]) and bow %o realize the process using special equipment, ie. degharmpenature, guick-
operating valves and gates or shulters which willl imake it possible 10 control the process uxch
that & would take place predominantly in the gas phase. The costrol mmplics a dose supply of
rengents sl the removal of volatiles afier the reaction, making roam for asother renction, I
thas case, the working space will be reduced only due to the titarsam remamang @ the reactor.
Since In the gas phase titanium o forssed as powder [5], then, apparcaly, it will be posasbic so
design a reactor with the periodic titanium powder spalfing through the opening channel into a
scparate tank (vessel) ousside the seacior and the fumace, Then the themal reduction of
Dt by magesiem can be sssumed continmms,



L.4. Scenario of the reactor operation.

| = vacuum, reactor temperature 1150 °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/ucket) 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 ecm, 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 justifics 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 (SMOQ) 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 [3,6], 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 (N.O, NO, NO; [11-12,16-17]) [17], NH; [14],
H>S [13], H» [18]) adsorbates. Nanostructured forms of SMOs, incl. WOs4, 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 (V1) 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 value, 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 [HWQy]", which polymerize upon acidification forming
complex polytungstate anions, e.g. hexatungstate ions [HWg02,]* 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 [OctsiNH]™ [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>WOs 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 Oct:N in toluene was prepared for use as the extractant. Initially, OctsN was
converted into a hydrochloric salt [OctaNH] Cl- by shaking it for 5 min with an equal volume of
aqueous solution of 1M HCI. After the phases were allowed to separate for 2 hours, the aqueous
phase was removed. Then equal volumes of aqueous solution of Na;WO, and toluene solution of
[Oct;NH]*Cl- were mixed in a separation funnel, the time of phase contact was 10 min. After
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 diffraction (XRD)
method (diffractometer D& Advance, Bruker Corporation) with CuK radiation (L = 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 em™ and 1600-
1700 cm™ are associated with the O-H stretching and H-O-H bending modes from crystallization
water in 81 [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 S4 (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 84 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-WO3z 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).

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

¢ 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.



¢ VVacuum 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.

Metaliska titana un ttana sakaus&umu iegdsanas iekarta
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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) + 2M0(iquidy = Tigiquid) + 2M9Clgiquia)
AHeaction = -393.9 kJ/mol
TiClagiquid) + 4Nagiquid) = Tigiquid) + 4NaClgiquia)
AHeaction = -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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