The three basic processes that are applicable
R to the production and treatment of manganese ferro-
o alloys are: the smelting of the ore, the remelting

THE PRODUCTION OF MANGANESE FERRO-ALLOYS IN of ferro-alloy fines or other physically unaccep-
oo table forms of the alloys, and the refining of
TRQ o RRE)‘ n [ ?
NSFE ARC PLASMA SYSTEMS the alloys to yield a product with a lower carbon

or silicon content than that of the alloy pro-
duced initially.

‘ In the present study, plasma technology was

ij}fs?7§¢h6£EZEE"and T.R. Curr applied to t?e pro?uct%o? of manganese ferfo-

e S alloys, and its suitability was evaluated in
Council for Mineral Technology, Private Bag X3015, the context of these three processes.

-Randburg, 2125 South Africa
ITransferred-arc Plasma Systems

Two furnaces were used in the tests: a 1400
kVA furnace manufactured by Tetronics Research
and Development Limited (TRD) and a 100 kVA fur-
nace at Mintek. Both furnaces employ direct cur-

Introduction rent (d.c.), and operate with a single electrode
as thé cathode and the molten bath as the anode.
Manganese ferro-alloys are usually made in The molten pool of process material forms an

submerged-arc electric smelting furnaces. These integral part of the electrical circuit, and the
furnaces are of the three-phase type, employing furnaces used in the experiments can therefore
three carbon or graphite electrodes. The electro- be classified as d.c. transferred-arc plasma fur-
des project through the charge, which is choke-fed naces. In the 1400 kVA furnace, a water-cooled
at the top of the furnace. The arc is buried or tungsten cathode (plasma gun) was used; in the
submerged in the charge material, and the off- 100 kVA furnace, graphite or water-cooled tung-
gases escape through the porous burden. Al though sten was used gs the vathode material.

the submerged-arc furnace is a proved and efficient
system for the production of ferro-alloys, it has

some distinct disadvantages {1,2). for -example, The Mintek 100 kVA System
¢ if the burden is to maintain a suitable degree of ' :
porosity, it is inadvisable for very finely sized The furnace (Figure 1), which has
material to be fed to a submerged-arc type of cribed previously, consists essential ¥
furnace, The presence of fines in the feed results 100 kVA d.c. power supply, and a.refracto -
in impermeability and the building-up of gas lined steel shell of 600 mm diamefer & r
pressure within the burden, followed by an explo- tains the molten bath (6). A hollow graphite
sive release of this gas, commonly known as erup- electrode of 50 mm diameter or a water—cooled
tion (3). Also, it is extremely difficult, if at plasma gun of 30 mm diameter is employed as the
all possible, for the carbon electrode to be cathode. The single cathode is located centrally
excluded from the reaction zone, which is desir- above the molten bath and enters the furnace
able in refining processes for the production of through a water-cooled seal. Argon or nitrogen
alloys with a reduced carbon content. In the is used as the plasma gas at flowrates between
submerged—arc remelting of fines, the high elec- 5 and 15 1/min, depending on the power level
trical conductivity of the fines lowers the employed. Three steel anodes of 40 mm diameter
electrical resistance of the burden, and conse- project through the refractory hearth and are in
quently limits the input of power to the furnace. direct comtact with the frozen heel and molten
bath. The roof has three apertures: a central
Plasma-arc techneclogy provides an alterna- entry port for the electrode, a feed port, and
tive method for the treatment of ferro-alloys, an off-gas duct. A vibratory feeder or a screw
in which the above-mentioned disadvantages can be ¢feeder is used to deliver material through the
obviated to some extent (2,4). single feed port into the bath. Thermocouples
are located at various positions in the refrac-
For example, in most existing plasmz systems, tory lining, the roof, and the anodes. The tem—
fine feed materials can be used direct, without perature recordings are used as a guide in the
prior briquetting or agglomeration. Alsc, a wider monitoring and reproduction of the operating con-
range of carbonateous reducing agents car be used ditions. Material is fed intc the furnace at a
in plasma furnaces thac in conventional furnaces. controlled rate while the bath is maintained in
In South Africs, the Council for Mineral Technology a molten state by the utilization of a power
(Mintek) realized the potential benefits of plasma level sufficient to balance the loss of heat from
technology some years ago. Test facilities rated the furnace and the thermodynamic energy require-
between 50 kVA and 3.2 MVA have been built since ments for the process. The furnace capacity is
so that assistance can be given to the ferro-alloy about 50 kg of ferromanganese, and typical elec-
industry in the evaluation of thermal plasma. trical operating characteristics are 90 V, BOC A,

and about 70 kW at arc lengths of between 50 and
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100 oxm. A normal smelting campaign lasts for a
few days, and the furnace is tapped every 1 to
2 hours.

For first—-stage work, the 100 kVA furnace
is operated on a somewhat smaller scale and at a
lower power level of about 30 kW (Figure 2).
Prebaked, high-magnesia crucibles with an inside
diameter of 200 mm and a height of 400 mm are em-
ployed. The anodic connection is established with
one steel rod that penetrates centrally through
the bottom of the crucible. The crucible or re-
fractory pot, with a working capacity of about
10 kg of ferromanganese, is replaced after each
test run. Experiments carried out with this
arrangement are referred to as 'pot tests'.

