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Current Status of Titanium Production
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iIncreasing.

e imited supply of Ti
caused serious shortage
of Ti in the market.
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® A new production process

with high productivity is
urgently required.
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Purpose of this Study

The Kroll process

Feed: TiCl,

® Huge exothermic reaction

—Reduction speed is extremely slow, and 10 days are
required for producing 10 ton of Ti.

—Vacuum distillation and cooling process are also
“time consuming’.

¥

Development of a continuous and high-speed Ti production
process based on the magnesiothermic reduction of
Ti subchlorides (Subhalide reduction process)
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Physical and Chemical Properties of Titanium Chlorides

TiCl,
Appearance
Color ) Clear
Molecular weight (g/mol) 189.7 154.2 118.8
Density (g/cm?3) 1.70 No data 3.13
Melting point (°C) —24 1 - -
Boiling point (°C) 136.5 — —
Sublimation point (°C) — 830 1307
AG°;at 800°C (kd/mol Cl,) =317 -327 —-344
AG’°;at 800°C (kd/mol Ti) -637 —-491 -344
Vapor pressure at 800°C (atm) — 0.74 1.2 x 10
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Reduction Heat

Titanium subchlorides elLow reduction heat

At 1073 K
@ TiCl,(g) + Mg(l) — TiCl,(s) + MgCl,(1)
AH’ = =339 kJ, AG’ = —185kJ

This is suitable for developing high speed process

'@ TiCl,(s) + Mg(l) = Ti(s) + MgClI,(l)

. AH =91 kJ) AG" = ~130 kJ |

@ TiCl,(g) + 2 Mg(l) = Ti(s) + 2 MgCl,(I)
D) AH = AG = ~315 kJ
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New Titanium Production Process Using Titanium Subhalides

@TICl,(I,g) + Mg(l,g)  — TiClL(s, ) + MgCl(l)
TiCl,(l, g) + Ti(s, scrap)— TiCl (s, 1)

N Ti’CIX(s, 1) + Mg (I, g) — Ti (s) + MgCl, (I, g)

Step 1. Step 2. Step 3.

High-speed production High-speed High-speed removal

of Ti subchlorides and magnesiothermic of Mg and MgCl, from

enrichment of TiCl, reduction of TiCl, Ti sponge by draining
and vacuum distillation

TiCl, Mg or Ti Mg, MgCl

vessel g g g gé(g)

O O S S
3 S-MgCl, 5 799 \/ O 0 Ti
ol . o -TiCl, © o-Mg O
ol o . O 9 9 3 sponge
oWzzzzzzac TiCl, O > TiCl, OF 5P A0
Mg, MgCl, (1)
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Features of the New Process

|
Table Comparison of the Kroll process and new process

Kroll process New process
Process type Batch-type, limited speed (Semi-)Continuous, high speed
Feed material TiCl, (1, 9) TiCl, or TiCl; (s, 1)
Heat of reduction, High (—434) Low (94 ~ -191)

AH° / kd mol Ti

Reactor material ~ Mild steel (Fe contamination  Ti (No Fe contamination)
unavoidable)

Reactor size Large (Crush and melt) Small (No crush and
direct melt)

Flux, sealant Not used MqgCl,, Ti

Common ® Magnesiothermic reduction of chloride

features ® Removal of MgCl, and Mg from Ti sponge by draining and

vacuum distillation
® Production of high-purity Ti with low oxygen content
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Problem on the Previous Study

[ TiCl, (g) + TiCl, (5) — 2 TiCl, (g) |

_ , Direct reaction of TiCl, with Ti;
Feed TiCl, (G)I TiCl (9) Yield of TiCl.: 23~35%

_ Consumption ratio of
7777727772727272272727222444227%% T1CL, (S) feed Ti- 42~45%

—Ti(s) ™ /

Reason for low efficiency of TiCl, formation

1. TiCl; formed, evaporated, and dissipated.

2. TiCl, solid film formed on surface of metallic Ti
hindered chlorination reaction of metallic Ti.

3. TiCl, was converted to TiCl; by reaction with TiCl,.

For improving efficiency of TiCl, formation
1.TiCl, formed on surface of metallic Ti has to be removed.
2. Reaction of TiCl, with TiCl, has to be prevented.
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Titanium Subchloride Synthesis

by
Reaction of TiCl, with Ti in Molten Salts
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Experimental Procedure

Phase diagram for the MgCI,—TiCl, system

TiCl, content, Xqic,, (Mass)

0 20 40 60 8 100
1300 — b e L1208 K _
------- oo e - 11000  ®MgCl, is expected to work
¢ -1273 K, 83 mol% TiCl . O :
~ ook L - < as a medium that removes
:n e 1'1_'7_3' _K' _3'§'r_r]'o_|'o/_'_|__l'é|'_'_ 900 .‘I_B TiCI2 film formed On the
o) . , iCl, - iy
5 " 721 £ surface of metallic titanium
o 11001 (s - goo & by dissolving and
2 [/ 1073 K 8mol% TiCl, | & accumulates TiCl, in its
= 1000 989K? 1 7002 interior.
987 K | —

900 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100

MgCl, TiCl, content, XTici, (mol%) TiCl,

[Komarek and P. Herasymenko: J. Electrochem. Soc. 105 (1958) p 210.]
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Experimental Procedure

(a) Reaction container _Stainless-steel tube (b) Photo

I /forTiCI4feed
iICl, (I, 9) ‘OW Thermocouple (T,)

Thermocouple (T,)
o
-~ Heating element

Alumina crucible

Stainless-steel
outer chamber

Stainless-steel
container

Stainless-steel
basket

Ti sponge (6.3 9)
Molten MgCl, (100 g)

20 mm

O O OO0 O O O O O O

O |0 O\ O O] O

10 mm
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Experimental Results

Status of solidification of the salt

I[ :II

o] e sponge residue
after experiment

Green salt
L

a

V77?24 —Black flake precipitate
?= with green salt
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Experimental Results

Table Analytical results of the obtained samples (Exp. 3A).

