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Metallurgy process of metals

» The overall reaction of metallurgical
process can usually be described as

MO, + xC = M+ xCO (x/2 CO,)

For example, the overall reaction of Fe, Al, Ti
and Mg can be written as:

Fe: Fe,0;+1.5C 222Fe+1.5CO,

Al: AlLO; + 1.5C =2 2AIl + 1.5CO,

Ti: TiO,+2C =2 Ti+2CO
MgCO.,CaCO, + 2C @ Mg + CaSiO,+ 4CO,

However, the detail process is completely different....



Iron, Fe
2D(2) EIFRE L ARSIRORESET <1

FEETRIE Fe.0,+3C0O —2Fe+3CO:
WS RxZ0; FHOHA0 ~~2haco

1= A FE ﬁ F e N 16
B # ’Fﬁ&& Kll

B (Nm/kikt) 1,533

a—22R 50 380 2 2 & (K 430
A 20 1,160 E 7 (MPa) 0.25
®uE 25 280 A s CO (vol%) 22.0
Ny b 12 190 CO (vol%) 22.8

| % e 2
ARR (NmosB) 995
WWE (kgikik) 120 BmEE (K 1,800

8 2 (kg/Nm 3) o8 A7TH 0.30
B AW 14
E 71 (MPa) 0.40 it & A7

C 450 SiO. 32.8
Si 039 CaO 42.5
Mn 027  ALO, 14.3
P 010 MgO 65

Loy S 003 MO 026
S 09

overall reaction: Fe,O;+ 1.5C = 2Fe + 1.5CO,

Fe,O;is reduced by carbon (coke) directly
In blast furnace

MeEE{ERE (vol.%) 2.3




Al electrolysis  Hall-Héroult electrolysis

v —
electrolyte: NajAlF¢- AlF; - CaF, feed: Al,O;
temperature: 970°C

anodic reaction: 30> + 1.56C=> 15C0, + 6¢

cathodic reaction: 2Al3* + 6e > 2 Al

overall reaction: Al,O; + 1.5C = 2Al + 1.5CO,

Al,O;is reduced to Al through one operation
step: electrolysis.




Kroll process for titanium production [

| i (TIC+2Me—=T2Ma Tl I
|
(Ti0#2Ch+ G TiCI+C0x/CO) >< : r :
: I I
B | X ! !
Titanium ores Ij E-I' :é |:> :h I
Cokes & :: 1 |
= |
orination urfication - i . ~ l
Chlorinat Purficat L %ﬂiﬂﬁi&%ﬂ -l T| a‘_ 9 /ﬁzﬁtjﬁ‘ng
MeCle— Mg+Cla)
#ZHB L TITH N
TWh3
Electrolysis Crushing / Cutting Tsi?un,: ::;t
TiO,+2C +2Cl, & TiCl,+2CO Chlorination
TiCl+ ZMg..').""ZMQO +Ti Magnesium reduction
2MgCl, & 2Mg + 2Cl,
Electrolysis
TiO, + 2C =» Ti +2CO Overall reaction

[1] http://www.toho-titanium.co.jp/products/sponge.htmI[EB/OL]
[2] Kroll W J. Trans. Am. Electrochem. Soc., 1940,78, 35
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The relation between metal price and its reserves
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The relationship between metal price and its production.



reserves, world annual production, cost
of ore, and price of metals (2016)

Clarke  Production Cost of ore Price
element ”‘ggg}er (10*on/)  (US$/ton)  (US$/ ton)
Al 81300 5800 260 2000
_Fe 00000 162800 150 el
i Mg 20900 101 245 2180 |
' Ti 4400 20 460 8150 |
zn 70 1400 2400 2860
Cu 55 2350 5090 5870
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Kroll process for titanium production [

| i (TIC+2Me—=T2Ma Tl I
|
(Ti0#2Ch+ G TiCI+C0x/CO) >< : r :
: I I
B | X ! !
Titanium ores Ij E-I' :é |:> :h I
Cokes g EE : :
g I I
Chlorination Purfication Lo ﬁ%ﬁi&&n . | T I } a %ﬁ ‘j Mg
il
(MeCl— Me+Ch
MeClr— MgsCl % .é% L/ .t- b n
T3
Electrolysis Crushing / Cutting TSI?DHI: ::;t
TiO,+2C +2Cl, & TiCl,+2CO Chlorination
TiCl+ ZMg..').""ZMQO +Ti Magnesium reduction
2MgCl, & 2Mg + 2Cl,
Electrolysis
TiO,+2C = Ti +2CO Overall reaction

[1] http://www.toho-titanium.co.jp/products/sponge.htmI[EB/OL]
[2] Kroll W J. Trans. Am. Electrochem. Soc., 1940,78, 35



Magnesium electrolysis

electrolyte: MgCl, - KCIl - NaCli

temperature: 700°C

anode: 2CI-=> Cl, + 2 e

cathode: 2 Mg?* + 2e = 2 Mg T

partition

MgCl,=> Mg +Cl,

Standard potential: E°= 2.5V A

Cell voltage: ~5.0 V cﬂ

.....
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Deville process 1854
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FeTiO, + C = TiO,+ Fe +CO (1)

2C + + 2(2712 = TiCl, +2CO (2)

--------

'''''
lllllll
y

L}

T1C1 + 2M& =2 “2MeCl, +Ti (3)

-------

‘I' I
--------
.