The TRD 1.4 MVA System

Large-scalé tests were conducted on a 1.4
MVA sytem develdped by TRD. That furnace, which

'is shown schematically in Figure 3, consists of

@ cylindrical steel shell with a dish-shaped
bottom and a domed roof. For the present inves-
tigation, the walls were lined with magnesia-
chrome bricks, the hearth was made of cast mag-
nesia, and magnesia bricks were used for the
roof. A water-cooled plasma gun was mounted cen-
trally in the roof and precessed mechanically in
a conical motion to facilitate the even distri-
bution of the energy over a large amrea in the
hearth of the furnace. The system had a single
horizontal exhaust port, three feed ports spaced
at equal intervals round the central plasma gun,

‘and a central steel anode projecting through the °

bottom of the furnace. More-detailed descriptions
of the TRD system are available in the literature
(7-10).

The Remelting -of Ferromanganese Fines

During the sizing and handling of ferro-
alloys, considerable amounts of fines smaller
than 6 mm are generated. There is a limited mar-

ket for these fines, and only a2 small quantity

can be recycled to the submerged—arc furmace (11).
Preliminary remelting tests were carried out in
the Mintek 100 kVA furnace using a graphite elec-
trode as the cathode. A total of 180 kg of high-
carbon ferromanganese metal fines were remelted.
The chemical analyses of the feed material and

the average analyses of the ferromanganese pro-
duced are giver in Table I. The metal fines con-
tain a small percentage of slag, which is included
in the analyses for manganese, iron, and silicom.

Further remelting tests were conducted in
the TRD 1.4 MVA furnace. The furnace was operated
at a power level of 450 kW (1400 A, 300 V), and
about 4.5 t of metal was tapped continuously in
two campaigns lasting a2 total of 8 hours. The
specific energy consumption was 795 kW.h per ton
of metal produced. The losses of manganese in the
baghouse represented 0.65 per cent of the manga-
nese fed to the furnace, and about B per cent
of the feed reported to the slag. As a result of
the relatively small scale of the furnace, the
thermal efficiency was about 75 per cent compared
with an expected value of over 90 per cent for
operation on a larger scale, for which the speci-
fic energy consumption would approach more close-
ly the theoretical value of 450 kW-h/t. The
chemical composition of the consumed metal fines
and the produced alloys are given in Table II.

The remelting operations resulted in some
refining, in that, in each instance, the silicon
content of the produced metal was markedly lower
than that of the original ferromanganese. The
carbon level, on the other hand, was reduced only
marginally. The remelting was also characterized
by a decrease in the manganese-to-iron ratio of
the alloy, caused mainly by the removal of the
entrained slag, which has a very high manganese-
to-iron ratio.

The Co-melting of Ferromanganese and Silicon Finmes

High-carbon ferromanganese and silicon fines
were remelted simultaneously in an attempt to
produce a valuable low-carbon silicomanganese
from off-grade metal fines. It should be noted
that Mintek has successfully remelted ferromanga-
nese and silicon fines separately in a transfer-
red-arc plasma furnice (12,13). The co-melting
tests were carried out in the Mintek 100 kVA for-
nace using a graphite electrode as the cathode.
Initially, a heel of mild steel was established,
after which 440 kg of metal fines, divided into
12 batches, were fed to the furnace. The furnace
was tapped after the remelting of each batch of
material. The 12 melts consisted of three series
of four melts each. The silicon-to-ferromanganese
ratio was increased in steps, from 0.18:] for the
first series of four batches to 0.38:1 for the
next series and to 0.67:]1 for the last series.
Different ratios were employed in the three suc-
cessive groups of rums to yield alloys with vari-
able silicon contents, The composition of the
feed materials and the average analyses of each
series of melts are given in Table III.

TABLE 1

Remelting of FeMn fines in the Mintek 100 kVA furnace:
chemical analyses of the feed and the product (% by mass)

Material Mo Fe Si c s P
High-carbon ferromanganese < 6 mm 73.7 13.5 1.8 6.6 0.03 0.12
Metal product 75.3 17.1 0.5 5.8 <0.01 0.08
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100 mm. A normal smelting campaign lasts for a
few days, and the furnace is tapped every ] to
2 hours.

For first-stage work, the 100 kVA furnace
is operated on a somewhat smaller scale and at a
lower power level of about 30 kW (Figure 2).
Prebaked, high-magnesia crucibles with an inside
diameter of 200 mm and a height of 400 mn are em-
ployed. The anodic connection is established with
one steel rod that penetrates centrally through
the bottom of the crucible. The crucible or re-
ractory pot, with a working capacity of about
10 kg of ferromanganese, is replaced after each
test run. Experiments carried out with this
arrangement are referred to as '‘pot tests'.

