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1. . EXECUTIVE SUMMARY

1.1 SUMMARY CONCLUSIONS

P

At current production levels, direct energy savings achievable
through realistically obtainable process improvements in primary magnesium
production are sﬁall; they are estimated at 1.2 milliquads of energy per
annum. Were magnesium to penetrate the automotive market to an average
level of 50 pounds per vehicle, the resultant energy savings at the pro-
duction stage would be somewhat larger, due to the increased productidn
requirements -- about 3.2 milliquads per annum. However, with this pene-
tration, the resultiﬁg savings in gasoline from the lighter'weight auto-

mobiles would conserve an estimated 325 milliquads of energy pér year, or

c. . 3
reduce the o0il import requirement by 62 million barrels of oil per year.

The principal barrier to more widespread use of magnesium in the
immediate future is its price, specifically its price ratio with respect tb
aluminum (1.64 to'l on a weight basis and 1.06 to 1 on a»volumetric basis).
It appears that a price reduction of magﬁesiqm of only about 10 percent
(and one which is perceived to be long lasting) would be sufficient for
widespread conversion of aluminum die aud permanent mold castings to mag-
nesium. - Other potential barriers to the use of magnesium, including cor~
rosion and current lack of casting or machining facilities, are small in
comparison to this small price.difference.

In-the long term there are.some inherent technical and resource
availability factors that heavily favor much more widespread use of mag-

nesium. A major one of these is energy. The energy required to produce

a cubic inch of primary aluminum in today's production facilities is 20

3 ,

Note: The above c¢alculation assumes a 100 million car fleet, with mag-
nesium replacing ferrous materials. If magnesium replaces alum-
inum, the net energy savings is still large, 110 milliquads.



percent more than to produce an equivalent amount of magnesium. As

energy costs continue to escalate, this factor alone must favor a‘long

term decline in the magnesium to aluminum price ratio. In addition, the
minute amount of magnesium-yet produced in comparison with aluminum means
that the processes for producing magnesium are not.yet as developed, re--.
fined, or efficient as those for aluwinum; i.c., there.is a .greater-untapped.
reservnir of potential process improvement in the case of magnesium --

with concomitant cost reductions. The assured availability of low cost
magnesium ore within the territorial United States is still another factor.
Finally, the continuing demand for ligher weight automobiles must favor mag-
nesium in the long run. Even at today's price of magnesium and gasoline,
much greater usagé of magnesium in automobiles is cost effective in terms-
of total life cycle cost to the consumer .and it is clearly in the national
interest for this usage to increase.

‘At present there are two basic groups of processes empiloyed for the
production o6f magnesiumi ‘There are the metallothermic processes, in which.
magnesium oxide is reacted with a reducing agent in an electric furnace
under vacuum, and there areé-the electrolytic processes, where
both hydrons and anhydrous magnesium chloride‘melts are subjected to elec-
trolysis. The principal drawbacks. of the thermic operaéionS‘are the need
‘to operate at greatly reduced prussure together with the féctvthat a solid
rather than a molten product isvbéing obtained, and that condensers are
relatively inefficient. The main drawback of the electrolytic systems
is the high cost of feed preparation. As noted above and elsewhere, the

relatively small scale of magnesium production, both in absolute terms




and on a ber-plantAbasis,has been an impediment to majof process improve-
ments. There are significant opportunities for upgrading magnesium product-
ion technologies through improving existing operations, and through the
development of radically innovative technologies.

While there is a clear need for a research and development effort
in order to make the more widespread utilization of magnesium'economicaily
feasible, there is no natural constituency for initiating such a program.
Markedly inéreased magnesium utilization is, however, clearly in the nat-
tion's best interest, and the United States Department of Energy could
piay a central role in catalyzing and féstering a research and development
effort toward this end. Numerous research opportunities are listed in
this report. Of‘priority are: (1) improved methods for prepafiﬁg;anhy-
drous feeds, (2) improved cell technology, to include inert anodes and
Caghodes, (3) thermochemistfy of metallqthermic reactions, and (4) the dev-

elopment of continuous metallothermic operations.

1.2 INTRODUCTION

The purpose of this investigation has been to'asseés magnesium pro-
duction technologies both technically and econoﬁically as a basis for
future government programming in process research and development. This
work was motivated by the fact that the use of magnesiuﬁ as a structural
automotive material would resglt in a significant weight reduction and hence
could make an important contribution to the conservation of hydrocarbon
based énergy sources. Hoﬁevér, the price pf magnésium has been a major
barrier to its more extensive.use by the the automobile industry. For
Lhis.reason an important focal point of the study was to examine current

magnesium production téchnologies with a view to identifying research



'and'development opportunities which céuld lead to a significant reduction
in the cost of mdgﬁesiﬁm #rodubtion and hénée its greater use in the t:rams'-"f
pdrtacion sector.'. “

>While muéhvenergy.can be saved through improvements in primary
processing of magnesium, the ﬁajdr energf saviﬁgs»result from thg reduceal
fuel consumption of ?éhicles in which it is used. At current prbduction
lcveis,'the pulentlal direct energy savinge in primafv u,S. magnesgnm pro=
duction‘through proééssing improvements are quite smali.' These ;ré eséi—ﬂxﬁ
mated to be 1.2 milliduads per ;ﬁnum. Were magnesium to penetféte the autﬁ—
motive market to ;ﬂ average level of 50 pounds per Qéhicle, the resultant |
;.engrgy savings at fhe productidn stage would be somewhat larger, due to
the increased produéfion reduirements —;.aboqt 3.2 milliquads per annum.
However, with this benegration,‘the resulting éavings in gasoline from :
the 1ighter weight auﬁo@ébile§ would conserve an estimated 325 ﬁilliquads
of energy ﬁer &ear; or reduce oil import requirements by 62 million
barrels of oil per year.*

1he energy efficienc§>of magnesium in automotive applications is‘a
function of its low density: aluminum is 1.55 times heavier than magnes-
ium and ferrous alloys are 4.52 times heavier. It is this low density,
combined with strength and ductility c0mparab1¢ to that of aluminum die
caéting alloys, which makes magnesium particularly attractive for use in
ﬁfansportatién applicétions,where‘weighf reduction and fuel ecoﬁomy are
directly felated. | |

The range of competitive automotive materials and the percentage

* , . : :

Note: The above calculation assumes-a 100 million car fleet, with mag-
nesium replacing ferrous materials.A If magnesium replaces alum-
inum, the net energy savings is still large, 110 milliquads.




weiéht reduction potential of  each is preaented-in Table 1.2.1. With a

direct weight reduction potential of 75 percent ‘when substituting,for

cast iron, magnesium is the‘premier light weight automotive material,

even when compared with graphite fiber reinforced plastics which have a

60 to 70 percent direct weight reduction potential.

The critical parameter with respect to light weight materials

substitution in automotive applications 1is net life cycle energy effi-

ciency. Stated simply, this is the difference between the energy con-
served in use due to reduced vehicle weight and the energy required to

produce the component. By this definition, magnesium is by far the most

energy efficient of the light weight materials available for automotive

use. Over the 100,000 mile service life of the average automobile, the

following net gasoline savings over iron based materials are possible:

Net Life Cycle

Material j Energy Savings (gallons)
Magnesium ~ A 4.2 ' - #
Aluminum . 2.8

Plastics K 2.7

To-a first anproximation, the use of 2 pounds of magnesium in an automobile
conserves 1 net gallon of gaeoline'per annum, or the use of 50 pounds of mag-
nesium in 100 million automobiles conserves 2.6 billion gallons of gasoline
per year. |

To this noint the discussion has dealt solely uith_net life cycle
energy savings as a result of magnesium substitution.in automotive applica-
tions. The'energy advantage of magnesium is not restricted to transporta-
tion. As shown in Table 1.2.2, for any cast form'application, on\a volumetric
basis, 20 percent more total energy is required to produce an aluminum com-

ponent than the magnesium equivalent. -Furthermore, in large scale casting



Table 1.2.1

Candicate Alternative Automotive Materials

Percent Direct Weight
Reduction Potential -

Wrought Material
Low Carbon Steel (LCS) ) ' -—

Dent Resistant Steels : 10 to 20
High Strength/Low Alioy Steel 15 to 30
Ultra-High Strength Steel o 40 ta 50
Aluminum (Al) , . : 50 to 60

Metal Castings

Grey Iron ' N -

Al Die Casting 50 to 60

- Al Permanent Mold Castings 50 to 60 , : °
Zinc Die Casting 10 to 40
Magnesium Die Casting . 75

Plastics (Relative to LCS)
Unidirectional Fiberglass

Reinforced Polyester or Epoxy Eesin ' ) ' : 50
Sheet Molding Compound '
Random Fiberglass-Reinforced-Pclyester Resin . 3% to 50

Unidirectional Graphite
Fiber Reinforced Epoxy Resin (Eybrid Reinforce-

ment ‘with Fiberglass, Where Possible) 60 to 70
Continuous Fiberglass . :
Reinforced Nylon "STX" Ho:t Stampable Sheet : ‘ 35

Adapted from: Proceedings of Conference on Basic Research Direction Eor Advanced Automotive
Technology, U.5. DEpartment of Transportation, Boston, April, 1979,




TABLE 1.2.2
Comparison of Eaergy Requirements to Produce Magnesium

and Aluminum Castings on Volumetric Basis

MAGNESIUM : ALUMINUM % DIFFERENTIAL

Energy required to preduce _
primary metal (BTU/in3) 9,084. 10,752 18%
Energy required to form the

casting (BTU/in3) 566 828 46%

Total energy requirement (BTU/in3) 9,650 11,580 20%



6perations foday, mégnesium is fully cost compeﬁitive with aluminum. An
example of this is the éﬁoiée of magnesium or aluminum in Omni/Hofizon
trénsaxle housings as a function 6f monthly price fluctuatioﬁs in these
two metals.

The comparisons of the preceding paragraph are based on thg mag-
nesiumAanﬂ aluminum production technolégies as they exist today, where
magnesium,tonnége is but 3 percent that of aluminum. Because of this, far
less research effort has been spent on magnesium than on aluminum. There
remains, " in the case of magnesium,a very Iarge untapped potential of pro—.
cess and product developments and improvements through research and devel-
opmegt."

As for the long term availability of raw materials, magnésium is
present domestically in essentially inekhausfible amounts in seawater and
’brines; There are additional doméstic fesourcés? prinéipally‘in the form
of magnesite and dolomite. In contrast, 90 percent of the ﬁauxite and alum-
ina required for thg production of aluminum must be imported. While there
are alternative domestic mineral resources for aluminum, these. require even
more.enefgy than bauxite in their processing.

It is an lampurtant and cleﬁr conclueion from thie work that over
the long fange'(e.g., 20 years) magnesium will capture é very large share
of the die and permanent mold~casting,markét now held by aluminum. The
reasons for this are simple and summarized above. They include (1) the‘
near current price competitiveness of<ﬁagnesium with aluminum on ; volu-
metric basis, (2) the fact that the energy requireménﬁ,to produce aluminum
components is 20 percent higher than magnesium on a volumetric basis, (3)

the ready availability of low cost domestic magnesium resources, and

(4) the life cycle energy savings for applications in the transportation sector.



1.3 THE ECONOMICS OF MAGNESIUM

Historically, the limited availabilit& of magnesium and'the dominant
position of a single producer in the United States have restricted its usé in
tfansportation applications. This is parﬁially dde to the long-standing policy
of the domestic auto industry of requiring at least dual sources of supply to
ensure availability. Following World War II, only Dow Chemical Company
remained as a major subplier of magnésium. It was not until the early 1970's
that several other large scale producers entered the magnesium industry. How-
ever, these producers have experienced start-up and operating probiems which
have caused extensive interrqptions of productioﬁ. Consequently, magnesium
icontinues to be used sparingly -- less than 1 pound per average domestic
augomobile. With few other structural applications, magnesium production has
lagged far behind that of other light weight materials such as aluminum,
Figure 1.3.1.

Magnesium has béen used in automobiles for nearly fifty years. It
has been most successful in Europe where as much as 45 pounds were uséd in

the Volkswagen Beetle. Thé sucéess of this very popular vehicle has amply
demonstrated the technical feasibility of die cast magnesium as an automotive
material. Many of the past and current agtomotive applications of magnésiﬁm
ére listgd‘in Table 1.3.1.

In autpmotive applications, magnesium is most competitive in cast
form, where it co@petes primariiy with aluminum. The threshold point for
magnesium to be competitive with aluminum occurs when the magnesium to

- aluminum price ratio ig about 1.7. However, significant usége of magnesium

in the automotive industry will probably require a stable long-term price
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Figure 1.3.1: U.S. Production of Magnesium and Aluminum (X1000 tons).
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Table 1.3.1

Past and Current Automotive Applications of Magnesium

<
wn

Power Train

Oil reservoir cover

Generator end plates

Starting motor end plates

Main bearing oil seal

Fan spacer

Fuel pump combination body
Fuel pump body

Fuel pump diaphragm support
Fuel pump air body

Fuel pump pulsator cover

Fuel pump cover

Glove compartment door

Oil filter body

0il filter bypass valve body
Super charger impellor

EGR valve

Engine front oil seat plate
Blower impellor

Ignition distributor housing
Oil pump and cover

Distributor. vacuum diaphragm housing
Torque,. converter housing (10,000 only)
Clutch housing (3,000 only)
Iransmission stator blade
Transmission shift rail guide
Transmission housing (imported)

Body and Chassis

Instrument panels

Instrument panel beze]
Steering column bracket
Steering column clamp

Steering column shroud
Instrument panel filler

Shift lever shaft guide

Gear shift ‘lever bracket

Gear shift bowl and assembly
Horn burton baezel

Window actuation mechanisms
Internal window bracker

Turn signal switch housing, cover and plate
Convertible top fold mechanism
Convertible top headers

Heater blower assembly
Defroster grill

Switch mounting plate, steering column
Instrument panel shroud
Steering columu lock housing
Sail mirror cover plate

Europe

Power Train

Crankcase, aircooled

Clutch housing

Transmission housing
Transmission housing cover
Transaxle housing

Automatic transmission transfer plate
0il pump housing

0il pump trumpet

Valve covers

Engine fan

Covers

Brackets

Pullevs

Transmission support brackecs
Dvnamo bracket

Transmission bearing support
Steering gear ccver

Engine blower housing

Engine blower impellor
Timing gear

Cylinder head cover
Distributor support

0il filter support ]

0il fume engine breather body
Timing chain housings
Suction tubes

Covers for camshaft housings
Gearboxes and covers
Regulator spindle bearing
Camshaft bearing

Regulator box cover

belt pullevs

.Bearing bushing

Wire sheave housings
Béearing bracket
Adapter flange

Bodv and Chassis‘

Wheels

Loud’ speaker frame
Instrument panel
Headlight .support
Steering column support
Steering column housing
Tool box and cover
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ratio'of-l.S or less (at this ratio the two'metals are of equal price
on a volumetricgbasis).. The.potential automotive usage of magnesium :
as a function of fhe magnesium to aluminum price ratio is presented in
Figure 1.3.2. kThis situatiom; however, is changing. and future cempe—
tition will also include light weight steels, plastics, and composites.
Nnnetheless, for illustratlve purposes magnesium is compared in this

analysis wlth its primary competitor -- aluminum. Given the millions

of cars produced annually,_it is clear_from Figure 1.3.2 that the luied-

iate market potential for magnesium in automobiles is large, if it can

be made available at a competitive price.

Currently, automotive usage of magnesium is constrained by 1tsj
price. During the mid 1970's the price of magnesium rose to more than
double that of aluminum, a peak from which it has steadily declined; The
price ratio currently stands at 1. 64, a level which has been malntained
for more than a year. At this price ratio, magnesium is believed to be
restricted from large scale penetration‘of the automotive market as iil—
ustrated by the»toealudemand funecion‘fnr magnesium pmesented in Figgre.
1.3.3.* | 7

Specifically, at $1.25 per pound, which is equivaleat to 1.64

times the price of aluminum, magnesium is priced out of the current elastie

automotive market for light weight materials. If magnesium were to decline

in price by only 10 percent and maintain that price relative to aluminum,
it appears that an automotive market for magnesium approaching the size

of the current domestic market for magnesium could be quickly created.

*This is clearly true in the present market, even though at the current
price level, the life cycle savings from u51ng magnesium in place of
aluminum are very large indeed, as discussed in Sectlon 5.1.




Figure 1.3.2:

" POSSIBLE " MAGNESIUM USAGE BY 1985
~AS A FUNCTION OF -Mg:Al PRICE RATIO

€T

40 :
35 lexpecten] 4——p |?
: o . B kst
L _ - S lnlakg “ﬂ"t’ﬁt’ :
- MAGNESIUM 251 » : ' 4Wa|ot Pump Body
USAGE PER Trammhuon Case
AVE(RLASS)CAR 20 | . Converﬁtoryf_l')lttorg&l?!:hg '8
: o i 4 Valve Body
(1985) 151 rokels
L1O) el S
| - MISCELLANEOUS o
ST HOT CHAMBER PARTS | <&
0o - , - : _ 1
20 19 1.8 1.7 1.6 1.5 14 13
":fl’ 'PRICE RATIO

. 'Source: M. Holland, Ford Motor Company.
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‘Potential}large'scale industry entrants héve been relucfapt to
invest in mégnesium capacity which is solely dependent upon thg_gu;omotive
industry for a market. This hesitancy has been due in part»to the
presence of a dominant producer and to the uncertain nature of the auto-.
motive market for magnesium. The current producers of magnesium share
this ﬁesitancy for another reason: an expanded autbmotive-market for
magneéiumywould expose the total market for magnesium,.which currently
enjoys price sgabélity, to the price instability of the competitive market
for light weight materials.

Given the current structure and capacity of the United States
magnes ium inaustry, the price for magnesium relative to aluminum cannot be
expected to decline soon, and so the automotive market for magnesium
cannot be expected to expand rapidly == unless somc external faotnf is
added to the equation such as a technologically aggressive new competitor
with adequate capital, or extensive federal encouragement of research and
development and investment in magnesium.

Substantial improvements iq the production efficiency of magnesium
Atechhologies do appear to be possible through process innevatrions. Such
improvements could allow for significant reductions in the price of
magnesium, and if these priée reductions were passed on to users, magnesium
could become fully competitive with other light weight materials by the énd
of the decade. Process improvements and innovations required to achieve

high efficiency magnesium production are recommended in Chapters 3 and 4.




15

In the opinion of the writers, tﬁe current and potential costs
of produéngAhééheSiﬁﬁ by the eiectrolytic vergﬁs the métaiiothérmic
route are\éufficientiy cldse‘that the optimum magnésium priméry produc~ i
tion procés§es;depends, not oﬁ>an intrinsic techﬂologicéi advantage, but
rather site selection with respéct-to the availability of raw materials;
energy, labor, and markets for both magnesium and process by-products.
Given the variation in resources‘of industrial regions within the United
States, electrolytic and metallothermic magnesium production technologies
can both be'éxpected fo remain competitive for at least the médium term

(20 years). Carbothermic technologies have long ‘range potential advan-

tages but no clearly competitive process has yet emerged.

150 ( ;
140 |
1.30} Some Mg auto parts price
. $1.25/1b i «—competitive with Al .
(1980) ¥5‘\
S FEEEAN

1.20F ; \\

: 2N

i o
110 : S

: ~
. : e

: ~ 1980

1.00 $0.99/1b

Price (current dollars)

(1977) Mg priced out of the
’ automotive market
090
.80}
070}
Inelastic i Elastic , 1977
1 : 1 1 |

A 1
50 100 150 200 250 300
Quantity (x1000 tons)

Figure 1.3.3: Total Magheéium Demand Furiction.
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1.4 _TECHNOLOGY

1.4.1 General Observations

| Magnesium is an abundant‘éomponent of the earth's érust; 2;352.
" but the high stability of its oxide prevents its easy extractibn.. While
there arevseveral technically feasible Qays of préduqing magnesium; the
two‘teghnologies'that deservelprime conéideratioﬁ are elect;olytié aﬁa
métaildthermic. Botﬁ can be substantiaiiy iﬁp:oved with respect to pro~
duction rate and energy consumption by the application'of'receﬁt‘advances
' . in processing science and/or by tﬁe development:of ra&icélly new tecﬁnoi—
ogies. | |

E The carbothermic process must also be considered in the loﬁg term
because of its direct use of eﬁetgy and subsequent potentia1 energy effi-
ciency. However, rhis techhdlog? is not currently being used, and an éx—
tended research and deve.lopt'nent‘ effort wouid be required to bring it on-

stream as a cost effective process.

1.4.2 Eiéctrolytic Proéeéséé

In the electrolytic production of magnesium; Mmolten waguesium
chloride is electrolysed to producé molten magnesium metal and chlorine
gas. Electrolysis cu;rently accounts for about 72 percent of the approx-
‘imately 300,000 tons of -annual magnesium production capaclty in the Western
World. The process involves two major steps:. (a) feed éfeparation for
“the eiectroljtic cell, (b) electrolysis itseif.

The stérting material of current electrolytic magnesium processes

is some form of an aqueous solution of magnesium chloride: ,seawafef,‘brine.
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or certain industrial wastewaters. Befo;e electrolysis, ;gis ﬁat;;ial
mﬁst be purified of other salts and dehydréted. ‘The dehydtéfion ié}non;
triviai-becaﬁse thé water is cﬁémicaliy béﬁnd; simple heating toxtemﬁér-
atures above water's normal boiling point can resulf in thé!formAtion
of ﬁndesirablé oxychloride compounds. Thére arewtwo‘approathes.to this
problém.: One is to consume large quantities of energy in’'cell feed‘prep-
ératioﬂ;in order to be able to electrolyse at high current efficiencies-
4and:to keep cell maintenance costs'loﬁ.' Examples of this.anhydrOUS“
electrolytic design in which 50 percent of- the cost of production is:in-
cell feed preﬁaration are the I. G. Farben, Norsk Hydro, Alcan, and
various diaphragmlesé Sovie£ cells. The other approach,{uséd"exclusively
By Dow, avoids the costiy final-dehydration Steps and -electrolyses the:
partially hydrated compound MgClz-l.ZHZO. However, - anode .consumptiom
;afes and all maintenance requirements are much_higher iﬂ Dow-cells than .. -
in anhydrous cells. Some éell characteristics are .given ip Table.1.4;2.1...
The attractiveness of electrolytié produC;ion is ité efficient
‘use of energy in the electrolysis stage. The major dfaﬁbacks are tﬁe
high cost of cell feed preparation and the low metal .production rate

(pounds Mg producéd/unit time/square foot plant floor space);‘

1.4.3 Metallothermic Processes

In the metallothermic processes,‘magnesium oxide is reacted with'-
ferrosilicon at a reduced pressure in a.resistively heated furnace. The
- magnesium vapor product is condensed in an adjoining vessel and collected

in-solid form. The principal inefficiencies are operation at:reduced -
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TABLE 1.4.2.1

Operating Characteristics of Magnesium Electrolysis Cells

Current Voltage Current SE:Z;;;C
\" i %
(ka) | ( ) Efficiency (%) (kWh /kg)
Dow : 90 6.0 75~-80 18.5
1.G. 18-150 5.0-7.0 80-85 15-18
Alcan 80 5.7-6.0 90-93 14
Soviet
diaphragmless 200 5.0-6.0 85-90 13-15

Norsk Hydro 250-235 92-93 12-13
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pressure and in a batch-mode. The forner causés the leakage of air
into the furnace. which.results in the loss of ‘mdgnesium vapor as mag-

nesium oxide and nitrideé are formed. Current magnesium vapor losses

~are roughly 20 percent. :.:The batch operation cycle necessitated by the

vacuum operation. requires roughly 2.5 hours of down time per 20 hours
production cycle. |

The preparation of ferrosilicon reductant consumes 42 percent’ of
the total energy requirement of the metallothermic process. By adapting

the process.to use a low'.grade aluminum alloy available in municipél'ré-

fuse, the energy requirements of the reductant preparation stage could be

reduced by an estimated ‘75 percent. In the magnesium reaction vessel

. itself, modifications to permit operation at atmospheric pressure would

improve production and energy efficiency in the feductipn stage by approxi-

. mately 25 percent. Conversion to continuous operation would increase unit

production by 14 percent. The combination of continuous operation at
atmospheric pressure could increase unit production in the reaction vessel

by as much as 43 percent.

1.4.4 . Comparison of the Alternative Processes

Table 1.4.4.1 presents a comparison of some characteristics of
the électrolytic and metallothermic processes. In practice, both tech-
nolqéies claim to be econovmlcal at approximately 10,000 annual tons
capacity. T ere is‘a differencé, howeQer, in capacity planning. To
expand the capacity of a metallothermic facility, corresponding units

of ferrosiliéon and magnesimm reduction furnaces are required. The
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. TABLE 1.4,4,1 .

Comparison of Electrolytic and HEtallothermic

Process for Magnesium Production

Electrolytie"

Metallothermic

Current world capacity (tons) . 218,500 . 83,000
Maximum plant size (tons) 125,000 126,000
Average plant size 54,625 110,375
Energy. requirements . )

(kwh thermal/1b Mg)* . 42,8 41.1
Electrical energy requirements 48% 70%
Estimated capital cost for . .

new plant 4,500 3,500

($/annual ton capacity)
Sample plant slze: 20,000
~annual tons

*To avoid any possible confusion¢ all energy is given in kWh~thermal.
This ignores the potential use of hydroelectric energy (1 KkWhE = 3, O77kWhT)
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capacity of electrolytic ﬁaénesiﬁm facilities is increased by adding
units of electrol&sis cells and expanding:the existiﬂg electrolyte prep-
aration facilities since a siﬁgle unit "front end" is more cost effective.
Othérﬁise, bdthAabpear F91be comparable. Site'selection, primarily on

the basis of raw materiéis and electricity availability, is the dominant
féctdr in a choicé between these two érécéssés,'ratherAthan any intrinsic

technological advantage. However, of the technologies available today,.

electrolytic processing is favored by many for very large installations.

