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A pilot scale, silicomanganese alloy production campaign was performed in a 440 kVA, single
phase electric furnace in order to establish an overview of the minor- and trace element contents
in process input raw materials and their distribution in the resulting primary and secondary
products. Samples of the in-going raw materials (manganese ore, coke, quartzite, and high
carbon ferromanganese slag) and the out-going products (silicomanganese alloy,
silicomanganese slag, and dust) were analyzed by inductively coupled plasma mass
spectrometry. The distribution of 51 elements between the product phases was discussed in
terms of their boiling temperatures, Gibbs energies of oxidation and activity coefficients of
elements in the metal. A thermochemical simulation using the thermochemical software
FactSage 7.1 was also carried out in order to model element phase distribution between the
alloy, slag, and dust/gas. The correlation between the model and experimental element
concentrations in the silicomanganese slag and dust is fair for most elements. However, in the
metal phase, fewer elements show good correlation between modeled results and measured
experimental concentrations. The discrepancy could be explained by a lack of accurate
thermodynamic descriptions for several minor species in the database.
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I. INTRODUCTION

FERROMANGANESE (FeMn) and silicoman-
ganese (SiMn) alloys are key additions in modern steel
production. Both high carbon ferromanganese (HC
FeMn) and standard SiMn alloys are produced by
carbothermic reduction of oxidic raw materials in
Submerged Arc Furnaces (SAF). Standard SiMn with
18 to 20 wt pct Si and 70 wt pct Mn is typically
produced from raw materials such as MnO-rich slag
from the HC FeMn production process, manganese
ores, quartz or quartzite, (Fe)Si-remelts or off-grade
qualities of (Fe)Si, and coke.[1] A process temperature of
1600 �C to 1650 �C is necessary to obtain metal with
sufficiently high content of Si and a discard slag with low
MnO content.[1] The production process, as well as in-
and out-going (product) material flows are illustrated in
Figure 1, adapted from Reference 2.

When a closed SAF is used in manganese alloy
production, the furnace off-gas contains a significant
amount of dust from fuming reactions in the furnace, and
must be scrubbed. A series of wet scrubbers are typically
used, yielding a sludge containing the dust andwater. The
off-gas may be further cleaned before it escapes the plant
(in for example, mercury removal units).
The reduction reactions of main elements in the SiMn

production process are as follows[1]:

MnO l,sð Þ þ C sð Þ ¼ Mn lð Þ þ CO gð Þ ½1:1�

SiO2 lð Þ þ 2C sð Þ ¼ Si lð Þ þ 2CO gð Þ ½1:2�
In addition to these reactions, reduction, melting, and

fuming reactions for a large range of minor and trace
elements will take place concurrently in the formation of
metal, slag, and gas/dust product phases.
The FeSi/Si production process has some similarities

with the SiMn process, and the elemental distribution in
the Si furnace has been studied by Myrhaug and Tveit.[3]

Myrhaug and Tveit established that the behavior of
different elements in the FeSi/Si production process
depends on several factors: furnace temperature; stabil-
ity of oxides and carbides of the elements; volatility of
the elements/their compounds; solubility of elements in
liquid metal; and by which type of raw materials they
enter the process. They developed a so-called
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‘‘boiling-point-model’’ to predict the element distribu-
tion between the out-going phases in a FeSi/Si furnace.
According to this model, elements with boiling temper-
atures higher than the process temperature predomi-
nantly stay in the condensed phase, while elements with
boiling temperatures lower than the process temperature
mainly go off as fume or gas. If an element is stable as an
oxide or sulfide, the boiling point of its compound is
applicable. The fundamental principles of their work
will also be applicable to elements present in the SiMn
furnace, with the main difference that the SiMn process
has slag as main output phase.

The distribution of both major and trace elements
between dust, metal, and slag phases in the ladle refining
process of metallurgical grade silicon (MG-Si) has been
investigated by Næss et al.[4,5] This study applied the
‘‘boiling-point-model’’ together with the Gibbs energies
of oxidation of elements to explain the element distri-
bution through the Si refining process. In an earlier
publication, the current authors have also employed
these two theories to explain the trace element behavior
during the oxidation of a liquid SiMn alloy.[6]

Although the distribution of major elements (Si, Mn,
and Fe) between the different product phases in the SiMn
process is both well understood theoretically and ther-
modynamically,[1,7] the behaviors ofmostminor and trace
elements entering the process through the raw materials
have not, with some exceptions, been reliably determined.