The TRD 1.4 MVA Systexm

Large-scale tests were conducted on a .4
MVA sytem developed by TRD. That furnace, which
is shown schematically in Figure 3, comsists of
a cylindrical steel shell with a dish-shaped
bottor and a domed roof. For the present inves-
tigation, the walls were lined with magnesia-
chrome bricks, the hearth was made of cast mag-
nesia, and magnesia bricks were used for the
roof. A water-cooled plasma gun was mounted cen-
trally in the roof and precessed mechanically in
a conical motion to facilitate the even distri-
bution of the energy over a large area in the
hearth of the furnace. The system had a single
horizontal exhaust port, three feed ports spaced
at equal intervals round the central plasma gun,
and a central steel anode projecting through the
bottom of the furnace. More—detailed descripticms
of the TRD system are available in the literature
(7-10) .

The Remelting of Ferromanganese Fines

During the sizing and handling of ferro-
alloys, considerable amounts of fines smaller
than 6 mm are generated. There is a limited mar-
ket for these fines, and only a small quantity
can be recycled to the submerged-arc furmace (11).
Preliminary remelting tests were carried out in
the Mintek 100 kVA furnace using a graphite elec-
trode as the cathode. A totzl of 180 kg of high-
carbon ferromanganese metal fines were remelted.
The chemical analyses of the feed material ané
the average analyses of the ferromanganese pro-
duced are given in Table I. The metal fines con-
tzin a small percentage of slag, which is included
in the analyses for manganese, iron, and silicon.

Further remelting tests were conducted in
the TRD 1.4 MVA furnace. The furnace was operated
at a power level of 450 kW (1400 A, 300 V), and
about 4.5 t of metal was tapped continuously in
two campaigns lasting a total of 8 hours. The
specific energy consumption was 795 kW.h per tonm
of metal produced. The losses of manganese in the
baghouse represented 0.65 per cent of the manga-
nese fed to the furnace, and about B per cent
of the feed reported to the slag. As a result of
the relatively small scale of the furnace, the
thermal efficiency was about 75 per cent compared
with an expected value of over 9C per cent for
operation on a larger scale, for which the speci-
fic energy consumption would approach more close-
ly the theoretical value of 450 kW.h/t. The
chemical composition of the consumed metal fines
and the produced alloys are given in Table II.

The remelting operations resulted in some
refining, in that, in each instance, the silicomn
content of the produced metal was merkedly lower
than that of the original ferromanganese. The
carbon level, on the other hand, was reduced ornly
marginally. The remelting was alsoc characterized
by a decrease in the manganese-to-iron ratio of
the alloy, caused mainly by the removal of the
entrained slag, which has a very high manganese-
te-iron ratio.

The Co-melting of Ferromanganese and Silicon Fines

High-carbon ferromanganese and silicon fines
were remelted simultaneously in an attempt to
produce a valuable low—carbon silicomanganese
from off-grade metal fines. It should be noted
that Mintek has successfully remelted ferromanga-
nese and silicon fines separately in a transfer-
red-arc plasma furnace (12,13). The co-melting
tests were carried out in the Mintek 100 kVA fur-
nace using a graphite electrode as the cathode.
Initially, a heel of mild steel was established,
after which 440 kg of metal fines, divided into
12 batches, were fed to the furnace. The furnace
was tapped after the remelting of each batch of
material. The 12 melts consisted of three series
of four melts each. The silicon-to-ferromanganese
ratio was increased in steps, from G.18:1 for the
first series of four batches to 0.38:1 for the
next series and to 0.67:]1 for the last series.
Different ratics were employed in the three suc—
cessive groups of runs to yield zlloys with vari-
able silicon contents. The composition of the
feed materials and the average anzlyses of each
series of melts are given in Table III.

TABLE 1

kemelting of FeMn fines in the Mintek 100 kVA furnace.
chemical analyses of the feed and the product (Z by mass)

Material Mr Fe § Si c S . P
High-carbon ferromanganese < 6 mm 73.7 13.5 g 1.8 6.6 0.03 0.12
Metal product . 75.3 17.1 | 0.5 5.8 <0.01 0.08
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TABLE

11

Remelting of FeMn fines in the TRD 1.4 MVA furnace:

chemical analyses of

the feed and the product (Z by mass)

Material . Mn Fe Si c S P
High-carbon ferromanganese < 6 mm -75.5 14.5 0.7 7.0 <0.01 0.07
Metal product {campaign 1) 74.0 17.9 0.2 6.0 <0.01 0.0%8
i
Metal product (campaign 2) 76.2 15.8 § 0.1 I 6.8 <0.01 0.09
TABLE III

Co-melting of FeMn and Si fimes in the Mintek 100 kVA furnace:
chemical analyses of the feed and the products (7 by mass)

Material Mn Fe Si C S P
High-carbon ferromanganese < 6 mx 73.8 13.4 0.8 6.6 § 0.014 0.08
Silicon < b mm <0.1 1.3 93.0 | 0.2 <0.01 <0.0l
Metal product (Series 1) 63.1 21.9 11.3 2.8 <0.01 0.08
Metal product (Series 2) . 608 13.5 | 23.6 j 0.8 ; <0.01 0.08
Metal product (Series 3) L sue 1.8 | 328 | 0.1 | <0.0 L 0.07 J

It can be seen from Table III that satisfac-
tory alloys were obtained and that the carbon
content decreased substantially relative to that
contained in the ferromanganese feed material. A
significant advantage is that the removal or exso-
lution of carbon took place almost as soon as the
reactants became molten and that, accordingly,
prolonged heating was not required. In some
instances the carbon content of the product was
even lower than its initial level in the sili-
con, indicating that the conditions for the
displacement of carbon in the plasma system were
very favourable.