1.5 RECOMMENDATIONS FOR RESEARCH AND DEVELOPMENT .

Magnesium is an infant ¢ompared to aluminum. With éurrently less
than 20 tons pér year of magnesium used in structural appiications, this

is less than 0.0004% of the domestic production of aluminum. By comparison

with - the éiuminum industry, there simply have.not been adequate funds avail-

able for production impfovements and long range research and development in

méggesium.

It is clear that a verj large potential exists for a practical pay-
off from fésearch a;d development iﬂ magnesium prima;y production technol-
ogy. ‘A_significanf part of this report is devoted to recommendations in
tﬁis matter.

Regarding priorities, at this stage it can be said that the most
imﬁdftant prbblems facing eleétrdlytic processing are deﬁydration and cell
thtoﬁghput. Metallothermic processing is hindered by the need for costly

ferrosilicon-reductant'and batch operation at reduced pressure.

In the récommendations which follow special attention should be

given to those which address these issues.
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From an economic standpoint there is no fully satisfactory com-"

mercial dehydration process éf,present. Its development is essential to

the viébility of electrolytic magnesium production.  Fully half the cost

of production is in feed preparation. Additionally, regardless of improve-

ments in cell design, the fﬁll.advantages of electrolysis are never realized

as long as impurities are preseut in the electrolyte.

- The following group of recommendations is directed at cell feed

preparation.

RECOMMENDATION D1:

RECOMMENDATION D2:

RECOMMENDATION D3:

-

RECOMMENDATION D4:

RECOMMENDATION D5:

RECOMMENDATION Dé6:

Make the necessary thermodynamic and kinetic
measurements of the dehydration of hydrated MgCly
to provide a thoroughly adequate data base for
the development of dehydratwn technologies. Of
the current commercial inventions, solar
evaporation consumes the least energy. A special
effort should be made in studying the product

of solar ponding. Optimistically, the latter
rould bo eventuully treated in one chemical
reaction step to produce anhydrous electrolyte.

Investzgate the effects of alkali-metal and
alkuline-earth chlorides on the dehydratzan of
hydrated MgCls.

Make the necessary themocﬁ_/namic and kinetio
measurements of the dehydration of hydrated LiCl.

Investigate the pumlfication of LiCl by partial

erystallization by measuring the compositions of
the erystalg which frecae out of typical lithium
chloride based electrolyte melts which have been
eontaminated in a econtrolled manner,

Test the dehydration of MgCls hydrate both in
spray driers and flash culeiners to determine
lowest contamination levels of MgO and MgOHCL.

Determine mass transfer rates from the carbo-
chlorination of MgO in a molten chloride by
(i) bubbling chlorine/HCl in the presence of
finely divided ecarbon, (ii) bubbling a gas
mixture of CO, HCl and Clg, (iii) bubbling
phosgene (COClg). :




RECOMMENDATION D7:

" RECOMMENDATION D8:

RECOMMENDATION D9:
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Determine mass transfer rates when solid particles
of dehydrated MgClg containing oxide and oxy-
chloride impurities are chlorinated in a fluidizing
bed with (i) chlorine/HCLl in the presence of
finely divided earbon, (i1) a gas mizture of CO,

« HCl and Clg, (iii) phosgene and determine the

parameters which affect the purity of the product
so produced.

Determine purity levels which can be achieved by
elimination of oxygen bearing insolubles in
anhydrous MgClp by filtration and sedimentation
techniques.

Verify the claims of purity of disclosed solvent
extraction processes and test their commercial
viability by analysis of optimum operat'mg
parameters.

The most important problem to be solved in electrochemical cell

design is mass transport enhancement. If electrolysis is to compete with

large scale pyrometallurgical processes, cell throughputs must be increased.

Otherwise, capital costs will become prohibitive.

The following group of recommendations is directed at improved

electrolytic cel1l designs.

RECOMMENDATION El:

' RECOMMENDATION E2:

RECOMMENDATION E3:

Assess various cell designs by measumng fluzd flow
patterns of water model representations using
etnephotography, hot-wire anemometry, and laser
Doppler anemometry. This would be coupled with
mathematical modelling of the system aZang
hydrodynamic lines.

Measure and compare the operating characteristics
of intermediate size molten salt cells with those
of Zaborqtory cells and water models,

Study the electrode kinetics of magnesium reduction
in various solvent melts to determine the
parameters which may be adjusted to maximize
reaction rates with a view to improving ultimate
space/time yields. The techniques to be used

‘inelude emf measurements, linmear swasp voltam-

metry, chronopotentiometry, chronamperometry, and
pulse polarography.



RECOMMENDATION E&:

'RECOMMENDATION E5:

RFECOMMENDATION E6:

RECOMMENDATION E7:

RECOMMENDATION E8:

Metallothermic
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Compare .the cell performance of vertical monopolar
electrodes, vertical and horizontal bipolar
electrodes, and porous electrodes. .

Study the electrode kinetics of chloride oxidation
at the anode and subsequent formation of chlorine
gas bubbles. Factors affecting anodic over-
voltage should be determined as a function of
electrode shape, composition, temperature and.
current density. - . '

Search for new materials which can serve as
dimenotonally stuable modey.

Investigate the effects of periodic reversal of
electrode polarity and superposition of an a.c.
voltage on the d.c. decomposition voltage. A
molten salt test cell using several oandidate
electrode designs would be employed. Obviously
one expects no variation in morphology; hawever,
there may be some enhancement in mass trangfer
rates at the electrode surface caused by the
disruption of the melt boundary layer,

Test the effecte of forced circulation of the
electrolyte and ultrasonic agitation of the
electrodes. This would be performed on several
prototype electrode designs in a laboratory cell.

Metallothermic process development is currently constrained by a

lack of adequate thermodynamic and kinetic data concerning the thermochemical

reduction of magnesium oxides by various reductants. Tliese data arc

essential to the selection of the optimum reductant=feed material mix and

operating conditions. Production of the current ferrosilicon reductant

requires nearly 42 percent of the total energy required to produce'magnesium

and represents roughly a third of total prodﬁction cost.

The following recommendations are directed at the optimum selection of

reductant, feed materials, and operating conditions.




RECOMMENDATION Al:

RECOMMENDATION A2:

RECOMMENDATION A3:

RECOMMENDATION .A4:

RECOMMENDATION A5:

' RECOMMENDATION A6:

¢t

25

Make the necessary thermodynamic and kinetic
measurements of the pyrometallurgical reduction
reactions for the various reductant-raw material
combinations over the temperature range of
interest, up to 2800°C, to provide a data base

. of reaction rates, magnesium equilibrium vapor.

pressures, and activity coefficients. for all
reductant, raw material, and slag combinations.

Determine and evaluate the kinetic relatwnshtp
between operating temperature, reaction rate, and
subsequent emnergy and operating efficiency for the
various thermochemical reductant-feed material
combinations.

Investigate the availability and determine the
purity of low-grade aluminum alloys available
from mmicipal refuse incineration plants for use
as an alternative metallothermic reductant.

-Iﬁveétigate the current level of development of

carbothermic processes for aluminum-silicon
production. Determine the feasibility of modifying
this: procese to produce a lower grade, znexpenswe
alumnwn-szlwon alloy adequate for use in
maqneswm metallothermic processes.

Identify and evaluate the effects of the impurities
found in aluminum-silicon and low-grade aluminum
alloys on the production efficiency of the
metallothermic reduction process, Ideally, the
reation slag would accommodate these impurities.

If this is impractical, techniques for removing
the specific undesirable impurities should be
considered.

Investigate the technical feasibility of co-
production of magnesium and useful metallic
masteralloys with metallothermic technology. -
Determine the economiec impact of the alloy by-
product, that is, its effect on operating and

. ecapital cost, and overall energy efficiency.

Thé’most‘important problém confronting metallothermic technology is

conversion from reduced pressure batch to continuous operation at or above

'atmospheric préésure. Roughly 20 percent of the magnesium vapor currently

produced is lost due to air leakage. The removal of tHe reduced pressuré
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operating requirement would both eliminate magnesium losses within the furnace
and facilitate coﬁtinuous operation. Conversion to.continuous operation at-
atmospheric pressure will require the developmeﬁt of"improved- condenser and
slag removal systems.

vThe folloﬁing recommendationé are directed atutﬁe develoﬁmént‘of a

continuous metallothermic reduction process.

RECOMMENDATION Bl: Support the development of innovative efficient

' ' condenser concepts designed to operate at
pressures approaching or erceeding one atmosphere.
Possibilities include the use of inert carrier
gas systems and liquid metal splash condensers.

'RECOMMENDATION B2: Investigate the potential for modifying current

. furnace design to accommodate continuous slag
removal using a barometric leg, gas-life pump/
siphon arrangement, or various other continuous
of semi-continuous slag removal teechniques.

RECOMMENDATTON B3: Develop muthematical and experimental models to
establish the fluid flow, vapor transport and
heat transfer chanactenistics of the basde metallo-
Zhermdie system.

RECOMMENDATION B4: Assess various emtmuous reactor designs based on
the mathematical models of fluid flow and heat
transfer phenomena. Construct laboratory. scale
experimental furnaces to verify the mathematical
models.

RECOMMENDATION B5: Analyze the operating churucteristics of
laboratory and intermediate experimental metallo-
thermic factlities to gstablish the scaling
conditions and modify the mathematical models
accordingly.

Ca_rbothermi_g

The carbothermic process has not been used commercially since the
second World War because of production inefficiencies and hazards. However,

this process has the potential for being the most energy efficiency of the
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production processes for magnesium. Some long range research, therefore,

should be ‘conducted on this process with the goal of ultimately bringing,bn

stream a reliable, efficient, safe process.

RECOMMENDATION Cl:

RECOMMENDATION C2:

RECOMMENDATION C3:

Develop mathematical and experimental models to
‘chanacterize the thenmochemistry, vapon transpont,
and heat transfer phenomena of the basic
earbothermic process.

Initiate a program to evaluate alternative
innovative techniques designed to overcome
limitations of the current carbothermic process,
for example, with respect to magnesium vapor
condensation and collection.

Explore the further development of the liquid
metal solvent process for the production of
magnesium beyond the Zaboratory scale. The

- eritical factore concerning solvent flow through
- the reactor, solvent recovery, and overall energy

efficiency and cost effectweness must be further
studied and evaluated.
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2. INTRODUCTION
2.1 BACKGROUND

. The Magnegigm.Project at Massachusetts Ips;}the,of Technology_‘
was in?;iated ip 1976 with’alsystems study of pagne§ium production and
utiliza;ion by‘Kenney; Clgrk,,anle}gmings.‘ In cquupction with this
reseapgh program, an interna;ional conference on "EPergy Qonsgrvation
in the Production and Utillzation ofﬂgagnesium".was;convened at MIT in
May of 1977. This conference, which was co—sponsored by the MI? Depart-

'ment‘gf Materials Science ggd Engineering, U.S. Energy Research and Dev-
elopggntbAdministration, and International Magnesigm Association, brought
toge;hg; indiyidualsvfrom univerSigies, goyernmen;s, and industties of
many épuntries. ;nfofmation anq dataﬁ@ade available dur;nglthis conference
contributed greatly to the'ongoingvsystems study. At thc.oameitime valuable
and.gpdurihg lines of communication between all parties were established.

The present technical and economig.assessment of magnesium primary
production technologies was initiateq late in 1978 with the spoqsorship of
the Officé of Industrial Programs of the U.S. Debartment of Enérgy; The
study'was cqn&ucted by Prof; Merton C. Flemings,rgtincipal ipvestigator,
Professors ngian Szekely and Joel ?. Clark; co—p;incipal investigators, and

Dr. George B. Kenney, Prof. Donald R. Sadoway,.and Prof. Floyd R. Tuler.

2.2 METHODOLOGY

The critical examination of magnesium production ;echnology was
a major task which required not only information freely available in the

open literature, but also information usually regarded as confidential by
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industrial organiaations}
For this reason an extensive literature survey was complemented
by numerous personal discussions with industrial representatives and con- -
sultants at Massachusetts:lnstitute of Technology, at conferences, and on
site.‘ Visits were also made to plants and laboratories to view'ongoiné
production, research; and‘deyelopment work. ManyAcurrent and potential
producers and consumers of magnesium‘have contributed greatly to our effort.
Much of the data and information made available to this research group,
both confidential and unrestricted,'could not have been collected without
these individuals and organizations. This cooperation‘agd‘the oandor'with
which materials were made'available are greatly appreciated; A'partial'
listing of contacted individuals and organizations is given in Table 2.2. 1.
This extensive data base, in conjunction with further thermodynamic;
electrochemical, and economic calculations gave new insights into the tech-

nological and economic issues at hand. The report is organized as follows:

-- Chapter 1 is the Executive Summary

- Chapter 2 gives the background of the project, outlines the
methodology. and lists publications and presentations

S Chapter 3 assesses electrolytic magnesium production technol-

ogies and makes recommendations for research and development

=~ Chapter 4 assesses thermic magnesium production technologies
and makes recommendations for research and development
—- Chapter 5 discusses the economics of expanded‘magnesium produc-

tion and utilization



TAELE 2.2.1

OrganizationsRCcﬁtacfed Dufing This Study

Aluminum Company ofbAmerica ‘ International Magnesium Association
Aluminum Company sf Canada : . James Macey
Alusuisse - , Magnalith Corpozation
American Magnesium Company :A Nalco Chemical Company
Avery Magnesium o 1 ‘-NL Industries/Doehler Jarvis Castings
Bayliss Industries, Inc. : Norsk Hydro
Billiton Research B.V. { o : Stanfsrd UniVersity
‘ Bureau of Mines, Salt Lake City Metallu'gical . SOFREM

Research Center :
: : University of Illinois
Centro Technico Aeroespacial, Brazil: '

Dow Cﬁemical Ccmbsﬁy

. Note: Informal discussions were held with nany other current and potential producersfand:’

consumers of magnesium.

7 ’ . e - P

ot
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2.3 PUBLICATIONS AND PRESENTATIONS

As pgft of this project contributions have been made;to the tech-.
nical literéfﬁre. These publications, reports, and presentations are listed
below.

Publicatiohs

1) Report frum the Intcrnational Conference on Energy Conservation in
the Production and Utilization of Magnesium, edited by Merton C.
Flemings, et al., Conference held at MIT, Cambridge, MA, May 1977.

2) G. B. Kenney and J. P. Clark; "Magnesium: Energy Panacea?",
American Metals Market - Minor Metals Section, August 18, 1977.

(3) G. B. Kenney and J. P. Clark, "An Analysis of Pricing in.the
Domestic Magnesium Industry," Proceedings of the Coun¢il of Econ—
omics of the IME, March, 1978.

‘(4) . G. B, Kenney, An Analysis of the Energy Efficiency and Economic '
T Viability of Expanded Magnesium Utilization, Garland Publishing
Series of "Outstanding Dissertations Bearing on Energy," 1979.

(5) M. C.lFlemings and G. B.iKenney, "Materials Research for the Fuel
: Efficient Automobile," Report to the Transportation Systems Center,
U.S. Department .of Transportatlon, October, 1979,

(6) M. C. Flemings and G. B.. Kenney, "Materials Substitution and Devel—
opment for the Light Weight, Energy Efficient Automobile," Report
to 'the Office ot Technology Assessment, Congress nf the United
States. February, 1980.

(7) - . G. B. Kenney, D. R. Sado&ay and M. C. Flémings, ""An Assessment of
the Potential for Magnesium Penetration of the U.S. Automotive
Industry," Proceedings of the 37th International Magnesium Associa-
tion

(8) . J. P, Clark, and G. B. Kenney, "The Dynamics of International Com-
petition in the Automotive Industry. Part I: A Framework for
Analyzing the Dynamics of Intermaterial Competition,' Submitted for
publication to Materials and Society, January, 1981

(9) G. B. Kenney and J. P. Clark, "The Dynamics of Intermaterial Com~ .
pétition in the Automotive Industry. Part II. A Cast Study of
the Demand for Magnesium," Submitted for publication to Materials
and Society, Janiary, 1981. .



(1)

2)

3)
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44444

PteSentations

- J. P. Clark and G. B. Kenney, "A Framework for Analyzing the Dynamics
of Intermaterial Compéetition in the Automotive Industry,” Presented

to the 71st AIChE Conference, November 1978.. .

G. B. Kenney, "Hagnesium An Assésémént of Current Trends," Pre-
sented to. the Executive Committee of the International Magnesium

: Association, New York N.Y., March 1980.

. G. B. Kenney, M. C. Flemings, and D. R. Qadoway, "An Analysis of

insting and Proposed Magnesium Primary Production Technologies,"
Presented to the 109th AIME Annual Meeting, Las Vegas, Nevada,

~February 1980.




33

3. TECHNOLOGY ASSESSMENT OF ELECTROLYTIC MAGNESIUM PRODUCTION
AND RECOMMENDATIONS FOR RESEARCH AND DEVELOPMENT

3.1 REVIEW OF CURRENT ELECTROLYTIC PROCESSES

ST . . SOl

3 1 1 Introduction T ..‘;:'

.t . . IR

Electrolysis of- magnesium chloride As the predominant method of pro-
duction of magnesium metal and accounts for approximately 72 percent of the
WeStern world's production, plus the entire production ofrthe Soviet Union.

e W,,.

Ma jor producers of electrolytic magnesium are Dow Chemical Company,,NL
Industries*, and American Magnesium in the U.S. and Norsk Hydro in Norway.
Electrolytic prOduction of magnesium can conveniently be divided into
two parts: cell feed preparation and electrolysis. Detailed production
costs are not disclosed by magnesium producers; however, a general cost break-
down has been estimated and is shown in Table 3.1.1(1).' These data show that
: lowering the'cost of cell feed production, whicn represents 47 percent of the
total cost of magnesium metal production, offers significant‘potential
- savings. In the course of preparation of the electrolyte, to be discussed in
Section 3.4, the dehydration stage is tne most complex and costly. The other
primary area for high potential savings is cell design, where innovation

would result in higher productivity with lower energy consumption all at a

lower capital cost.

3.1.2 Cell Feed Preparation

Methods for producing anhydrous cell feed materials for magnesium

chloride electrolysis may be divided into those starting from hydrated

* NL Industries has sold its magnes1um plant at Rowley, Utah, to AMAX
Specialty Metals.
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TABLE 3.1.1

Distribution of-Costs for. the Electrolysis Stage.in the

Electrolytic Production of Magnesium Metal L

Cost Elements. . Percentage
Capital | 25
Cell Feed Material 47
Energy 19
Personnel 4
Maintenﬁnce 3

100
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(2) The choice is

chlorides and those involving direct chlorination of MgO.
dictated by available raw materials. The most recently initiated methods are
based on dehydration of magnesium chloride derived from brines and the waste
products of potash and soda industries. Dehydration to the tetrahydrate of
magnesium chloride is simple; dehydration below the dihydrate, however, is
not. Appreciable MgOHCl, MgO, and water can form. In principle, this can be
avoided by heating the dihydrate in an environment of (a) KCl to produce
artificial carnallite, (b) NH,C1 to produce ammonium carnallite, (¢) dry HC1

(3)

to directly suppress hydrolysis » or by heating hydrated magnesium

chloride dissolved in a polar organic solvent.(a)
The newer production facilities, such as those of NL Industries (see

(5) (6,7)

Figure 3.1.1 and Norsk Hydro (see Figure 3.1.2), have focused on
variations of method (c), directly suppressing hydrolysis and rechlorinating
residual MgO by heating in the presence of dry HCl. Previously, anhydrous
magnesium chloride cell feed was produced by the chlorination of MgO, as, for
example, at the old Norsk Hydro facility (see Figure 3.1.3)(7). Alternatively,
Dow Chemical Co. completes the dehydration of Mg012.1-1/2 HZO by electrolysis
in the production cell.(z'a)
In the direct chlorination of magnesium oxide, the starting material is
prepared by several methods which strongly depend on the raw materia1(2’3’8’)
a) calcination of natural, low impurity magnesites, particularly those
with low silica contents;
b) calcination of magnesium hydroxide, prepared from the precipitates
resulting from the combination of aqueous solutions of MgClz,
including seawater and high purity limestone of dolomite;

c) calcination of magnesium carbonate prepared from Mg(OH)2 derived

from magnesite or from seawater.
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Chlorination of the magnesium oxide is performed in a shaft furnace
in the presence of carbon. Pellets consisting of MgO, coal, and peat with
H9612 solution as binder are coked in kilns and then fed into the top of the
chlorinator. Chlorine gas enters from below, and the molten HgClz is tapped

periodically from the bottom.

3.1.3 Electrolyser Cells

Two electrolytic cell designs have accounted for most of the world's
production of magnesium metal: the I.G. cell and the Dow cell. The
general construction of the I.G. cell is shown in Figure 3.1.4.(2'3'9’10)
Carbon anodes are positioned between steel cathodes. Diaphragms (partitions)
constructed of refractory materials are immersed into the electrolyte between
each anode and cathode to separate the chlorine from the metal product in
order to prevent the loss of magnesium by chemical reaction. There is no
external heating of the cells which are insulated with refractory brick and
contained in a steel tank.

The approximate composition of the I.G. cell electrolyte derived

from chlorinated Mgo is CaCl,-408, NaCl-308, KC1-208, and -ngc12-1os.(2)

Typical performance data for an I.G. cell are displayed in Table 3.1.2.(2'11)
The advantages of this cell design are as follows. Cathode current
efficiencies are high (figures exceeding 90 percent are not uncommon). While
magnesium metal is being produced at the cathode, dry chlorine of commercial
purity is produced at the anode. The chlorine must be kept away from the
metal or chemical recombination will occur. The low water content of the
electrolyte results in minimal anode consumption, and thus 1less downtime for

labor intensive servicing. There are some disadvantages of this cell design.

The refractory spacers require that the cathode-anode separation be relatively
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Figure 3.1.4: The I.G. Cell, 1 - 1ining, 2 - diaphragm, 3 - anode hood,
4 - anode, 5 - cathode, 6 - jacket, 7 - upper level of
electrolyte, 8 - lower level of elecLrolyte. (53
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TABLE 3.1.2

Typical Performance Data for an I.G. cell(z'll)
Operating temperature 740°C
Cell voltage 5-7 volts
Current 18,000-150,000A
Approximate current density 0.35-0.5 A/cm2
Current efficiency 80-90%
Energy efficiency 30-35%
Energy consumed 15-18 kWh/kg
Anode graphite consumption 0.02 kg/kg Mg

Daily metal output per cell Approx. 200 kg
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wide, resulting in a large iR drop across the electrolyte and severely
limiting the current density at which the cell may be operated. Ultimately,
the spacers fail, and the cell must be shut down for repair. Furthermore,
metal must be collected from each of many small compartmentse.

The processes of NL Industries and the older Norsk Hydro facility use
modified I.G. cells. Both producers have introduced changes. NL mentions

{12) The newer Norsk Ilvdru pro-

the addition of fluoride ions to the electrolyte.
cess at Porsgrunn (Figure 3.1.2) uses diaphragmless cells, where the magnesium
metal and the chlorine are isolated from one another by the circulation of the
electrolyte. To reduce maintenance costs, Norsk Hydro have developed a

(13)

replaceable cathode unit as part of a modular cathode system.

As noted earlier, in the Dow process(14) the cell feed is incompletely
dehydrated with an average composition of MgCl2 - 1.7H2 « The flow diagram
for the Dow seawater magnesium process is shown in Figure 3.1.5. The electro-
lyte composition for the Dow cell is estimated to be approximately
NaCl-57%, Cac12-20%, MgClz-20%, KC1l-2%, Can-I%.

A sectional diagram of the Dow cell is shown in Figure 3.1.6. The cells
consist of externally heated steel pots 5 ft wide, 6 ft deep and 13 ft long.
Cylindrical graphite anodes 9 inches in diameter and 9 ft long are suspended
through an arched refractory cell cover. The pot acts as the cathode.
Temperature is maintained by gas firing. The water in the cell fecd usually
flashes off immediately. However, the hydrous nature of the cell feed causes
heavy anode wear, and the anodes require daily adjustment. Typical perfor-
mance data for the Dow cell are given in Table 3.1l.3.

The Dow cell has the following advantages. The external heating

allows more choice in ampere loads and even complete power interruption for

extended periods. The use of conical cathodes with a system of inverted
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Figure 3.1.5: The Dow Seawater Magnesium Extraction Process.
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The Dow Magnesium Cell. The steel container (A) is equipped
with ceramic cover (B) through which pass graphite

anodes (C). The magnesium is deposited on the cathodes (D)
and is diverted as it rises into collection suwp (E). The
chlorine is withdrawn through vent (F).(51)
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TABLE 3.1.3 e
Typical Performance Data for a Dow Ce11(!»2)

Operating ;émpe:ﬁ;ur;.h' i ' 700“6

Celi voltage | ' - 6.0 volts -
Cell current ' , 90, 000A
Current efficiency - ' 75-86?

Energy Efficiency | _30%352 A
Energy consqmgd . | R o ;S,S'kﬁp/kg.,

'Anode graphite coﬁduppﬁioh SRR 1'O;i‘kg/kg‘ﬁg' ~3: S

Daily metal output ' o ' Appron 500 kg
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troughs to trap rising magnesium and isolate it from the chlorine permits
close cathode-anode spacing and, as a consequence, operation at higher
current denéltfés'Qithoutﬁdverhééting; ‘However, final dehydration of feed
inside ﬁhé‘éIGCtrolyéls cell results in high anode consumption and the atten-
dant servicing. In addition, contamination of the chlorine with:Wate;

vapor and HCl renders it unmarketable. However, iﬁprbvements continue to be
(15)

made. 1In a‘récénily granted patent metallic molybdenum and tﬁngéteh’bi?

inorganic salts of these metals are added to the électrolyais eells to redice
sludge formation and increase cell efficiency. '

Dow has also patented an’elecﬁrblytic process which ueés a liﬁhium
chloride based'electrolyteTWHich is less dense tyan magnesium (16).' In these
cells,ﬁmégnesium sinks to the bottom of -the bath much as aluminum does in its
conventional industrial cells. The high'cést of lithium chloride as a
reagent plus its strong affinity fbr'ﬁaﬁéi have' made such a pfoéess not com-
merc1311§”attrhctive in this country. :

Mégnesium is also pfqduced by.a third cell type: a diaphfagmless cell

(17

Qriginaliy deVeloped byihlcan about 25 years aéo ‘bﬁt tecentl& redesignéd

for much improved performanée and higher operating currents.
phragmless electrolyser cells contain a larger fraction of the electrglyté‘*
within the inter-electrode working vo}gme; The requltipq_incraase@ electric
current density leads to an 1ncreased yield oé maéneéiug metal for a given
cell size, reduced specific heat losses, and a smaller specific energy
expenditure. Although Alcan ceased.hagnesium pfodhction in 1958, the cells
are still operated by some titaniﬁm'producérb such as Osaka Titanium Co. in
Japan and Oregon‘Metaliurgical Corp. in the U.S. for their recycling éf by~

product anhydrous magnesium chloride to obtain chlorine and magnesium, the

latter for use in the reduction of titanium tetrachloride. Alcan itself does




47

not pto§uce magnesium, being an aluminum producer foremost. Complex cor-
porate strategy dictates that it»should license the process to o;hggs(;t‘ghé

moment. However, the company continues to support magnesium research in

R4

order to keep its technq;ogy compepitive.

