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Guggenheim Museum in Bilbao, Spain.
The entire building is finished with an ultra-
thin layer of titanium metal.
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Mineral Commodity Summaries, February 2000
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Concentrate and oxide:

limenite ® $0.1~0.2 / kgTi
. Rutile =) $ 0.8 / kgTi
aldy Titanium slag = $ 0.6~0.7 / kgTi
| (80~85% TiO,) _
Pigment ) $ 3.7/ kgTi
AL

Sponge titanium: D
$ 4.4/I1bTi =) $ 10 / kgTi

Ferrotitanium: $ 5/kgTi
Scrap titanium: $ 2.4 /kgTi
Bulk metal: $ 18~20 / kgTi
Bars & Rods: mm) $ 30~50/ kgTi
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Average Yearend Titanium Sponge Price
(Dollars per pound)
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Table Salient U.S. recycling statics for titanium.’

Recycled Percent Value of
quantity recycledb recycled metal
(metric tons) (%) (thousand dollars)
1995 20,500 49 41,800
1996 26,300 48 50,700
1997 28,200 46 37,600

1998 28,600 22,100
1999 21,900 28,900

a: Recycling—Metals”: U.S. Geological Survey Minerals Yearbook—1999
b : Percentage recycled based on titanium scrap consumed
divided by primary sponge and scrap consumption.
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Table Salient U.S. recycling statics for selected metals (1999).°

Recycled Percent Value of
quantity recycledb recycled metal
(metric tons) (%) (thousand dollars)

| ead 1,090,000 61 1,050,000
Titanium 21,900 29 28.900
Iron and Steel 71,000,000 o4 6,680,000
Aluminum 3,750,000 38 9,420,000
Magnesium 87,300 38 298,000
Nickel 71,000 34 427,000
Tin 16,300 28 132,000
Zinc 406,000 25 437,000
Copper 1,330,000 24 2,230,000
Chromium 118,000 21 85,500

a: “Recycling—Metals”: U.S. Geological Survey Minerals Yearbook—1999
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Period

Titanium

n
s-biock ) ) s-hlock
1 Mew Desicnation 18
[4  Ongmal Desionati WIILA
I flginas Lesignation Non-Metals -
1 1u||;|9 M2 Atomic ¥ T4 s 1 17 4‘5‘0?50
i IIA Symbol [Ila IVa WA WA VIIA S
- . S p- - ™
A s-block T Atomic Mass p-block
,E & 7 2 a 10
3 d-block B C M 0 F | Ne
P 0.2 (12611 14007 (155999 |15 9558 [20.179
% n angmmz Memés ﬁ\ 12 ljﬂl 148_ 15P 168 ”CI IBA
| r
3 VIE VIIE . VILEB ~ 1B 1IB g ggg baoss 50974 [3208 35453 39948
) 3 T 35 ET
4 Ge |As | Se | Br | Kr
. Td.59 P4.22 7826 [79.904 [23.80
1 50 o1 5 53 34
5 In [Sn | Sb|Te | | | Xe I
11482 11871 (12175 pj2ied (12651 151255
k] & I
6 S02 98 209 [ 232
- (Mlass Mumbers i Parentheses are
from the most stable of commmon Solid
izotopes ] iqui

Ruare Earth d-block fblack
Hlements

Lanthanida Series

Actinide Series




Titanium

Atomic number
Atomic weight

Density at 293 K
Atomic volume

Melting point
Boiling point
Heat of fusion
Heat of evap.

Electron config.
Oxidation num.

Cry. structure
Color

22

47.90 g/mol
4.50 g/cm?
10.64 cm3/mol

1933.2 K (1660°C)
3558 K (3285°C)
15.450 kd/mol
421.00 kd/mol

[Ar] 3d2 4s2
('1’) O’ (1’ 2’ 3!)i

hcp
gray
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1. LM (88 D%960%)

2. AR MEL(m.p. $91668°C)

3. BERFREBO NS (RTULADHI50%)
4. BREENINSN(RTULREH)

5. EREMMAKREWN(ERGEEILEH D 3%)
6. T EAINE (EHD$950%)
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History
of
Titanium



L. titans,

the first sons of the Earth,
mythology

The element is the ninth most
abundant in the crust of the earth.
Titanium is almost always present
in igneous rocks and in the
sediments derived from them.



