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Titanium ?
B |

Feature of Titanium

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

4, Some titanium alloy
shape memory alloy
super elasticity

Implant
Post
Dental
Implant
Jaw Bone
http://www.atlantadentalimplants.com/ The JAPAN TITANIUM SOCIETY
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The Kroll process
|

Kroll process : Ti production process

Chlorination Chlorination of Ti ore
TiO, (+ FeO,) + C +2Cl, - TiCl, (+ FeCl,) +CO,

Reduction  Reduction of TiCl, using Mg
TiCl, +2Mg - Ti +2 MgCl,

Electrolysis Electrolysis of MgCl,
MgCl, - Mg + ClI,

Mg & TiCl, feed port

I " Mg & MgCl, recovery port

Metallic reaction vessel

_ /f7_ ~— MgCI, recovery port

Sponge titanium

Ti / Mg / MgCl, mixture

| | <= Furnace

Fig. Reactor for reducing titanium by the Kroll process.
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Upgrading Ti ore for minimizing chloride wastes

FeOy, 1-others I
Others Upgrade \ 4

q Chloride
FeO, \ TiO, TiO, yastes

N\ [

Ti ore (eg. lImenite) Up-graded lImenite (UGl)l

Discarded

/1. A large amount of chloride wastes \
(e.g., FeCl,) are produced in the Kroll
pProcess.

2. Chloride waste treatment is costly,
and 1t causes chlorine loss in the

\ Kroll process. /

Importance
1. Reduction of disposal cost of chloride wastes
2. Minimizing chlorine loss in the Kroll process
3. Improvement of environmental burden
4. Reduction of raw material cost
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Refining process using FeCl,

B
.“-II ThIS StUdy llIlIlllllllllllllllllllllllIII..‘
: \% -
Low-grade Tiore MCl, —> FeCl, Tiscrap |z
. v (FeTiO,) v (CL) v v
= 1: | Selective chlorination 2: [ Chlorine recovery ||=
: v _ v v v :
. Upgraded Ti ore FeCl, - Fe TiCl, :

(Tio,) (+AICL,)

L 4
..IIIIIilllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“

Reduction process
\Z
Ti

Advantages:

1. Utilizing chloride wastes from the Kroll process
2. Low cost Ti chlorination

3. Using low-grade Ti ore in the Kroll process

Effective utilization of chloride wastes

Development of a new
environmentally sound chloride metallurgy
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1. Selective chlorination

RYLY ThlS Study EEsEsEEEEEEEEEEEEEEEEEsEEEEEEEEg,

E teteeneenneeseeneennensnennes vy P
= Low-grade Tiore MCI, :—> FeCl, Tiscrap |:
' v (FeTiO,) v (Clzk: v v E
¢ 1:| Selective chlorination | 2: | Chlorine recovery ||:
! v _ v v v :
¢ Upgraded Tiore FeCl - Fe TiCl, .
D i (o)~ (+AICl); T J
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Reduction process
v
Ti
| |
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Thermodynamic analysis (FeO, chlorination)
B

Ti ore : mixture of TiO, and FeO,

Fe-Cl-O system, T = 1100 K

0 T T T T I
~ FeZOS (S)
=
€ 1o Fe0,0 |

O N i
o .
......................... F@O(S):/ -l«—CO (g)/ CO, (g) eq.
8) 20 _.:l / .............. ~le— C (5)/ CO (g2) eq.
G Sy
2 S
g)) -30 - .: I; ]
m L 4
5 . |
= Fe (s) 4 FeCl, (1)
= 40 Y 1
S SE & & FeCl, (g)
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> O, 7=
>, NN
§ 9o
60 O L: /lsl | |
-40 -30 -20 -10 0

Chlorine partial pressure, log Pci, (atm)

Fig. Chemical potential diagram of the Fe-Cl-O system at 1100 K.

FeO, is chlorinated using MgCl, or
CaCl, + H,0O, and high-purity FeCl,
can be obtained by controlling

deposition temperature.
| .
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Thermodynamic analysis (TiO, chlorination)
B

Ti ore : mixture of TiO, and FeO,
Fe / FeCl, eq.