The situation is almost the same with another large aluminum producer,

LA,

Alcoa, which does not itself produce electrolytic magnesium but continues to

apply for pateats which govern the production of the latge:(zo'ZI). Indeed

the patent for the new Alcoa smelting process for the production of aluminum

in chloride melts cites magnesium as well(zz).

Detailed informatigg about the electrolysetﬁgell; putrent}y bgiyg
operated by magnes}um brgducers 1s_gpa:sef It is known, however, ghat in the
U.S. among the producer§~u§ip§ anﬁydrquq cgll feed, NL ;ndustries qperates:
IG~type cells and Americgn Magngsium operates diappéagmlesg cells, the deg;gn

of the latter having béen licensed from the USSR.(23'24)

IG-type ce;;s,f11)Ait is believed that Norsk Hydro also uses a diaphragmless

(25)

In addition to

cell which has evolved from the ﬁesign described in their 1975 patent.
Tablew3.1.4 giveg th9 opegatigg characteristics of some common electrolyser

cells.

3.1.4 CURRENT AND ONGOING RESEARCH

Electrolysis of magnesium chioride-is the predominant method of pro-
duction of magnesium metal, accounting for approximately 72 percent of the
. Western world's product;on and the entire production of the Soviet Uniop,,.3
Major magnesium producers employing the électrolyqic process include ﬁow
Chemical, NL quustgiqs(_gnd'hmerican Magnesium in the U.S. and Norsk Hydro
;in Norway . 3 |

Current and ongoing research by the major producers and other groups

i8 reviewed.
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TABLE 3.1.

2(1,11)

Operating Characteristics of Common Electrolysis Cells

ce11

Current -

Voltage

Specific”

92-93

Cell '
Type Current  Bfficiency (volts) Energy

A (kA) (2) : ‘- (kWh/kq)

"Alcan- 80 90-93 5.7-6.0 14

cell |
1G-Cell 150 80-85 5.5-7.0 1518
Diaphragmless . , o
(8oviet) 200 85-90 5.0-6.0 13-15
.Noxrsk Hydro ‘ o _
(New) - 250-350 - 12-13
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DOW CHEMICAL CO., Freeport/Velasco, Texas
Dow produces more than 40 béréeﬁﬁ of the world's magnesium. The faci-
N R N “« i s e . R

lity in Téxaé hasvbéenllﬂ operation'for ovér‘ﬁslieérs, cﬁrrently using a com—

bination.of two raw.materials, seawater-and dolomife.; Over the years, Dow

[ 4o P € -

caam et

has;ﬁédified and improveé its proéééé;» In additiég, periodic annohnéements
have been issued regarding a totally new technology which Dow claims will

operate at a 50 percent reduction in energy consumption compared to‘i97$. A

demoﬁstration unit wililsoon be buiit.

e e
s .

st .

NL INDUSTRIES, INC., Rowléy, Utah*

- NL industries decided to enter into the production and m;ri;;i;QUBE mag—'
nesium in 1964, commencéd plant construction in 1969, and began operatioﬁs in
1972. After operating at a substantial financial loss, the firm suspended opera-
tions early in 1976, and with technical assistance from Norsk Hydro made
major modifications to the process and'equipment. Operations were resgumed in
March 1977, and the facility is currently producing at the rate of 25,000 tons

. annually.

AMERICAN MAGNESIUM, Snyder, Texas

In 1968, American Magnesium sﬁartéd construction of a magnesium plant
for production of 10,000 toné/year of magnesium and 20,600 tons of chloring.
The plans were to expand to 20,000 to 50,000 tons per year of pagnésium'
based on local magnesium chloride brine wells._‘The first metal was produced
in 1969. Start-up difficulties coupled Qith an electrical fire closed the

plant in 1971. The facility remained closed until 1974. During the extended

* NL Industries sold the Rowley magnesium facility to AMAX in 1980.
At the time of the announced sale, AMAX revealed that it plans to increase
production to 45,000 tons/per year.
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shutdown Soviet cell technology was licensed. Although no direct information
is available, it is suspeéted throughout the industry that the cells are dia-

phragmless and large, operhting‘at over 100,000 amperes.

ALUMINUM COMPANY OF CANADA Ltd. (Alcan), Arvida, Quebec

The Alcan—-type magnesium cell was developed in the 1940’5. Continuous
improvements have been made to the 40 kA design which'had been in operation
for close to 25 years. In 1971 a reseafch program using an air/water model
cell was undertaken to optimize current efficiency, voltage drop, and life
expectaﬁcy in terms of anode/cathode configuration. Additional laboratory:
studies were conducted at the University'of Newcastle, NSW, Ausfralia.

These studies led to a redesigned cell intended to operate at 120 kA.
However, for experimenfal purposes'an 80 kA model in Februa:y 1975 wés~
installed at Osaka Titanium and has been éperated cooperatively by both
companies. Higher performance than expgcted was achieved in energy savings,

sanitary working conditions, and reduced environmental pollution.

OSAKA TITANIUM COMPANY, Amagasaki, Japan

In 1961, Osaka Titanium licensed Alcan magnesium cell technology. The
former company made many 1mprovemepts, iﬁcreasing‘the productiop rate of
magnesium by boosting the current from the originél 26 kA to 40 kA. Since
19/5, Usaka has been operating the new 80 kA Alcan cell in coopetration wWith

Alcan, achieving higher performance than expected.

ALUMINUM COMPANY OF AMERICA, Pittsburgh, Pennsylvania

It has been suggested that the newly developed aluminum chloride
electrolytic cell could be modified to give a more efficient magnesium
chloride cell. 1Indeed, the ALCOA patent on their new aluminum chloride cell

covers magnesium production.
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NALCO CHEMICAL COMPANY, Oak Brook, Illinodis

A paper presented by a Nalco Chemical Company representative at the
1979 Annual Meeting of the International Magnesium Association and two
earlier patents describe a technology to extraét magnesium chloride from vir-
tually any brine by an organic chemistry process. Nalco uses over 10 million
pounds of magnesium annually to produce tetraethyl lead,discharging all of
this as a 3 percent magnesium chloride aqueous solution. The new technology
will allow Nalco to reclaim the magnésium chloride from this waste stream.
In pilot plant operations magnésium chloride containing less than 500 ppm
total impﬁrities has been produced from 35 percent magnesium chloride brine
obtained by solar evaporation from the Great Salt Lake. Similar results have

also been achieved from other brines with much higher levels of impurities.

NORSK HYDRO, Porsgrunn, Norway

Starting in 1951 with an annual production of 266 tons,Norsk Hydro is
now the second largest producer of magnesium in thé Western world with an
annual production capacityAbf 55,000 tons. Norsk Hydro begins with thtée fgw
materials: dolomite, seawater; and brine: Magnesium hydroxide precipitate
is calcined to magnesium oxide which is then chlorinated to magnesium
chloride feed for the electrolysis cells. Anhydroﬁs magneéium chloride is
also made directly by concentration and dehydration of magnesium chloride
brine. New high current diaphragmless electrolysef cells have been develéoped
using laboratory simulations. Résearch and developmeﬁt rémain active as pro~
cesg improvements are sought in the lith of plant data.

Norsk Hydro has close ties with the Technical University of Norway in
Trondheim where research in its Institute of General and Inorganic Chemistry

is centered on light metals (Al, Mg, and Ti), rare earths, catalysis,
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membrane chemistry, and fundamental studies onicémpiexatiqn iniliquid and gas
sygtems. Over the past few years a major project on the dynamiés of magne-
sium elgctrolysis has been ekamining the elements of the back réaction between
magnesium and chloriné in industrial elecfrolysis‘of magnesium chloride.
Measdreﬁents have been made of chlorine andvmagnesium solubilities in magne-
sium chloride, Surfa£e and interfacial ténsions, wétting angles and electro-
lytic separati&n of liquid magnesium, diffusivities of dissolved chloride and
the degree of magnesium dispgrsion, and éa%nesiﬁm diffusivities iq chloride

melts.

SOVIET UNION

Résearéh and deve10pmént in magnesium proceésing are.seing cbnducted
at a number of institutions in'the USSR, tﬁe most prominent being the |
All-Union Aiuminum and ﬁaénesium institute, Leningrad. Most recently
published work focuses on cell degign 6pt1mization: bottom lead-in cathoéqs;
larger anodeg, channeled anodes, etec. It is generally believed in the
industry that Soviet cell technology 1§ among the most advanced in the world,
but that their cell feed preparation, i.e. dehydraﬁion technology, needs

improvement.

3.2. RAW MATERIALS

Magnesium is one of the most abundant elements,comprising 2 percent of
the earth's crust. Electrolytic magnesiﬁm comes from magnesite, dolomite{
carnpliite. and from magnesium'chlorideAcontained‘1n seawater, lake water,
brines, and in the wastes of the potash and soda industries. The compositions

of some magnesium minerals, seawater, and a number of brines are shown in
(2,3) .

* Tables 3.2.1 and 3.2.2, respectively. Obviously the use of a magnesium
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TABLE 3.2.1

Production

3)

Magnesium

Mineral Cﬁemical Formul# Mg0 Mg
Magnesite Mgco3“ " 47.8 28.8
Dolomite MgCo, ;'Cacos 21.8 13.2
Bischoffite MgCl1, . 68,0 19.9 12,0
Carnallite Mgciz . kC1 .‘6H20 ' 17.8 8.8
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TABLE 3.2.2

Compositiaon of Brines and Sea whter(” ‘(weight percent)

Dead Sea

Great Salt Bocana de Viri

Salt Sea Water Lake Brine (1955) Brine Pern, Brine
' KC1 0.04 1.45 10,66 1.49

NaCl 1.40 12.90 4,65 13.29

caCl, 0.12 0.12 5.06 0.12
MgCL, 0.26 3.76 15.66 16.87

MgSO, 0.33 7.56 - 0.13 9.03

Total

Dissolved 2.15 25.8 26,2 40.8

Solids

Mg 0.14 2,49 4.03 6.13
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chloride raw material eliminates processing steps such ;s calcination and
chlorinat;on. Since pqtassium salts are produced on a large scale at many
places throughout the world, the volume of magnesium chlofide liquor
available as a byproduct is very large. The liquors can contain as high as
33 percent Mgc;z.

Depending on the raw matepial, preparation of the anhydrous magnesium
chloride for feed to_thgleleCtrolytig cell canw;pvolve_a great variety of
processes. For example, in their old process Norsk Hydro used raw materials
in fhe following apptoximgtg‘ptoportions: seawater 41 percent, dolomite 46

(6)

percent, and magnesium chlgr#de bfine 13 percent. Anhydrous mégnesium
chloride suitable for electrplysis is produced by chlorination of the magne-
sium oxide resulting from calc;nation‘of the magnesium hydroxide precipi-
tating from a combination of the dolomite and seawater.* On the other hand,
the new Norsk Hydro procesé and the processes of NL Industries and American
Magnesium are based entirely on the evaporation and dehydration of magnesium
chlaride liquors ar hrj,neg.(5’6’10’26_30) |

AIn view of the increasing demand for potassium fertilizers and their
increasing production volume from potassium-magnesium mineral sources, the
problem of disposal of strongly polluting magnesium chloride liquors has
become acute. When potassium sulfate fertilizers are produced from
‘potassium-magnesium minerals, decomposition of the waste product yields

magnesium chloride liquors with 24 to 33 percent MgCl,. For example, the
2

composition of the magnesium chloride liquor waste from the potash production

* The Dow process, although not based on anhydrous magnesium chloride,
also uses cell feed produced from the chlorination of magnesium hydroxide
precipitate resulting from the combination of the two raw matcriale,
seawater and dolomite (see Section 3.1.2).
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of Kali and Salz AG, which 1is ﬁsed as the raw material for the new Norsk
Hydro process, is shown in Tablg 3.2.3.(2§)

Since the major producers using anhydrous magnesium chlofide as the
cell feed all currently begin with natural brines or by-produét 114qors,
further discussion of the process'components of the electrolytic production
of magnesium will be restricted to-these raw materials. The reduced
complexity (and cogt) of producing the anhydrous magnesium chloride,from
these téw materials is. a primary consideration in planning for 1ncreaséd pro-
duction of metallic magnes;um. In addition, the coproduction of 2.8:ton9 of

chlorine per ton of‘magnesiumvﬁroduced provides a strong economic incentive,

since this gas may be recycled to the dehydration step.

3.3 EVAPORATION OF BRINES

Brines are first ﬁrocessed by evéporati%e separation of casoa, NaC1, .
ugsoa, KCl, and carnallite, in that order. The procedure maybbe carried out
in~plant or by solar evaporation e#ther in discrete basins or in a continuous

(29)

flowing system. 'For example, in the three solar-pond system operated by

NL Industries at the southwest Great Salt Lake, Ufah, about'70 percent of the
sodium chloride content is bfecipitatgd in the first pond.(5’26’?7) Aftér '
transfer of the effluent to the second pond, about 30 gercgnt addit;onal
sodium chloride value ié precipitated aé ﬁéll as some potassium values. InA
the third pond, the magnesium content is increased and'additional po#assium
values are removed, largely as the mineral kainite (RCI ;.Mg804'. 3Héb). Thé
t}pical.compositioﬁ of the-concentratéd bfine produced by NL Inéugtries in
their solar ponding system is shown in Tabie 3.3.1. At fhis stage, the

magnesium content is approximately 7.5 percent.

An experimental two—-year solar ponding cyéle-is currently béing
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TABLE 3.2.3 ¢

Composition of Magnesium Chloride Liquor Waste Product from Kali and

Satz 1629

Weight P@rcgnt or * ppm .

e,
Mgso, 1.7
NaCl 0.5
kCl 0.2
'Mgo - ~0.01
CgQ . - 6.01
X
fe,. ; ‘ 1%
B ' | 15+

Cu ' 10*
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TABLE 3.3.1

Typical Composition of Effluent from Three Solar Pond System

of NL Industries at the Great

MgCl
KC1

NaCl
CaSO,
Licl

NazB407
MgSO

H,0

Salt Lake(s’zs)

Weight Percent

26.00
1.72
1.44
0.85
0.55
0.14
4426

65.04
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operated by James Macey at a northwest location on the Great Salt Lake in a
single mud-walled basin with a length to width ratio averaéing 80 to l.(31)
The solutions are continuously moving, dropping out crystals of salt and the
less solublé chemicals as they go. The magnesium chloride concentrate pro-
duced is transferred to a holding pond. Depending to a small extent on
variations -in the weather aﬁd possible pond bottom leakage, the composition
of the product is approximately 36 percent MgClz, 2 percent MQ§O4,'no more
than 1 percent other chlorides, and the balance Qater. In the case of the
brine from the Great Salt Lake, a two-year cycie increases the iithium

chloride concentration, which is desirable since this increases the

electrolyte conductivity.

3.4 PURIFICATION

\

Impurities in the raw materigls can have significant effects both
on the preparation of the anhydrous magnesium chloride cell feed and
on the electrolysis itself. Of particular concern are the presence of
sulfates and traces of boron, both of which can severely reduce electroly-
sis y;elds.(3'1o)

In general, sulfates are remoVed»as calcium sulfate, precipitated by
the addition of calciumvchloride to the magnesium chloride bittern derived
from a solar ponding operation or potash waste liquor: Boron is éliminated
by various solvent extraction techniques.

It may be necessary, depending on the brine composition and the
required final composition of the cell feed, to remove additional potassiup

values. NL Industries precipitates carnallite in an additional step in their

purification procedure.
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An attractive technique which has not been demonstrated on an indus-
trial scale is the use of solvent extraction by ethylene glycol both to

(32-34) Nalco Chemical

purify and to dehydrate. In a seriés of patents
Company describes the treatment which 1nc;udes boron removal and recycling

the-ethYIene glycol by reacting the latter with ammonia.

3.5 < DEHYDRATION : S L : et

3.5.1 Theoretical Principles

The dehydration of magneéium chloride is noﬁ-trivial as the water is
chemically bound in the form of hydrates. (In,addition to the hexahydrate,
MgC12.6H26 (bischoffite), .the tetrahydrate, dihydrate, and monohydrate
exist.) Simple heating to temperatures above water's normal boiling point,
even in ;acuﬁm, will not suffice, and, indeed, in‘certain cases will result
in the formation of undeéirable compounds which aretmofe difficult to reduce
tﬁan the hydrates themselves. In pérticulaf, simple heating to dehydrate -.

. below 2 moles'of-water is counterproductive; there is considerable hydrolysis
resulting in the formation of MgOHCI.

‘Thus, the operation ig conducted in an atmosphere of HCl maintained at
a sufficiently high partial pressure. Furthermore, if air is not excluded,
the reaction of oxygen with solid Mg012 at temperatures above abou; 500 K
will result in the formation of MgO by the reaction

| MgCl, + 1/2 '02 = Mgd + C1,.

3.5.2 Current Technology-

Biscthfite is cdﬁmercially dehydrated in a variety of ways. Usually,

the hexahydrate is heatediin air to 200°C to produce a material containing
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aépfoiimatelf 1-1/2.mole§ of water per mole MgClz. This mixture of mono- and
dihydfates is theﬁ heated to a highér temﬁerature in an atmosphere of HC1 to
cdmplete the dehydration. ‘ |

Both Améridan ﬂagnesium and NL_Industrieé use spray dryefs to déhy—
(5,27,29) '

drate the concentrated magnesium chloride brine. The flow diagram

~.of the dehydration process used by NL Industries is shown in Figure -
3.1.1.(35? The purified MgCl2 solution is.conéencrated in-plant to a com

. position of approximately 41 percentngCIZ, 4 percént additionai solids,»aﬁd
55'percent HZO' - Three spray dryers in.series each 38 feet in-diameﬁer yieid
a dehydrgted MgCl2 powder product containing a mgximum of 5 percent 320 aﬁd

i

5 percent MgO. A typical analysis of the spray dried maghesium‘chloride is
given in Table 3.5.1.(5’26)

A unique procedure 1is used by NL'Industrieé in supplying heat to the
' spray dryerloperation. The facilities are designed so that about 80 mega-
watts of power are generated by gas turbines burning natural ggs. As
indirated in Figﬁre 3.1.1, the hot exhaust gases from the gas turbines furnish
the heat necessary for spray drying.

Since cell feed containing as much as 5 percent Mg0 and 5 percent Rzo
is unacceptable to the IG cells used by NL Industries, another operation is

2

melt the sprayed product, let water and HCl1l flash off, precipitéte the MgO '
(36)

néeded to reduce the content of MgO and H,0. A simple method would be to
and use tpe supernatant. However, perhaps because of_losses, this
épproach has not been applied. Inétead, the<spréyed product is melted and
chlorinated with HC1 gas. NL has also patented a process in which spray-
dried MgCl2 is purified by fusing the salt and bubbling chlorine gas through
' ' ' (37)

the melt in the presence of carhon and an irop*chloride complex

Conventional chlorination is limited by the fact that some of the
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Typical Composition of Spray Dried
’ LT e AR .

Magnesium Chloride
Potassium Chloride

Sodium Chloride -

Calcium Chloride” -~

Calcium Sulfate

Lithium Chloride

Sodium Tetra Borate - * °

Magnesium Oxide

Water
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reactants and productsAWill attack the container. Alcoa holds a patent(21)

which names nitride oased‘materials,'such as silicon oxynitride, as increasing

the useful{furnaceblife and reducing contamination of the product salt as well.
The Soviots have proposed using HCl gas or phosgeﬁe (coc12) to

chlorinate the magnesium chloride melt to which has been added a reactive

(3)

type of carbon (e.qgs, petroleum coke) in a finely divided form. In addi-

tion to converti;g Hgo back to the ohloride,[chlorination has the additional
benefit:oﬁ,pprification. However, there still may be impurities other than
sulfur and borom, such as iron, ménganese, titanium, and bromine, which are
not removed even by a purification process as extensive as that practiced by
Norgk Hydro, or which may have been introduced during the processing.
Carbochiorination will purify/the melt of many such impurities.

‘The ﬁorsk Hydro new dehydration process is shown schématicaIIY‘iﬂ
Figure 3.1:26. 1In this process the first stage of evaporation is carried out
in standard oryers, producing a hydgate ﬁaving 4.0 .- 5.8 moles of H20 per
mole of MgCIZ.

Prilling, used extensively by the fertilizer industry, is a process in
ohich the melt is centrifuge-gprayed or sievedrpiate sprayed to form droplets
which are converted into solidified spheroidal grains by cooling in a gaseous
or liquid medium. Large prills, 2 - 4 mm in diameter, are most easily pro-
duced by sieved-plate spraying in a counter currenﬁ of air in a 25 m high
tower. Relatively small prills, 0.5 = 2 mm in diameter, have been produced
using air disintegration of a brine jet. These prills are free flowing and
may be stored in tanks without lumping. The relatively lérge size of ‘the
prills compared with the spray dried prodoct, where the particle size is mostly

less than 15 microns, acts to prevent losses in the form of dust which is car-

ried away by the drying gas, and of which a great part cannot be recovered
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economically. waever,»tﬁe dust losses are somewhat reduced in the spray
drying system described previously (see Figufe 3.1.1) by returning the dust
from the cyclone gas to the input brine. )

Strict control of the brine temperature at slightly above the tem
perature at which initial solidification occurs is required. 'In practiég,
the discharge temperature depends on the deg?ee of hydfation and the
purity of the brine. BfineAWith less than four moles of waterAis difficult
to prill because solid métefial starts to precipitafe. On the other hand,
when the moisture content is higher than the hexahydrate, difficulties are
likely to arise due to lumping of the prilled product.

The prills.of magnesium chioride can be dehydrated to form anhydrous 
magnesium chloride by known drfing methods. Norsk Hydro prefers fluidized
bed drying or shaft kiln drying, the latter being particularly suited to 4 -
6 mm prills. The maépesium chloride prills afe dghydfated to approximately
2 moles of Hzo in air, and final dehydration is perfofmed at a higher tem-
pe;éture in HC1l gas. The number of dehydration stages in HCl gas deﬁénds on
the giiowable Mg0 and HZO contents in the final product. Normally three sta-
ges or more would be required if a substantially anhy&rous product is desired
containing less than 0.2 percent MgO. ‘ o
A Norsk Hydro patent reports on a series of drying tests.(38)
Although the procéés yields a salt containing low water and oxide. the treat-
ment times are long. The diffusion 6f.water to the surface of the reldtively
large diameter prill is rate limiting. To its credit the new process‘is
eSsentiallyAa closed system, and the environment in the plaﬂt is reportedly’
quite good. Also, effluents ffom the plant are significantly reducéd: off-
gases are scrubbed in two stages té remove the hydrochloric acid, which is

discharged at a maximum of 1 kg HCl/hr. This compares with the limits for
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effluents from the older plant of 130 kg chlorine/hr. The flue gases from -
the oil heating system are scrubbed in seawater.to remove suifuf dioxide -and
discharges of chlorine, bromine, and dust are negligible. .

At’fuli production, the new Norsk Hydro: plant will supply aBout.65,000
tons of anhydrous magnesium chloride per year. This amount of cell»feed-can
be used to produce approximately 15,000 tons of magnesium metal.

j‘dther methods of dehydration used or considered by production facili+ -

(3)

ties in the:Soviet Union are described by Strelets.' These for. the most
part include spréy drying, fluidized bed drying,. and ¢ombinations of  the. two.
To avoid the complexities assoclated with the dehydration of magnesium - . -
chloride, methods based on the dehydration of ammonium carnallite

(3,31)
2.NH401.6H20

Briefly, ammonium carnallite is made from solutions of magnesium

MgCl have been Aeviséd.
chlqride and ammonium chloride; ammonium carnallite hexahydrate is; dehydrated
in,: for example, fluidized bed furnaces; and ammonium carnallite is ..
decomposed: Ammonium chloride vapors liberated are condensed and recycled’in
the manufacture of the ammonium carnallite. |

Another -method- of producing cell feed material précticed extensively
by the Soviets, which is not based on brines but is still of interest, uées~

(3

carnallite,KCl.MgClZ.6H20,as the raw material. Carnallite, after prelim-

1inary processing, 1s dehydrated more easily, and_the accompanying hydrolysis
is less extensive than the .case for bischoffite. The dehydration is usually
carried out in two stages: the hexahydraﬁe is converted to the dihydrate at
90°C,nand the dihydrate is dehydratéd at 240°C. The first and second stages
of!dehydratioﬂ of cafnallite are uaually perfofmed~in fluidized béd,furnaces.

" Significant amounts of water and magnesium oxide remain in the:

product. Thus, before being fed to the electrolysis cell, the material ‘is
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heated to 800° - 850°C in an electric furnace or chlorinator in order to

treat the remaining water, hydroxychlorides, and magnesium oxide.

3.5.3 Modifications in the Dehydration Process Technologies

The central question to be answered here is how to suppress hydrolysis
and yet remove water to levels acceptable to modern electrolysis cells. Some
unconventional ideas in this regard follow.