Posi Concentration of element i, C. (mass%) x value
ton ™ria] civ Mga Fes Niz cra |inTiClL
a |233 | 7463 23.01 0.03 <0.02 <0.01 4.35
b |7.07 | 7225 2062 0.01 <0.02 0.04 2.31
c |887 | 7185 1924 0.01 <0.02 0.03 2.39
d |958 | 71.34 1895 0.08 <0.02 0.04 2.26

a: Determined by ICP-AES.
b: Determined by potentiometric titration method.

e Concentration of Ti in the salt recovered from the upper part of
the reaction container was low, and that in the salt recovered
from the lower part of the reaction container was relatively high.

® VValue of x in MgCI,—TiCl, was calculated to be 2.24~2.47

(lower part).

Institute of Industrial Science, The University of Tokyo
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Experimental Results

Table Yield of TiCl,_and Ti consumption rate.

-

Exp. TiCl, feed rate, | Yield of TiCl,, Ti consumption
No. r/ g min’ Rrici. (%) ratio, R;,' (%)
3A 0.56 64 80
3B 0.16 46 93
3C 0.13 49 84
-------------------------------------- —MgCl, (1)
- medium

e |t was demonstrated that

efficiency of TiCl, formation
was improved by using
molten MgCl, as a reaction
medium.
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Conclusions

In order to establish a new semi-continuous and
high-speed Ti production process based on

the magnesiothermic reduction of titanium subchlorides,
a novel synthetic process of titanium subchlorides
(TICl,, x = 2, 3) by reaction of TiCl, with metallic Ti

was investigated.

® Efficiency of TiCl, formation produced
by direct reaction of TiCl, with Ti was low.

e [t was demonstrated that efficiency of TiCl, synthesis
can be improved when using molten MgCl,
as a reaction medium.

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 16



Future Works

® More efficient production process of TiCl, from TiCl,
® Enrichment process of TiCl,
— Establishment of a continuous and high-speed
titanium production process

TiCl, production chamber

Ticl, Mg or Ti

Mg and MgCl,
draining chamber

OOOOOOO

Ti crucible
and Mg
reductant

LI

[ 0000 0000000

oy . EESEE

©0000000

TiCl, and MgCl, TiCl, Vacuum-distillation
charging reduction chamber for
chamber chamber Mg and MgCl,

Mg and MgCl,

storage chamber
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Chapter | Excellent Material, Titanium!

Feature of Titanium

1. Light and high-strength
2. Corrosion resistance
3. Biocompatibility

4. Some titanium alloy: shape memory alloy,
super elasticity

Aerospace industry Dental material Power generation plant

o 1 Ll A

Dental Crown

\
\ Implant /
- Post
Gums_ ;
Natural = 3 Dental
Tooth “ 5} % Implant
Root % 2 )
e — Jaw Bone A =5 ,.
Japan Aerospace Exploration Agency http://village.infoweb.ne.jp/~etou/indexhome.htm Japan Titanium Society
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Chapter | Father of Titanium Industrial Production

William J. Kroll
(1889.11.24-1973.3.30)

[William J. Kroll — A Luxembourg Scientist, Edited by Fondation Nicolas Lanners, Luxembourg 1998, Cover page.]
Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 20



Chapter | Father of Ti Industrial Production

William J. Kroll
(1889.11.24-1973.3.30)

[William J. Kroll — A Luxembourg Scientist, Edited by
Fondation Nicolas Lanners, Luxembourg 1998, p.63.]

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 21



Chapter | History of Titanium Metallurgy

1885 . . . .

1791 Gregor: Discovery of titanium element

1905

1795 Klaproth: Denominated as “Titanium”

~1887 Nilson, Petterson:
Reduction of TiCl, by Na

1925

1945

19652
-

E

1985!: ~1940 Kroll: Reduction of TiCl, by Mg

=

Year

~1910 Hunter: Reduction of TiCl, by Na

~1925 van Arkel, DeBore:
Thermal dissociation of TiCl,

E
200%i ! ' ' i i Current titanium production process

10 20 30
Ti sponge production in Japan [ki] based on the Kroll process.
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Chapter | Abundance of Titanium in the Earth’s Crust

Rank Element Clarke No.
1 80 49.50
2 14G; 25.80
3 13A 7.56
4 26F g 4.70
5 20Ca 3.39
6 1"Na 2.63
7 19K 2.40
8 12Mg 1.93
9 H 0.87
10 22T 0.46
11 17| 0.19
12 25Mn 0.09
13 15p 0.08
14 6C 0.08
15 165 0.03

Rank Element Clarke No.
16 N 0.03

17 F 0.03

18 39Rb 0.03

19 56Ba 0.02

20 4ozr 0.02

21 24Cr 0.02

22 383y 0.02

23 23y 0.02

24 28N)j 0.01

25 29Cy 0.01

26 74N 6x 103
27 3L 6x 103
28 58Ce 4.5x 103
29 27Co 4x 103
30 503 4x 103

Titanium is the 10t most abundant element in the earth’s crust.