2MgC1

Yy
»
»
»
e
o

= Mg + 2Cl, (4

carbon reduction

chlorination

magnesium reduction

clectrolysis

FeTiO, +3C & Ti+Fe+3CO (5

overall reaction

Fig. The chemical reactions in the current process of
titanium production from ilmenite (FeTiO,).
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Fig. Comparation of subdivisional cost on
titanium, aluminum, and stainless steel.

LABIORRT UV VRO A v
D

Ingot of



FHY, TVIZULABLORT Y VAHDA
=y kO E FNERDEER 22 K
12000
10000
s 8000
g_ 6000 FX2 DA
g 4000 EEX DS
AT s VA
2000 MED bR
0 AN

SUS304 SUS316 Al Ti

Bl Raw material B Processing

Fig. Comparation of subdivisional cost on ingot of
titanium, aluminum, and stainless steel.
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Fig. The energy consumption for ingot production of titanium,
aluminum, and stainless steel.



Metallurgical process of titanium production from
IImenite (FeTiOy)

Cur_rent o proposed new process
(carbon reduction-chlorination-

Mg reduction- electrolysis)

FeTiO;+ C =2 + Fe + CO
+2Cl +2C = TiCl, +2CO

s
.....
.
.........
'''''

FeTiO;+ C =2 + Fe+ CO

= Ti+ CO (CO,, 0,)

. s
----
"""""

,-
...........
........

By Cve,. o = T YWrag,.,., 0 _gasnss®

.........................

.......
........
......
.....
.........
---------
.
P LA

FeTiO; +3C =@ Ti+ Fe+3CO overall reaction



Metallurgical process of titanium production from
IImenite (FeTiO,)

current Our proposal of new process

(carbon reduction-chlorination- ;  (carbon reduction- electrolysis)
Mg reduction- electrolysis)

FeTiO,+ C 2 + Fe+ CO
+2Cl +2C =2 TiCl, +2CO

L
......
...........
......

FeTiO, +3 C = TiO,.C, - + Fe +5/2CO

ey’
we L}

e "y
..,-' o,

"
TiO, .C, < & 1/2 CO + Ti

“
----------
--------
[ 7Y .

L L]
a® "
nt® .
------
"u

.
",
Ta
.
ol

FeTiO; +3C =@ Ti+ Fe+3CO overall reaction
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reserves, world annual production, cost
of ore, and price of metals (2016)

Clarke  Production Cost of ore Price
element ”‘ggg}er (10*on/)  (US$/ton)  (US$/ ton)
Al 81300 5800 260 2000
e °0000 162800 150 3>
Mg 20900 101 245 2180
TI 4400 20 460 8150
n 70 1400 2400 2860
Cu 99 2350 5090 5870
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BAEFAMoEET O+ X
Pidgeon process ( Si thermo-reduction)

. L potassium
stainless radiation sodium
steel retort shield condenser

[

s e |

U |

Te Tees
LA

T

.
2
£

—

Y» b U L0 .ﬁ:'"..::é:::::.: :’:‘:"":-: U
1 1N
briquetted charg_e condensed Mg ’ T cover
condensing sleeve water cooling
vacuum

https://lwww.made-in-china.com/showroom/ccm050700/product-
detailsgWmuciTAwWUN/China-Magnesium-Metal-Reduction-Furnace.html

CaO°MgO + Si (Fe) = Mg + CaSIO,



Mg production from dolomite(CaCO,s MgCQ,) through Si reduction
Pidgeon process ( Si thermo-reduction)

CaCOz» MgCO; & Ca0-MgO + 2CO, Roast, 1100~ 1200°C
Si0, + Fe +2€"9 Si(Fe) + 2CO ZHP SHEE protlleier
““““ Pt 1800~ 2000°C
.
Ca0-MgO + Si (Fe) & Mg + CaSiO, Si reduction, 1200°C
MgCO,+CaCO, + 2C & Mg + CaSiO, + 4CO, overall reaction

Mg:CO,=1:4  IBERMEILE L



Magnesium electrolysis

electrolyte: MgCl, - KCIl - NaCli

temperature: 700°C

MgCl, @ Mg + Cl,

> MgCl, %ﬁ@ﬁfiﬁb‘&")xﬁibfb\é
> Ezrﬂﬁﬁznnéﬁz : 't"f —DNDIEBTTEMRTESD
> &G Fcarbon free
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Comparison of Mg production

Si reduction from dolomite (MgCl, electrolysis)

CaCOgz* MgCO; 2 Ca0-MgO +2CO,

MgCl, = Mg + ClI,

““
““
.