Although magnesium is lost by solid-liquid separation, the value of
;hé high-purity, fully-burned MgO must be considered. For example, the typi-
cal spray dried product contains somewhat.less than 5 percent of MgO and 5
peféent HZO. The remaining water can be removed by superheating the melted
product whereupon additional MgO will forms In order to remove the solid
magnésium okxide, the melted spray dried product can be passed through a
settling furnace to allow the suspended solids to settlé to the bottom, and
thé ﬁagnesium chloride can be separated from the settled material by decant-

3
‘inga( 8 Purification can be combined with the settling operation by, as

described by Lepsbe,(zg)

adding a sludge from the electrolysis cell. Any
metallic impurities which are present in tﬁe molten magnesium chioride and
are below magnesium in the electromotive series are replaced from their
respective chlorides by the metallic magnesium trapped in the cell sludge.
Following the same approach; it has béen suégested that depleted cell
bath be used directly to melt the dehydrated magnesium chloride, thus con-
(40) o

Separation of the MgO from the magnesium chloride ¢ould
(41,42)

serving energy.
be accomplished by settling or by mechanical devices.

| Major<modifica;ions of the dehydration process may aiéo be considered.
The methods of dehydration currently practiced are based on thermodynamics of

the reactions between the hydrates of M.gCl2 with little regard either to the
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role of minor constituents or to the kinetics of the reactions.

It has been observed that in spray drying small amounts of alkali

(29,43)

chlorides were beneficial in suppressing hydrolysis. The dehydration

. of magnesium chloride solutions with 6 percent KC1 and 3 percent NaCl gave

approximately the same .results as the dehydration of carnallite (56 perceht'
MgCl, 44 percent KCl). -Additional evidence of the potential benefits of

alkali chlorides was given in a patent dealing with the destructive calcina-

‘tion of magnesium chloride hydrate in order to produce magnesium oxide and

hydrochloric acid.(44)

‘It was noted that KCl and NaCl concentrations must be
suppressed below a total of 6 percent (in dry MgClz) or part of the pro&uqt'.
would be anhydrous magnesium chloride.

These results offer enough evidence of the beneficial effects of small
alkali chloride contents during dehydration thatAexpetimental and pilot
studies are warranted. 'These studies should determine the optimum con-
centrations of fhe alkali chloride additions and the mechanism by which they
suppress hydrolysis.

There is a need for more data on the kinetics of the dehydration and
hydrolysis reactions. Table 3.5.2 shows the results of some éprai drying on
a magnesium chloride solution where it was found that the magnesium oxide
content.of the product decreased with increasing spray temperature.(as)'
Based on thermodynaﬁic considerations the opposite results would have been
expected. Further work is needed to aid process design.

These results and others like them suggest’ that detailed time-
temperature data of the dehydration, hydfolysié, and ‘decomposition reactions
of hydrates of magnesium chloride are required. The potential exists for

performing the dehydration process under non~equilibrium conditions at much

higher temperatures and for much shorter times. Specific recommendations
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TABLE 3.5.2

MgO in Spray Dried Magnesium:

Inlet Temperature, °C
Exit Temperature, °C

MgO in spray Dried Product,'wtz
for 1.3 mole HZO/mole MgCl,

Chlotide(zg)
400 450
200 ~ 250

6.4 4.1

500
300

2.0
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follow in the next section.

3.6 ASSESSMENT AND RECOMMENDATIONS

3.6.1 Critical Assessment of the Current State of the Art

Regardless of cell design, approximately half the cost of producti&n
of electrolytic magnesium 1s assoqiéted with dehydration §f its chloride. It
ié é;éar that if eleétrolytic maénésium 1§ géing to be compétitive, not Jjust
with reséect to that produced thérmochemically but in the general marketplace
of structural materials, a new energy-efficient indﬁstr1a1>dehydration tech-
nology must be deveiope@. The greatest improveﬁen;s in cell design‘will, in
turn, be amplified by the availabiii;y of high purity electrolyte. Indeed,
most of'thé materials degradation problems in electrolyzer éells tod;y'are a
consequence of the presence of small amounts of ﬁ;ter and oxygen in the
elecfrolyte. Thus, even without opﬁimizing céiliﬁééign one wouldlfealizé
éaVings in the form of dramaticélly reduced maintenance costs by operétihg
with truly anhydrous electrolyte.

The other high cost comﬁonent in the production of electrolytic
magnesium is the electrolysis operation itself as a consequence of its'
demand for clcctricity. All elaectrowinning Processes have this same
expense. Indeed, the eléctrical energy consumption of the major electro-
métallurgical processes used in the United States and Canada is estimatéd

(46) ' Although

to be 5 percent of total genefated electrical energy
electrolytic industrieé, notably in the chléroiaikaii sector, have
developéd'ways to save electrical energy,'from this study it is apparent
that modifications iﬁ ény of the existing cell désigné will have only a
modest impact in thié‘regard. Both the Alcan apd Norsk Hydfo cells in

their latest models can boast of cathode current efficiencies in excess of
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90 percent. The Dow cell operétes at about 80 percent current efficiéncy;
but then, this is offset by savings in dehydration by the use of an electro-
lyte containing 1.7 moles of water per mole of magneéium chloride.

This is not to say that there is little room for improvement. It is
important to make metallurgical processes go as quickly as_poésible to
"obtain high outputs from small reactors which generally have lower capital
costs. Electrolysis distinguishes itself as having among the lowest rates of
processing where such are expressed as mass of metal produced per unit time
per unit volume of reactor. TFor example, the copper converter produces metal

(47)

at a rate 80 times that at which a Hall cell produces aluminum The

bottom~blown oxygen converter produces steel at a rate 140 times that at
which copper is electrolytically refined(47). Low processing rates are
achieved in operations in which the interfacial area is small and/or trans-
port of reactants to these interfaces 1s rather slow because of poor

circulation. Obviously what is needed in this area is a radically innova-

tive approach to cell design. In large measure the trail has been blazed by
. (48)

(49)

of industrial electrochemical process cell designs Jackson was prompted

electrochemical engineering inventions in aqueous cells. In his review
to write that "for various reasons cells operating with molten salt electro-
lytes are still little more than giant 'pots'“.

| Thus, the goal of research in the general area of cell design must he
not only to minimize the number of kWh/1lb magnesium but to produce the metal -
at much faster rates than any of the present electrolytic processes. In
short, unless electrolytic inventions result in an order of magnitude
increase in space/time yield, one can expect potential new producers of
magnesium (or even'those currenﬁly in the business who may be considering
expanding production capacity) to avoid electrolysis altogether and to choose

from among the various thermochemical technologies.
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3.6.2 Recommendations for Future Work

3.64201 Dehzdration

From an economic . standpoint there is no fully satisfactory commercial
dehydration process at present. its development is essential if electrolytic
magnesium production is to remain viable. Fully half the coét of production
lies in cell feed preparation. Additionally, regardless of improvements in’
cell design, the full advantages of electrolysis are never realized as long
as impuritieé are present in the electrolyte. At ﬁhe moment one is faced
with the choice of a number of drying technologies, notably spray drying,
flash calcining, fluidized bed processing, reacting in organic solvents, and
reacting in molten salts. Each has its advantages. Some produce cell feed
of extremely high pufity but at an unacceptably slow rate. Others have high
yields but at still intolerable impurity levels. Some have never been
applied to the problem of dehydration of magnesium chloride for elecﬁrolysis
cells and, thuo, the 4data hase is incomplete. For example, although the data
for the magnesium chloride-~water equilibria have been reported, the results
of sume recent spray drying experiments are contradictory. Perhaps this is
due to incomplete reaction. But, then, there is little pubiished about the
kinetics of dehydration of magnesium chloride. 1In short, it is difficult to
select a "best" technology worth supporting. Accordingly, it is recommended
that a two-year ‘research program be conducted to acquire a complete data base
ﬁo guide the development of a new commercial dehydration technology. Parts
of the program would best be performed at the university; others in industry.

Certainly, industrial cooperation is foreseen in many of the suggestions.
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RECOMMENDATION Dl: Make the neceésary tbermodynamic and kinetic Measuré-

‘ ments of the dehydration of hydrated MgCl, to provide a
thoroughly adequate data base for the development of
dehydration technologies: Of the current commercial
inventions, solar evaporation consumes the least energy.
A special effort should be made in studying the product
of solar ponding. Optimistically, the latter could be
eventually treated in one chemical reaction step to pro-
duce anhydrous electrolyte.

The electrolyte ultimately}coﬁsists of a solution of Mg012 in one or
more alkali-metal and alkaline earth chlorides. In erder to reduve the
number of processing steps in preparation of the cell electrolyte one could
mix the alkali chlorides with hydrateq MgCI2 prior to dehydration. In this
way the product of dehydration could be charged directly into the electrb;y-
sis cell without further handling.

RECOMMENDATION D2: Investigate the effects of alkali-metal and alkaline-
earth chlorides on the dehydration of hydrated MgCl,.

Should lithium chloride become a primary constituent of the electro-
lyte as a result of changes in electrochemical cell design, its efficient
dehydration would require attention. Unlike sodium and potassium chlorides,
lithium chloride has a strong aff;nity for water and will hydrolyse upon
heating.

RECOMMENDATION D3: Make the necessary thermodynamic and. kinetic measure-
' ments of the dehydration of hydrated LiCl. ¢

Uperation with a lithium chioride based electrolyte would demand re-
moval of not only water but also the heavier alkali-metallchlorides. The'
latter would enter the cell as minor impurities and accumulate over a period
of time. Partial crystéllization offe#s the possibility of reducing the
amount of material to be p:ocessed (or conversely, the possibility of

extending the useful lifetime of a given charge of electrolyte) if the unde-

sirable components prove to be concentrated in the solid phase.
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RECOMMENDATION D4: Investigate the purification of LiCl by partial

'  crystallization by measuring the compositions of the
crystals which freeze out of typical lithium chloride
based electrolyte melts which have been contaminated in
a controlled manner..

Reactor design will be an important,factor’in determining the final
cost of dehydration. ‘The knowledge of the thermodynamics and kinetics of
reaction should enable optimal'choice in this regard. There are several com-
mercial reactors which can readily be adapted to perform the dehydration of
MgCl2 hydrates.

It seems that water removal is not a problem. However, dehydra-
tion can be accompanied by hydrolysis. This results in the formation of
Mg0 and MgOHC1 which cannot be tolerated in the electrolyte. 'Attention

must be given to preventing their formation and/or eliminating them either

by chemical treatment or by mgchanical.meaps éuch as sedimentation,

‘filtration, etc.

RECOMMENDATION D5: Test the dehydration of MgCl_ hydrate both in spray
“ ~driers and flash calciners to determine lowest con-
... taimination levels of MgO and MgOHCl.

Chemical treatment to eliminate oxides and oxychlorides typically
involves chlorination in the presence of a reductant such as. carbon.
Bubbling chlorine through a melt of dehydrated MgCl2 containing.the impuri-
ties offers the advantage of rapid kinetics becadge the reaction is |
gas/liquid. However, there is evidence in the literature to recommend that
one avoid melting oxygen bearing chloride melts and that one reduce the donf
taminants in the solid state. -

RECOMMENDATION D6: Determine mass transfer rates for the'carbochlorination
of Mg0 in a molten chloride by (i) bubbling
chlorine/HCl in the presence of finely divided carbon,

(ii) bubbling a gas mixture of CO, HCl and C12, (iii)
bubbling phosgene (COC12). :
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RECOMMENDATION D7: Determine mass transfer rates when solid particles of
: dehydrated MgCl, containing oxide and oxychloride
impurities are chlorinated in a fluidized bed with (i)
chlorine/HCl in the presence of finely divided carbon,
(ii) a gas mixture of CO, HCl and Cl1,, (iii) phosgene
and determine the parameters which affect the purity of
the product so produced.

RECOMMENDATION D8: Determiné pufity levels which can be acbieved by elimi=
nation of oxygen bearing insolubles in anhydrous MgCl2
by filtration and sedimentation techniques.

The highest purity anhydrous MgCl2 reported in the literature as
having'boen produced al Lhe commercial level is that made by chemical reac-
tion of the hydrated MgCl2 with an organic reagent which has an extremely

(4)

high affinity for water. The viability of this operation depends upon

one's being able to recycle the hydrated organic reagent;

RECOMMENDATION D9: Verify the elaims of purity of disclosed solvent :
extraction procéssés and test their commercial viability
by analysie of optimum nperating pavameters.

3.6.2.2 Elecétrolysis

The most important problem to be solved in electrochemical reactor
design is that of mass transport enhancement; As the economic section of
this report will testify, the use of magnesium in transportation ig
restricted not by price alone but rather by its limited availability, i.e. a
combination of inadequate tonnagé and too few suppliers. Because the
electrolytes discussed herein mugt contain magnesium chloride at reduced con-
centrations for reasons of its‘volatility, caré must be taken to furnish a
constant supply of electroactive species to the electfqde surfaces. It is
clear that better engineering can result in improvea space/time yields which
are mandatory if electrolysis is to compete wiih large scale pyrometallurgi-

cal processes. Much work has been done in this regard with aqueods
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clectrocheminal nells(48). However, this does not mean that one is free to

Choosé from among the more successful designs in order to hake magnesium.

The properties of molten magnesium chloride - alkali chloride are somewhat
different from those of an aqueous electrolyte. And what is mdre
significant, the cathodic product is molten. Preventing the metallic product
from chemically reacting with the gas produced at the anode is much more dif-
ficult when the metal is fluid. Parenthetically, in a molten salt electroly-
sis cell producing magnesium and chlorine at 750°C, the volumetric ratio of
gas to metal droplet is 5500:1.

What is needed is a comprehensive study of fluid flow patterns in
electrolysis cells. This knowledge will provide a data base from which to
work on cell designs which exploit the flow of electrolyte to separate the
products, Mg and C12. Some proposals have been made in this.a#ea.(sq)

To reduce capital costs it is necessary to increase cell throughput.
This requires maximizing cathode surface area.

RECOMMENDATION El: Assess various cell designs by measuring flqid flow
patterns of water mod¢1 representations using cinephoto-
graphy, hot~wire anemometry, and laser Doppler
anemometry. This would be coupled with mathematzcal
modelliny vl the system along hydrodynamzc lines.

One of the problems facing design engineers is scale-up of laboratory
cells to éommercial size or even pilot plant size for that matter. There is
?oom for supportive research in the form of detailed compafison of the
characteristics of intermediate size molten salt cells with the charac-
teristics of laboratory cells and water models.

RECOMMENDATION E2: Measure and compare the operating characteristics of

intermediate size molten salt cells with those of
laboratory cells and water models.
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Despite the high current efficiencies attained by contemporary,
electrolytic cells, much can sti;l be done to reduce pve:yoltages and enhanpe
the surface reaction rates at the electrodes.

RECOMMEﬁDATION E3: Study thé électrode kinetics of magnesium reduction in

' ) ' " ' various solvent melts to determine the parameters which
may be adjusted to maximize reaction rates with a view
to improving ultimate space/timé'yields. - The techniques
to be used include emf measurements, linear sweep

voltammetry, chronopotentiometry, chronoamperometry, and
pulse polarography. '

RECOMMENDATION E4: Compare the cell performance of Qertical‘monopolar
: electrodes, vertical and horizontal bipo;ar electrodes,
and porous electrodes. ‘

RECOMMENDATION ES5: Study the electrode kinetics of chloride oxidation
at the anode and subsequent formation of chlorine gas
bubbles. Factors affecting anodic overvoltage should be
determined as a function of electrode shape, composi-
tion, temperature and current density,

Even in the purest of electrolytes, ¢consumption of the anode accom=
panies electrolysis. This problem is particularly severe in the case of Dow
cells with their partially hydrated electrolyte. Apart from requiring costly
interruptions in production in order to install new anodes, their degradation
‘results in a change of shape which changes their aeleotrical "throwing power”
in the melt. Another approach to the problem of anode wear is to allow it to
occur, but in a predictable way so as not to disturb the electrolysis.

- RECOMMENDATION E6: Search for new materials which can serve as dimen-
sionally stable anodes.

In the electrodeposition of solid metal the literature tells of the

benefits of deviating from electrolysis driven by a constant d.c. voltage.

The results pertain mainly to the improvement of the morphology of
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the solid electrodeposit: It is uﬁkhown whether such electrical

FVAtlééiéns #ould be beneficial in the case of a molten electiodépbsitQ

RECOMMENDATION E7:

Investigate the effects of periodic reversal of
electrode polarity and superposition of an a.c..voltage
on the d.c. decomposition voltage. A molten salt test
cell using several candidate electrode designs would be
employed. Obviously one expects no variation in
morphology; however, there may be some enhancement in
mass transfer rates at the electrode surface qéuSed by
the disruption of the melt boundary layer. ‘

Mechanical forms of agitation are also worth considering in attempting

to improve mass transfer of the electroactive species and also to prevent the

chemical recombination of maghésium and chlorine in the cell.

RECOMMENDATION ES:

Test the effects of forced circulation of the electro-
lyte and ultrasonic agitation of the eléctrodes. This

" would be performed on several prototype glectrode

designs in a laboratory cell.
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4, TECHNOLOGY ASSESSMENT OF THERMIC MAGNESIUM PRODUCTION AND
RECOMMENDATIONS FOR RESEARCH AND DEVELOPMENT

4.1 -INTRODUCTION

. The first thermic magnesium production ﬁlan;s in the United States
were built during the Second Worid War when the demand for magnesium increased
rapidly(l). By the end of 1945, with the loss of wartime demand for mag-

~nesium, only Dow Chemical Witﬁ its seawater, electrolytic process remained as

a domestic producer(2’3)

» Except for é short period during the Korean
conflict, thermic production was not a significant factor in the United
States until 1976 when Northwest Alloys, a subsidiary of Alcoa began magne-.
sium production in Addy, Washington using SOFREM's.Magnetherm process.

The majority of the world shpply of primary magnesium is produced by
the electrolysis of fused magnesium chloride. However, #s illustrated in
Table 4.1,1, thermic production facilities, representing approximately 28
percent of current Western Wprld production capacity, outnumber thé electro-
Alytic facilities. This is attributable to the simplicity of thermic reduc~
tion equipment design and ease of operation. Thermic facilities also have
the advantages of less restrictive site selection criteria, low capacity eco-
noﬁies of scale, and consequently lower initial investment requirements.
These factors are reflected in the selection of the:mic processes by produ—
cers in Brazil, Canada, France, Italy, Japan, and Yugoslavia, where only
limited domestic markets for magnesium cutrrencly exist(é).

Until the recent development by Norsk Hydro of a new electrolytic
process which is expected to be economical at 20,000 tons/year, the minimum
scale for an independent electrolytic facility was considered to be greater

than 30,000 tons/year. This economy‘of scale factor for thermic and

electrolytic facilities is reflected in the rated annual capacities of the



Brazil+
Canada

France
Italy
Japan

Norway
U.S.S.R.

United
States

Yugoslavia.

83

TABLE 4.1.1

World Magnesium Production Capacity

Company
Brasiliero de Magnesio
Chromasco Limited

Societe Francaise d'Electro-
metallurgie (SOFREM)

Societe Italiana per il
Magnesio e Leghe di Magnesio

Furukawa Magnesium, Ltd.
Ube Industries, Ltd.

Norsk Hydro

Various

Dow Chemical Company

NL Industries

Northwest Alloys (Alcoa
Subsidiary)

American Magnesium Company

Magnohrom Oour Bela Stena

+Expected to begin production in 1982.

*Estimate not included in total.

Process

Magnethermic
Silicothermic

Magnetherm

‘Silicothermic

Silicothermic
Silicothermic

Electrolytic
Eiectrolytic

Electrolytic
Electrolytic

Magnelherw
Electrolytic

Magnetherm

TOTAL

Annual
Capacity

(tons)

6,000
11,000
9,900
12,700
7,200
7,200
55,000
(71,000) *

125,000
28,000

24,000
10,000

5,000

301,500

Sources: U.S. Bureau of Mines Minerals Yearbook;‘Canadian Department of

Energy, Mines and Resources, International Magnesium

Association, and Personal Communication.
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facilities listed in Table 4.1.1; American Magnesium, the énly electrolytic
exception, had originally planned to expand its start-up capacity of 10,000
tons to 30,000 tons/year. These plans were reiterated in 1977, however,
there has been no confirmation of this. |

Metallothetmic production of magnesium is Based on fhe reduction of
‘-magnesium oxide with an acceptable tedﬁctant, under suitaﬁie condition§ of
temperature and pressure. For the present analysis of cur;ent and potential
metallothermic methods of magnesium production, the overall process shall be
divided into three major process components as in -Figure 4.1l.1.

Raw material sources for magnesium production are essentially unli-
mited within the United Stateéz_ fhese include seéwater, S;ines, bitterns,
wash liqﬁors from potash and soda facilities{ and common pxidé,.carbonate,
chloride, and silicate materials. How these raw materials are converted to
tﬁefmal reduction unit feed will be treated in a later sectionm.

The principal reductants‘in thermic processes are ca}cium, aluminum,
silicon, and carbon. These reductants can either be used aé pure elements or
as compounds or alloys including calcium carbide, calciug silicide, gluminum
silicon, scrap aluminum, and ferrosilicon.

The choice of reductant io-a major factor in the detufmlﬁation of the
optimuh operation of the metallothermic process. The reducfant, together
with the magnesium feed material and required additives, determine the slag
melting temperature and subsequent minimum opérating temperature, and ultima-

(5

tely the magnesium metal production rate + These and other factors will be
discussed in detail as they apply to each thermic process.
The thermal reduction unit supplies the heat required to drive the

reaction which produceés a molten slag and magnesium vapor. The predominant

thermic processes in use today operate so as to produce a magnesium—bearing




RAW MATERIALS PRODUCTION T
. .
THERMAL : MAGNESIUM
© REDUCTION | RECOVERY
1
REDUCTANT PRODUCTION -
&
BY-PRODUCT INGOT
RECOVERY

Figure 4.1.1: Metallothermic Process Outline.
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vapor phase. This can be accomplished using reductants sqch as calcium,
aluminum, silicon, or any combination thereof. These mater;glf reduce magne-
sium oxide by producing nonvolatile oxides of their own, plus magnesium
vapor. If carbon is used as the reductant, magnesium vapor‘apd carbon
monoxide gas are produced.

The equilibrium partial pressure of the magnesium Va?or is a fuhction
of the operating temperature of the thermal reduction unitn; As temperature
increases, the driving force for chemical reduction increases and results in
an increased equilibrium ﬁartial pressure of magnesium vapor. It is the coﬁ-
bination of the reductant with its corresponding magnesium vapor pressure
versus operating temperature profile which determines the oétimum operating
conditions and design of the thermal réduction unit. The only technical
constraint on the maximum operating temperature (and corresponding magnesium
production rate) is the limitation of the materials of comstruction available
to contain the reaction.

Owing to the limitation of materials to contain the thermic reactants
at high temperatures and operational problems such as slag carryover to the
condenser at excessive temperatures, it has been necessary to carry out the
reduction reactions at temperatures between 1500°C and 1700°C. Within this
temperature range the reaction will proceed at a reasonable rate with the
reductants'calcium, silicon, or aluminuﬁ, all of which produce nonvolatile
oxides. Even though the resulting vapor pressure of magnesium may be only a
fraction of one atmosphere under these conditions, it still greatly exceeds
that of the other components of the reactiop. The magnesium vapor produced
in the furnace is induced to leave the reaction zone aﬁa to enter the coﬁ-
denser for collection by distillation. This may be accomplished with the aid

of a sweeping gas or by diffusion promoted by the evacuation of the vessel




87

containing the reaction. The success of such a reduction operation depends
crltically upon égintainihg a very low magnesium vapor pressure ;bove the
reactants in the'furnace since it is the difference bétween the magnesium
vapor pressure above the melt and the equilibrium partial préSSure of magne-
sium at the surface of the melt which determines the reaction rate. This
reduction proée&ure, which 1is applicable onli to reductants which produce
nonvolatile oxides, is. considered under the gener#l classification of
metallothermic p:bcesses(s).

The thermal'reductioﬁ of magnesium with carbon, referred to'as the
carbothermic process, has been successfully demonstrated on an industrial
scale but is not currently in service‘anywhere in the world(6). With this
process, carbonimdnoxide is co—-produced with the magnesium vapor. Since the
reverse reaction éf magnes;um éxidation by the carbon monoxide gas occurs in.
tﬁe temperature‘range between 1850°C and 450°C, the simple distillation pro-
cedure used in metallothermic processes for magnesium collection cannot be
used. To avoid reéxid&tion of the magnesium vapor product, the carbpthermic
process is éonduqted,above 1850°C and the magnesium vapor is collected by
shock-cooling the product gases rapidly through the unstable 1850°C to 450°C

range. This process and subsequent modifications are discussed in a later

section of this report.

4,2 CURRENT AND ONGOING RESEARCH AND DEVELOPMENT

3y the end of World War II, all the metallothermic and carbothermic
magnesium facilities in the United States were closed in favor of the more
efficient électrolytic process. The Pidgeon silicothermic process did sur-
vive in other countries and was reintroduced into the United States for a

short period dﬁring the 1950's and 1960's. Currently, the only thermic
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magnesium operation in the Uni;ed States 1s, that of.A;coa;s Northwest Ailoys
faciiity which Segaﬁ production in 1976. ‘All éxisting thermic facilit;es are
11sted in Table 4.1.1. |
Current and ongolng research by the majof thermic producers aﬁ#'o;het

groups are reviewed as follows:

CHROMASCO LIMITED, Haley, Ontario

Magnesium has been produced in Canada since the early 1940's using the
Pidgeon process. Chromasco is curfeutiy the only magnes1um'producer‘in o
Canada and has made many improvements in the Pidgeon process(7). Onenspeci-
fic improvement has been the mechanization of the retort charging and
discharging operation. This development has reduced the labor requirement

and also improved the efficiency of the process. Efforts.are continuing in

the area of process automation and computer control.

‘SOCIETE FRANCAISE d'ELECTROMETALLURGIEA(SOFREM),’Marignac, France

The Magnetherm process began commercial operatlon in'France in 1964,
It is currently being operated under license in the United;Sta;es by Alecoa, .
and by-Magnéhrom in Yugoslavia. An'gxcellent account of the reaction meéha-
nism and eqﬁilibtia of the Magnetherm process has recently been published(a).