The average recoveries of manganese and sili-
con were 97 and B2 per cent respectively. It
should be noted that the original fines contained
some slag, and that this was not taken into ac-
count in the calculation of the above-mentioned
recovery values. The somewhat lower manganese
contents and the relatively high iron contents
obtained for the alloys produced can be attri-
buted to the use of steel anodes and the esta-
blishment of a steel heel in the hearth of the
furnace at the start of the melting campaign.
This dilution effect would disappear after a few
taps in a continuous operation.

The Refining of Ferromanganese

Refined or medium- to low-carbon ferromanga-
nese is usually made by the reaction of silico-
manganeseé with an ore-lime melt, which removes
the silicon froz the low-carbon alloy, or by
the decarburization with oxygen of high-carbon
ferromanganese in a blowing vessel (14, 13). The
carbon content of high-carbon ferromanganese can

also be reduced by remelting of the alloy with
an excess of manganese ore. The latter is not
common practice in conventional furnaces because
sufficiently low levels of carbon can be reached
only at the cost of considerable losses of man-
ganese,

This is not necessarily true in a plasma
system. Encouragine results were obtained during
the remelting of high-carbon ferromanganese fines,
in that, even without the use of extra ore, some
refining took place. The lowering of the carbon
and silicon contents during the remelting process
might, to a great exteunt, have been govermed by
the refining action of a small amount of entrai-
ned slag. At higher temperatures, the manganese
carbides in high-carbon ferromanganese react with
the metal oxides in the slag to yield manganese
metal and carbon monoxide. Further refining
experiments were therefore carried out in the
Minrek 100 kVA furnace. Synthetic manganese ores
(prepared previously) of different basicities
were reactéd with high-carbon ferromanganese, a

‘metal-to-ore ratio of 2:) being utilized each

time. A wide range of basicities was selected so
that the influence of ore basicity on the degree
of refining could be studied. The refining tests
were conducted as pot tests or smzll-scale plas-
ma2 tests, a graphite electrode being used as

the cathode. During each experiment, about 10 kg
of charge mzterizl (composed of high—carbon fer-
ro-manganese and one of the synthetic ores) was
fed to the furnace. The average run time was
about 1 hour and the arc power was kept around
30 kW (500 A, 60 V). The bath temperatures, mea-
sured with an optical pyrometer towards the end
of the tests, varied in the narrow range between
1580 and 1620°C. The chemical composition of
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TABLE IV

Refining of FeMn fines in the Mintek 100 kVA furnace:
chemical analyses of the metal feed (I by mass)

Material Mn Fe Si c S P
High-carbon ferromanganese < 6 mm 73.8 13.4 0.83 i 6.6 0.014 0.08
TABLE V

Refining of FeMrn fines in the Mintek 100 kVA furnace.
chemical analyses of the ore feed (X by mass)

Synthetic ore no. é Mn0 Fel Cad Mg0 A1~03 Si02
I - 45.0 18.5 5.0 0.8 7.3 19.7
2 42.8 12.9 8.5 2.2 4.5 27.3 ‘
3 . 54.2 13.7 10.7 4.2 0.8 16.8
4 - 520 12.2 17.5 | 3.6 0.9 8.9 §
5 _50.3 10.5 21.4 2 0.7 7.3 :

the feed materials are given in Tables IV and V.

South African Mamatwan and Wessels ores were
employed in the preparation of the synthetic ores,
and the basicity was regulated by the use of
quartz or a mixture of limestone and dolomite
during the melting of the ores. It should be
noted that the stoichiometric amounts of ore
needed for the complete removal of carbon are
reached at metal-to—ore ratios between 1.4:1 and
1.7:1, depending on the type of ore.

. The chemical compesition of the manganese
ferro-alloys produced are given in Table VI,
from which it can be seen that refining was
achieved, in that the carbon content of the metal
was reduced from 6.6 per cent to between 1.7 and
5.8 per cent, and that the silicon content de-
creased frow 0.B3 per cent to between 0.08 and
0.32 per cent. In experiments 2 and 3, in which
the greatest degree of refining took place, an
overall manganese recovery of 86 per ceat was
obtained. In both instances, the amount of man-
ganese recoverad in the refined alloy was about
the same as the amount of manganese introduced
by the high-carbon ferromznganese fines (i.e.
the recovery of manganesé as metal was about 100
per cent). The somewhat lower manganese content
of the refined metal (about 70 per cent manga-
nese) was caused by a combination of factors, as
follows: the low manganese content of the start-
ing ferromanganese (73.8 per cent manganese),
the losses of manganese due to evaporation, the
high iron contents of the synthetic ores and the
preferential reduction of iron over manganese
oxide, and the dilution of iron from the steel
anode. It is noteworthy that, in similar plasma
experiments performed elsewhere in an "extended-
arc flash factor" and without the application of
steel anodes, the manganese content cf the re-
fined metal was significantly higher than that of
the original ferromanganese fines (16).