Institute of Industrial Science, The University of Tokyo

March 18, 2006, Active Metal
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Chapter | Current Status of Titanium Production

Production of Ti sponge in the world (2003)

China =

4 kt — —

Kazakhsta Japan

9 kt 1815 kt
(28% share)

Russia

26 kt

[S. Nakamura: Industrial Rare Metals, (Tokyo, Japan: Arumu publish co., 2004), pp. 52-55.]
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Chapter | Comparison with common metals

Metal Iron Aluminum Titanium
Symbol Fe Al Ti
Melting point (°C) 1536 660 1680
Density (g/cm3@25 7.9 2.7 4.5
C)

Specific s;trength3 4.1(Pure) 2.2(Pure) 5.1(Pure)
[(kgt/mm=)/(glem?)] g 7(SUS304)  8.9(0.5Mg0.5Si)  24.6(BAI4V)
Clarke No. 4 3 10
Price (¥/kg) 50 600 3000
Production volume 9.6 x 108 @

(t/world@2003)

1/15000
Although titanium is the 10" most abundant element in the earth’s
crust, its production volume is very small.
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Chapter | Production Process of Titanium Subchlorides

Calcined coke  Rutile, Upgraded ilmenite (TiO,)

cl
]

Carbo-chlorination — CO, CO,

'
Crude TiCl, (VOCI,, SiCl,, SnCl,)

VOCI,,
Purification of TiCl, — SiCl,,
) SnCl,
Mg TiCl

T 1

Reduction of TiCl, by Mg

, '
MgCl,  Tisponge, MgCl, and Mg

' Vacuum distillation = Mg, MgCl,

Electrolysis Ti sp!)nqe
of MgCl,
Crushing
!
Arc melting

Ti or Ti alloy ingot
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Chapter | The Kroll Process

Chlorination: TiO, + C + 2Cl, — TiICI4 + CO,
Reduction: Ti*CI4 + 2Mg — Ti + 2MgCl,

Electrolysis: MgCl, — Mg + Cl,

TiCl, ©High-purity Ti can be obtained.
% ,7|\/Ig & MgCl, ©Metal/salt separation is easy.

recovery ports OChlorine circulation is Established.
4 : OEfficient Mg electrolysis can be utilized.
—/Sponge Ti OReduction and electrolysis
411 Mild steel can be carried out independently.
41T reactor X Process is complicated.
X Reduction process is a batch type.
Mg & |\/|gC|2 X Production speed is low.

Reduction speed of Ti is less than 1 t/day-batch,
which is one of the contributors to its high cost.

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 27



Chapter | Direct Reduction Processes of Titanium Oxide

(a) FFC Process (Fray et al.)

TiO, (l
prel‘orm ?- g garl?on anode |
SAW 2§0¥ Electrolysis
| cac Y || Cathode: TiO, + 4e- — Ti+ 20> (at)
molten salt Anode: C + x 0> — CO, + 2x e (a2)

(b) OS Process (Ono & Suzuki)

TiO, — | Carbon
;E =3 &O?— Electrolysis |
Ca, S B
%%% CaCl;™™ Cathode: Ca?* + 2e- — Ca (b2)
_molten salt

Anode: C + x 0> — CO, + 2x e (b3)

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 28



Chapter | Direct Reduction Processes of Titanium Oxide

(c) EMR/MSE Process (Okabe et al.)

Current Cathode: TiO, + 4e- — Ti + 202 (c1)
monitor/controller | Carbon
o AT Manode Anode: 2Ca 7 2Call 242 v (%2).
| ' ¥ §C:‘ Electrolysis ‘
G i :§0‘3 Cathode: Ca?* + 2e- — Ca (c3)
%fi%///////ff\ﬁ'(/:’/f////////////// S AnOde: C + X Oz- - COX + 2X e_ (C4)

7 V _
TiO, CaCl,~CaO Ca  Overall reaction
molten salt alloy TiO, + C — Ti + CO, (d)

Difficulties in using TiO,:

®Production of high-purity TiO, feed is expensive.
®Energy efficiency is low.

®\etal/salt separation is difficult.

ePurity control of obtained Ti is difficult.

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 29



Chapter || Experimental Apparatus

(a) Gas flow type reaction container (Type I) (b) Photo
{ﬁ(_ TiCl, (l) feed port

jli N i‘—Argon inlet / outlet
Thermocouple (T,)
g Thermocouple (T,)
| o ~— Stainless-steel
o .
reaction chamber
<— Alumina crucible
o o« Heating element
2 < Z Stainless-steel
off |LlUIlfo TiCls feed tube
o fe— Stainless-steel
2 2 reaction container
o —Mo lining
(@) (@) —
olLE===15—"Ti sponge (6.4 g) 90 mm
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Chapter || Experimental Apparatus

Purple TiCl,
powder
deposit

AR CTIDREIZIE
HIMTICLAERLT
LN=hY, - [EIURIE T
=hof-.

O O OO OO O O O O
O 0O OO OO OO0 O O
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Chapter || Experimental Apparatus
(a) Type | (c) Type IV
id

\

ou' o 00 HEN }iﬁf\g%ﬁmo)ﬁiﬁ
(b) Type Il LA K&

L=H%, SR TH
Mh-o7=.

~ ~

L >\-__ L

oh & Oh j Institute p %lﬁf%ﬁ":ng' of Tokyo March 18, 2006, Active Metal 32




Achievement in the Previous Study

Before Exp. After EXxp.