The initial Magnetherm futnaée was a 2,000 kW unit with a ﬁréducfion
capacity of 2.5 tons per day. The current furnace operates at 4,500 kW and
produces 7.5 tons of magnesium daily. Efforts are underway tuv replace the
existing single-phase power suppli with a three—phgse syétem. The three-
ﬁhage fgrnacg would havg a powqf rating of 10,000 kW and a-pogential produc-
tion capacity of 10 to 12 tons per day. The problems with sugh a deyelopmént

are the out of balance loading of the three electrodes which leads to (1)

irregularities in the formation of the solid slag layer which lines the
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‘surface of the furnace wéll, and (2) probléms with ‘solidification of the slag
at the bottom of the furnace.
Improvements in the Magnetherm process over the last five.ygars'ﬁave

(9

:béén subétantial . Tﬁese include computer monitoring ahd’coptroi of fur-
nace operations, modification of the vacuum and cdndenser system, and the
develppmgnf of a new slag tap plugging machine. ‘The‘resultlhas been a 45

.. percent increase in the daily production rate of the furnace, a sﬁbscantial
decrease in raw materigl, energy, and labor requirements, plus a l3 percent
increase in the magnesium recovery ratio. Continuing tesearch effort§ are
being directed towards further iﬁptovements in cpndénser design and effi-
ciency. which continues to constrain furnace préduction capacity. A method is

also being developed. to permit slag removal without breaking'thé vacuum of

the'syétem.,

DOW CHEMICAL COMPANY, Midland, Michigan -

Dow has recently been granted a U.S. Patent covering the chemicothermal

production of magnesium(lo)

+ A twowstage process is described wherein. magne-
sium metal is produced by metallothermic teductionAof magnesium oxide using
. an aluminum alloy. The alumina sglag produced by the metaliothermic reduction
of the magnesium oxide is bled f:om'the furnace to an adjacent carbothermic

reduction unit where the aluminum alloy is regenerated. This alloy'is then

recirculated to the metallothermic,reductioh unit for reuse.

REYNOLDS METALS COMPANY, Richmond, Virginia

Reynélds has been granted a U.S. Patent covering the metallothermic
>ﬁroduct16n of magnesium using an aluminum silicon 5110y as the reddétanf(li).
Magnesium oxide Ls fed in leas than stoichiometric amounts which means that

not all of the aluminum is consumed and'a'pool deéluminum silicon ailoy
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forms in the bottom of the furnace. This alloy is recovered and may be used
iﬁ the,productién of'silicqn gl}oy products. The advantages of this system
are that magnesium vapor is produced at atmospheric'prgssure and the metal is
collected as a liduid.l TheseAére‘the conditioris necessary for conversion of
the metallothermic process to continuqﬁs operation. Unfortunately,.this pro-
cess may be economically coﬁstrained by the price of aluminum silicon

reductant.

SHOWA DENKO K.K., Tokyo, Japan

Showa Denko has in the past operated a small metallothermic magnesium
facility. Several U.S. Patents have recently been granted to Showa Denko
which describe a novel metallothermic process based on the use of a silicon

(12’13). The silicon calcium alloy is produced in a

calcium alloy reductant
preliminary stage by roasting briquets of'gilicon,‘fetfosilicon, and dolime
in an inert atmosphere at a temperature above the melting point of the alloy.

The magnesium oxide reduction reaction is suppressed at this stage. The bri-

quets are subsequently heated thereby reducing the magnesium oxide component.

PARLEE-ANDERSON, Urbana, Illinois

In 1974, Professors N. Parlee* and R. Anderson* were granted a
U.S. Patent covering a new carbothermic reduction method for converting
oxides of reactive metals to metallic form. The Parlee—-Anderson
pProcess is based»on utilization of the unique properties of liquid metal
solvencs'which tend to drive the reduction reaction to the right at
reducgd operating temperatures by lowering the activity of the magnesium

metal. Since the magnesium islretained in the solvent metal, the back

* Department of Applied Earth Sciences, Stanford University, Stanford,
California 94305.
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reaction of magnesium with the carbon monoxide is avoided(14—16).

Much of the ongoing research and development work to adapt the
Parlee—Anderson process to magnesium metal production is being directed
by Professor C. Eckert**. Extensive investigations have
been made of the thermodynamics of magnesium solvent metal systems and
- both experimental and theoretical models have been developed. This -
research and development effort is continuing. Much of the past data
and recent conclusions are well documented as advanced degree theses.

completed under Professor Eckert's direction(17-2l).

BILLITON RESEARCH B.V., Arnhem, Netherlands

While attending the Iﬁternational Conference on Magnesium held
at Massachusetts Institute of Technology, Cambridge, Ma.; in 1977, a
representative of Billiton Inte?qational Metals B.V. ‘announced an ongoing A
research program directed towards the development of an improved carbothermic
process. At that time the research effort was centered on the magnesium
vapor collection problem of avoiding the back reaction between carbon
monoxide gas and magnesium vapor on quenching.

Billiton researchers have found that the carbothermic mégnesium reduc-
tion reaction can be carried out at tmeperatures as low as 1000°C, if irom,
cobalt, nickel, chromium, or manganese is alsoApresent in the reaction

(22)

mixture « The function of the metal component is not entirély clear.
However, it has been found that the reverse reaction of the magnesium vapor
and carbon monoxide gas is suppressed. Collected in a simple water—cooled

condenser, the magnesium metal product has a purity in excess of 95 percent,

#*Department of Chemical Engineering, University of Illinois, Urbana,
Illinuls 61801, ‘
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TOYO SODA MANUFACTURING COMPANY, Tamaguchi, Japan

Toyo Soda has developed an apparatus for the carbothermic reduction.of
magnesium oxide(zj). This apparatus is based on the use of -a high velocity,
inert, sweeping gas. The gas jet 1s directed across the top of. the furnace
and through an outlet port to a metal collecting unit. This gas jet acts to
transport the magnesium vaﬁor from the furnace while simuitaneously acting as

a quenching medium. The ‘recovered product is 85 percent magnesium.by weight.

“at

CARBOTHERMIC, Hyoken, Japan

Mr. F. Hori of Japan has recently been granted a U;S. Patent cov;fing a
novel apparatus for the collection of magnesium produced.;arbothermically(24).
With this apparétus, the magnesium vapor and carbon monoxide gas are held above
the recombination temperature until éffectively separated for colleétidn. The
two components are separated as the total gas mixture is éécelerated thr§ugh
a divérgent nozzle under conditions‘of underexpansion. 'Sinée the two gas;s
havg different values of specific heat, they diverge at different anéles at
the nozzle exit‘and separate from each other. The gases leave the nozzle,#t

supersonic speeds and are thereby rapidly separated and quenched to provide a

magnesium product of high purity.

UNIVERSITY OF SHERBROOKE, Montreal, Canada S

In 1977, a researcher at the University of Sherbrooke reported the
discovery of a process for extracting magnesium from ésbeséos waste. Plgns
have Seen announcedkto build two.pilot plants to be known as Magnaq One and
Two at Thetford Mines, Quebeé. Tﬁese facilities are expected to produce
11,000 tons of magnesium annuélly; plus either 5,000 tons of magnesium oxide

or 10,000 tons of magnesium carbonate.
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In order to delineate the areas of probable greatest payoff in terms.
of operating costs and energy savings, a detailed technical analysis of
3

vexisting proposed, and developing thermic processes is presented in the three'

following subsections.

4.3 Raw Materials

While magnesium does not occur elementally in néture, it is found in
more than 150 minerals. The principal raw materials for therm;c magnesium
processes with their chemical compositions and magnesium oxide and magnesium
céntents are liéted in Table 4.3.1. Magnesium salts, as obtained from
seawater, bittgrng, and well bfines,4are also included as.potential sources
of magnesium oxide. The global reserves of magnesium raw materials are well
Adocumented and essentially inexhaustible(zs;zé).

of thg faw materials listgd in TabieA4.3.1,'magnesium is éurrently
produqed thermically f;om dolomiﬁé and magnesite. Oﬁhef attractive sources
include olivine, serpentine,»and magnesium éhloride con;ained in sea watet,
well and lake brines, and wastes of.the potash and soda industries.’
Magnésite, dolomite, and magnesium chloride brines are the only mgteiiéls to

date which have been used commercially as magnesium raw materials in thermic

processes.

4.3.1 Availability

Qeriqlase and brucite are ﬁhe richest naturally occurfing magnesium
compounds. However, these are not accgptable'raﬁ méteriéls because they are,
in generél, widely distributéd in unworkably small amounts. The largest
known commercial deéosit of brucite, gstimatéd at73,000,000 tons, is located

in Nevada. This deposit, found adjaéént to magnesite and dolomite, is also



Oxides

Carbonates

Silicates

Sulfate

Chlorides

Principal Magnesium Raw Materials

- Periclase

- Brucite

Magnesite

" Dolomite

Olivine
Serpentine
Enstatite
Keiserite
Bischoffite
Carna111fe

Brines

Sea Water

~Mth where X=C12,SO
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TABLE 4.3.1

Composition
MgO

Mg(OH)2 or MgO-HZO -

MgCO3

MgCO,+ CaC0,

3Mg0-2840, +2H,0 -

2 72
MgSiO3
MgSO4-Hi0
MgC12'6H20
MgClz-KC1-6H20
(Mg,Ca,K,Na)Xp
Where X = C12 > 504, “e

AL

MgO

Mg

-Percent Percent ¢
© 100.0 60.3
;.A69.1 . 41,7 .
" 47.8  28.8
21.8 13.2 .
.55.0- . 27.0
43.6 - 26.3
40,0  24.0
0 29.2 17.6
©19.9 . 12.0
17.8. 8.8
>1.0
0.14
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irfegular in shapeAand distribution.

Magnesite and dolomite occur in considerable depos;ts in various parts
of the United States and the world. Magnesite‘occurs principally in
Célifornia, New México, Texas, Nevada, and ﬁashington‘whefe.reserves.in
excéss-of 7 milliqn toﬁs>g;§e been éstimated iﬁ~oné cognty alone. Enormous
quaﬁtities of high-grade dolomite deposits, each having reserves in excess of
‘a million ;ons,téﬁist in at least:a dozen states from coast to coast.

The largest: deposits of olivine are located in Washington, North
Caroliha, aﬁd’Georgia-Vhere it exists as dunite, a rock consisting almost
entirely of the mineral olivine. Locally, some of these deposits are altered
to serpentine anﬂ:talc._ Twenty of the largest and most readily accéssible
North Caroliné?Georgia deposits contain an estimated 230“million tons of
unaltered olivine, averaging 48 percent magnesia. However, the Twin Sistersl
Mountain area of-Washington, with reserves estimated in the millions of tons,
represents the largest deposits of fresb olivine within the United States.

The singie.lérgest potential source of mégnesium oiide is hydrated
magnesium chloride as found in the sea water, salt lakes, and industrial by-

product streams. As such, these represent an essentially infinite reserve of

magnesium.

4.3.2 Raw Material Feed Preparation

The preparation of magnesium-containing ores for use as réduction cell
feed material is a minor component of the overall operation and cost of ther-
mic magnesium processes. This 1s one of the principal advantagés of thermic
production methods. For this reason, only magnesium oxide produced from

magnesite, dolomite, and hydrous magnesium chloride will be considered here.

14
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A. Magnésite and Dolomite

Most of the potential starting materials for therﬁié production of
magnesium must undergo a'preliminary heat treatmént to disébciate and remové
volatile combonents;_ If not removed,rthese volatile gompbhents would disrupt
the reduétion process by contaminating the magnesium vapof produced. Thus,

magnesite and dolomite are calcined to decompose the catboﬂatés as follows:

MgCO, + MgO + CO,(z)

MgC0,*CaCO, + MgO+Cal +.2C02(g)

3 3

The rate of calcination is controlled.primatily by the supply of the
necessary heat of decomposiiiqn by conduétion~;h;ough the outer layer of .
burned material. Consequently, the rate of calcination 1s diffusion
contfolled apd is proportional to the éqﬁare of the diameter of the raw |
maéérial partiéles. WhileAthe calcination rate can be accelerated with
h}gher operating témperatures, this may result in overheated products and
subsequent 1§ss of chemical reactivity; The calcination temperature also
affects grinding, susceptibility to hydrationlénd carbon dioxide absofption,
density, and possibly the content of alkali eleménts in the ﬁagnesium'oxide
product.

For industrial applications, calcination may be carried out in a shaft
furnace, rotary kiln, or fluidized bed(27). The choice of the apparatﬁs and

temperature to be used is determined by the desired properties of the’

calcined product.

B. Magnesium Salts

If magnesium oxide is to be produced from magnesium chloride salts,

two basic processes are available. In one case the magnesium is retrieved as
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a hydroxide which is directly calcined to magnesium}onide.v In the other
process, hydrous magnesium chloride liquor is dried and calcined in stages to
produce high purity magnesium oxide plus hydrochloric acid.‘w o
To recover magnesium as magnesium hydroxide, sea water, wellzor.lake
brine, or by—product magnesium chloride liquor is treated with either lime or

dolime. The basic reactions are as follows:

CaO + H,0 + Ca(0H),

27
or
MgO+Cal + ZHZO + Ca(OH)2 + Mg(OH)2

and

Ca(OH), + MgCl, » CaCl, + Mg(OH),

If dolime is used to precipitate magnesium-hydronide:from a magnesium_chloride
containing solutiqn,_the magnesium content of the dolime is recovered with
that of the brine, in equal proportions. | | |

The precipitated magnesium hydroxide slurry, recovered from thickeners,
is filtered to produce a magnesium hydroxide cake containing approximately 50
percent water. This cake is calcined in a rotary kiln to produce magnesia»of
97 percent purity. | -

The total energy requirement for this type of operation, using
dolomite and sea water, has been estimated at 18.6 million BTU/ton of magne-
sia produced(6). | |

| In the hydrous magnesium chloridc liduor process, the optimum rsw
materials are either potash and soda industry waste liquor or solar eva-
poratedlbrines. In both cases the starting material contains-approximately

26 percent magnesium chloride, plus relatively high concentrations of other

impurities. These impurities, particularly potassium and sodium chlorides, -
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afe removed from the liquor as precipitates. The order and degree of preci-
pitation can be determined from solubility curves where the solubility of the
eXtraﬁeous.salts decreases sharply with‘increasing magnesiug chloride
concentration. At a magnésium chloride concentration of approximately 32
pérceht, the clarified liquor is ready for final processing to magnesia apd
hydrochloric acid. This process is also described in detail in the litera-
ture and is only outlined here(zs).

The clarified liquor is dried to nearly two moles of water before

béing charged into a rotary kiln where it is calcined to magnesium oxide by

the following reaction:

0 = MgO + 2HC1 + H.0

MgCl,* 2H )

2

The product is of very high purity, consisting of approximately 99.8 percent
magnesia. The hydrochloric acid can be conveniently cqllected as 20 percent
acid and can be sold as a by-product.

Since the raw materials for magnesia production are teadily and eco-
nomicaily available as either minerals or salts, raw materials availability as
one of the potentially constraining factors with respect to site selection is
minimized. This permits the optimization of the remaining combination of
geographic and economic factors such as reductant and energy sources, plus

by-product markets.
b4 REDUCTANTS

The choice of the reductant to be used is a ﬁajor factor in the deter—
mination of the operating cost and energy gfficiency of thermic magnesium
primary production processes. However, the choice of the reductant has only

minimal effect on the basic design of the typical metallothermic reduction
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facility. Thergfore, a comﬁarison of the merits.of the various reductants
can Se made while assuming that the choice of the optimum reductant can be
made independently.qf basic metallothermic facility design-considerations.

The principal reductants‘to be considered inciude elemental and -
alloyed calcidm, algmingm, and silicon. Carbon is included as part of this
comparative analysis but it should be: recognized that thgimetailothermic and
;arbpthermic processes embody fundamental design gnd‘operating differenges.
Most research and development efforts have been directed at the four reduc-h
tants listed.

In 1965, the Bureau of Mines presented a detailed analfsis(of the -

metallothermic process. Included was.a comparative evaluation of potential

(5)

.reductants e A modified and updated review_of this reductant appraisal is
presented to reflect current technical and epohomic conditions. This review
of the effects of the choice of reductant on the\bpetating cost and energy
efficiency of thermic magnesium production pgocgésgs is based on the
following factd:on
1. The electrical energy requirement for the production of the
.reductaﬁt: This!factor is reported per ton of reductant and per
weight of reductant theoreéically required to produce one pound
of magnesium. A measurement of the overall enetéy efficiency of
the magnesium thermic procésses must include not only direct pro—-
cess energy requirements but- also the energy content of all inbut '
materials not produced in-house.
2. The reductant market price: This factor, combined with the
theoretical amount ofkreduc;ant required to produce one pound

of magnesium; eatablishes a basis for comparing thic opcrating

cost component.
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3. The equilibrium partial pressure of.magnesium uerSus temperature:
The rate of magnesium production in the furnace at a given
temperature is determined among other things, by the rate of
gaseous magnesium evolution and the speed with which this product
is removed from the reaction zone. The drivingAforce for removal
of the magnesium vapor from the reaction zone is theipressure dif-
ferentiai between the furnace and condenser. Therefore, for a
given magnesium vapor pressure at the condenser surface, the
overall magnesium production rate will be a function of the
equilibrium partial pressuré of magnesium for the reduction
reaction., | | a
4, The theoretical volume of the charge per pound of magnesium
produced: For a giuen*size reduction celi, the production of
magnesium‘per eycle (in a batch operation) varies invsrseiy with
this factor. ]
fThe reductants to be considered on the basis of these'factors are
listed in Table 4;4.1 with-the corresponding calculated and experimentaily
measured equilibrium partiai pressures of magnesium.presented in Figure:4.4.1.
Except for the calcium carbide reaétion; the experimentaily'measured vapor
pressures are roughly 5'to 6 times larger than the calculated values(s).
The disagreement in these values 1is somewhat greater than expected from such
thermodynamic calculations and may be explained in two ways. First, the
stated reaction equations may be oversimplifications of the actual reactions.
Secondly, the calculated values are'hased«onAinadequate thermodynamic data.
Figure bob.1 presents a plot of thevtemperature dependence of magnesium vapor

pressure. ' The calculated magnesium partial pressures are, except for calcium

carbide, not in good agreement with the experimental values.




TABLE 4.4.1

Factors of Comparison for:Selected Reéductants - .

Cost of Volume -
Weight of Reduc- - of
Reductant, tant, =~ Charge, ,
Kwh. Kwh ~ Cost 1bs. cents. cu. ft. Cycle
. per ‘per 1b. per per - -per - per time
Reaction/Reductant ' _ton Mg ton 1b. Mg 1b. Mg 1b. Mg _hrs.
Aluminum (98% Al)" - 23,250 - 8.72 - 1,520 0.75° " 57.0 0.0118 4
IMgO + 2AL + A12403‘ + 3Mg ‘ . ;
Aluminum (98% Al) (Scrap) 23,250 8.72 . 960  0.75 36.0 0.0179 4
Ferrosilicon (757 Si) i E-‘,500 3.27 925 0.77 '35.6 . 0.0227 8
2Mg0 + 2Cal + S1'~ Ca,S10, + 2Mg . o 4 -
Silicon (98% Si) ’ 12,000 3.54 1,190 0.59 35.1 .° 0.0223 8
4Mg0 + S1i » MgZSiOA + 2Mg : h
Calcium Carbide (80% CaC,) 13,000 4.935 317 3,29 © 52.1  0.0300 2
MgO + CaC, + Ca0 + 2C + “Mg R : : '
Aluminum-Silicon (40% Al1-40% si)~ - 10,000 - 3.95 . 2,000 0.79 79.0° 0.0210 2
Z1Mg0 + 17Ca0 + 6AL + 681 + 6Ca,$10, + 5Ca0.+ 3AL,0, + 21Mg . ‘ :
Calcium Silicide (20% Ca, 60% Si) - 12,800 - --5.i8 1,420 - 0.81L ~ 757.5 . 0.0214 = 2
TMg0-+ 5Ca0 + Ca + 35i + 3Ca,S10, + 7Mg T S -
Carbon | - ' 3,000 0.92 133 0.61 0.61 0.0051 72

MgO + C + CO + Mg

- TOT
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- Figure 4.4.1: Experimental and Calculated Values of Magnesium Equ-ilibridm
Vapor Prés‘sure‘Versus Temperature.
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Not all the processes and reactions to be discussed in subsequent
sections gfe presented in Table 4.4.1 or Figure 4.4.1 be;ause of the lack of
data. HéwéQer,’all the reducta;t speclies are fepreseﬁted;in.Figure 4,1.1,
which can be used qualitatively to compare'their respective reducing
potentials.

It should be noted that the cﬁlculated and experimentally measured
lmagnesium partial pressure curves for silicon, below 1400°C, in Figure 4.4.1
refer to the so;id—solid phase silicothermic reaction. The molten slag
reaction of the Magnetherm process is presented in Figure 4.4.1 for tem
peratures above 1400°C.

A comparisoq of the reductants,,bgsed on speéific input and cost
Afactors, is presented in Table 4.4.1. The data presented in Table 4.4.1 are
discﬁséed (in the folloving subsec:ions) as they apply to the individual

reductants.
4.4.1 Aluminum -

As indicaté&vin Figure 4.4.1, of all the reductants considgred,'reaction
with glumingm prqduceé the higﬁest calculated and experimentally determined
equilibrium partial pressures of magnesium vapor over the temperature range
of interest. Thisffactor combined with a low weight and volume of charge per
pound of magnesium produced favors aluminothermic reduction as the preferred
metallothermic process. However, the cost and electrical energy requirements
of.pfimary aluminum production are major deterrents to its use. The use of
scrap aluminum does not eliminate the cost constraint bécause of its price
and supply volatility.

Aluminum—silicon alloy has beén recommended as a solution to the

cost and electrical energy problems associated with the use of 98 percent
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primary or secondary aluminum. This‘alloy of 40 pércént each of aluminum -

and silicon represents a compromise between elemental aluminum and sili;

con. It reducgs the electrical energy requirements'while producing magnesium

vapor pressures intermediate té those of the silicon and aluminum systems;
with respect to price, Table 4.4.1 indicates that aluminum—silicon

alloy is not cost effectivé. However, a 1945 Tennessee Valley Authﬁrity

report suggests that aluminﬁm-silicon alloys could be produced at a cost com-

(28)  1he proposed aluminum-silicon produc-

parable to that of ferrosilicon
- tion process involves the electric smelting of Qarious;domestiqally available
raw materials, which include'kaoliﬁ‘clay and anorthosite, using carbon as the
reductant. Alcoa is currently developing a carbothermic smelting process for
the préduction of silicon-aluminﬁm alloy.A If successful, it may provide an
.ideal reducing agent for metallothermic magnesium production. However, at
this time it ié difficult to project with certaintyiregardihg the availabi-
lity of aluminum-gilicon alloy from this sourée. I

Noldigtinct technical disadvantage can be identlfled with the use of
'aluminum-silicon as a thermic reductant. This factor, combined with its
potential cosf éompetitiveness and reduced cycle time, suggests that
aluminum-silicon is an attractive reductant compared with ferrosiliconm.

Municipal refuse lncineration plants have also been suggestéd as a
" potential source of low grade aluqinum ailoys. Unless these alloys can be
refined and purified, which currently appearg to be an expensive proposition,
they will coﬁtinﬁe to be of min;mal market value. This low grade aluminum
alloy could possibly be used as a metéllbthermic reductant. The technical
'ieasibilit} of using low grade‘aluminum alloys will depend.uéon the impuri-
ties present, the abii;ty to remove some of these prior to use, and the abil-

. ity of the metallothermic process slag to accommodate and isolate the.

remaining impurities from the magnesium vapor product stream.
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4.4.2 silicon

The choice of fe:rpsilicop containing 75;percen£‘silicon as the
h;stofically‘prefe:red reductant over 98 percent silicon is'a'ﬁunction of
ferrosilicon production economics. As the content of silicon in ferrosilicon
alloy increases, the cost of producing the alloy in electric furnaces increases
. disproportionately becagse of higher energy consumption and silicon losses by

fuming. Thus, 75 percent ferrosilicon alloy has emerged as thé preferred

. - reductant, balancing ferrosilicon production coéts‘against handling and

‘heating‘costs associated with the diluent iron which does not enter into the
metallophefmic,reducpion reaction.

The principal factor favoring silicothermic reduction is the com-
paratively 1ow'co§t of the ferrosilicon reductant. The major disadvantages
of this procedure are its high charge volume, low magnesium vapor pressure,
and extensive cyclé time.

Ferrosilicon was the reductant chosen by the most recently commer-
clalized thermic process, the Magnetherm process. This process, versus the
sdl;d phase silippthefmic Pidgeon process represented by Reaction 3 of Table
4.4.1, normally operates at approximately 1550°C where the reduction reaction
proceeds in a molten slage The Magnetherm process enjoys those operating
‘advantages characteristic of liquid phase, semi-continuous processes.
However, it'also has a large volume of charge and retains the extensive ¢ycle

time disadvantage.
' 4.4.3 calcium

Calcium is the thermodynamically preferred reductant. Its oxide has a

greatér negative: standard free energy of formation than magnesium oxide,
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even at 25°C. Howevér; the use of elementgl ca;pium is economicélly prohibi-
tive with the market vaiue of calcium exceéding that of magnesium.

Calcium carbide and silicide alloys have been considered.as possible
altérn#tiveg to the use of elemental calcium. Calcium carbide reflects the
reducing potential of eiemental calcium with a favorable calculated magnesium
partial pressure. It also enjoys the advantages of a low reduction cycle‘
time and low reductant production énergy reﬁnirement. However, tliese advan-
tages are offsét by excessive calcium carbide ¢onsumption requirements which‘
are more than 4 times that of ferrosi;icon per unit of magnesium produced.
This factor generates the subséquent'qdaitional disadvantages of high charge
volume and weight, plus excessive reductaat cost.