; thetic ores (smaller than 10 mm) prepared

One further refining experiment was carried
out on a somewhat larger scale in the Mintek 100
kVA furnmace. In this test, a water—cooled plasmz
gun was used instead of a graphite electrode, and

the furnace was tapped at the end of the run. Fer-

ro-manganese metal fines and Mamatwan manganese
ore were used at a ratio of 2:1, and a little do-
lomite flux was added (at a ratio of dolomite-to-
manganese ore of 0.2:1) to produce a slag with
an.estimated basicity of !.8. The furmace was
operated at an average power of 60 kW, and heated
to a bath temperature of about 1850°C. Consider-
able refining was achieved, in that the carbon
content of the metal was reduced from 6.6 to

0.8 per cent, and the silicon content from 1.3

to 0.4 per cent.

The Smelting of Ferromanganese

The first series of smelting tests were
carried out as batch-smelting operations or pot
tests, in much the same way as were the smz2ll-
scale refining experiments. The feed mixture con-
sisted each time of 10 kg of one of the five syn-
pre-
viously, and the stoichiometric amount of metal-
lurgical coke (smzller than 3 mm) was calculated
on the basis of the following reduction reaction:

3Mn0 + 4C -~ MDSC + 3CGC,

Fe3C + 3CO0.

the synthetic ores
compesition of the

3Fe0 + 4C -~

are given in
coke 1s shown

The analyses of
Table V and the
in Table VII.

the different
same, except

The processing conditions for
experiments were substantially the
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TABLE V1

Refining of FeMn fines in the Mintek 100 kVA furnace:
chemical composition of the metal produced (2 by mass)

JR—

Run Feed Metal analysis*
no.
Ore Basicityt Mn Si c S P
no.*
7
1 2 0.4 67.5 0.32 5.8 | <0.005 0.09
i
2 3 1.4 70.6 0.16 1.7 ; <0.005 0.08
3 4 2.4 70.4 0.12 1.8 % <0.005 0.08
4 5 3.8 68.8 0.08 3.2  <0.005 0.09 {
il
*The balance is Fe
+See Table V
tBasicity = (% Ca0 + I Mg0)/Z SiO2
TABLE VI1I
Smelting of FeMn in the Mintek 100 kVA furnace.
composition of the coke reducing agent used
c Volatile Ca0 Mg0 Al 0 Si0 Fel ! PO SO
. 273 2 ! 2°5
material i
1
83.1 0.8 0.4 0.1 4.1 8.6 1.0 } C.05 0.25

for the basicity of the ore, which was varied so
that its effect on the smelting of ferromanga-
nese could be established. The average run time
was about 1 hour, and the arc power was kept
around 30 kW (500 A, 60 V). The bath temperatures
were measured towards the end of the tests, and
varied between 1500 and 1600°C. Nitrogen was used
as the plasma gas, and a flowrate of 5 l/min was
maintained.

It should be noted that the basicities of
the residual slags, although similar to those of
the synthetic ores used, deviate from the latter
due to erosion of the refractory (magnesia) cru-
cibles and the intake of ash from the reducing
agent. It can be seen from Table VI1I that the
manganese content of the alloys produced was
rather low. In the experiments with synthetic ores
of low basicity (i.e. with basicities of 0.3 and
0.4), the overall recovery of manganese exceeded
90 per cent, sc that the low manganese content
was associated with a low degree of reduction and,
accordingly, with high levels of manganese in the
slags produced. The failure for satisfactory
alloys to be produced at higher basicities was
related mainly to increasing losses of manganese
with increasing basicities. (Other factors that
affected the manganese grade adversely were:
the high iron contents of the synthetic ores and
the dilution of iron from the steel anodes.) The
manganese oxide content of the slag, on the other
hand, decressed markedly with increasing basicity,.
and dropped below 5 per cemt at basicities
greater than 2. Maximuzr manganese extraction
occurred at a basicity of 1.6 in the residual
slag. About 60 per cent of the manganese passed
from the ore into the alloy, 10 per cent remained

in the slag, and 30 per cent was lost as a result
of vaporization and entraimment.

A second series of smelting tests was carried

out on a somewhat larger scale on the Mintek 100
kVA furnace. The smelting campaign consisted of
12 smelting and tapping operations, which were
performed during a continuous operating period
exceeding 24 hours and yielding & total of about
250 kg of product. A standard South African smel-
ting recipe was employed, in which coal was used
as the reducing agent with a self-fluxing blend
of Mamatwan and Wessels manganese ores to produce
a slag with a basicity of approximately 1.3. On
average, the alloy produced contained 72 per cent
manganese, 6.7 per cent carbon, and 0.50 per cent
silicon. This time the distribution of manganese
among the smelting products (in percentage by mass
of the quantity contained in the charged ore)

was approximately as follows: 63 per cent of the
manganese passed into the metal, 20 per cent
remained ip the slag. and 17 per cent was lost.
As can be expected, the metallurgiczal efficiency
Amproves when smelting is carried out on a larger
scale, i.e. when the arc-attachment area occupies
a smaller fraction of the moltern-bath area (and

the localized vaporization in this high-temperature

zone decrezses as & proportion of the throughput).