—1—Ti tube
Ti reaction container

TiCl; powder
Mg rod

Ti sp&ngé

/"'”\"\ -

% Ti sponge

20 mm

Pure metalllc T| was successfully obtained
by the subhalide reduction process.
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Part |

Titanium Subchloride Synthesis

by
Reaction of TiCl, with Ti

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 34



Production Process of Titanium Subchlorides
Calcined coke Rutile, Up%raded iimenite

Cly
]

Fluidized bed chlorination

v
Crude TiCl, (+ VOCI,, SiCl,, SnCl,)

!

Purification of TiCl,

— o b - -

Scrap Ti  TiCl,
' {

Production of TiCl, (x = 2, 3)

MgCl=-

R l
TiCl_ + MgCl

-

Enrichment of TiCl,

| = e | oy

|\_/|l9 TiCl, (+‘MgCI2)
}

. CO, CO,

|~ vOCl,, SiCl,

SnCl,

'This study

Ti (+ MgCl,)

Reduction of TiCl, -

v
Sponge Ti (+MgCl,, Mg)
|}

Vacuum distillation

Electrolysis
of MgCl,

Arc melting

'
Ti or Ti alloy ingot

-~ Mg, MgCl,

March 18, 2006, Active Metal 35



Part |. Experimental Apparatus

TiCl, feeding system

pump
Stainless-steel Teflon tube Glass L :
- : Furnace ptllit : :
reaction for TiCl, (I)_ TiCl, (1) TiCl, || Gas
chamber transportation  vessel { .| vessel @ system

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 36



Part |. Experimental Apparatus

(a) Closed-type reaction container
TiCl, (1, g) flow (0.12~0.64 g/min)

O O OO OO O O O O

I I

Thermocouple (T,)

9 Thermocouple (T,)

Q‘Heating element

O
S Alumina crucible

Stainless-steel
o outer chamber

Stainless-steel
o reaction containe

oMo tray

o-Ti powder (6.3 g)

(b) Mo trays used for TiCl,

synthesis tentatively installed

In transparent beaker.

Ti (s) + TiCl, (g) — 2 TiCl, (s); AG°

-18.9 kd/mol @ 1273 K

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal
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Part |: Experimental Results

Appearance of the products after the synthesis experiment

(a) Closed-type (b) Form of black
reaction container flake deposit

%EZEQ 7777
ﬁ‘mye Black flake Sintered Ti Mo tray

@posit powder /

Institute of Industrial Science, The University of Tokyo March 18, 2006, Active Metal 38




Part |: Experimental Results

XRD pattern of the products

—TiCl, (+ y-TiCl,)

Intensity, | (a.u.)

/}LV\AMMNM—AL*wMMJULg e :0-TiCl,
v :y-TiCl,
Mav &" o I . Trayf |l a:TiCl,

20 40 60 80 100
Angle, 26 (degree, Cu K

ab Institute%} Industrial Science, The University of Tokyo March 18, 2006, Active Metal 39




Part |: Experimental Results

Table Analytical results of the obtained samples (Exp. 2D¢°).

Tray

Concentration of element i, C, (mass%)

X value

No. Tia  cl® Fea Ni= Cra  Mo? |in TiClx
a 36.38 6253 0.27 064 0.12 0.06 2.32
b 36.13 6290 0.17 0.69 0.06 0.05 2.35
c 37.21 61.79 0.20 0.67 0.07 0.05 2.24
d 3720 6254 0.10 0.07 0.06 0.02 2.27
e 39.27 6045 0.10 0.05 0.09 0.03 2.08
f 3882 60.72 022 <0.01 018 0.05 2.11

Exp. Concentration of element i, C. (mass%) 2 X value

No. ""tip clc  Feb Ni® Crb  Mov [INTICL
2A 39.13 60.05 019 049 0.20 0.03 | 2.07
2B 36.01 63.34 0.16 0.31 0.16 0.04 | 2.38
2Cd 3846 6045 068 024 017 <0.01 2.13
2D 3750 61.82 018 042 0.10 0.04 |_2.23

aa, z\y,ab

Institute of Industrial Science, The University of Tokyo

a: Determined by ICP-AES.

b: Determined by potentiometric
titration method.

c: TiCl, feed rate, r = 0.12 g/min

a: Average of 6 samples obtained
from each tray.

b: Determined by ICP-AES.

c: Determined by potentiometric
titration method.

d: Stainless-steel tray was used.

March 18, 2006, Active Metal 40



100 [ | | | | I
. o: Yield of TiCl,
= 80t = : Ti consumption ratio
®
|_
T 60
_>< ____________________________
O (m m S
= 40 ::—‘—‘~-—'-'-:::::-_-_-_-_-_—_::=,_ —————————
Y - T TTe-l
o .. ® el
S o~ T s
o 200 T
>_
O | | | | | |
0 0.2 04 0.6

Part |: Experimental Results

Efficiency of TiCl, formation

TiCl, feed rate, r / g'min-"

Institute of Industrial Science, The University of Tokyo

100

80

60

40

20

Ti consumption ratio, Ry (%)

®Yield of the recovered TiCl,
sample was 23~35%, and it

decreased with increasing
TiCl, feed rate.

®Consumption ratio of the
feed Ti was 42~45%, and
the ratio was independent
of TiCl, feed rate.