Shen et al.[8] performed a Zn mass balance from the input
materials to the output (metal, slag, and dust) for both the
FeMn and SiMn production processes. Zinc enters
ferroalloy furnaces with Mn and Fe ores, alloy fines,
and sinter. Most of the Zn in the raw materials reports to
the Mn furnace dust. Meanwhile, the Zn content in both
the FeMn and SiMn alloys is below 0.01 wt pct, and the
industrial SiMn slag contains only approximately
0.002 wt pct Zn. Fe, P, and As report to the metal as
these elements are more easily reduced than Mn.[7] It has
also been determined that themajor elements found in the
particulate matter collected inside a SiMn alloy produc-
tion plant are Si,Mn, andO,withminor elementsMg,Ca,
Al, and K. Detected trace elements are Na, Fe, Zn, Cu,
andCl.[9]However, theMn sludge collected fromboth the
FeMn and SiMn furnace processes seems to contain both
the alkalis and Zn and in addition Pb, P, and B, together
with the water from the scrubber process.[10–12]

From a product point of view, it is of course
imperative to understand the behavior of trace elements
in the metal. For example, P may have harmful effects
on the end product quality of the iron and steel
industry.[13–15] From an emission and waste handling
point of view, the toxic element behavior is particularly
important, especially since recycling of sludge and dust
back to the furnace—a possible way to recover the Mn
values in the dust—may lead to an up-concentration of
certain elements over time.

Fig. 1—Overview of the material flows in a typical silicomanganese ferroalloy plant, after Olsen et al.[2]

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 49B, OCTOBER 2018—2445



The aim of the current work is to get a better
understanding of the behavior of minor and trace
elements and their distribution in the SiMn production
process. In this article, element distribution results from
a pilot-scale SiMn production campaign are reported.
The results are compared with industrial products and
by-product compositions, and with predictions based on
thermodynamic modeling. This information will consti-
tute a basis for further work aimed to quantify and
control the behavior of key minor/trace elements in the
SiMn alloy production process.

II. EXPERIMENTAL

A. Pilot Scale Alloy Production

A pilot scale experiment was performed in a 440 kVA
pilot furnace at the SINTEF/NTNU laboratories in Trond-
heim, Norway. The raw materials used in the production
process were Asman 46 ore and HC FeMn slag, with
addition of Snekkevik quartzite (from here on called
‘‘quartz’’). Polish coke was used as the reducing agent.
The rawmaterials were crushed and sieved to a particle size
of 5 to 25 mm. A schematic of the furnace is shown in
Figure 2. The furnace was started with HC-FeMn charge
(Mn ore and coke) in order to reach high enough

temperature for SiO2 reduction before quartz is added. This
is critical to avoid a quartz layer in the coke bed that will
disturb current and energy distribution in the furnace. The
SiMn charge includesMnore, quartz,HCFeMn slag (from
here on called FeMn slag), and coke.
The experiment was run for 11 hours. During the

experiment, 1230 kWh was supplied to the furnace. The
furnacewas tapped 12 times during the experiment,with the
first tap 5 hours after starting the furnace. Subsequent taps
were conducted approximately every 30 minutes. The
furnace was shut down after the last tap. Of the 12 taps
during the experiment, the first twowere, according toXRF
(Axios 4 KW from PanAlytical) analysis, tapping FeMn
alloywhile the subsequent tenwere SiMnalloy. The tapping
time and type of alloys tapped are listed in Table I.
A fume hood was installed on top of the furnace and

in front of the tap hole. A dust collector was set up at
the end of the off-gas channel, and it was turned on from
the time of starting the first SiMn charge until the
furnace was stopped.
A process mass balance was carried out for the SiMn

pilot production period, and the considered mass flows
are illustrated in Figure 3(a). The SiMn production
period starts with the first SiMn material charge and
ends when the furnace was turned off. The amount of
dust generated during the production process was

Fig. 2—Sketch of the pilot scale furnace.
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calculated from the measurement data of dust concen-
tration and off-gas flow rate. As a comparison, in a
typical industrial 27 MW submerged arc furnace, a
charge consisting of 396 kg Mn ore, 1593 kg HC-FeMn
slag, 411 kg quartz, 360 kg coke, 100 kg dolomite, and
139 kg Si-sculls (from Si refining) is required to produce
1000 kg saleable SiMn product. At the same time,
1225 kg SiMn slag is also produced.[1] The mass flows
through the typical industrial production process are
also illustrated in Figure 3(b).