The last series of smelting tests were con-
ducted in the TRD !.4 MVA furnace using a water-
cooled plasma gun. The feed consisted solely of
fine materials (< 6 mm), i.e. Mamatwan and Wessels
manganese-ore fines, coal fines, and coke fines.
The furnace was operated at power levels up tc
550 kW, and fed at an average rate of about 300
kg/h. The chemical analyses of the raw materials
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TABLE V

I1I

Smelting of FeMn in the Mintek 100G kVA furnace:
chemical composition of the metal and slag produced (I by mass)

Run Feed Metal* Slag
no.
Ore Basicity¥ Mn Si c S P Basicityf Mn0
no.t
1 1 0.3 30.7 0.48 5.0 <0.01 0.10 0.5 46.9
2 2 0.4 43.1 0.40 6.1 <0.01 0.1C c.8 29.6
3 3 1.4 61.0 | 0.31 6.0 | <0.01 | 0.08 1.6 15.2
4 4 2.4 55.4 0.21 6.2 <0.01 0.09% 2.2 3.8
5 5 3.8 52.5 0.14 5.7 <0.01 0.09 ! 2.7 2.5
*The balance is Fe
TSee Table V
%Basicity = (% Ca0 + Z Mg0)/Z SiO2
TABLE IX
Smelting of FeMn in the TRD 1.4 MVA furnace:
composition of the raw materials (I by mass)
Material Mo | Fe si0, ca0 | Mo | A0, | S P
r i .
Mamatwan ore 3.9 | 4.35 5.4 167 1 3.0 | 0.2 0.06 | 0.03
Wessels ore 47.4 | 1.2 7.5 63 1 1.3 | o 0.12 0.04
Quartz ; 0.3 ._88.7 i 40
Material c Volatile ¥n0 Fel $i0 a0 ---Mg0 Al,.0 S0 PO
. 2 273 3 25
material
Coal 55.8 27.5 0.1 0.3 6.4 1.2 0.4 4.2 1.8 0.14
Coke 83.8 1.0 0.1 0.7 6.3 0.8 | 0.3 4.2 0.4 {0.09
TABLE X
Smelting of FeMn in the TRD 1.4 MVA furnace:
mass of feed materials (kg per ton of ore)
1
Test Mamatwan Wessels Coke ! Coal Quartz!
no : :
: i
" i
1 ‘ 701 299 265 - 36
2 703 297 255 108 21 |
3 E 702 298 100 430 51
4 i 702 i 298 102 i 431 178 |

are given in Table IX, the feed composition in
Table X, and the analyses of the produced metal,
slag, and dust in Table XI.

It appears from Table XI that the attainment
of on-grade metal by the use of coal fimes is
feasible in 2 transferred-arc plasmz furnace. The
manganese oxide content of the slag under normal
operating conditions reached a value of 10 to 12
per cent. In test 4, which was conducted with
excessive reducing agent and in which extensive
heating was applied after completion of the
feeding, the possibility that slags containing as
little as 2.6 per cent manganese oxide could be

produced, was demonstrated, but this was associa-
ted with a high silicon level (1.75 per cent sili-
con) in the alloy. The total loss of manganese

to the dust stream constituted 11 per cent of the
input manganese. the overall energy consumption
was 1420 kW.h/t of feed compared to the theoreti-
cal value of 720 kW.h/t. The determinztion of
significant figures for energy consumption, how-
ever, was not possible because of the intermittent
nature of the runs and, hence, the disproportion-
ately high heat losses.
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TABLE XI

Smelting of FeMn in the TRD 1.4 MVA furnace:
chemical analyses of products (I by mass)

Metal Ma* : Fe si c i S l P
no. i J !

] 77.0 14.9 0.33 6.6 | 0.008 i 0.11

2 75.8 14.7 0.50 6.8 1 0.008 | 0.1 i

3 77.5 | 15.2 0.56 6.1 . 0.006 . 0.10

4 77,0 | 14. 1.75 5.3 1 0.008  0.1)

1

Slag Mn0 Fel 510, ca0 Mg0d 1,0 |
no. < |

1 Lo10.7 0.2 32.5 36.5 11.0 7.5 |

2 104 0.4 29.6 38.1 9.9 10.0

3 o126 1.3 33.3 35.3 7.9 | 8.1 ;

4 L2686 | 0.3 31,1 36.0 ;146 | 13.8 :

I i !

Dust Mn Fe §i0, | Cal ! Mg0 Al,0, H
no. | ‘ < :

1 44.0 4.1 12.2 49 | 12.8 0.9

1
2 36.4 1.9 12.8 7.2 0 1300 1.6
3 38.7 3.0 13.0 -8.7 i 43.9 3.4
'
4 37.5 3.0 14.2 8.1 | 12.2 0.5

*Corrected for iron dilution from previous

Interpretation of the Smelting Data.