HhEk D 3% Ea<IZ
FETHTED
R LEEBMEL=ED

ZEDIE THR D5—0%
1 %0 49.50
2 s 25.80
3 BAl 7.56
4  *Fe 4.70
5 20Ca 3.39
6 ''Na 2.63
7 K 2.40
8 '’Mg 1.93 .
0 'H 087 | FAIFHEK E
10 2%Ti 0.46 - —
11 gl 0.19 -610%@¥f§<
12 ®Mn 0.09 7?7:!?3’%)71‘.%
13 °p 0.08
14 Sc 0.08
15 %3 0.03
16 N 0.03
17 °F 0.03
18 *Rb 0.03
19 °°Ba 0.02
20 *Ozr 0.02
21 **Cr 0.02
22 %8sy 0.02
23 By 0.02
24 28N 0.01
25 2°Cu 0.01
26 *'w 6 X 10-3
27 L 6 X 10-3
28 °%Ce 45%10-3
29 ?Co 4%10-3
30 °%Sn 4x10-3
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William J. Kroll

Born November 24, 1889 - Died March 30, 1973

Method for Manufacturing Titanium and Alloys Thereof
Patent No. 2,205,854
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http://www.invent.org/book/book-text/kroll.html
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Reduction process
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Kroll process
TiCl, + 2 Mg — Ti + MgCl,
Rutile, Upgraded |/menite

| \
Calcined coke —» — . —» COCO
gz > Fluidized bed Chlorinator 2

Crude TiCt(VOCIS,SiCIﬂ,SnClé)

v

H,S —» | Purification of TiCl, ——*\S/—C—Iﬂ
* ICIj
TiCl, SnCl,

Reduction of TiCl, by Mg
Mg — 3|l TiCI, + 2Mg = Ti + 2MgCl|,

A

Sponge Ti , MgCl, and Mg mixture

Vacuum distillation of sponge Ti |—» Mg.M Clg

' !

MgCl, Sponge Ti—» ::',A‘;EIL_IDH —» Ti powder
i v
Arc Melting
— | MgCl, electrolysis 7
in molten NaCl-CaCl,~MgCl,| Ti or Ti alloy ingot
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Titatium Sponge

Primary Melting  Secondary Melting

Pressing

Welding
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TiO,+C+2Cl, — TiCl, + CO,

srrm |
v
TiCl, + 2 Mg — Ti + MgCl,
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MgCl, = Mg + Cl, —
S TE It
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(il

TiO, + C — Ti + CO,

(TiCl,, Mg, MgCl,,...)



FAVEHTIO,) HM(C)

1% (Cl,) €«——
v v v
I8 1k
[ H ¢
FRTICI, CO, FeCl, AICl," "
N
% o <H,S%
BHMETCl, ZOHDIEEY Mg <—
v v
E JT EfE
v v
R TTi + MgCl, + Mg MgCl, J
v
EZEE
ARTTi MgCl, + Mg—
v

BRE - TR R

=

HO0—)LEIZKBAFEUOELETORX



ZIL A RAD KB EH .
1\ YFTI10FDARIH
REMA[gEL Lo T=,

LHML. 2T RICERYID
frE-RED1HAU)LIZ
910 E

¥

RICBaw—ZHT=UD
SENKIIES4L~1+0H

) -




AR OFEL D7 T

A =E (mass ppm)

Fe Ni Cr Al Mn ﬂN C

17 3 <1 2 <1 @}20 50

AR FRA D
FEmELTIEEEEN
EEIIIZZ 0N,

X

Kt

—N7OLATHREE,
ShHIZEINT 5,




FRAUPOBEREEIL. EFE—LBHR (EB) %
ZRAWTEN LT ENT S

EBrS D5 -t T8




BREEOFEA2TYE

BfER,. BRIE

Z[3500ppm
LI EIZIAIG5E A Z 0N

http://www.toho-titanium.co.jp



&K FIODOHEHBRE

FRUPOAFPPELTIE
EE R DML DR M IR SN

i 12 &

(4=295%59 <0 L))

Fe

C

N o H Al ZDfth
(UT) (UTF) (L)L) YELT)

WMF42> 13 (ASTMCr1) 0.07 0.02 0.010f 0.100 §0.013 - -
27 (ASTMCr2) 0.10 0.03 0.019 0.150 pP.013 - -
37& (ASTMCr3) 0.15 0.03 0.02d 0.250 P.013 - -
4%E (ASTMCr4) 025 0.05 0.04d 0.400 P.013 - -
FRE4E 60FE(ASTMCr5) 040 0.03 0.0504 0.200 J0.013 55~6.75 V 3.5~45
12f& (ASTMCr7) 0.10 0.03 0.015) 0.150 J0.013 - Pd 0.15L1
(ASTMCr9) 025 0.10 0.020\0.120/0.013 25~35 V 2.0~3.0
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Development of
New Reduction Process of Titanium