Ti-Cl-O system, T = 1100 K

0 ' | I
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8 10 .
3V TIOZ (S)
St l
.............................................................. g - <—CO (g) / CO, (g) eq.
8) =20 RO AR S AR <«— C (S) / CO (gz) eq.
) J
5 Ti;05(9) I!ao7,(5)
% 30T Ti,03(9) » B
El TiO (s).:. /|
g -40 . v -/ . _
S G
c o O
T -s0f & /so, TiCl, () i
=2 o TS TiCl, (9).
© -60 O(DIL:: I /@0) | ! |
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Chlorine partial pressure, log Pci, (atm)

Fig. Chemical potential diagram of the Ti-Cl-O system at 1100 K.

TIO, Is not chlorinated using
CacCl,, MgCl,, nor CacCl, + H,O.

'U'l 2005 Annual Meeting; February 13-17, 2005 — San Francisco, CA, USA 8



Thermodynamic analysis (Ti ore chlorination)
B |

Ti ore : mixture of and FeO.,.

Fe-ClI-O and Ti-CI-O system, T = 1100 K

O T I T I T I
ré\ L Selective-chlorination
S - pqtential
S 10f s (TiO,, FeCl, are satable)
N 4
) L N
i 3 J<—co (9)/CO, (g)
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Fig. Combined chemical potential diagram of the Fe-CI-O and
Ti-Cl-O system at 1100 K.

The selective-chlorination of Ti ore
using MgCl, or CaCl, + H,O can
proceed.
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Selective chlorination experiment
B

FeO, (s) + MgCl, (I) = FeCl, (I) + MgO (s)
FeO, (s) + CaCl, (I) = FeCl, (I) + CaO (s

Vacuum pump

( (= =l
< T (Deposit obtained after exp.)
Chloride -
Stainless steel susceptor
Condenser ) / / P
o ik Graphite crucible
\ ; .
. f:O; /,:%/ (Residue obtained after exp.)
O =il . .
Reactor 4 of &= Q Mixture of Ti ore and MCI,
o :
Samd | &—_ RF coil
I < Quartz tube
T Ceramic tube

N, gas or
N, + H,O gas

Fig. Experimental apparatus for selective-chlorination
of titanium ore.

Experimental condition
T=1100 K, t' =1 h, Atmosphere : N,,
UGI:49,MgCl,:2g
T=1100K, t’ =6 h, Atmosphere : Ar + H,0O,
Low-grade ore: 3 g, CaCl,: 2 g
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Results (chlorine source: MgCl,)
E—

FeO, (s) + MgCl, (I) = FeCl, (I, g) + MgO (s)
XRD analysis

Deposit obtained after selective-chlorination.
FeCl, was generated.

o : FeCl,
(JCPDS #01-1106)

Intensity, / (a. u.) ||

Ao O |
10 20 30 40 50 60 770 80 90 100
Angle, 26 (deg.)

Fig. XRD pattern of the deposit in the cooling zone.
The sample powder was sealed in Kapton film before analysis.

XRF analysis

Residue after selective-chlorination.
- Fe was selective chlorinated.

Table Analytical results of titanium ore, the residue after selective chlorination,
and the sampl e after reduction. These values are determined by XRF analysis.

Concentration of element i, C; (mass%)

Ti Fe Si Al V

Ti ore (UGI) 96.38 2.32 0.42 0.12 0.76
\/ \ ¥ \4 \4

After heating residue 97.24 0.43 0.44 0.37 1.51
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Results (chlorine source: CaCl, +H,0)
-
H,O (g) + CaCl, (I) =2 HCI (g) + CaO (s)
FeO, (s) + HCI (g) = FeCl, (l,g) + H,O (g)
XRD analysis

Deposit obtained after selective-chlorination.
— FeCl, was generated.

e}

o : FeCl,
(JCPDS #01-1106)

(@)

Intensity, / (a. u.)

I L R .
10 20 30 40 50 60 /0 80 90 100
Angle, 26 (deg.)

Fig. XRD pattern of the deposit in the cooling zone.
The sample powder was sealed in Kapton film before analysis.

XRF analysis

Residue after selective-chlorination.
- Fe was selective chlorinated.

Table Analytical results of titanium ore, the residue after selective chlorination,
and the sampl e after reduction. These values are determined by XRF analysis.