An ipherent feature of the transferred-arc
plasma systems that were employed is the absence
of a burden of charge material, which, in a sub-
merged-arc furnace, enables substances that are
volatile at elevated temperatures to be condensed
and recycled. The open-bath configuration, toge-
ther with the controllability of the furmace
atmosphere, can be beneficial in a refining pro-
cess in which impurities are to be removed via
the gaseous phase. A major area of concerm, in
view of the relatively high vapour pressure of

_manganese metal, was the possibility that the
losses of manganese to the dust stream would be
high during smelting. For small-scale pot tests
(a bath diameter of 200 mm), the manganese losses
(due to vaporizatior eand the entrainment of fine
ore particles) were determined as the difference
between the total manganese input and the man-—
ganese recovered in the metal and the slag. Figure
4 shows the manganese distribution between the
metal, the slag, and the dust as a function of
the basicity of the slag. The manganese losses’
to the dust increased with increasing slag basi-
city; the proportion of manganese recovered in

testwork

the alloy reached a maximum at a basicity of
about 1.6, and the amount of manganese re-
porting to the slag phase decreased gradually as
a function of slag basicity. Bowever, it should
be noted that the losses of manganese decreased
substantially as the unit size of operation was
increased. In the tests on the Mintek 100 kVA
furnace with a bath diameter of 400 mm, the man-
ganese losses were 17 per cent at a slag basicity
of 1.3, whereas, in the trials on the TRD !.4
MVA furnace with a bath diameter of 1100 mm. the
manganese losses to the dust were reduced to !l
per cent of the input manganese at a higher ave-
rage slag basicity of 1.5. The values obtained
indicare that, on a large scale of operation

(10 to 20 MW) and with a slag of somewhat lower
basicity (1.1 to 1.3), the loss of manganese

to the dust stream could be expected to be below
10 per cent. Industrial losses to the dust of
around 6 per cent have been reported for sub-
merged-arc furnaces when the discard-slag practice
(of high-basicity slag) was employed, as in the
experiments in the TRD furmace (17,18). Somevhat
higher losses of manganese to the dust streac
could be tolerated in a plasma operation, provided
that 2 lower loss of manganese to the slag could
be achieved. The manganese oxide content of the
slag obtained during the smelting experiments in
the TRD plasma furnace was around 10 per cent,
which is very low in comparison with the indus-
trial results for submerged-arc furnaces. It is
convenient for equilibrium conditions associated

Schoukens and Curr .
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with the production of manganese ferrc-alloys
to be expressed by the use of an apparent equili-
:zlum constant an,Si (14,19). This is expressed

4
(Mn0) [S1]
an,Si [Mn]

where (MnO) is the mass fraction in the slag phase
and [Mn] and [Si] are mass fractioms in the alloy
phase. In Figure 5, the smelting results and an
equilibrium line from Heymert et al. are plotted
as a relation between the logarithm of the appa-
rent equilibrium constant and the slag basicity
(19). Using graphite crucibles in their labora-
tory investigation, Heynmert et ql. established a
linear relation between the logarithm of the appa-
rent equilibrium constant and the manganese oxide
content of manganese slags of different basici-
ties in equilibrium with high-carbon ferromanga-
nese alloys:

log k = -0.88(7Ca0 + R4g0)/25i0, - 0.05.

Mn, Si
The decreasing values for kM . with increasing
n,Si

basicity implies that higher basicities lead to
lower manganese oxide contents in the slag at
equal silicon contents in the metal. (Usually,
the manganese oxide and silicon contents are both
reduced with increasing basicities.) During the
small-scale plasma tests (30 kW), the slag
basicity was varied over a wide range so that its
influence on the manganese-extraction process
could be established. The slope of the line ob-
tained in these experiments is similar to that

of the equilibrium line obtained by Beymert et al.
(19). These equilibrium values are lower than the
results obtained during the plasma experiments,
which indicates that the reaction between the
silicon in the metal and the manganese oxide in
the slag was not completed to the equilibrium
values obtained by Beynert et acl. (19).

A practical means for the comparison of the
smelting results with industrial data is the use
of a plot of the manganese oxide content of the
slag as a function of slag basicity (Figure 6).
Because silicon contents of about 0.5 per cent
were obtained in the plasma experiments on the
TRD furnace, the equilibrium relation of BHeymert
et al. has been converted, for analytical purposes,
into a relation between manganese oxide and
basicity, at fixed manganese and silicon contents
in the alloy of 80 and 0.5 per cent respectively
(i19). It appears from Figure 6 that, in plasma
experiments, values for the manganese oxide con-
tent of the slag can be obtained that are substan-
tially lower than those attainable in industrial
submerged-arc furances (17,18,20-24)., If these
low values for manganese oxide can be reproduced
consistently, accompanied by the required low
silicon levels in the metal, the recovery of man-
ganese into a regular-grade metal should be around
85 per cent, with dust losses of- about 10 per cent.
The South African ores that were emploved in the
experiments are ideally suited to the discard-
slag practice so that, as a rule, the losses of
manganese to the slag should be minimized. The
dust could eventually be recycled or used as a
source of high-grade manganese oxide.

