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Growth In Magnesium

Automotive Mg

 frames, pedals, manifolds,
wheels, crankshafts, clutch
housings e.t.c

« approx. 10% annual growth
 challenge of drive train

Seat Frames: Steel 8-9 kg
Mg 2.5 kg

Source:International Magnesium Association, wwwirgy.org
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Growth in Mg Die Cast Applications
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Image from http://www.toshiba-machine.co.jp/
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Sources of Magnesium
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Why don’t we produce more Magnesium?
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Why don’t we produce more Magnesium?
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Magnesium Production
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Source: International Magnesium Association, wwtiiiag.org
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World Production Magnhesium

Year (000's Tons)

Country 2000 2001 2002 2003 2004 2005 2006
USA 74 43 35 43 43 43 43
Brazil 9 9 7 6 11 6 6

Canada 55 65 86 50 55 54 50
China 218 195 232 354 450 470 526

France 17 { 0 0 0 0 0
Israel 2 30 34 30 33 28 28

Kazakhstan 10 10 10 14 14 20 20

Norway 50 35 10 0 0 0 0

Russia 40 50 52 45 45 45 50

Ukraine 2 2 0 0 0 2 2
Serbia 2 2 2 2 4 2 1
Total 479 448 468 544 655 670 726

Source: International Magnesium Association, wwaergntimag
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Chinese Magnesium Production
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Current Technologies

Silicothermic

2Mg0O.Ca0 + FeSI 331§ + 2Mg + Fe

Pidgeon dominant process
Magnetherm not in operation

Balzanno MmINor process

Swinburne University of Technology



Pidgeon Flowsheet
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Pidgeon Process

FIG.

Image from Cameron et al., 1987
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Pidgeon Process

Silicothermic reduction under vacuuni@1200
20 Pa)

Multiple batch process (20 kg/8-10hr)
Labour intensive

Energy intensive
Simple and versatile
Unsustainable in developed economy

Swinburne University of Technology



Magnetherm Process

. Central electrode

Calicined dolomite )
+ calcined bauxite to vacuum line

+ Fe Si i

Condenser
elbow

rd

850°C

Carbon
lining

Steel crucible
{water-cooled}

Carbon electrode

Fig 1. Production of magnesium by the Magnetherm Process.
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Magnetherm

EAF in batch mode (up to 12 t/day)
1500-1608C under vacuum (4 to 9 kpa)
>20% downtime

Ingress of air into furnace/condenser
Not currently operating

Balzanno - 120Q, 0.4kPa & 2 t/day

Swinburne University of Technology



Electrolytic Routes

(MgQG) = Mg(l) + )

Based on Mg&laC}tKCI-NaCl electrolytes
700-800C, MgGl10-25 wt.%, 5-7 Volts

Mg floats — prob

Dehydrated feeo
and Alcan cells

em of re-combination
s required for |.G., Norsk Hgthn, Rus

Partially hydrated feed for Dow — graphite consumed

Swinburne University of Technology



Electrolytic Routes

e Low process intensity

* High capital costs

* EXpensive pre-curser

« Commercially viable ?

« Established Technology

Swinburne University of Technology



Future of Magnesium Production

Energy/environmental/labour costs in China H tiesn wi
bite ?

Will Chinese Mg be able to meet demand ?
When will Chinese develop their own alterRadiyecio ?
Which Western producer/technology will emerge ?

Swinburne University of Technology



Alternatives

Large scale continuous silicothermic
Under development in South Africa, fundamesgaltsfudl

Aluminium reduction of magnesia or dolomite
Only viable with cheap source of aluminium

Carbothermic reduction —guench route

— solvent route
Under development at CSIRO, fundamental sSldies at

Swinburne University of Technology



Carbothermic Route to Magnesium

MgO + C = Mg(g) + CO(Q)

Thermodynamically favoured > 1750 C
Cheap reductant

Very fast reversion (<1ms)
Condensation/collection
Distribution of impurities

Swinburne University of Technology



Magnesium Quench Route at CSIRO

| MgO + C = Mg (g) + CO (g)
v
¢ T

Brooks et al., 2007
Swinburne University of Technology



Quench Route
Technology
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Supersonic Quench

Hori, 1980 Swinburne University of Technology



Supersonic Quench

Proposed by Hori (1980)

- Laval nozzle (coolingets)0

- Claims 95-97% Mg

- Claims separation of CO and Mg

Engell et al. (1998)
- Laval nozzle with two stage condensation
- Separation of Si from Mg before nozzle
- Bench scale tests produced high purity Mg
- Pilot plant design + costs by Odle (2005)

Swinburne University of Technology



Adibatic Expansion in Nozzles

T, _ (k- 1)Mal +2
T, (k- 1)I\/Ia12 +2

Swinburne University of Technology



It IS Rocket Science !!

aprl.db.erau.edu/generalinfo/soundingrockets/... Swinburne University of Technology



| aval Nozzles
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Thermodynamics of System

- Gibbs energy criteria
 Impurity distribution

* Energy balances

e Development of therm. models
e Challenge of solution behaviot

Image from Swaddle, Inorgnic Chem., 1997

Swinburne University of Technology



Predicted purity of Magnesium — no flux

# #$ #% &

Brooks et al., The Physical Chemistry of CarbothernoitgoR0O6
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Predicted purity of Magnesium — with flux

# #%#3$ &

Brooks et al., The Physical Chemistry of CarbotheroitBoR0O6
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CFD Modelling of Supersonic Quenching

«Commercial ANYSY/CFX5.7.1 Code

e Hexahedral mesh

e Solving steady state conservation equations for
mass, momentum and thermal energy

* Which turbulence model ?