March 18, 2006, Active Metal 41



Chapter V. Production Process of Titanium Subchlorides
Calcined coke Rultile, Up%raded ilmenite

Cly Fluidized bed chlorination = CO, CO,
] —

Y
Crude TiCl, (+ VOCI,, SiCl,, SnCl,)
!
Purification of TiCl, — VOCI,, SiCl,

SnCl,

/
ScrapTi  TiCl,
Y {
Production of TiCl, (x =2, 3) [=—

A

!
TiCl, + MgCl,

MgCly= Enrichment of TiCl,

'

Mf TiCl, (+ MgCl,) Ti (+ MgCl,)
|y === ====

MgCl= Reduction of TiCl, L

' :
Sponge Ti (:MgO, Mg) This study
Vacuum distillation L Mg, MgCl,

'
Electrolysis Sponge Ti

Arc melting

!
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Chapter V  Phase Diagram for the Ti-Mg—Cl system at 1073 K

Reaction pathway
for TiCl, synthesis

Initial feed
material

MgCl, (1)

' Reaction pathway for
 TiCl, reduction

Ti (s)/TiCl, (s)/MgCl, (1)
three-phase region

Ti (s)/Mg (1)/MgCl, (1) Z
three-phase region //
Ti (9)

[Ref. Okabe et al.: J. Japan Inst. Metals 61 (1997) pp. 610-618.]
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: Reductant ]
\ Mg (1)

Overall composition
after reduction experiment




Chapter V

(a) Total setup

Experimental Apparatus

(c) Small-sized
container

(b) Photo

‘—>r|m=<—Ar inlet/outlet
—FS Thermocouple (T,)
N Thermocouple (T,)
<~—Alumina tube
| [i—Stainless-steel
I\ chamber _
AN \ _ (d) Large-sized
T—>Stainless-steel container
am condenser
r =4It - 1 =o-Heating
58 17 84i/element
58 | {ffor Stainless-steel
nl=——=ln, vessel

Institute of Industrial Science, The University of Tokyo

Ti reaction container

TiCl; (10 g)
and Ti (1.2 g)
powder mixture

Ti reaction container

- TiCl, (80 g)

and Ti (9.7 g)
powder mixture

20 mm

March 18, 2006, Active Metal
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Chapter V Experimental Results

o: a-TiCl,
(a) Polyimide film m: y-TiCl,
v: TiCl,

) e iacn | XRD pattern of the products

"2

(c) 773 K, 10 min
(small-sized)

Intensity, | (a.u.)

(d) 1073 K, 120 min TICIl, was obtained.

(small-sized)

v vV v

(e) 1073 K, 10 min
(large-sized)

v
yyv v v v v

1 | 1 | 1 | 1
20 40 60 80 100 PDF #29-1357, y-TiCl,: PDF #29-1359, TiCl,: PDF #10-0315 and

Angle, 28 (degree, Cu K _.) 73-0751.
p,b,k Institute o??ndustrial Science, The University of Tokyo March 18, 2006, Active Metal 45



Chapter V Experimental Results

Table Analytical results of the obtained TiCl, samples.

Concentration of element i, C. (mass%) . Calculated
' Yield
Sample . ] ] . (%) value of x
Ti Fe Al Cl Y in TICIX

Feed 2 24.31°%  0.03 4500 71.12° — 2.95
4Ap 42.81 0.13 0.05 57.01 51 1.80
4A 43.18 0.05 0.63 56.14 1.76
4By, 37.10 0.06 0.19 62.61 2.28
4B, 4 39.54 0.05 0.10 60.29 94 2.06
4B, 40.25 0.07 0.10 59.56 2.00

a: Supplied by Toho Titanium Co., Ltd.

b: Nominal value.

c: Determined by ICP-AES.

d: Determined by potentiometric titration method.
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Chapter V

(a) Total setup

(b) Photo

I chamber
| :\

- condenser

I <Ar inlet/outlet

= ‘ Thermocouple (T,)

Thermocouple (T,)

<~—Alumina tube

T—Stainless-steel

Stainless-steel

Heating
7 84:/element

ol Stainless-steel

N=—==ln| vessel

‘ Leaching or vacuum distillation
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Experimental Apparatus

(c) Container setup

O O O O O

a

b

Stainless-steel
O cell

&—Ti reaction

container
@)

TiCl, powder
O (5.97~10.0 g)

Mg lump

(d) Photo

(1.34~2.68 g)

Stainless-steel
cell

Ti reaction
container
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Chapter V Experimental Results
TiClL,M1= T & it D /& E FE FE
190 TV HO—ILEIZEBF L DERERE
TiCl, + Mg — Ti + MgCl O—JL; FRD 1R
2 21T e 800 O TS 0.006 kg/m2-s @ 1000 K
= 1050 183s T : - [0.06 kg/m3's @ 1000 K
. v T - (H#5E)]
2 " 750 & gmi5: 0.009 kg/m2s @ 1100 K?
© = [0.009 kg/m3-s @ 1100 K?
— E *E'_H
"é& -700 © (2 3E)
|2 950 — T, (inner) i CIEJ AREBREZHICEBITAFIVDERGEE
............. T, (outer)| 650 0.76 kg/m3-s @ 1000 K
| | . , [0.061 kg/m2s @ 1000 K]
900
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Chapter V Experimental Results
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Chapter V Experimental Results

(a) Leaching (b) Initial setup
for (a)

<— Stainless-steel
cell

Ti reaction
container

TiCl, powder
(10 9)

Mg lump
(2.7 9)

H R D 51 ER]

(c) Vacuum
distillation

(d) Initial setup

for (c)

<— Stainless-steel
cell

Ti reaction
container

TiCl, powder
(69)

Mg lump

(1.4 g)

Ti reaction container was not damaged.
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Chapter V Experimental Results

LYy

E A DT AR ERE AR

| ' ¢ -
o . Ti ( )Leachlng (4Xa)
v:TiH,

|| ST T
(b) Vacuum distillation (4Ya)
Pure Ti was obtained.