Pa—

Conclusions

High—-carbon ferromanganese fines were suc-
cessfully remelted in ‘the Mintek 100 kVA and the
TRD 1.4 MVA furnaces. The TRD furmace was operated
at a power level of 450 kW, and about 4.5 t of
metal was tapped continuously over a period of 8
hours. The specific energy consumption was 795
kW.h per ton of metal produced, and the losses
of manganese in the baghouse represented less
than | per cent of the manganese in the feed.

Silicomang anese was produced in the Mintek

100 kVA furnace by the simultaneous remelting

of high-carbon ferromanganese and silicon fines.

A sufficiently low level of carbon could be

reached to meet the chemical requirements of a
regular-grade silicomanganese, and the recoveries

of manganese and silicon were 97 and B2 per cent
respectively. In some instances, the carbon con-

tent of the product was even lower than its imi-

tial level in the silicon fines_ indicating that

the conditions for the removal of the carbon in .
the plasma systerm are very favourable. :

Experiments in the Mintek 100 kVA furnace
demonstrated that, when high-carbon ferromanga-
nese is refined by manganese ore at temperatures
around IGOOOC, ferromanganese containing about
2 per cent carbon and 0.1 per cent silicon can
be produced. Satisfactory results were obtained
on synthetic ores with basicities of 1.4 and
2.4 at wetal-to-ore ratios of 2:1. The overall
losses of manganese were between 10 and 15 per
cent.

High—carbon ferromanganese was produced
from manganese-ore fines in the Mintek 100 kVA
and the TRD !.4 MVA furnaces. The manganese oxide .
contents of the resulting slags were significant-
ly lower than those reported for submerged-arc
furnaces. The losses of manganese to the dust
stream, however, were substantial and, at the
least, about 10 per cent of the manganese in the
feed was lost by evaporation and entrainment.
The relatively small scale of operation and the
use of finely sized feed materials probably en-
hanced the losses of manganese, which were sub-
stantially higher than in conventional submerged-
arc furnaces. It would appear that, because of
the open-bath configuration and the absence of
a burden of charge material, the areas over which
the feed materials and power are conveyed to the
reaction zone should be optimized and controlled
more carefully if the recoveries obtained by
industry are to be attained. Further work is re-
quired so that losses to the dust can be reduced
and the benefits that would result from the uti-
lization of finely sized manganese ores and
reducing agents can be realized. This is espe-
cially important to the possible future produc-
tion of upgraded ore fines with high manga-
nese-to-ircn ratios from relatively low-grade
ore deposits, and because fine reducing agents
will be available from coazl deposits where the
beneficiation process necessitates reduction of .
the coal ore to fine particles.
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1 = Central hollow graphite cathode. 2 = Steel anode. 3 = Plasma zone. 4 = Steel shell.
= Magnesia refractory lining. 6 = Refractory plug for taphole. 7 = Refractory plug for electrode port.
8§ = Feed port. 9 = Gas off-take. 10 = Water-cooled electrode seal. 11 = Refractory ring.
12 = Magnesia refractory lining. 13 = Carbon lining. 14 = Slag layer. 15 = Metal. 16 = Hypothetical
freeze line. 17 = Unreacted feed. 18 = Thermocouples. 19 = Anode clamp. 20 = Refractory blanket.

V3

Fig. 1. Arrangement of the Mintek 100kVA furnace for continuous operation
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= Central hollow graphite electrode. 2 = Steel anode. 3 = Plasma zone. 4 = Molten bath.

I
5 = Water-cooled electrode seal. 6 Feed port. 7 = Gas off-
9

Insulation blanket (ceramic fibre). 10 = Water-jacket. 11 = Refractory crucible.
12 = Graphite block.

»

Fig. 2. Arrangement of the Mintek 100kVA furnace for ‘pot tests’

take. 8 = Steel roof with magnesia lining.
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2400 mm
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Plasma gun. 2 = Anode connection. 3 = Molten bath. 4 = Hypothetical freeze line.
Feed port. 7 = Refractory plug for taphole. 8 = Magnesia-chromium bricks

= Cast magnesia. 12 = Steel shell.

Gas off-take. 6
= Magnesia bricks. 11 =

Alumina plug. 10

Fig. 3. Arrangement of the TRD 1.4 MVA furnace
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Furnace temperature =1550°C
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Fig. 4. Distribution of manganese between meta!. slag. and dust at various slag basicities
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Fig. 5. The logarithm of the apparent equilibrium constant, Ky- .. at various slag basicities
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Plant data: high-slag practice
iczzzd Plant data: discard-slag practice
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Heynert er al."® | for alloy with 0.5% S;
¢ Plasma trials, 550 kW scale
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Fig. 6. The manganese oxide content of the slag as afunction of slag basicity in the production
of high-carbon ferromanganese and in plasma trials