Calcium silicide also has the advantage of pfoducing relatively high
calcul&ted magnesium vapor pressures.' However, calcium silicide, pfoduced by
electric furnace smelting of siliéa'with.calciup carbide and carbon, is more
energy intensive and difficult to produce than ferrosilicon. No real §pér;ting
data are available‘fdf the caleium silicide reduction system and no signifi-

cant calculated operatihg or economic advantage can be assigned to it.
4.4.4 Carbon

Bésed on Table 4.4.1, the carbo:he;mic process for the reduction of
magnesium oxide appears to be very attractive, possessing the advantages of
the lowest reductant production energy requirements, the lowest cost, and the
lowest weight of charge. However, the 72 hbur total cycle time experienced
in earlier operating plants negates tlie otherwise competitive position of the
carbothermic process. o
The technical constraint concerning the. recovery of metallic magnesium .

after successful reduction by the carbothermic proceéss is due to the co~
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‘generation of carbon monoxide gas, versus a nonvolatile oxide, inAconjunction
with the magnesium vapor. Conventional condenser technqlbgy for metallic

vapor ¢ollection cannot be used because the reverse reaction, magnesium

oxidation by the carbon monoxide gas, ;onsumes the metallie»magpesiumhiflthé
ﬁwo éomponents remain in contact bétween tﬁe temperatures of 1850°C and
450°C. The back reaction can be minimized By conducting‘the reduction reac-
tion above 1850°C followed by a rapid’quénch of the product gas through
the ;emperature range of product instability. The guenched product of pre-
vious commercial facilities typically consisted of dust containing roughly 53
percent magnesium metal, 20 percent unreduced magnesium o#ide, 20 percent
carbon, and 7 percent other impurities. It is the recovery of the magnesium
metal from the dust by sublimation 1n.£etorts at 800°C fof.4é hours wﬁicﬁ
. creates thg extensivé cycle time expérienced in earlier carbothermic produc-
tion systems.

| TheAconveﬁtional magnesium recovery process of the carbothermic pro~
cess represents as much as 50 percent of the capital and annual operating
costs. 'Thus, while carbon is an ideal‘reductant,'magnes;um recovery con-
straiﬁs_its utility. The carbothermic process and potential innovations
-designed to eliminate this constraint will be discussed in detail in a sub~

sequent section.

4.4.5 Other Reductants

Several other materials have been recommended as possible reductants
for various magnesium compounds with some of these possibilities representing
" novel approaches to the simultaneous production of pure magnesium and.alloyed
(5)

metallic by-products . For example, ternary alloys of iron and silicon

plﬁs manganese, chromium, or nickel have been proposed as possible reductants
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of dolime or magnesia(2§)a Operating above the melting temperatures of the

‘ ternary ferroalloy, the silicon component of the alloy reduces the magnesium
,'oxide component producing a silicate slag beneath which the binary ferroalloy
is obtained. Such co-production of products 1s not only energy efficient but
can also be financially rewarding. ~

The above process and others not listed here appear to have merit and

should not be overlooked as potential alternatives to current technology.

4.5 - THERMAL REDUCTION UNITS: EXISTING AND PROPOSED PROCESSES . -~ . !

One of the first methods for producing magnesium by thermic reduction
was proposed in 1917 and suggested that magnesium oxide could be reduced with

silicon using hydrogen at normal pressures as a gas sweep for collection of

(30)

magnesium vapor . By 1921, thermic processes using calcium carbide and

aluminum as reductants of magnesium oxide, plus silicon with dolime as the

(31, 32) By 1934, the ferrosilicon reduction

(33, 34)

feed material had been patented
process was being used on a simall commercial scale in Germany
By the end of World War<II,_all the reductants: = calcium, aluminum,
silicon, and carbon ~ had -been used in various commercial'thermic processes.
However, all the thermic facilities in the United States were forced to close
by the end of 1945 by the more efficient electrolytic process used by Dow
Chemical Company. Uuring the Korean contlict, tour ot the more etticient -
silicothermic facilities built in the United_States during World War II were'
reopened by the government; with three of these being closed again at the end
of the ware The fourth thermic facility, located in Canaan, Connecticut, was
placed under the jurisdiction‘of the United States Atomic Energy Commission.
The Alabama'Metallurgical Corporation introduced'a new silicothermic facility

at its Selma, Alabama plant in 1959. However, both the Canaan and Selma
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plants discontinued operation during the late 1960's. In 1970; large scale -
thermic reduction*of.magnesium was reintroduced into the United States with
the selection of the Magnetherm process by Alcoa for the facility in Addy,
wWashington. | |

‘ Other thermic facilities, such as the Pidgeon or silicothermic
‘process, had-survived the post-World War II era in other countries and
continue to operate today. This is true of the Pidgeon, horizontal retort
' process as operated by Chromasco Limited of Canada. Other processes, which
include the carbothermic process, were abandoned in‘1945 and haue‘not been
revived. |
. The fidgeon,'Magnetnerm, snd'carbothermic-processes, as examples of.
existing thermic technologies; are to be described and discussed in the sub-
sequent sections to estaolish the current level of development of thermic
magnesium production technology. The proposed Avery process, Parlee-Anderson
liquid metal solvent process, and other metallothermic processes are also

presented to establish the future potential of thermic magnesium technology.

4.5.1 - Metallothermic Processes

'A. Pidgeon Process

One of the first commercial applications of the silicothermic reduc-

tion method was developed by L. M. Pidgeon in 1942 in Canada, where this pro-

(35, 36)

cess which bears his name remains in operation Pilot-plant studies

publishéd by Pidgeon and Alexander illustrate the early development of the
(37)

horizontal retort ferrosilicon process The specific design of  the

Pidgeon ferrosilicon reduction plant is also well documented in the litera-

(38)

ture The general materials flow diagram of the Pidgeon process is out-

lined in Figure 4,5.1.1.
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An excellent economic and technical evaluation of the silicothermic
magnesium production process was completed by the United States Bureau of
Mines in 1965(5). This report describes in detail the operations of the
Defense Plant Corporation facilities which employed the silicothermic process
during World War II and includes specific designs for a hypothetical plant
complete with raw material, energy, and major équipment requirements.

The silicothermic process, as generally practiced, uses as its raw
material high—-quality (preferably 98 percent pure) dolomite. The dolomite is
calcined in a rotary kiln to produce dolime. After being crushed, the dolime
is mixed with 75-80 percent ferrosilicon in a ratio of about 5 to 1. This
mixture is briquetted and charged in batches into tubular steel retorts which
are externally heated to approximately 1200°C in furnaces using natural gas or
electricity, Figure 4.5.1.2. Under a vacuum of 0.1 torr, the magnesium oxide
is reduced and the magnesium content collected as crystalline crowns in the
water—cooled head sections of the horizontal retort as also indicated in
Figure 4.5.1.2. The reduction process has a cycle time of approximately 8
hours, after which the retort is cooled and the magnesium collected.

The excessive labor required to charge and discharge the retorts plus
the low unit production capacity of the retorts seriously constrains
productivity. This, combined with high maintenance costs for the retorts,
resﬁlts in very high production costs. For this reason, many of the Pidgeon
magnesium facilities, including all of those in the United States, went out
of production at the end of World War II. Those facilities which remain are
able to compete by satisfying the demand for very high purity magnesium.

Careful consideration of the Pidgeon process, a fully developed
technology, is important because it represents the foundation of subsequent

metallothermic process developments. A clear understanding of the
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constraints of the Pidgeon process highlights the technical advances of its
liquid phase counterpart, the Magnetherm process. For example, the Pidgeon
process operates at a maximum temperature of only 1200°C because the metallic
retorts are susceptible to slow collapse through creep while under vacuum.
This temperature constraint severely limits the reaction rate of the Pidgeon
silicothermic process.

The subsequent development of the Magnetherm process was based on
technical innovations which successfully eliminated the retort materials of
construction problem and heat transfer rate-limiting step. Specifically, the
Magnetherm technology consists of a carbon lined furnace which operates at
1600°C and allows the silicothermic reaction to proceed in a liquid phase.

Significant improvements have recently been made in the Pidgeon
process(7). Chromasco. Limited of Canada has replaced the labor intensive
manual operation of charging and discharging the retorts with an operator
driven, mechanized device. The 300 pounds of spent briquettes in each retort
are now swept from the retort and into a vacuum conveying transport duct with
a positive pressure air stream probe. The 350 pounds of briquette charge is
fed mechanically into the retort via a wire mesh telescoping conveyor mounted
on a steel boome This innovation significantly reduces the labor
requirement, provides improved cleaning of the retort between cycles, and
provides a uniform, level, high quality briquette charge with reduced fines
which optimizes reaction efficiency.

Additional innovations designed to improve the operating efficiency of
thermic magnesium reduction processes will be discussed after all of the
individual processes have been considered. These innovations, some of which
have not been previously considered, represent potential solutions to some of

the operational constraints of current thermic processes.
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B. Magnetherm Process

The Magnetherm process, which is also based on the thermal reduc-
tion of calcined dolomite with silicon, differs from the Pidgeon process in
three fundamental regards(39’40):

a) The heat required to promote the reaction is produced

within the furnace by direct electrical resistance
heating of the slag versus the external heating of the
Pidgeon retort.

b) The charge is molten.

¢c) The 7.5 tons/day production capacity of currently

operating Magnetherm furnaces is greater than 4 times
that of a typical Pidgeon furnace with 40 retorts.

A major obstacle to the initial development of the Magnetherm process
was the 2130°C melting point of the dicalcium silicate slag resulting from
the‘reaction of dolomite and silicon. This problem was eliminated with the
addition of alumina or bauxite as a flux to the slage The lime silico-

aluminate slag which is formed has a reduced melting point of 1500°C. The

overall reaction is as described in the following equation:

2(Ca0°Mg0) + (xFe)Si + nA1203 > 2Ca0'8102,nA1203(£) + xFe(L) + 2Mg(g)

This low melting slag, containing unreacted ferrosilicon, created a materials
of construction problem for the furnace lining since the use of alumina,
silica, and lime would result in fluxing losses. The furnace lining
currently used consists of tightly fitted carbon blocks.

The Magnetherm furnace is currently operated in a batch mode at about

g(8,9,41,42)

1550°C and a pressure of roughly 35 mm H A typical furnace has

a capacity of 22,000 pounds of reactive materials containing 17 percent
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magnesium.

During the 20-hour operating cycle, ferrosilicon is fed continuously
to the furnace from evacuated internal storége bins while dolime and alumina
are fed at a rate of 20 batches per hour from similar bins above the furnace,
Figure 4.5.1.3. After about 8 hours, or when the furnace is filled with
slag, the electric power is reduced, the vacuum is broken, and the slag plus
residual ferrosilicon are poured through a tap hole. This minor tapping
operation i1s complete when the slag level in the furnace has been lowered to
the upper level of the graphite electrode. The furnace is again evacuated,
and a second loading cycle begins. At the end of this 9.5 hour cycle the
furnace is again tapped to remove the slag. During this major tapping opera-
tion the condenser—crucible unit is also removed and replaced with a clean
condenser and empty crucible. The total 20 hour cycle is repeated while the
magnesium from the crucible is remelted, refined to remove calcium plus
oxides, and cast as ingots. The complete flowsheet of the Magnetherm process
is outlined in Figure 4.5.1.3.

I'wo by-products are produced by the magnethermic reduction process:
lime silico—aluminate slag and low—-grade (18-20% silicon) ferrosilicon alloy.
The two by-products are separated in a ladle where 50 percent of the heavier
ferrosilicon settles out of the slag at the bottome The slag is poured off
the top of the ladle and water cooled to produced a granular material. This
granular slag has a minor market value as a binder in the cement industry.
The low—-grade ferrosilicon can be used in steelmaking or recycled to'the
ferrosilicon furnace.

The Magnetherm process, while offering significant advantages over the
Pidgeon process, is also constrained by some of the same factors. For

example, both are batch processes and are conducted under vacuum. The vacuum
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sysﬁem is that part of the condenser system which enhances’the pressure dif-
férenﬁial driving force which is used to induce the magnesium vapor to leave
the furnace and the critical reaction zone at the surface of the slag. The
éucéeés of the distillation process depends upon maintaining the maiimum dif-
férential between the magnesium vapor.pfessure,above.the reactants and the
equiiibrium vapor preésure; This pressure diffe;gﬁtiai:allowé the reduction
reacéion to proceed at a reaéonablé rate} the reactiqn is blocked when this
pressure differential is zero. Tﬁe actual pressure differential i;‘determined
by the éfficiency of the condenser into yhichtthe magnesium vapor eﬁters via
the vacuum line .from tﬁe furnace. Because of éiflleaks in the véc?um system,
oxygen en;ers the.evacuated'production andlcondeﬁsér units ana reoxidizes the
magnesium vapor. This magnesium oiiae eﬁtersiand contaminates the‘éondepser,
thereby reducing its efficiency,and ability to maintain the critical magné—
sium Vapor(pregsure differential. " Vacuum operations 6f this type are usually
closed batch systems. Specifically, production must be suspended and the
vacuum brbkeu ﬁo rcmove the §1ag, reﬁlace the condensef-crucible unit, and
réfill the feed material and reductant supply bins. |

As in the Pidgcon process, it is the upper limit placed on the operating
temperature which constrains the overall efficiency and productivity of the
-M;gﬁetherm process. The maximum operating temperature constraint is pgrtially
determined by the onset.of secondary carbothermic‘reéétions within the:furnace

(40)

iﬁvolving the gtaphite hearth and central electrode’ .. Secondly, when
ferrogilicon reductant is added to the surface of the slag, the reduction
regction proceeds rapidly. In the partial vacuum of the furnace the magne-
' sium vapor boils off violently from the surface of the charge carrying siag

particles with it: At 1550°C, the reaction gettles down quickly as the sili-

con content of the red&ctant'declines. This minimizes the slag particle
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carry-over into the condenser. Increasing the opefating témperature thle
maintaining the low operating pressure would result in excessive slag carry-
over and contamination of ﬁhe condenser‘and magnesium metal., Furthermore, an
operating temperature much in excess of 1550°C would reduce the viscosity of
the slag and consequently, diérupt the existing convective flow pattern. The
existing slag flow écts'to tfansport heat away from the eiectfode and to the
surface of the slag. The radial surface flow of the slag also extends the
surface residence time of the danser molten ferrusilicon phase. This

permits the ferrosilicon droplet to react more full& with the magnesium oxide
component of the liquid slag before this droplet ginks deep into the slag
where the head pressure of the slag will retard the evolution of magnesium
vapore.

Conversion of the Magnetherm précess‘from batch to continuous opera-
tion would eliminate the major factors constrgining 6verall efficlency. This
conversion should be the primary goal, whether or not therperating tem
peratures can be sufficiently incfegsed, s0 ag to eliminate the need for
operation under vacuum. Conversion to continuous qperation at a positive
pressure would significantly reduce energ& consumption and labor require-
menté, substantially increase the production capacity of the reduction unit,
and reduce both capital and operating cost requirements.

Societe Francaise d'Electrometallurgie (SOFREM), the owner of the
Magnetherm process, has made substantial technical improvements over the last

(9

5 years + Furnace operations have been computerized and a pump-vacuum
regulation system has been developed as part of a néw; more productive, con-
densing unit. As a result, significant improvements have been made in the

daily production rate, and raw material, energy, and laboé'requirements have

been reduced. SOFREM is also working on the development of a suitable
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3-phase power sourée‘which would supply approximately 16,000 KW of power(AI).
This development would represent a significant'improvemeﬁt in the production
capacity of.theAsiandard reduction furnace.
~ A Japanese concern has also recently aﬁnounced.impressive results con-

(43). It

cerning efforts to expand the productivity of the Magnetherm process
is reported that productivity 2 to:3 times that of the current Magnetherm
furnace (7.5 ton/day) has already been obtained. It is also suggested that a
vacuﬁm electric reduction furnace with a capacity of 30 to 50 tons of
magnesium per day will be in operation "before long".

While the developments discussed above significantly enhance the com~
petitive position of'the Magnetherm process, the batch operation constraint
has not been removed. Theseldevelopments are merely directed towards scale-
up of the present process. The problem of operating under vacuum remains,
including extensive down-time, and high labor and energy requirements. Some
suggested potential improvements in thermic mégnesium processes will be

presented in a cubsequent section fallowing the discussion of all relevant

processes.

C. Other Metallothermic Processes

Technically, the metallothermic process proposed by Julian Avery is a

modified version of the SOFREM Magnetherm process(44).

Avery proposes to
operate the thermic :eduction process at or approaching atmosphéric pressure
with the possibla.use of an inert carrier gas. If this could be accomplished,
leakage'of air and the attendant magnesium oxide formatioq and condenser
fouling problems would be much reduced. This would reduce the frequency with

which the condenser-crucible unit must currently be serviced. The overall

effect would not only be a substantial increase in production due to
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increased metal recovery and operating time, but also a ma jor decrease in
labor requi;ements. Furthermore, the potentigl combination of increased
recovery ?f magnesium as ingot due to the red#ction in losseg té magnesium
oxide formation and the inc?ease in productivity due to continuous operation
would signifiéantly reduce thg energy requirement per unit of product,A

The magnesium metal production rate of the mefalyochermic process is a
function of the efficiency with which the magnestﬁm vapor 1is trancportéd from
the furnace volume above the slag to the condenser. As one possibili;y,
Avery has proposed that an inert gas sweep be used to carry the magnegium
vapor from the furnace to the adjoining condenser. For reactions such .as
that of the Magnetherm process with a @agnesium vapor pressure of 0.1l
atmospheres, a massive flow of inert gas would be required (10 times that of
the magnesium vapor). Techniques would need to bg developed to recycle this
gas, and to.condense all the magnesium from it.

Avery also proposes to enhance the mass transfer mechanism between the
furnace and condenser by increasing the partial pressure of the magnesium
vapor to beyond 0.5 atmospheres. This can be accomplished by ad justing the
combination of reductant, raw material, and élag composition without
increasing the operating remperafure'abovc IQOOPG- The ruuummanéed rcducing
agents are high silicon and aluminum-silicon alloys while the preferred feéd
materials include dolime combined with higher percentages of calcined
magnesia. Slag compositions can.then be altered so as to reduce the slég—
meﬁal ratio and thereby increase the production rate of a reactor of given
size.‘ While these improveménts in the operation of the metallothermic fur-
nace appeér to be possible, they are yet to be demonstrated at the full com—
mercial scale.

Conversion of the metallothermic reduction process to continuous
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operation may create operational difficulties for the currgntiy used
condenser system. Unless the oxide deposits which now contaminate the con-
dénser can be eliminated, the condenser will continue to require periodid
éefviciﬁg. fhe preséncé of inert gas at atmﬁspﬁeric pressure could also pre-
éent engineering and technical ﬁroblems in a convéntional condenser. Avery,
reédgnizing these potentiﬁl problems, has suggested that a splash condenser,
'sﬁéh as’that develope& by3New Jersey 2ind Company and 111usfrated in
.Figure 4,5.1.4 be cohsidered(as). |

~The sﬁlash condenser would collect magnesium as a liquid,thereby faci-
litating its continuous or semi-continuous removal from the crucible. The
only potential difficulty with the splash condenser is the efficient
transport of the magnesium vapor from the furnace to the condenser. For
V examplé, while the proposed diffusion process 1is a viable transport
.'mechanism, it doeéAnot take fullAadvantage‘of the increased produccibn capa~
city of the reduction unit. Avery has patented several magnesium condensers

in this regard, one of which is illustrated in Figure 4.5.1.5(46).
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Condenser CO gas
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Figure 4.5.1.4: New Jersey Zinc Co. Splash Condenser.(27)

Reduction
Furnace
Paddle-Wheel
Mg (l)
SN
Mg (1)

Figure 4.5.1.5: Avery's Paddle-=Wheel Condenser.(46)
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4.5.2 Carbothermic Processes

The carbothermic magnesium reduction process produces a gaseous

oxide together with magnesium vapor'by the following reaction:
MgO(s) + C(s) Z Mg(v) + CO(g)

The reaction is at equilibrium under standard conditions at approximately
1850°cC. Unfortunately, at temperatures below 1850°C, thencarbon mbnoxide,
which is usually considered to be a reducing agent, acts as an oxldizing agent
because of ;He high chemical activity of magnesium. It is this reoxidation
of the magnesium vapor by carbon monoxide before the former can be condensed
that poses a technical challenge.

The principal methods of preventing or iﬁhibiting.the reversé reaction
are as follows:

1. The reaction products are shock-cooled through the critical

temperatute range, 1850° to 450°C. | |

2. The reactivity of tﬂe'feaction products is reduced by dilution

with an inert gas.

3. The magnesium vapor is separated from the carbon monoxide by

absorbing it into another molten metal.

Shock-cooling with a gas coolant -- hydrogen, methane, or other
hydrocarbon gases -- is actually a combination of«methods 1 and 2. The
condensate is a very finely divided dust consisting of metallic magnesium,
magnesium oxide, carbon, and any other impurities found in the feed. Pure
magnesium is distilled from this dust and subsequently éast as ingots. When
molten metal absorptiou is used, the ﬁagnesipm product is distiiled from the

absorbent metal which is then recycled.
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. Early attempts to reduce magnesium oxide carbothermically were unsuccessful
because of the reverse reaction. The first successful methéd used to prevent the
reverse reaction was shock-cooling with refrigerated hydrogen. Developed by
.F, J. Hansgrig in 1929, this process was used at plants in Austria, Korea, and

(47,48)

Wales dur;ng~Wor1d War II
‘The Permanente plant, built_in California duriuyg World War L1 with -an
annual capacity of 12,000 tons, was the most extensive development of the .

(49’50?. This facility, based 6n the use of natural.gas for

carbothermic process
shock-cooling condensation, was also the last application of the carbothermic
process. = The plant closed at the end of World War, IT,

An engineering and cost analysis of a hypothetical carbothermic plant
based on the Permanente facility was completed by the U.S. Bureau of Mines in
1967(6). This report presents a detailed desc;iptién of the unit operations of
a hypothetical 24,000 ton per year facility, complete wiiLh flow diagrams and

raw material, energy, and major equipment requirements.

Tn the carbothermie process, pellers of magnesium oxide and carbon react

ot

coﬁtinuousli in a closed, submerged-arc furnace operated gc 1950° to 2050°C.
The gasedus reaction.products‘pass from the furnace thrdugh a port into a
chil;iﬁg cone where they‘are quenched tg prevenf the back reaction. Usiné bag
filéers, the solid pro&uct is récovered as a fine magnesium‘ppwdef caﬁiaminatcd”
wi;ﬂ carbbn, magnesium oxide, and othér charge iﬁpurities; Aftef briquetﬁing,
the consolidated dust product is vacuum distilled ﬁo.recover pure magnesium
crysfals which are melged and cast as ingots. |
Quenching of the magnesium vapor has been accomplished on a.;ommercial
scale ix;‘the past with natural gas or hy&rogeh. The Bureau of Miné;: ‘has 'allso ‘
demohéc;ated the feasibilify of-usiﬁg'a molten metal, such aé lead, ﬁé an

effective quenching agent.(ss)
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" Gas used in the quenching operation can be recycled to the qﬁench after
- cooling and removal of the carbon monoxide produced with the magnesium. Such
removal, accomplished by absorption or by bléed-off and replacement ‘with fresh

(51).

- gas, 1is anAexpenSive operation
The qarbothermic magnesium reduction probess, an inherently efficient
process asAillustrated by Table 4.4.1, is critically constrained by the ineffiéiency
of current condenser technology. Billiton Research B.V. of .the
Netherlands,‘and others have ongoing research and dgveiopment proérams; which
report significant progress in this field. Potentiallinnovatiops~in magﬁeéium
vapor collection and process optimization from programs such as this could
poséibly result in the re-emergence of the carbbthermic magnesium reduction
process as an economically competitive technology; Recent advances are
' discussed in an earlier. section dealing with current and ongoing neéearch

and development.

A. Parlee-Anderson Liquid Metal Solvent Process

The use of molten metal as a condensing medium for ﬁhermically'prqduced
magnesium vapor was first developéd by J. D Hannawalt in 1943. inA:his
process, the reduction products are cooled by direct contact with the golten
, A .

Ametal - mercury, lead, or tin. The mégnesium is recovered from the resulting
éolution by distillation to remove the more volatile metal.

Parlee and Anderson have recently evaluated the unique propérties of .

liquid metal solvents and how these can be used advantageously in the.

(16,15).

development of novel ore reduction reactions For a variety of reasons
the liquid metal solvent reduction process may eliminate major -disadvantages of

the earlier carbothermic technology involving magnesium metal'recovéry.

+
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The Parlee-Anderson process drives the oxidation reaction
MgO(s) + C(s) Z COo(g)-+ Mg (&, in solution)”

.to the right by lowering the activity ;f the maénesium.’ There is no'tendenqy
‘toward retro-reaction because the magnesium is retained in the liquid metal
solvent while the carbon monoxide gas is removed.

Proceéses using this coﬁcépt would involve tw; stages; a reaction stage
and a separation stage. In the first stage, the'magﬁesium oxide énd carbén
wodld reéct.iﬁ an'épprbpriaée liquid meﬁal solvent and cafbon ménoxide would be
evolved. Tﬁe product would be a moltenlmagnesium alloy. This first stage is
expected to have essentially the samelt;pe of thermal effiéiency as a ferro-
silicon electrothermic production process. The .second stage wouldAinvolve
' seéatation of the résulting alloy by distillation and collection of the magnesium
product as a liquid. Not only would this make remelting unnecessary, but it
would also have significant safety advantages. It is quite éonceivable that the
liquid ﬁagnééium from the cSndenser could be taken through a barcmetric leg for
direct pigging. | |

Eckert and his colleagués at the.University\of Illinois‘héve made
extensive investigations of the thermédynamics of magnésium solvent ﬁetal systems
and have developed both expériméntal and theoretical modelé(ly-ZI). The reduc-
tion process in iead,‘tin, bismutﬁ, antimony, and some solvent mixturgs have
been investigated. Preliminary designs for two magpesium plants using different
solvent metals have been prepared(lg). Schematic¢ representations and rough cost
estimates based on mid-1977 prices have been prepa;ed based on laboratory scale:
equipment. | |

While the laboratory'studies of the process have demonstrated its.

technical feasibility, quantitative statements which concern its economic
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feasibility are prematuré Based oﬁ the current level of technical development.
However, this ihnovative modification of.the ‘carbothermic magnesium reduction

' process warrants further study and development.