SUSS S S
20 40 60 80 100
Angle, 28(degree, Cu K_,)

Intensity, | (a.u.)

o
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Chapter V Experimental Results

Table Analytical results of the Ti sample recovered
by leaching (4X) and vacuum distillation (4Y).

—_————

Code Concentration of element i, C. (mass%) @ Yield
Ti Fe Ni Cr Mg Al (%)
4Xa 99.71 0.6 0.04 <0.01 0.06 0.03 99
4Xb 99.19 0.10  <0.01 0.05 0.50 0.16 >89P
4Ya 99.75 0.2 <0.01 0.03 <0.01 <0.01 98
4YDb 99.72—0J16  <0.01 <0.01 <0.11 0.40 99

a: Determined by XRF; the value excludes carbon and gaseous elements.
b: This value includes the uncertainty due to mechanical separation.
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Chapter V Experimental Results

LYy

= ) D iiE S

(a)Leachlng o (b) Vacuum dlstlllatlon

Coral Ilke structure Primary particles
were sintered.
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Chapter VI Experimental Apparatus

(a) Total setup (b) Photo (c) Container setup
S——f=—=—Ar inlet/outlet R R Stainless-steel
) | nieloutie O B O cell
=t Thermocouple (T,) O a b e&—Ti reaction
LThermocouple (T,) O @) c?ntalner
i TiCl; powder
~—Alumina tube O O (20 g)
| [H—stainless-steel O [] Mg lump
a _""“\chamber (4 9)
+—>Stainless-steel (d) Photo
|l condenser
W
r =1 1F 1 ~=-Heating Stainless-steel
:8 1T 84:/element cell
58 O: Stainless-steel Ti reaction
NI, vessel container

‘ Leaching or vacuum distillation
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Chapter VI

Experimental Apparatus

MDD e IR EZ R LS 1==5R

(a) Low dispersion

20 mm
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Ti tube

Ti reaction
container

TiCl; powder
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Mg lump
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(b) Photo (c) High dispersion
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(102 g)

— Mg rod
20 mm (5X5x
80 mm,
23 q)
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Chapter VI

(a) Total setup

Q0000000

e

o<——Heating element

Experimental Apparatus

(b) Photo
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Thermocouple (T,)
Thermocouple (T,)
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Stainless-steel
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MgCl, drain
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Chapter VI Experimental Results
1300 | | | | 1000
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Chapter VI Experimental Results

1300 .

' ' T'i o O' g [1900  TICLOBARMSLRETIL,
x S O —EBREOESIRE LSHE
1200 n = -
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Chapter VI Experimental Results
R D5V R

(a) Leaching (b) Initial setup (c) Vacuum (d) Initial setup
of (a) distillation of (c)
<—Stainless-steel <—Stainless steel

cell cell
Ti reaction Ti reaction
container container
TiCl; powder TiCl,; powder
(10 g) (10 9)

—7

< Mg lump Mg lump
(29) (2 9)

Ti reaction container was not damaged.
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Chapter VI Experimental Results

H R D 51 ER]

(a) Low dispersion (b) Initial setup (c) High dispersion (d) Initial setup
of (a) of (C)

Ti tube Ti tube

I il ST
A BY A
Ti reaction i ?ﬁ/j ?,?‘lé Ti reaction
as remained ﬁ container é g % é container
TiCl; powder ff-é ?;é TiCl; powder
(100 g) m '_& (102 g)
— Mg lump - Mg rod
VRS
e [10mm (10x10x 10mm]  (5x5x
10 mm 10 mm, 80 mm,
22 g) 23 g)
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Chapter VI
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Chapter VI Experimental Results

H R D 51 ER]

(a) Ti sponge (b) Initial setup (c) Drained (d) Evaporated

of (a)
m ;

o A7zl "Ti reaction = [
£t v ;75’ container
D+
gg ?’? TiCl,
f//;:’ f/éé powder
PN RIN
IO\ W24 Mg rod

10 mm
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Chapter VI Experimental Results
Table Analytical results of the Ti sample.
Exp. Concentration of element i, C, (mass%) 2 Yield |

Ti Fe Ni Cr Mg Al (%)
SA ¢ 96.35 0.13 <0.01 0.03 0.02 3.47 81
5B d 99.37 0.16 <0.01 0.02 <0.01 0.44 99
5Cbd 9579 1.74 0.33 0.36 <0.01 1.77 80
oD ¢ 99.26 0.29 <0.01 <0.01 0.10 0.36 66
SE ¢ 99.52 0.12 <0.01 <0.01 0.11 0.24 91
5X e 99.04 0.18 0.02 0.02 0.09 0.65 82
oY e 99.18 0.50 <0.01 <0.01 0.09 0.21 87

a: Determined by XRF, and the value excludes carbon and gaseous elements.
b: Stainless-steel reaction container was used.

c: Recovered by leaching.

d: Recovered by vacuum distillation.

e: Recovered by draining and vacuum distillation.
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Chapter VI Experimental Results

Primary particles
were sintered.
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Chapter VI Experimental Results