(a) BBDETITOER
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Enwronment Metal

O2 —— N0

\ll

HOQ(Env) = Moz(Env) | "‘ RTlnpoz(Env)

" UO(Metal) ;— MO(Metal@)m + RTln aO(Metal)

Fig. 1.1.2 Deoxidation of metal is thermodynamically feasible when uo?2 is lower
than uo. dG1,Metal (=uo—uo02,enbv) can be used for discussion of
feasiblity of deoxidation, and also for estimating deoxidation limit under varous po2

range.
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(a) Solid State Electrotransport (SSE)
N €

4[ Metal o —» ]7

(b) Deoxidation by Metal / Metal Oxide Equilibrium

R (R=Ca, Y, Er..)

Metal

!

RO

X

(c) Calcium—Halide Flux Deoxidation

Metal Ca

(0]
Ca O (in halide flux, dg,q <<

(d) Electrochemical Deoxidation

Metal ©

(0]
(in molten salt)

(e) Deoxidation by Oxyhalide Formation

R, RCI
Metal X

!

ROCI (in molten salt)

Fig. Principles of some solid state purification methods
which are capable of reducing oxygen in reactive
metals down to ppm level.
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Direct electrochemical reduction
of titanium dioxide to titanium
in molten calcium chloride

George Zhenyg Chen*, Derek J. Fray* & Tom W. Farthing

* Department of Matertals Science and Metallurgy, University of Cambridge,
Pembroke Street, Cambridge CB2 3QZ, UK
T 71 5ir Richards Drive, Harborne, Birmingham B17 85G, UK
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, Pellets
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FERIETZ I [
Pellets of . . . .
TiOs Graphite or titanium Alumina, graphite or
crucible, current collector titanium crucible

Nature, vol. 407, no. 21, September (2000) p.361.
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The FFC Cambridge Process
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The FFC Cambridge Process

Close-up of the electrode apparatus over the furnace.
The TiO, is reduced by molten salt electrolysis

http://www.britishtitanium.co.uk/pictures.htm



Scanning Electron Micrograph of
metallised titanium dioxide.

The oxygen has been stripped out leaving titanium
metal sponge. The structure is typical of materials
produced by electrolysis. Total original width of the
picture is 50 microns.

http://www.britishtitanium.co.uk/



FFC Cambridge Process

The Fray-Farthing-Chen (FFC) Cambridge Process, patented globally in 1998, is a
novel electrolytic method for reducing metal oxide to metal in molten salt. The
unique feature of this process iz that, instead of being dizsolved into the electrolyte,
the metal oxide remains in zolid state during electrolyzis, avoiding e.g. redox
cycling and dendritic deposition. At present, the largest application of the FFC
Cambridge process is identified for extraction of titanium and alloys. However, the
method has alzo potentials in many other areas of producing-processing materials.
In particular, the concept of inducing chemical changes in solid phase by combined
therimal and electrochemical means provides electrochemisty many more new
challenges and opportunities.

CoC
hit
crucible [ Ll
. ¥
malten
. B pellets of
: . )
metal oxide powder .. e preforms metal oxide

{single or mixed)
molten salt electrolysis

bn_)l/1£'~-i$z/{
BURTORRA e—

FFC product

:/ ‘\/ 7 ) l/ (metal sponge)
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4 T R

dried tietal powder washing in water light crushing / milling

http://www.msm.cam.ac.uk/djf/FFC_Process.htm
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Fig.1 Concept of cell design Fig.3 Conceptual cell design.

1) DNEFREL. BRI E  FTYH 41[1](2002)
2)  K.Ono and R.O. Suzuki :JOM, Feb. (2002) in press.
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(a) FFC process

Carbon anode

N

TiO, preform
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CaCl,
molten salt

(b) OS process |
TiO, powder e Carbon anode
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o
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1
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TiO, CaCl, molten salt Ca-X alloy

Fig. 3 Comparison of various reduction processes of titanium oxide
in molten calcium chloride medium.
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Kroll Process
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TiCl 4 + Ar .
4 Power supply for electrochemical

* potential control
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Gas outlet ¢ C
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FA TIVEZY L, $ROWIE - {4 - 4 7 B LE 8%

FH  FILS=HL %

THRES Ti Al Fe
L 1660°C 660°C 1540°C
WE (g/cc @25°C) 4.5 2.1 1.9

e 38 E ((kef/mm?)/(g/cc)) 8~10 3~6 4~17
{4 (¥/ke) 3,000 600 50

$EE (t/year-HF) 100,000 20,000,000 800,000,000

X_/

1/200

1/8000
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