Concentration of element i, C; (mass%)

Ti Fe Si Al V

Ti ore (low-grade ore)  46.38 49.65 2.33 1.00 0.63
\/ \ ¥ \4 \4

After heating residue 98.50 0.31 0.23 n.d. 0.96
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2. Chlorine Recovery

RYLY ThlS Study EEsEsEEEEEEEEEEEEEEEEEsEEEEEEEEg,

. \» eeirerateeteeeetaeestaeeeeens, .
:  Low-grade Tiore MCl, +—>FeCl, Tiscrap |[;
: v (FeTio) ¥ (Cl,) v v :
: 1:| Selective chlorination | 12: [ Chlorine recovery ||}
: \ _ v v v ;
= Upgraded Tiore FeCl, = Fe TiCl, -
s To,) ~(ACRL = s

Reduction process
\Z
Ti
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Chlorination of Ti

Fe-Ti-Cl system at 1100 K

log Pei, (atm)

-50 Fe (9) | Ti ()

=
0

Fig. Chemical potential diagram of the Fe-Ti-Cl system at 1100 K.

TiCl, can be generated
by reacting Ti and FeCl,.
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Thermodynamic analysis (vapor pressure)
B

Temperature 7T, in K
2000 1000 500 400
0 i ! . . ! .

N

o)

Vapor pressure, log p; (atm)
D

&5

Reciprocal temperature, 1000 71/ K-1

Fig. Vapor pressure of iron and titanium chlorides as a
function of reciprocal temperature.

The separation of chlorides and the
recovery of high-purity TiCl, are
possible by controlling deposition
temperature.

Vl 2005 Annual Meeting; February 13-17, 2005 — San Francisco, CA, USA 15



Chlorine recovery of FeCl, using Ti
.
Ti(s) + 2 FeCl, (s 1) =TiCl,(g) + 2 Fe (9
(@)

Silicone rubber plug Quartz tube Sample mixture

‘ OOiOOOOOOOOOOOOOOJOOO

- AN NN NNENN]

‘OOOOOOOOOOOOOOOOO O
V Heater ‘

(Deposits after experimant) Graphite crucible

(b)

Fig. Experimental apparatus for chlorine recovery of
FeCl, using Ti.

Experimental condition
T=1100K, t" =6 h, Atmosphere : Ar,
Ti:0.39g,FeCl,: 2g
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Results (residue)
B

Ti (s) + FeCl, (s, ) = TiCl, (g) + Fe (s
XRD analysis

Residue after chlorination.
- Fe generated at heating zone.

Before heating

S o :aTi

s (JCPDS #05-0682)

= X 0 x : FeCl, 2H,0

2 X

fZ y (JCPDS #33-0646)
O

g \ A XX 1 ]

10 20 30 40 50 60 /0 80 90 100
Angle, 26 (deg.)

After heating (residue)

= s - a-Fe

S (JCPDS #06-0696)
= x : FeCl, 2H,0

7 (JCPDS #72-0268)

10 20 30 40 50 60 /0 80 90 100
Angle, 26 (deg.)

Fig. XRD patterns of the sample before heating and
residue at the heating zone.
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Results (deposit)
B

Ti (s) + FeCl, (s, ) = TiCl, (g) + Fe (s

XRD analysis

Deposit on quartz tube
- Unreacted FeCl, was deposited.

o: FeCl,
(JCPDS #01-1106)

Intensity, / (a, u)

A 2 9 Q.
10 20 30 40 50 60 /0 80 90 100
Angle, 26 (deg.)

Fig. XRD pattern of the deposit in the quartz tube.

The sample was sealed in Kapton film before analysis.

XRF analysis

Table Analytical results of the samples before and after heating and the sample
deposited on quartz tube and Si rubber. These values are determined by XRF analysis.

Concentration of element /i, C, (mass %)

Ti Fe Cl
Dep. on Si rubber after heating 64.9 0.9 34.1
Dep. on quartz tube after heating 3.5 50.4 46.1
Residue before heating 123.4 4%.3 3@.2
Residue after heating 9.8 80.1 9.0
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Conclusions
B
1. Selective chlorination of titanium
ore using MgCl, or CacCl, + H,0
was demonstrated, and Ti ore with
low Fe content was produced.

2. Chlorine recovery of FeCl, using Ti
was demonstrated, and Fe-free
TICI, was produced.

Gw-value Low grade ore \

Chloride wastes

material Ti related scraps
l ’ = _¢ ________ \
I'| 1: Selective-chlorination

A new process)
by this study !]2: Chlorine recovery

High-value High grade ore

material Chlorine free waste
\ Ti feed /
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