(a) TiCl;: 102 g, leaching (b) TiCl,: 100 g, draining and

vacuum distillation

4

Primary particles
were sintered.
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Chapter VII Conclusions

[Vacuum distillation] Heati PINFARETE
eating TiCl, (x =2, 3) + Mg (l)
Mg (), MgCl, (9) /element — Ti (s) + MgCly(l)

——— =]\

CgOOO O OO %o CgO
aieaniiel |

TiCl, + Mg FALDEE (F) EFLETTAER
e (+ MgCl, T DEAFE

O
()
N
O
S ,
—U I_,—L / Reduction] ‘
l O

MgCl, (1)
[Draining]

O O O OO

N T 033 o F~ it =
Ti container FRUDRENGTEREBET
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Chapter VI Epilogue

Aluminum was changed from
a rare metal to a common
metal by the process
iInnovation, and it contributed
to develop our society.

Can titanium be a common
metal?

Fig. The table centerpiece made of aluminum, which was
crafted for Emperor Napoleon Il in 1858. (Carnegie Museum of
Art, Pittsburgh, Pennsylvania, cover page of JOM, Nov. 2000)
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Chapter | Gibbs Energy of Formation of Chloride

Standard Gibbs energy of formation, 4G’/ kJ -(mol-Cl,)

0

-200 -

-400 |

-600‘

-800

-1000

u u u

Electrolysis -

AGof

400 600 800 1000
Temperature, T/ K

1200

1400

AGfO — AHfO - TA&O

Heat of reduction is
halved by utilizing
titanium subhalides

Fig. Standard Gibbs energy of
formation of several

Chlorides.[Ref. I. Barin, Thermochemical
Data of Pure Substances, VCH
Verlagsgesellschaft, Weinheim, (1989).]
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Chapter | Mass Balance of Titanium Production

Ticl, + 2Mg — Ti + 2MgCl,
3.96 ton 1.02 ton 1 ton 3.98 ton

2.33m3 059m3 0.22ms3
AH" = -8980 MJ (2.50 MW-h)

"TiCl, + Mg — Ti +
248ton 051ton 1 ton

0.79m3 029m3 0.22m3

gill =EEI IEIN BN I S -
N I S S S . .-
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Chapter | Vapor Pressure

Vapor pressure, log p°, (atm)

10 iR S :
.-"_:'lk\la'CI Fig. Vapor pressure of several chemical species.
SN S - [Ref. I. Barin, Thermochemical Data of Pure Substances,
s TlC{,l'g | | VCH Verlagsgesellschaft, Weinheim, (1989).]
42 L ! ! L
600 800 1000 1200 1400

Temperature, T/ K

D
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Chapter | Vapor Pressure

Temperature, T/ K
2000 1000 500 400

Vapor pressure, log p°; (atm)

N
o

Fig. Vapor pressure of several chemical species.
[Ref. I. Barin, Thermochemical Data of Pure Substances,
VCH Verlagsgesellschaft, Weinheim, (1989).]
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Reciprocal temperature, 1000 T-1 / K-
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Chapter | Key Factors of the Development of a

Impurity control

reaction site
control

High speed
system

Low cost
reduction process
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Chapter |

Vapor Pressure

Advantages Disadvantages
Kroll O High purity titanium available x Complicated process
[0 Easy metal / salt separation x Slow production speed
o Established chlorine circulation x Batch type process
o Utilizes efficient Mg electrolysis
o Reduction and electrolysis operation can be carried
out independently
FFC [0 Simple process x Difficult metal / salt separation
o Semi-continuous process x Reduction and electrolysis have to
be carried outsimultaneously
[ Sensitive to carbon and iron contamination
O Low current efficiency
0OS [0 Simple process x Difficult metal / salt separation
o Semi-continuous process [ Sensitive to carbon and iron contamination
O Low current efficiency
EMR/ [0 Resistant to iron and carbon contamination x Difficult metal / salt separation when oxide system
MSE o Semi-continuous process x Complicated cell structure
o Reduction and electrolysis operation can be carried (0 Complicated process
out independently
PRP O Effective control of purity and morphology x Difficult recovery of reductant
O Flexible scalability x Environmental burden by leaching
[J Resistant to contamination
o Small amount of fluxes necessary
This study [0 High speed reduction process x Difficulty of TiCl, handling

o Semi-continuous process
o Titanium scrap enable
o Facilities for Kroll process can be utilized

0 Multiple reduction process

Institute of Industrial Science, The University of Tokyo

March 18, 2006, Active Metal
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Chapter | Reaction Mechanism in The Kroll Process

1. TiCl, is dropped into a reactor.

TiCl,
|
O [ —
IR
N -———MgCl,
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Chapter | Reaction Mechanism in The Kroll Process

2. TiCl, vaporizes.

TiCl, (I) = TiCl, (g)

. INE
-7~—MgCI
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Chapter |

Reaction Mechanism in The Kroll Process

3. A part of gaseous TiCl, is reduced to TiCl,
by Mg, and TiCl, dissolves into molten MgCl..

TiCl, (g) + Mg (1) — TiCl, (1) + MgCl, (1)

N

% 7/

\

TiCl -

N

/

Mg

Institute of Industrial Science, The University of Tokyo
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Chapter | Reaction Mechanism in The Kroll Process

4. TiCl, is reduced to Ti by Mg.
TiCl, (I) + Mg (I) — Ti (s) + MgCl, (I)
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Chapter | Reaction Mechanism in The Kroll Process