 VValidation against 1-D model (ODM) and biatature

« Coupling with condensation kinetics

Khan et al. Design of Supersonic Nozzles for UlyaeRabidg of Metallic Vapours, 2006
Brooks et al., CFD Modelling of heat transfer inismozes for mg production, 2007

Swinburne University of Technology



Centreline Predictions

Temperature along Axis Pressure along Axis
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Argon Gas, Inlet 1 atm and 1600 C, 5mm throat
Khan et al., 2006
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Shock Waves in Nozzle
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Condensation Kinetics

Mass Fraction of Metal Condensing in Nozzémeatll Siat. Curve (Top) & Scaled Nucleatio(Botteany.

Argon Gas, Inlet 1 atm,1600 C, 10% Mg + COfgd&nito% Mg
Khan et al., 2006

Swinburne University of Technology



Condensation Kinetics
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Shaped Nozzles

Streletzky et al., 2002

Swinburne University of Technology



Condensation Model for Supersonic Quenching
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Koo, Brooks and Nagle, J. Crystal Growth, 2008
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Condensation Model for Supersonic Quenching
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Condensation Model for Supersonic Quenching
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Nozzle Geometry (see Table 2) TotaFlall\rI::(r:?::r of Mean Particle Radius (nm
Slow Divergence 3.3 x1G90 3.06
Standard 2.1 x10° 3.57
Fast Divergence 1.4 x10° 3.58

Koo, Brooks and Nagle, J. Crystal Growth, 2008 Swinburne University of Technology



Solvent Route to Magnesium

Brooks et. al., Carbothermic Route to Magnesji@a080M Swinburne University of Technology



Continuous Silicothermic

Mintek Thermal Magnesium Process (MTMP)
Pilot plant tested in South Africa using a 1.5MW
Atmospheric pressure furnace

Problems of purity

FeSiis > 50% of operating cost

Swinburne University of Technology



Continuous Silicothermic

Schoukens et al., 2006
Swinburne University of Technology



Mintek Refining Stage

Magnesium metal is remelted
and stirred into flux
containing I\/Ig@hd KCI Impurities|  Initial | After Refinirlg

MgCl+ Ca = Mg + CaCl Ca | 077-1.05 0005

Mg loss during refining: 5-8% si 0.11-0.16 0.063
Al 0.037-0.088 < 0.05

Refining means higher
production cost and less
metal yield

Swinburne University of Technology



Impurities of Commercial Magnesium

Operating Pidgeon | Magnetherm  Mintek

Condition

Pressure (atm) | (0.66-0.6) x %0 0.05-0.1 atm ~ 1 atm
TemperatureQ) 1100-1200 1550-1600 1700-1750
Productivity per 50 kg 20 ton 100 ton
furnace per day

Indicated Impurities in Crude Magnesium (wt%o)

Al 0.004 0.01 0.066
Si 0.010 0.05 0.281
Ca 0.005 0.005 0.385
Fe 0.007 0.005 0.250

ASTM B92 Grade 9980A: 0.05% max each

Swinburne University of Technology



Development of Equilibrium Mode

Input (Toguri’s data):

Define system & phases

A

A

Define databases

A

-CSIRO Mineral
Laboratories

------1 _Scientific Group |
| Thermodata

Initial species and quantities

. Europe
. -UK National
Physical Lab

Calcined Dolomite Ferrosilicon
Constituent oWt Constituent
L.O.l 1.38 Fe
Insoluble 0.48 Si
R,0, 0.4
CaO 57.5
MgO 8 | T
Minor 1.44
Calcined dolomite: Ferrosilicon:
80.6% 16.8%

A

4
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| _JANAF i
. Thermochemical ;
. Tables '

Wulandari, Brooks and Rhamdhani, 2009

Equilibrium Calculation by
GEM

Swinburne University of Technology



Scheme of Equilibrium Model

Equilibrium Calculation for the Pidgeon Process at 1160 °C and 67 Pa

Wulandari, Brooks and Rhamdhani, 2009 Swinburne University of Technology



Scheme of Equilibrium Model

Equilibrium Calculation for the Mintek Process at 1750 °C and 85 kPa

Wulandari, Brooks and Rhamdhani, 2009 Swinburne University of Technology



The precipitated solids from mixture of magnesium vapour produced from
reaction at 1160°C at step cooling of 25°C determined from the current

thermodynamic modelling.

_ _ Swinburne University of Technology
Wulandari, Brooks and Rhamdhani, 2009



Magnesium and Impurities Content

Element Pidgeon Magnetherm Mintek
Magnesium

Model 1 99.68 99.07 97.86

Model 2 99.89 99.92 99.42
Calcium

Model 1 0.31 0.82 1.77

Model 2 0.11 0.08 0.58

Model by [1] - 044 -1.11 -

Actual 0.002 - 0.06 0.77 -1.05 0.03-0.385
Silicon

Model 1 0.002 0.11 0.08

Model 2 N.A N.A. N.A.

Model by [1] - 0.44-1.19 -

Actual 0.03 -0.07 0.11-0.16 01-11

Model 1: One-stage Condensation
Model 2: Multi-stage Condensation
[1] Ritter & Sadoway, Light Metals 1988, p5799 - 8

Wulandari, Brooks and Rhamdhani, 2009
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Summary from Thermodynamic Analysis

Metal impurities in magnesium are formed ixiahachaldo
iIntermetallic.

Significant solid impurities are condenseddosdaatitn
temperature, before condensation begin.

Next StepConduct an experimental study to understand the
condensation of magnesium vapour

Swinburne University of Technology



Conclusions

Light weighting of transport and alloy develipment
drive increased demand for Mg

Chinese Pidgeon process will dominate for some time

Electrolytic processes will only be attraetrye in v
specific circumstances

Exciting scientific and engineering challenges In
developing new pyrometallurgical route to Mg

Swinburne University of Technology