> C ) . Lot

4.6 ASSESSMENT AND RECOMMENDATIONS

Introduéedvin 1961, the Magnetherﬁ pfocessArepreéents the SECGnd
ge;eration of silicothermic technology aﬁd esseﬁtially supercedes the original
Pidéeop process. While the Magnetherm ﬁrécess has‘continued its industrial
deveiopment to date, as measured by its expénsion-of ﬁnit production capacity
from 2.5 to 7.5 tons per day, it continues to operéte'SUbﬁect to the following
constraints: ; ) ‘

- 1. a maximum 6peratiﬁg teméeréture~of approximateiy léSébC;

2. a reduction furnéce‘vacuum requirement of 25 mm Hg; |

3.‘ a 20 hour Baﬁcﬁ opetatiné cyclé;

4;I a éondénsér tecﬁnoloéy whicﬁ-requires daily sérvluiug with 20
percent downtime dué to magnesium oxide f&uling;

5. a lack of basic information concerning the actual fahe.
Aetermining mechanisms.

In the fbllowing secfions, the constraints of current pfocesées are

assessed and recommendations for future work are made for existing and

proposed technologies.

4.6.1 Operating Temperature Range

Because the partial pressure of magﬁesium vapor is low at current

operating temperatures, a vacuum system is required to achleve adequate .

-~

production rates with all existing metallothermic processes. If an operating
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temperature sufficient to generate magnesium vapor at a pressure exceeding one
atmosphere éould be attained, it is likely that thére would bé ho need for the
vacuum system. With such a Substantiél payoff it is very important that every
effort be made to extend the operating temperatﬁre range.

Hoﬁever, increasing temperature is not an easy task. A solid slag
layer must be maintained to protect the reaction crucible and this currently
préhibits heating the slag mnrh above 1650°C. Other olag compositious vould
be used. In any case, going to much higher temperatures would require major

furnace redesigﬁ.

4.6.2 Reduction Kinetics

The basic thermal reduction unit developed and operated by SOFREM is
depicted in Figure 4.5.1.3. Very little information is available in the open
literature concerning the kinetics of this process other than the general

design of the furnace, approximate operating temperature, composition of the
“slag and feed materials, and the batch cycle time. Figure 4.5.1.3 also
illustrates the maximum and minimum permissible slag levels and indicates that
the furnace hearth forms one of the electrodes while the other. is fixed
vertically from the furnace ceiling.

The original Magnetherm patent indicates that when ftitggd dqlomite
and ferrosilicon are introduced as particles &2 to 20 mm in eizec) into the-
slag, the reactioﬁ takes plaée in the liquid phasg(sz). If calcined dblimé ;t
ambient temperature is charged to the surface of the liquid slag at 1500°C, a
viokﬁu:liberation of gas rgéults which carries slag particles into the

condenser and contaminates the condenser and collected magnesium metal.

Alternatively, if the calcined dolime is introduced hot at 800°C, all the




‘129

feed materials can be added simultaneously to the slag at 1500°C. Current
practice is that the raw materials be introduced in two stages: (1) -the
calcined dolime and alumina are.dissolved’in the slag, and (2) the: ferrosilicon
is then .added to liberate the magnesium vapor. The addition df ferrosilicon
must also be carefully controlled to avoid producing surges of magnesium vapor
which can exceed condensing capacity and subsequently invade and'pluglthe
vacuum pipes.

It is reasonable to assume based on the instantaneous and-violent
evolution of magnesium from the surfaée Qf the slag that'the reduction reaction
goes quickly to completion within the first few in;hes of the slag surface.
Magneéium'vapor bubbles produced at greater slag depths either float to or are
cafried'éo the surface by natural convection.or slag "roll-ovél;'"(8 )i; ﬁétural
coﬁvection within the slég also supplies heat to the surface reaction zone from
the hot éone associated with the submerged‘electrodé.

High grade ferrosilicon reductant adde& to the surface of the méit forms
an insoluble second liquid metal phase which sinks as globules through the
less dense'slag. As the ferrosilicon sinks it reacts to produce magnésium
vapor and becomes an increasingly denser, lOWEfegrade ferrosilicon globule as
its silicon content decreases. A residual low-grade ferrosilicon alloy of
roughly 20 percent silicon is produced and accumulates within the furnéée.
lf is much denser than the molten slag and tends to settle at the bottom of
the fﬁrnéce.

Based on the above discussion, the optimum magnesium thermic reduction'

furnace design should minimize the concentration of residual. reductant in ‘the

pbtentially most active reaction zome at the surface of the sldg, utilize 'the

hot zone as the primary reaction zone, and simultaneously minimize the amount
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of molten material which must be Eontinuously heated. The latter goal can be
accomplisﬁed by converting the present batch process to a continuous one.

This would require the continuous removal of slag and collection of magnesium.
Potential solqtions to these present constraints will be considered in '

subsequent sections following the discussion of optimum furnace design.
4.6.3 Furnace Redesign

If it is assumed that the reduction process can be converted from
batch to continuous operation, complete furnace redesign will be required to
accommodate continuous slag removal and magnesium metal collection. Given
these potential operating conditions, the possibility exists for creating a
continuous flow-through reduction feaction zone. Specifically, the task
would be to design a furnace with a reaction zone into which slag containing
feed material and high grade reductant are top fed. Slag and residual
reductant would exit from the bottom. In combination with an appropriate
magnesium condenser, this would convert the current batch process to
continuous operation with a commensurate increase in operating efficiency.

To supply sufficient heat to control the temperature of the molten
slag and to drive the reaction to completion during the relatively short
residence time of the reactants in the reaction zone will require substantial
temperature gradients. The convection produced by these gradients, rather
than being a detriment, may be exploited to enhance mass transport.

Recent developments in the computer modelling of electroslag refining
and welding processes could be adapted and applied te this proposed

flow-through reaction zone to quantitatively determine the temperature maps
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and stream-line patterns of the melt.(53}54) This information would greatly
a§sist the design and optimization of the electrode arrangement and subsequenf
production efficiency.

In summary, then,.to ihcrease production a pripary goal will be to
aqhieve an operating temperature sufficient to produce magnesium vapor of

greater than atmospheric pressure which would facilitate continuous operation.

4.6.4 Slag Removal. -

The current Magnethérm process requires that production be periodically
interrupted and the operating vacuum be broken for slag removal. In practice,
a solid plug is bored out (see Figure 4.5.13) and the excess slag drained
into a settling pot. After the slag ;evgl in the furnéce has returned to
its lower level, the tap hole is plugged and the system evacuated. The slag
removal operation, with simultaneous metal harvesting, results in a 2.5 hour
shut-down period for each 20 hour operating éycle. The elimiﬁotion of this
periodic slag removal requirement would proyide an immediate 12 to 15-percent
direct increase in daily production rate beforé any of the subsequent
improvements are considered., This improvement could permit continuous
operation at optimum production efficiency with significant reductions in total
labor requirements. Furthermore, if a;mospheric or.near;a:mospheric.pfessure
operation could be achieved, the slag could be rémoved, in pringiple, by a
sipﬁon arrangement, a bottom valve, or simply by tiltihg the reductiog chamber
to let the slag and heavy ferrosiliéon'residual re&uctént flow out

~ periodically or continuously.



132

4.6.5 ContinuousWMagnésium Collection

- The Magnetherm process currently uses a condenser/crucible unit fof.
magnesiumlmetal collection as illustrated in Figure 4.5.13. ThewconAenser
consists of a 1a;ge diameter tube in which the magnesium vapor condenses as -
a liquid. The 1liquid magnesium_rpns down the walls of the condenser. and .. -~
collects in a steel crucihle where it oolidifies. AL Lhe .end ot the 20 hour -
production cycle the condenser/crucible unit is disconnnected from'the
furnace and is replaced by a clean condenser and empty cfucible. The
magnesium from.the crucible is collected while the contaminated condenser is
- cleaned and serviced. Such a.condenser/crucible arrangement and batch
operation procedure must be replaced if continuous operation .of fhe therﬁica.
magnesium reduction system is to be realized.

The condensation step in magﬁesium pro&ucfion is an important rate
limiting factor and will become even more so as operating pressure is
increased. Improved condensation teéhnology is esséntial to improving the
technology and economics<of3mecélléthermic reduction processes. Work is .
needed on improving conventional condensers aﬁd sﬁrgy condensers. such as - ¢
those that have been proposed (Figure 4,5,14 and 4.5.15).

- What is needed is a condenser that:

1. 6ollects Lthe magnesium metal as a liquid and maintains:a low - .

equiliBrium vapor pressure, |

2. Has a large surface area to enhance condénsation,<.

3. 1Is close to the source of magnesium vapor.

4. Does not experience a degradation of efficiency during the course

of operating.
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4.6.6 Critical Assessment of the Current State of the Art

’ Since World War II, cémmercial development of éhefmochemical
processes for the reduction ofAmagnesium has been restricted to ﬁetallothermié
technology; the use of carbothermic technology ceased in 1945. Current
metallothermic technology as represented by the Magnetherm process evolved
- from the original Pidgeon pfoceés.‘ Both of fheseiprocesses are dependent upon
the same reductant and operate on a relatively small scale, producing a solid
magnesium product at reduced pressure via a batch operafibn.

The principal factor constraining the operational efficiency of the .
current Magnetherm process is the vacuum-requirementlof the metal collection'

system. Specifically, the vacuum'éccentuates-the leakage of air into the.

system. The oxygen and nitrogen in the air reacts with the cooling magnesium .
vapor to form magnesium oxide and nitride. This product consumes roughly a
fifth of the magnesium prpduéed and contaminates the condenser. The cénta@ina—
tion of the condenser is so extensive as to require daily removal and
servicing. This labor irtensive operation further degrades the operational

efficiency-of-the~metailothermic process.

The vacuum requirement of the Magnetherm éystem also dictates.;hét
the process bé operaiéd in batch mode. The vacuum must be broken twice per
productiod cycle to remove the slag.‘ It is during the second process
Interuption that the condenser/crucible afrangémént,is also replaced and
the reductant and feed material .bins are refilled: These operations
result in daily downtime in excess of 15 percent:
| The elimination of the‘facuum requirement would result in roﬁghly

‘a 25 percent increase in magnesium recovery with ‘a .correspouding dncrease:
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in energy efficiency at no additional cost. Subsequent conversion to
‘continuous operation would provide a 15 percent increase in production
capacity with corresponding reductions in labor requirements., -Such signifi-
cant payoffs in terms of productionvimprovemenfé underscore the éu:rent
inefficiencies of metallothermic magnesium techﬁology.

Cundenser efficiency also seriously constraine currcnt op;etaplmxlns.
Reductant and feed material charging rates must be carefully monigdfed to |
avoid generating surges in the magnésium vapor production rate. These
magnesium waves cannot be adcémmodated by the~1imited condensing capacity’of
current condensers and pass through to the vacuum pipes which subsequently
become plugged, causing shut-down of the proééss.

The design of the reduction furnace is also inherently inefficieﬁk.
Specifically, the heat . source is at the béttom of the fu;nace while the
principal reaction zone is at the surface of the slag. Ao the reductiuvu
p;ocess,proceeds and the slag level rises within the furnacé, thesé two
critical zones become more and more sgparated. The process is thereby
constrainéd by the convective flow of heat to the reaction zone.

| Magnesium metallothermic process development also suffers from a

lack of adequate thermodynamic and kinetic data. 'Improvements in the reduc-

tion reaction based on the selection of the optimum feed material, reductant,

slag mix would amplify all other précess improvements.

If the magnesium metallothermic process is to remain competitive,
radlcal innovations will be required to improve the current technology. The
primary goal of research in this area must be to.eliminate the vacuum
requirement of the system and to convert the process from batch to continuous

operation,
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4,6.7 Recommendations for Future Work

4.6.7.i Redqctéﬁts and Raw Materials

:The choice of the reductant to be used in the thermochemical reduction |
of magnesium is a major factor in the determination of operating cost and
énergy efficiency. The specific combination of reductant and feed materials'
at a given'operating temperature uniquely detefmines the composition and
volume of the slag, the reaction rate, and the equilibrium vapor pressure of
the mégnesium produced; There currently exists a sefious lack of available
‘Aaﬁa concerning the kinetics énd thermodynamics of thermochemical reduction of
magnesium oxides with various reductants. The limited experimental data
which do exist for various réductantsvusually disagree with calculated
;élues b& an unaccept;ble margin(s). The selection of optimum material-

reductant-slag combinations and development of improved thermochemical

technologies will clearly require the development of an adequate data base.

RECOMMENDATION Al: Make the necessary thermodynamic and kinetic
‘ measurements of the pyrometallurgical reduction

reactima for the various reductant-raw material
combinations over the temperature range of
interest, up to 2800°C, to provide a data base
of reaction rates, magnesium equilibrium vapor
pressures, and activity coefficients for all
reductant, raw material, and slag combinations.

RECOMMENDATION A2: Determine and evaluate the kinetic relationship
between operating temperature, reaction rate, and
subsequent energy and operating efficiency for
the various reductant-feed material combinations.

Currently, ferrosilicon alloy is the preferred reductant for

economic reasons. No other reductant is presently being used. However,

thermudynamic data suggeet that aluminum or aluminum alloys may be more

efficient. The use of aluminum is currently constrained by price. Whether
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this situation will change is dependent upon the future development of new
aluminum production systems -- such as a possible carbothermic prbcess for
aluminum silicon production -- or the technical feasibility of using low-

grade aluminum alloys recovered from municipal refuse incineration plants.

RECOMMENDATION A3: Investigate the availability and determine the
purity of low-grade aluminum alloys available
from municipal refuse incineration plants for
use as an alternative metallothermic reductant.

RECOMMENDATION A4: Investigate the current level of development
of carbothermic processes for aluminum-silicon
production. Determine the feasibility of'modifying
this process to produce a lower grade, inexpencive
alumtnum-szlteon alloy adequate for use in
magnesiun metallotherinic processes.

RECOMMENDATION A5: - Identify and evaluate the effects of the impurities
found in aluminum-silicon and low-grade aluminum
alloys on the production efficiency of the
metallothermic reduction process. Ideally, the
roaction sluy would aceommodate these impurities.
If this 18 impractical, techniques for removing
the specific undesirable impurities should bs
conszdéred

Binary and ternary allnys such as aluminum silicoir aud lron-silicoini-
mangénese have been recommended as possible metallothermic reductants wich
‘the subsequent production of saleable by-product binary alloys beneath a
silicate slag.
RECOMMENDATION A6: Invesiigate the technical feasibility of co-
production of magnesium and useful metallic master-
- alloys with metallothermic technology. Determine
the .economic impact of the alloy by-product, that -

' i8, ite effect on operating and capital cost, and
overall energy efficiency.

4.6.7.2 Metallothermic Process Development

The production rate and efficiency of current metallothermic

magnes ium technologiés is constrained by the vacuum requirements and
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iq;Aééuacies of condeﬁser techpolog&. The current magnesium vapor col;gqtion
, mecﬁanism'is based on the driving force of the magnesium vapor pressure
diff;rential between the furpace reaction zone and condenser surfacer The
entirevfurnace/condenser gystem is evacuated to facilitate this mass transport
mechanism. The reduced pressure atmosphere in the condenser also significantly
increaées the condensation rate. . Unfortunately, the reduced pfeésure also
enhanées the leakage'of air into the system making possible the reverse
~ reaction of thé magnesium with oxygén. Magnesium metal losses result and the
d%ide formed coats thé condenser and redﬁces its thermal efficiency. Further-
more, even with the partial vacuum, the current condenser is of only |
marginal efficiency upable to handle momentary surges in the magnesium vapor
production rate.

Maintenance of the vacuum requires that the entire system be closed

and therefore must be operated in batch~mode. If the system could be
ogerated at atmospheric pressure, metallothermic technology could be |
converted to continuous 6peration. Continuous process operaﬁion would
require continuous maénesium metal collectiovin and removo}.

RECOMMENDATION Bl: Support the development of innovative efficient'
eondenser concepts designed to operate at pressures
approaching or exceeding one atmosphere.
Possibilities include the use of inert carrier gas
systems and Ziquid metal splash condensers.

','Conversion of the metallothermic system to continuous operation
would also require the development of a continuous slag remoyal mechanism.

'RECOMMENDATION B2: Investigate fhe potential for modifying current
furnace design to accommodate continuous slag
removal using a barometric leg, gas-lift pump/bzphon

arrangement, or various other continuous or semi-
continuous slag removal techniques.



138

Assuming that continuous magnesium metal collection and slag removal
can be aghiéved, the design concept of a continuous flow-through reduction
unit becomes an important possibilify. The reduction crucible would be
redesigned to accommodate the selected reductant, feed material, slag'
composition, operating temperature, énd'potential innovations in slag removal
and metal collection, A comprehensive study of the thermal and fluid dynamice
characteristics of the molten slag would be requiréed to optimize the design
of the reduction unit and electrode arrangement.

RECOMMENDATION B3: Develop mathematical and experimental models to
establish the fluid flow, vapor transport and
heat transfer characteristics of the basic
-metallothermic system.

RECOMMENDATION B4: Assess various continuous reactor designs based

' on the mathetmatical models of fluid flow and
heat transfer phenomenu. Comstriict laboratory
scale experimental furmaces to verify the
mathematical models.

The scale-up of laboratory facilities to pilot plant or full
coumercial size is always a crifical design problem. Therefore, it is

important that the mathematical models for laboratory and inteimediate size

facilities accurately reflect the scaling characteristics of the process.

RECOMMENDATION B5: Analyze the operatmg characteristics of
laboratory and intermediate experimental metaZZo-
thermic facilities to establish the sealing condi-
tions and modify the mathematical models accordingly.

4.6.7.3 Carbothermic Process Development

While the carbothermic magnesium production process has not been

practiced since 1945, it is potentially the most energy efficient by far

of all the processes considered here (see Table 4.4.1). Unfortunately, the
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reverse reaction of the co-products,\magnesiuﬁ vapor and carbon monoxide gas,
severely constrains the production efficieﬁcy of this process. Recent
efforts have centered on solv1ng this metal collection problem.

One approach to minimizing the reverse reaction during condensation has
been to reduce to a minimum the temperature at which the reduction reaction'is
conducted. A recent U.S. Patent suggests that the carbothermic process can be
operated at as low as 1000°C in the presence éf metallic catalysts(zz)t'-Under
these conditions the reverse reaction of magnesium vapor and carbon monoxide to
form magnesium oxide, which occurs between 1850°C and 450°C during the quenching
stage of the standard carbothermic process, is minimized, A magnesium ﬁroduct
of 95 percent purity has been reported with this process.

An alternative apprdaCh:to'COIIectioﬁ of the carbothermic vapor preduct
is rapid rate separation and cooling of the magﬁesium vapor and carbon monoxide
gas cqproducts. An innovative technique for accomplishing this separation and
condensation has been suggested(za). This novel approach is based on the
concept of gas phase separation during expansion through a divergeul uvzzle
under conditions of underexpansion. The gases are both separated and
rapidly cooled as they diverge frpp‘the'nozzle exit at supersonic velocities.
The collected magnesium product is reported to be of very high purity.

RECOMMENDATION Cl: Develop mathematical and experimental models to

: characterize the thermochemistry, vapor transport,
and heat transfer phenomena of the basie carbo-
thermic process.

RECOMMENDATION C2: Initiate a program to evaluate alternative

‘ innovative techniques designed to overcome
limitations of the current carbothermic
process, for example, with respect to magnesium
vapor condensation and collection.

The innovative carbothermic process developed by Parlee and Anderson

avoids the‘charactéristic reverse reaction by never allowing the magnesium
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(14 16). Specifically, the

carbon monoxide gas’rises from the charge while the;magneéium product is’

removed in a molten metal solvent below the charge.

RECOMMENDATION C3:

Explore the further deveZopment of the Z’Lquzd

‘metal solvent process for the production of

magnesium beyond the Zaboratory arnle.  The
eritieal factors concerming solvent flow through
the reactor, solvent recovery,. and overall
energy efficienay and cost effoatwcnesa must
be further studied and evaluated.’
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5. THE ECONOMICS OF EXPANDED MAGNESIUM‘PRODUCTION AND UTILIZATION °

5.1  INTRODUCTION: MAGNESIUM IN PERSPECTIVE

.The'primary motiuation for expanded use of magnesium is energy
conservation in the transportation seetor,where fuei econom& is directlg
related to weight reduction. Magnesium, nith a density two-thirds that of
aluminum and - roughly one-fifth that of ferrous materials, is the 11ghtest
commercially available material., It is this low density which renders
magnesium partlcularly attractive for use in transportation applications
where weight reduction can result in 31gnif1cant energy sav1ngs over the
: lifetime of the vehicle.

Magnesium could serve as a substitute foria nide range of
materials,but its most attractive applications are as a substitute for many
of the current automotive uses of die cast aluminum and for those components
where light weight materials could be used to replace ferrous alloys.

Table 5.1.1 summariaes the broad range of alternate automotive arterials
potentially available and.the major weight reductions-that could be achieved
through the use of each. While some gains are available from dent resistant
and high-strength, low-alloy steels, more significant gains in weight reduc-
tion in the 40 percent or more range are available from ultra high-strength .
steel, wrought and cast aluminum, plastics (reinforced or Otherwise),iand
possibly superplastic zinc. The premier alternative automotive material with
respect to weight reduction potential is magnesium. In die cast applications,
magnesium competes primarily with aluminum, and to a certain extent with

plastics. Magnesium and HSLA stéels do not compete directly.



Table 5.1.1

€Candidate Alternative Automotive Materials

Percent Direct Weight
Reduction Potential

Wrought Material '
Low Carbon Steel (LCS) _—

.Dent Resistant Steels } 10 to 20
High Strength/Low Alloy Steel ‘ 15 to 30
Ultra-High Strength Steel 40 to 50
Aluminum (Al) " 50 to 60

Metal Castings

91

Grey TIron ' -

Al Die Casting 50 to 60
Al Permanent Mold Cas:ings 50 to 60
Zinc Die Casting ’ , ' 10 to 40

Magnesium Die Casting 75

Plastics (Relative to LCS)
_ Unidirectional Fiberglass

Reinforced Polyester.or Epoxy Resin 50
Sheet Molding Compound ' ’
Random Fiberglass—Reinforced-Polyester Resin 35 to 50

Unidirectional Graphite
Fiber Reinforced Epoxy Resin (Hybrid Reinforce-

ment with Fiberglass, Where Possible) 60 to 70
Continuous Fiberglass
Reinforced Nylon "STX" Hot Stampable Sheet : - 35

Adapted from: Proceedings of Conference >n Basic Research Direction for Advanced Automotive
Technology, U.S. Department of Transportation, Boston, April, 1979.
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According to Table 5.1.1, the following weight reductions could be
achieved by replacing 100 pounds of the current ferrous automotive material

with the necessary amount.of each material listed:

Direct Weight

Material . _ - _Reduction- (lbs)
‘AHSLA steel | - : 15 - 30
* Alumiinum | ' 50 - 60
Graphite fiber . ‘
reinforced composites ‘ 60 - 70
Magnesium 75

The critical question is whether the substitution of aluminum,
‘magnesium, and plastics/composites will result in life cycle energy
savings even though each pf-tﬁeée maferials requires much more energy to
produce than does, for exampie, cast iron. The answer is a resounding
"yes" as illustrated in Tablé 5.1.2 where the net life cycle energy credit
available from substitution of light'weight materials for cast iron has
been calculated. -

.The net energy savings calculation, which is also given in gallons
of gasoline saved per pound‘of each material usedlover the 100,000 mile life
of the vehicle, ingludes.an additional 50 percent ihdirect weight reduction
available from-vehicle redesign which takes full advantage of the direct
weight reduction. The "bottom line" is that enefgy savings from increased
gas mileage far outwéigh‘.the increased eﬁetgy cost of producing. the primary '
material. For example,vthe substitution of 6n1y'2'pounds of magnesium for
ferrous components in an aﬁtomébile'saves ﬁearly 1 gallon of gasoline per

annum.



- 148

Table 5.1.2

Total Life Cycle Energy Savings Obtained by'Substifution‘
of Light Weight Materials for Cast Iron

‘ Gréy

Category Aluminum Magnesium . Plastics __Iron
Energy to produce primary oo - .
material® (BTU/lb) : 110,290 144,400 45,000 8,100
Energy to recycle (BTU/lb) 2,776 2,865 ‘ - 2,982
() of recycled material 65 0 ' 0 ' 85
Total energy for production ' :
of material (BTU/1b) 40,400 144,400 45,000 3,750
Energy to produce castings, = . . o
moldings, etc. (BTU/1Db) 8,500 9,000 5,900 8?100
Total energy requirements -
(BTU/1b) 48,900 153,400 50,900 11,850
Net life cycle energy savings+ - _ ‘
(BTU/1b) 345,000 529,000 343,000 -

Equivalent gasoline savings '
(gal) : 2.8 4,2 2.7 -

+Energy saving results from increased gas mileage attributable to light weight
materials substitution for cast iron. Thie calculation assumes that L 1b. of
aluminum, plastics, and magnesium saves 2.25, 2.25, and 3.9 net lbs., respec-
tively, when substituted for cast iron. This assumption is based on reported
applications(l 2), The relationship between fuel economy and car inertia weight
in 1979 specifies that a one pound reduction in weight conserves 1.4 x 10-5

gallons of gasoline per mile travelad. (One gallon uf gasoline has a heat
content of 125,000 Btu.) .

*To avoid any possible confusion, all energy is given in kWh-thermal.

Note: Total weight savings attributable to light weight substitution
consists of both direct and indirect weight reductions. "Indirect"
weight reductions.are those which may be retrieved through the inter-
active effects on the total vehicle design (e.g., reduced overall struc-
tural requirements). If only direct weight reductions are considered

(e. g., as in Table 5.1.), weight reductions’ would be about 67 percent
those considered herein. :
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If only 50 pounds of magnesium‘wére to be used in a fleet of 10 million

. passenger cafs‘ the net energy savings 6ver thg service lifetkmé of this-
fleet would'exceéd 2.1 billion gallons of gééoliﬁé. This 'is the net amount
of ehergy saved after the total energy to produce the magnesium component
has been accounted for.