5. A part of gaseous TiCl, is directly
reduced to Ti by Mg.

TiCl, (g) + 2 Mg (1) = Ti (s) + 2 MgCl, (I)
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Chapter |

Table  Physical properties of chemical species used in this study.
Symbolof  Nameof ..\ ..o  Density Melting point, Boiling point, Sublimation point
chemical chemical weight at 20 °C,
species species g dyp/glcm® Tm'/°C  Tn/K T, /°C  Tp/K Ts/°C Ts /K
_ L 4 4 1680 ® 1953 @ 3262 ° 3535° —2 —2
Ti Titanium 47.88 4.5 q q q q q q
1660 ° 1933 $3300° 3737 00— T
Titani | 1035 ° 1308 ° 1500 ° 1773 ° —° —¢
ic, el e zze 3430 ° > . > . .
Titanium (Il
TiCl, _ W) 45422° o data —e —e —° —e 830° 1103°
chloide e
_ Titanium (VI) b c -241° 249.1° 136.5° 409.7° —¢ —¢
TiCly _ 189.67 1.702 . . . . o .
chloride -24 1 249.1 134.9 408 — —
M Magnesium  24.31° 1742 8597 9827 1103° 13767 - -
’ ° | | 649° 922°  1090° 133°  —¢ ¢
Magnesium b . 114° 987 °© 1412°  1685° —° —°
MgCl, _ 95.21 2.325 q q q q q p
() chloride 714 987 1410 1683 — —
-101 ¢ 172 ¢ -346° 2386° —° —¢
Cly Chlorine 70.90° 3.21x10°¢ ; ; ; ; ; ;
-101 172 -34 .1 239.1 — —
a: Kinzoku Data Book, 3rd ed. , (ed. by Japan Inst. Metals, Maruzen, Tokyo, 1993) pp. 1-11.
b: Calculated from reference a.
c: M. Nakahara: Dictionary of Inorganic Compounds & Complexes, (Koudansya, Tokyo, 1997) p 87.
d: R. Kubo et al. : Rikagaku Jiten, 4th ed. , (lwanami Shyoten, Tokyo, 1992) pp 159-784.
e: |. Barin: Thermochemical Data of Pure Substances, (VCH Verlagsgesellschaft, Weinheim, 1989)
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Chapter |

Table Temperature at specific vapor pressure

Temperature at vapor
pressure 0.01 atm

Temperature at vapor

pressure 0.1 atm

T’p0.01 /OC Tp0.01 /K T,p0.1 /OC T’p0.1 /K
TiCl, 1010 1283 1133 1407
TiCl, 613 887 707 980
Mg 701 975 859 1133
MgCl, 922 1195 1085 1358

Institute of Industrial Science, The University of Tokyo
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Chapter |

Table
Composition of titanium tri-chloride @ used in this study
Element i Composition of element |
X (mass%) X (mol%)
Ti 24.3 18.9
Cl 71.1 74.8
Al 4.5 63
 TiClg 7760 75.10
AlICI, 22450 24.9b

a: Supplied by Toho titanium Co., Ltd.
b: Calculated value.

This chemical is produced as a catalyst
for polymerization of polypropylene.
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TICLERRIEDAD=X L

2 TiCl, (s)
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Chapter |

Temperature, T/ K

TiCl, content, Xy, (mass%)

0 20 40 60 80 100
1300 —— == 1298K
—1000
L L
1200 |- 7 o
Ry ikttt =100 I
- 1173 K, MgCl,— 33 mol% TiCl,+ ~
i 0
1100 - = 5
[ /1073 K, MgCl,- 8 mol% TiCl, T 800 S
n o
1000 989K? _| CIEJ
— 700
987 K ]
900 A R T B R
0 20 40 60 80 100
MgCl, TiCl, content, Xy, (mol%) TiCl,

Fig. Phase diagram for the MgCl,-TiCl, system.
[Ref. K. Komarek and P. Herasymenko:
J. Electrochem. Soc. 105 (1958) p 210.]
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Temperature, T/ K

Chapter | Enrichment of TiCl,

TiCl, content, Xy, (Mmass%)

0 %O 4%0 6|0 8|O 100

1300~ T T T T T T ——1298K |
—1000 <
_%5 \/,
7900 ~ Distance
2 s 200 OO0 OO000O0
-—800 & LL—ILq_h_tgmp. zone Low temp. _zgqle
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£ ‘ | a kAR Of BICL
- 700k L— ! - .
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Heating element MgCI,-TiCl, TiCl, deposit
MgCl, TiCl, content, Xy;c,, (Mol%) TiCl,
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Potential diagram for Ti-Cl binary system
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T=1000K
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TiCl, (s)
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(a) Reduction of TiCl, by Mg

TiCl, (I, @) + 2Mg (1) = Ti (s) + 2MgCl, (1)

TiCl,
Mg & MgCl,
- recovery port
- — Sponge Ti
Q
= Mg reductant
o
o
o Mild steel reactor
T |
MgCl, reaction
product

(b) Vacuum distillation of reaction product MgCl,
and excess Mg

Mg (1) — Mg (g), MgCl, (1) — MgCl, (9)
Mg, MgCl,

Mg & MgCl,
recovery port

Sponge Ti

Mild steel reactor

CRONIR A
AR

IR
RSN

Huge heat compensation

Fig. 1-3 Schematic illustration of (a) the reduction process, and (b) vacuum
distillation process for titanium production based on the Kroll process.
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Eutectic
point

Phase diagram for Ti-Fe binary system
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