.
% 3
"
.
e®

CaO*MgO + Si (Fe) @ Mg + CaSiO,

.
% 3
«®

‘J.

N
9!
\
&
"_ﬁ
)
+

N
0
O

MgCO,;CaCO; + 2C =& Mg + CaSiO; + 4CO, MgCl, 2 Mg + Cl,

> Hin EMgCI, EfRESSIEVETIE L WV GBI TH D
> RIS B AR LM ES
> Mg 1ZIZIEME—carbon free P RE/R & B TH 5




Metallurgy process of metals

» The overall reaction of metallurgical
process can usually be described as

MO, + xC = M+ xCO (x/2 CO,)

For example, the overall reaction of Fe, Al, Ti
and Mg can be written as:

Fe: Fe,0;+1.5C 222Fe+1.5CO,

Al: AlLO; + 1.5C =2 2AIl + 1.5CO,

Ti: TiO,+2C =2 Ti+2CO
MgCO.,CaCO, + 2C @ Mg + CaSiO,+ 4CO,

However, the detail process is completely different....



Another problem in Mg alloy

electro |y3i3) Gaseous protective agent

o - (containing SFg)

reduction) initial Mg reflne) pure Mg |~ °
electrolysis | . .. i melting
5| initial Al |-Ef0e, pure Al >

electrolysis
>

. refine
reduction | initial Zn |/ > pure Zn [—
>

Long process

X[ High metal waste rate

Environmental problems
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|

Co-deposition happens on this]step.
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| |
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Chronopotentiograms of LiCI-NaCl-MgCl,-AlCl;-ZnCl,
system on a tungsten electrode. [Mg2*]=200mM,
[Zn%*]=200mM, [AlF*]=300mM.



2.0 | — -1 1 Chronopotentiogram
5 3.8.A/cm of LiCI-NaCl- MgCl,
T 2.2 - 1 (10wt% )-AICl,
4 (0.1wt%)-2ZnCl,
2 =24 - | Continuous Co-deposition happens. (0.05wt%0) system on a
- tungsten electrode.
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Co-deposition conditions
Mappropriate constant current
Mconcentration of AI3* and Zn2* was controlled at a low level
Mconcentration of Mg2* is abundant



(a)

image of Mg-Al (12.85wt%) alloy after 10-hour
electrolysis; (b) metallic phase image of the alloy
amplified to 200 times.
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Fig. The energy consumption for ingot production of titanium,
aluminum, and stainless steel.
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Fig. Comparation of subdivisional cost on ingot of titanium, aluminum, and stainless steel.




Al

Hall-Heéroult electrolysis

970°C,4.2-4.5V
AlL,O, + 1.5C
3 2Al + 1.5CO,

Mg

MgCl, electrolysis

magnesium

chloride
magnesium ‘ graphite
removed by anode chlorine gas
vacuumT =2>

magnesium

metal | >
) steel
refractory circulation cathode
lining of

electrolyte

<«—— electrolyte

|
partition

970°C,5.0-5.5V
MgCl,= Mg +Cl,
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T LORBmDBEEM & LT, Sishd



http://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiNw-2cid3TAhVGNJQKHZdmA2UQjRwIBw&url=http://www.essentialchemicalindustry.org/metals/magnesium.html&psig=AFQjCNE1JTU1NjMczBZteFPQd6vQyV8ylQ&ust=1494221814642314

price/ USD ton!

F 3 DRE

Production

S — (ton year)

Ti Mg

200 1000

10°

105;

20, 000

10“;

10° L

world annual production / ton

rN_I_I-I'I'I'I'I'IIN_I_I-I'I'I'I'I'I'N T ||||I'I'I'q
Pt
o QQ
Au
Rh Pd
= A Y 3
\‘
b\\ :
In® Ag ]
o O
N
“
\‘\
\ .
, O
s\
2: nlQ) \'E?‘ Cu <
d tf"."be;.:\* o) 5
; Mg ¥ ]
@)—-Hg#iggl ]
Mg Zn > ~o e
.0 3
10 10 10° 10* 100 10° 10 10° 10’

The relationship between metal price and its production.
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