The majdf issue concerning the future uée of magnééium is economic
yiabiiity. Magnesiup is cleariy the mosg ehergy effigient automotive
materiai available and European automakers have more than a&equately‘
demonstrated its technical feasibiiity witﬁ more thén»45 ye;fs of
‘continuous use. It is the issde of price and availability which is
currently, and has essentially always Beén,'the limiting factor to expanded

use of'magnesiu@ in automotive applications.

5.2  PAST AND PRESENT TRENDS IN THE PRICE OF MAGNESIUM

Magnesium is most competitiﬁe in aﬁtomotive applications as a
casting. In this market if competes ﬁtimariiy with die cast aluﬁinum‘as a
substitute for heéviér ferrouS'auto components. Coﬁséquently, the dem;hd'
for magnesium in autpmotive applicafions is determiAea in the first ofder by
its price relativelfo aluminum;' | | o

| The pocéntial use of magnesium as a function df the price of aluﬁinumxA
has been quantified by the ;utoﬁOtive industry. This relationshié, as
iliustra;ed in Figufe 5.2.1, was presented by Ford in,1977 as representing
the.ﬁossible.levels'of magnesium usage per car by 1985 as a function of the
magnesium to aluminum price ‘ratio(B). Since 1977, magnesium has become

more attractive to automakers because of the U.S. Corporate Average Fuel



Figure 5.2.1:
POSSIBLE MAGNESIUM USAGE BY -1985

AS A FUNCTION OF Mg:Al PRICE RATIO
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Econoﬁy (CAFE) requirements, added consumer pressure for improved mileage,
and 1ts declining price ratio with respect to aluminum. This positive
pressure would tend to caﬁse the right half of the curve.in.Figure 5.2.1 to
move upward. However, the average size and weight of the U.S. automobile
is declining significantly thus requiring less light weighp material per
vehicle to meet mileage requirements. These two factors essentially offset
each other which leaves Figure 5.2.1 unchanged and represeﬁtative of the
eﬁrrent automotive market potential for magnesium, assuming an appropriate
3 to 5 year testing, réfooiing, scale-up lag period.

‘Recent trends in the price of magnesium and aluminum are illustrated
in Figure 5;2.2. For neéfly two decades the price of aluminum remained
fgirly stable as this industry pursued market penetration and sales growth
versus profiﬁ maximiéation. "Even during the early 1970's, under President
Nixon'é mandétory wage and price guidelines, the U.S. list price of
aluninun declined. It was not wntil 1973 and the Arab oil embargo, which
céincided with the removal of the wage and price guidelines, that the price
of aluminum began to rise. The aluminum industry reversed its pricing
policy in favpr of profit maximization lé;e in 1977. However, by 1978 the
U.S. aluminum industry found its list price tied to and constrained by
Pfesident Carter's voluntary wage and price guidelines. Consequently, a
two tiered world pricingisyStem developed in aluminum as illustrated in
Figure 5;2.2. The disparity between the London Me;als.Exchange and U.S.
iis; price peaked earlier this year and has since reversed itself due to the

current worldwide economic downturn.
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The list price of magnesium began to rise in 1970 after Having
remained constant thropghou: the 1960's. However, price increases were
consfrained by mandatory wage and pride guidelines during the early 1970's.
In 1973, when thé wage and price gﬁidelines were remo&ed and the Arab oil
embargo got underway, the price ofAmagnesiﬁm rose sharply.

It has been suggested that the rapid rise in the price of magnesium
bg;wggn41973 and 1975 was due to two distiﬁct factors. 'Tﬁe first was the
ob?ious‘increase in the price of energy which began in 1973. The second
factor was the change which occurred.in the pricing policy of the-magnesium
industry which.was due Eo the impending éhange in the nature qf'the industry
itself. _Specifigglly, in 1970, magngsium production capacity iﬁlthe United
Sféﬁés was expectgd to rapidly expand by 100 to 200 percent with the entry
of ;é§efal new 1afge;sca1e producers. This event was expected to cénvert
the U.S. magnesium industry from a single‘éource condition whicﬁ existed in
1969 to an oligopolistic orbevenAful}y compepitive condition. :in t;is
situ;tion, wherenlarge—scéle,multiple entry iptola sole supplier industry
is imminent, the optimum:ecbnomic stragegy'qf ﬁhe existing firm or firms is

to initiate a short-term profit méximizing policy. Such a shift in'pricing
policy would cause the price elasticities of demand for the‘product to rise
to a level of ﬁi,O‘pr gre#ger. Ah'econometric analysis of th; magnesium
'ﬁarket identified just such a shift}iﬁ the price elasticities of demand for
magqeéium'betweén the early and mid 1070's{4) . price elasticities of
demand which were consistently less than -1.0 during the early 1970}5 were
found to be coﬁéistentiy gr;éfgr than -1.0 in 1976 thereby identifying ;

specific shift in pricing polidy by the magnesium industry during this -

period.
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By 1977, the price of magnesium had more than &oubled and was reported
to be at the reinvestment lével. The price of magnesium has since risen
moderately unde; the current voluntary wage énd-price guidelines.

The subsequent magnesium to aluminﬁm price ratio is presented in
Figure 5.2.3. During the 15 years following World War II, the price ratio
never exceeded 1.3 to 1,0, Historically, its value has been consistently
less than i.6, a value which was first surpassed in 1974. Currently, the
U.S. list price ratio of magnesium to aluminum has settled to a level of
1.64 after having peaked at more than 2 to 1 in 1976. At its current price

relative to aluminum, magnesium is only marginally competitive with aluminum

in automotive applications.

5.3 THE CURRENT TOTAL DEMAND FUNCTION FOR MAGNESIuM

Automotive appliéations,'as illustrated in Figure 5.2.1, represent a
tremendous market growth potential for magnesium if it can be made
available at a price competitive with aluminum and other light weight
walerlals. The'c;itical question that remains ié how the automotive market
for mégnesium will dévelop.

Figure'5.3.1 was first prepared in 1977 to assist in establishing the
demand curve for magnesium(l). Ihe total demand function for magnesium con-

tains both an inelastic and clastic component. The inelastic portion of the

demand curve represents the currént non structural and special structural
uses of magnesium. This includes alloying, chemical, metallurgical, and
aerospace applications. The elastic portion of the demand curve represents
the potential autémotive demand for magnesium and is generated from the data

available in Figure 5.2.1 based on a $0.48 per pound list price for aluminum
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which prevailed in 1977. At that time the price of magnesium was $0.98 pérv
pound which suggests that magnesiumAwas priced out'of thé elastic automotive
ﬁarket. |

| If Figure 5.2.1 is representativeléf current automoﬁiye~demand for
magnesium, as suggested earlier, the elasgic portion of the demand curve
p?esented in Figure 5.3.1 can be revisedvfé reflect the 1980 level of
automotive demand using the current $0.76'per pound list\price of aluminum.

- The result is>presented iﬁ<Eigure 5.3.2. The inelastic portion of the demahd
curve is assumed to have remained éssentiaily unchanged since 1977 which is 
substantiated by recent consumption patterns and ﬁrendé. The elastic
automotivé portion of thé demand curve has shifted upward to the level wﬁere
magnesium, and especially die caét componénts, is now pricé competitive Qith
aluminum at a price of $1.25 per pound. N

‘While the literature has recorded numerous reports of the impending
magnesiﬁm.penetratioﬁ of the automotive market over the last séveral.dggades,
the data in Figure 5.3.2 suggésts that tﬁe economic or priée constréint has
fipally been satisfied for at least é small portion of the automotive market.

The future growth of the automotive ﬁarket for ﬁagnesium will be determined,
as in the'p;sf, by-?he relative price of magnesium aﬁd aluminum.(lIf the

:price fatio‘of magnesium to aluminum continues to decline, which would cause
tﬁe elastic portion of the demand function to continue to rise, a U.S.

automotive market for magnesium larger than current total U.S, consumption

ébuld be created.
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5.3.1 Constraints on the Magnesium to Aluminum Price Ratio

Figure 5.3.2 suggests that a 10 percent reduction in the price of
. magnesium relative to aluminum would create a U.S. automotive;marREt for
magnesium ofﬁrough1?.7§,090?tons per annum. ﬁConsequently, the critical
question is whether there is room for such a‘redu;;ion in theicurrent 1.64 to
1.0 price ratio of magnesium to aluminum. y |

As recently as 1970 the:price ratio of magnesium to aluminum was as-
low:as 1.25, Figure 5;2{3. Its climb to mor; than 2 to 1 by 1975 Canngt‘
Bé fully justified in terms of.tgchnical-factors'alone-due to the
similarities of the technology employed for électrolytic production of
magnesium and alumiﬁum. A National Matgriais Advisory Board reached the
same conclusion in 1;75; whé; it reported that based on technblogy then
available'the.COSt of magnesium ingot should be no more than 25 to 40 percent
higher than the cost of aluminum ingdt(s)l

As discussed earlier, a portion of the increase in the price of
magnesium befween 1973 and 1925 can be attribuﬁed to a shift in‘the~pricing
policy of the magnesium‘industry. This change in pricing policy'has beeﬂ'
calculated to have cont;ibutéd betwéen $0.13 gnd‘$0.30 per pound to the
price of magnesium(a). This increase in the price of magnesium';epresents
the differerice between the historical trend‘in the price of magnesium
relative to aluminum and the peak which occur in this ratio in 1975.

Since the mid 1970's, the ‘price ratio of magnesium fo aluminum has
settled_to its current level of 1.64 to 1.0. A 10 percent further réduction

in the price of magnesium wouid reduce the current price ratio to 1.48., At

this level the price ratio would be‘ip basic agreement with its long term
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historical trénd as recommended by the Nation#i Materials Advisory Board and
as suggested by Figure 5.2.3.
| The magnesiuﬁ to ‘aluminum price ratio appears to have eétablished a
new minimum value of roughly‘i.65;"The fatio was established eéfly in 1980
and has beep maiﬂtained th;ough the last two major price increases in bpth
magnesium and aluminuﬁ. The reason for this behavior is clearly illﬁétrated
in Figure 5.3.2. “Any further decline in the price ratio of magnesium to
aluminim would createAé substantia} automotive'market for ﬁagnesium.
However,.the magnesium industry is currently operating at roughly 95<perqept
of capacity and, thergfore, simply does hot currently have the production |
capacity available to supply an expanded automotive market for magnesium.
' Consequently{ magnesium is priced at the supply/demaﬁd equilibrium wﬁich
'leAVes the automotive market marginally acéessible to magneéiﬁm.~

Under thebé conditions, .the long term,magnesium‘to aluminum pficc
ratio can be expected to decline slowly as production capacity is expanded
.to méét ;hé‘automotive'demand for magnesium. However, there is little
incentive'forxcurrent magnésium producers to attempt'to penetrate the
automotive market due to the inelastic nature of the current non-automotive
market for magnesiuﬁ, Figure 5.3.2. Specifically, in the current inelastic
mar?et. the magnesinm producéro are relalively immune to pfice fluctuations.
For exatiple, the price of magnesium sold as an alloying agent is relatively
ihéénsitive to the price fluctuations of the alloy itself since it, magnesium,
représénfs only a small.fractinh of the totalAcos; of the allqy; if~
ﬁagnesium were to penetrate the automotive market, it would necessarily have,
to combete on a price basis with ;he‘other light we;ght materials in this

extremely competitive market. The inelastic market for magnesium would
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become subject to these price fluctuations since it and the elastic

automotive market cannot be effectively separated.

5.4 AN ECONOMIC ASSESSMENT OF MAGNESIUM PRODUCTION TECHNOLOGY

Magnesium penetration of the automotive market is expected to be‘ad
slow evolutionary process given the curreﬁf industrial and econbmic’structure
of the U.S. and world magnesium industry. ~ However, this need not be the"
"case. Tﬁe use of magnesium'by the autoﬁotivg'industry would expand rapidly .
1f magnesium were made avaiiable at a more attractive price, specifically, ‘a-
price of less thaﬁ 1.6 times the price of aluminum (Figures 5.2,1 and -5.3.2).
Since-the current magnesium iﬁdustry is reluctant to price magnesium below-'a’
price ratio of 1.65 with aluminum, rapid penetration of the au;omotive market
is unlikely to occur.

It appears tﬁat'fhe necessary requirement for rapid penetratidn'of_the
autohotivé'markgt is entry into magnesium produétiop by a new firm or firms .
_with-the“specifi; stratég& of'ﬁricing magnesium to compete wiﬁh alumipum.
This enfryxintO'magnesiqm production must also be of a sufficient scale to
attract ‘the automotive cusfoﬁer. If a part or parts are to be designated in
’ magnesium, the automaker must be assured that sufficient material is available
from multiple sources to accommodate the conversion to magnesium throughout
the fleet consisting of millions of vehicles. It is the magnitude of this
dutomotive market and the tremendous mafket'érowgh potential that it
poténtially-fepresen;é for magnesiuh which prgvides the motivation for.

largé-scale entry.
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The corporate decision to enter into magnesium production must
necessarily be based on an assessment of the ability of magnesium to compete
on-a price basis, iﬂ this case with aluminum in automocive‘gpplicatiﬁns. It
has been suggested earlier in this chapter that magnesium could be price
competitive with aluminum basgd on an assessment of past and present trends
in relative price. However, an assessment of the cost of producing magnesium
by -various techniques is required to quantify the competitive position of

magnesium in automotive applications.

5.4.1 Historical Developments in the Production Economics of Magnesium

‘During World War II, magnesium production capacity was expanded
rapidly by the Defense Plant Corporation at the request of the War Production
Board. A total of thirteen magncgium plants were built in addition to nine
aluminum plants. Magnesium production and consumption reached a pcak during
this period to which it is only now returning, Figure 5.4.1.1. Aluminum
production exceeded that of magnesium by only 4 to 1 iu Lhe early 1Y4U's
versus the cufrent 33 to 1 ratio, |

Production data tor the wartime magnesium and aluminum facilities were
made avaiiéble by the Defense Plant Corporatioﬂ;a; the end of the war(6).

The Lglahi;e cost: of producing ﬁagnesiumléndAaluminum in 1945 in the more
eff;cient of these gdvernment built plants is presented in Table 5.4.1.1.

The most efficient government-buil;:planc fhen in operation produced magnesium
at a cbst.of 11.5 cents per pound. The most efficient government-built
aluminum plant in existenée at that time prodﬁced aluminum at only a slightly

4(®

lower cost, 10.6 cents per poun . ‘These production cost figures imply a

pricing'rétio of less than 1.1 to 1.0.
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TABLE'S 04. 1.1

- Production Data by Magnesium and Aluminum Facilities Built
by the U.3. Government During World War IT .

%91

. Magnesium Facilities . . _Aluminum Facilities.
Paines- . Las o ' Trout- Jones Los
Velasco ville Vegas Luckey*. Spokane dale: Mills Angeles
S (¢/1b) _ (¢/1b)
Raw Materials ’ 1.1 5.2 4.4 9.5 5.6 5.8° 4.7 5.7
Labor ‘ | 3.1 1.8 3.8 1.9 1.0 1.3 1.0 1.6
Energy - 1.8 5.2 2.5 2.4 1.8 " 19 4.0 O 4.3
Supplies, ‘etc. 2.2 1.8 1.9 - 2.9 - 2.2 2.0 2,00 " 2.1
Direct Operating Cost » 8.2 14.0. 12,6 16.7 10.6 = 11.0 11.7 13.7
Overhead ‘& Administratfon . 1.9 . 1.0 . 3.3 1.0 - - - -
Fees, Taxés, etc. , 1.4 = 1.3 2.1 0.7 - c » - I
Total Cost: lowest single 11.5  16.3  18.0 . 18.3
month A »
lowest 3 month 12.1  16.5 18.7 18.9
- period S S ‘ B . ) - ) B . : -
lowest 9 month ' . - 10.6 11.0 . 11.7 ©13.7
period ' ' : ' o
Average Overhead, Administra- ' : ' 3.2 3.2 3.2 3.2
tion, Fees, Taxes;. etc. for o
Mg Facilities ,
TOTALS : S . 12.1 16,5  18.7  18.9  13.8  14.2 149  16.9

*Ferrosilicon, all others electrolytic
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At the close of World War 11, magnesium production and use declined
substantially, ‘Figure 5. 4.1, 1, and all U.S. facilities were closed with the
exception of Dow's plant in‘Iexas. In contrast, the aluminum industry grew
rapidly and somerof thejoriginal wartime aluminum facilities, with modifica-
tions; are still in operation. | ' - ‘

The magnesium industry, having.remained relatively small; has not been
able to match the amounts of capital devoted to research and development~by
the aluminum industryv Since currentVtotal magnesium production amounts to
only 2 percent that of aluminum, it is not unreasonable to expect a corres—
ponding level of research and development expenditure. Nevertheless,i
significant improvements have been made in magnesium production_techndlogy
as relected by reduced total production energy'requirements, Table 5{4.1.2,
and as discussed in the previous two‘Chapters. ’

Over the past three decades, the energy requirement of tne electrolytic
portion of the magnesium process has declined by nearly 45'percent. 'This is
roughly equivalent to the improvement in the energy efficiency of aluminum
electrolytic cell technology over the same period( ). The parallelism(in
the improvement of'the energy efficiency of these two processes is toibe&
expected due to the similarity of the technology involved.‘ This fact'makes

it even more difficult in technical terms to Justify the recent divergence

in the relative price of magnesium and aluminum, Figure 5.2.3.

5.4.2 The Economics ofiCurrent Magnesium Production Technology

In ordéer to detérmine the economic viability of expanded magnesium use
in the automotive sector and the potential of technical developments and

. innovations to'modify future magnesium production costs, it is first necessary
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Table 5.

Energy Requiremeﬁts for

Process

Electrolysis and Thermal Reduction

Dow: 0ld Cells (7

Modified IG Cells‘®)
Alcan: New Cells(8)
U.S.S.R.: Diéphragmless Cellgi8)

Norsk Hydro: 01d IG Cells
New Cells(lo) :

Bipolar Cells*

SOFREM: Magnetherm(11)

Cell/Furnace Feed Preparation

(7)

Dow: Seaﬁater/Dolomite

NL: Solar Ponding(lz)

Nalco: Solvent Ext:ract:i.on(l3)+

Ferrosilicon Reductant(ll)

*Projected

+Laboratory scale level of development

4.1.2

Magnesium-Production

Energy (KWH/Kg Mg) -

21.3
15-18
14
13-15

13-14
12-13

10

17.2

14,4
16
’ 5.0"8. 4:

11.7
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to quantify the capital and operating costs of current magnesium primary
production processes. ’

Capital-cost calculations for the DOW'sgawater process, médified I1G
-Farbenindustrie process with Gréat Salt Lake solar ponding, and Magnetherm
process are presented in Figure 5.4.2.1. These calculations are based on
both curréntly available and historicél capital cost data. The Chemical
Engineering Plgnt Cost Index is ﬁsed as the best available eécalation factor
to conﬁert-all of the.availablé capif&l cost data to current 1980Adéllars.Al
Since the capital cost data correspond to a range of facilities with various
levels of production capacity, the "six-tenths rule" techﬁique has been used
to generate the normalized functions preéented in Figure 5.4.2.1. The slopes
of thése calculated log=-log normalized éapital/capacity curves do approximate
the six-tenths rule. It should be noted that there are inherent error terms
. associated with six—tenth rule calculations and the use of ;apital cost
escalation factors. ‘Consequently, the curves presented in Figure 5.4.2.1.
should be assigned a +30 percent confidence interval.

At the lower levels of annual production capacity,-the Magnetherm
process appears to be the least capital intensive, For larger capacity
facilities, the economies of scale associated with the Dow process make it
the least capital intensive of the processes considered. The mo&ified I1G
process is the most capital intensive over the range of capacities considered.

The operating cousts for the three major domestic magnesium production
technologies have been calculated, Figure 5.4.2.2, for greenfield facilities

with the following geographic specificationms:
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Figure 5.4.2.1: Estimated Capital Cost Requirements.
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1. Dow seawater process — Texas,
2. IG Farbinindustrie process based on solar ponging —- Great Salt
Lake, Utah, and |

3. Magnetherm process —- Washiﬁgton.'

All of thé prod#ction éost factor inputs, such as raw and operating materials,
,utilities, labor, overhead, by-product credits, taxes and insurance, and
depreciation, are included in ‘this calculation. |

The curves prgsented in Figure 5.4.2.2 reflect the capital cost
requirements presénted in Figure 5.4.2.1 and tﬁerefore represent the total
cost per unit of output for these processes at various levels of production
capacity. By-product credits are assigned only to the Magnetherm process.
Chlorine credits for the anhydrous mod%fied IG process; while possible, are .
not included here because of potential chlorine marketing problems.

The calculated operating cost curves of Figure 5.4.2.2 indicate that
domestié.greenfield facilities based on curfently available technologies are
very cost gompetitive. The Magnetherm process is espimated to be the most
cost effective while the modifiéd IG process is the least cost effective.

The hydrous Dow seawater process is estimated to be at a slight operating cost'
disadvantage compared with the Magnetherm process. ﬁoweve:, it should be
noted that tﬁese calculations are for greenfield facilities and not the
actuai facilities currently in operation. For instance the Dow facility in
Texas, due to ité age, would not have the full capital depreciation charge
fo éoncand with andrwbuld subsequently be much more economically competitive.
It should also be noted that the geographic specifications made here for

‘these processes may be suboptimgl.
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At the current magnesium price of $1.25 per pound, it is clear from
Figure 5.4.2.2 that entry into magnesium production based on existing-
‘techpology would result in a positive cash flow. For example, entry at a
production capacipy level of S0,000-tons per year would result in a pre-tax
‘return on investment of roughly 20 to 30 percent. However, this return on
investment is marginally sufficient to‘warrapF entry into magnesium production
geared towards the existing inelastic, non-stgpqtural market. Since(
penetration of the automotive light weight materials market will require a
10 percent or greater reduction in the current price of magnesium, Figure
5.3.2, the production economics of existing magnesium technologies preclude

entry directed specifically towards penetrat;qp'of the automotivé market.

5.4.3 Future Magnesium Production Economics and the Automotive Market

Figure 5.4.2.2 implies tﬁat a new greeﬁfield magnesium f;gility, based
on currently available tgqhnology, wpuld be gFonomica11y viable ih>fh§
current nonstructural market for magnesium. However, the profit margin 3
available from such a facility is insufficient to allow for.the 10~pefcent
price reduction required to penetrate the aﬁtomo;ivé‘markec.' Consequently,
a 10 percent increase in production efficiency based oﬁ process iﬁnovatidns
or impfovements with a corresponding reduction in the producti&p cost of
magnesium is requirgd to make the automotive market available té magnesium
on a competitive price basis.

The critical question concerning the future.potential ofAmagnesium in
the elastic automotive market is whether a modest 10 percent or greater
improvement in magnesium production efficiency‘ié possible. This gbal

appears to be reasonable in light of recent developments. For example, Dow



172

is currently engaged in a lO.vear (1975 to 1985) energy conservetion“program
aimed at reducing;total energvlrequirements by 30ﬂpercent at their nagnesium
facilitv. At current energy prices, this will result in roughly a 10 percent
reduction in production costs. In addition, Dow is also currently piloting a
new electrolvtic magnesium‘prnress which will furthcr reduce total energy -
requirements by 20 percent( ). These two programs combined’to provide the 10
percent productivity improvenent necessary to compete etfectively in-them
automotive market. However, the effect of the new technology on production
.efficiency will be diluted by the continued operation of the old technology.
Consequently, penetration of the automotive market will he a slow evolutionary
process throughout the 1980's,‘given this scenario.

- On the othervhand, new technologies hevegrecently been proposed upon
which newy more efficient facilities would be-besed. For'example, a new high
purity electrolytdc cell feed preparation process has been proposed by Nalco
Chemical Company which requiras anly half the onorgy of current - |
technologies(l3). Cell feed prepared in this‘way could increase the efficiencv
‘of existing cell technologv and-reduce total production cost. '
| The Nalco‘scenario is.but one of several suggestions made in Chapters
3 and 4 for improving the production efficiencv of electrolytic; metallo— |
thermic, and carhothermicAmagnesium=prnduction technologieo. Fnr~example,
suggestions,have been made for convertingvcurrent'metellothermic technology
from batch to.continuous operation. This innovation would directly reduce -
operating costs by 30 percent by eliminating the current losses of magnesium

to magnesium oxide. U;S.‘patents-describing innovative carbothermic pro-

cesses have also been discussed. These couldilead to the reintroduction
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of the carbothermic processes which is inherently the most energy efficient
of all the magnesium production technoiogies considered.

It is obvious that sufficient potential exists to improve tne
effieiency ofamagnesium production technologies Bv.more than the ib percent
required to-initiate'penetration’of the automotive market; Houever, if
magnesium penetration of the automotive market is to occur rapidly, a research
' and development effort will be required to demonstrate the commercial
viability of one or moreiof the suggested technical innovations. .Folioving
this; the growth'potential.of’the-automotiveAmarket will provide theﬁfinancial

incentive for a firm or firms to commercialize this process.

-5.5 . A FRAMEWORK FOR ANALYZING THE POTENTIAL FOR MAGNESIUM PENETRATION
OF THE AUTOMOTIVE MARKET

A framework for analyzing the dynamics of intermaterial competition

has been develnped tn evaluate the necessary conditions for and botent'ial

of magnesium.penetration of  the automotive market. This framework consists:

of an economic/engineering systems simulation model, the structure of which

represents the three major determinanta of automotive international
competition:j
.1. the demand for automotive materials as influenced by general
levels of economic activity and technological change within the
automotive market,
-2, the production capacity-and avaiiability of materials as

determined by the supply-demand.balance of competing materials,

and
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3. the desired market split of the automaker for materials as
established by economic and technical feasibility.

It is expected that the simulation model will be useful in analyzing the
substitﬁgioﬁvdynamics and as;;¢iafed demand for eifher two substitute
materials in a specific fabricated form in a particular end use, or more
generally for all substituté‘materialswiﬁ any forﬁ‘for all aprlications
within an end use sector.’ ~ . . S

The scope and'stfucture 6f the simulatioﬁ‘modél is described in a
current publication which is enclosed as Appendix I of this chapter. Work

‘f_

is continuing in this area.
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