In comparison to the typical industrial production, no
dolomite or Si-sculls and more Mn ore and quartz
material per unit metal produced were used in the pilot
scale experiment. While the pilot experiment is not
identical to the industrial process, individual companies,
and plants will use different proprietary charge mixes.
As such, this pilot process constitutes an acceptable ap-
proximation of the industrial furnace process with the
added benefit of allowing all data to be openly
published.

B. Sampling and Analysis

SiMn metal and slag samples were taken from every
second tap, i.e., tap No. 4, 6, 8, 10, and 12. The off-gas
system captured dust from the top of the furnace and dust
from the tap hole during the tapping process simultane-
ously, and these two dust sources were hence mixed in the
dust collector. A total of 15 samples were collected from
the experiments, which included the 4 in-going raw
materials, five metal samples (from different taps), five
slag samples (from the same taps asmetal samples) as well
as one dust sample collected from the dust collector.
In order to be able to evaluate whether the collected

dust sample was representative of industrial furnace
dust, an industrial SiMn sludge sample was analyzed
together with the pilot experiment dust. After drying the
sample at 110 �C for 24 hours, the sample was ground
to powder for characterization.
All samples were analyzed by Inductively Coupled

PlasmaMass Spectrometry (ICP-MS) after dissolution in
0.5 mL concentrated HF, 0.5 mL concentrated HNO3,
and 1.5 mL concentrated HCL, and digested in an ultra
clave prior to ICP-MS analysis. A specific element
detection limit in the sample (DL) was set by either the
instrumental detection limit (IDL) or the black detection
limit (BDL) for the given element, where the higher of the
two was employed in the results assessment. If the
detected element concentration was below its respective
DL value, the result was omitted. Each sample was
analyzed three times, and a relative standard deviation
(RSD) value from ICP-MS analysis was also obtained.
An analysis with an RSD value above 10 pct was
considered unreliable. If an element concentration in a
sample was below the detection value and/or with an
RSD> 10 pct, its concentration in that particular sample
was reported as 0 ppm. Most omitted elements had
concentrationswell below 1 ppm in the analyzed samples.
Slag samples were also analyzed by Zeiss Supra 55

field emission scanning electron microscopy (SEM) with
energy dispersive X-ray spectrometry (EDS) in order to
detect and characterize any metal content in the slag.

Table I. Type of Alloys Tapped and Tapping Time

Hours from Start /h
No. of
Tapping

Type of Alloy
Tapped*

5 1 FeMn
5.5 2 FeMn
6 3 SiMn
6.5 4 SiMn
7 5 SiMn
7.5 6 SiMn
8 7 SiMn
8.5 8 SiMn
9 9 SiMn
9.5 10 SiMn
10 11 SiMn
10.5 12 SiMn

*Alloy compositions given in Appendix I.

Fig. 3—(a) Mass balance for the entire silicomanganese production period of the pilot scale experiment and (b) a typical industrial 27MW
submerged arc furnace production process.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 49B, OCTOBER 2018—2447



III. EXPERIMENTAL RESULTS
AND DISCUSSIONS

A. Element Mass Balance

While 64 elements were included in the ICP-MS
analysis of the raw materials (coke, quartz, Mn ore, and
FeMn slag), only 56 element analysis results were
considered reliable. For the metal, slag, and dust
samples, 55 element results were considered reliable.
Analysis results of 51 common elements were considered
reliable for all samples. The average compositions of
SiMn metal and slag were calculated from the analysis
results for the five metal and slag samples, respectively.
Based on the material mass balance, an elemental mass
distribution between in-going and out-going phases are
presented in Figures 4 and 5, respectively. Mercury is
only detected in the Mn ore raw material, and then
reports to the off-gas. This is in agreement with current
emission reporting data.[16] Hence, Hg is not included in
the reported 51 elements. The 51 elements are classified
into four groups, according to their chemical properties,
as given in Table II.

As shown in Figure 4, the FeMn slag has the highest
contribution of almost all the in-going minor/trace
elements, while the Mn ore makes the second highest
contribution. In total, quartz and coke contain less of
the impurities than the other two raw materials.
Figure 5 shows the mass flows out of the furnace, where
elements get redistributed into metal, slag, and dust after
the smelting process.

From the SEM study, it was confirmed that the small
amount of Fe and P appearing in the ICP-MS analysis
of the SiMn slag phase is mainly caused by micron-sized
small metal prills trapped in the slag, a commonly
observed phenomenon in the industry, see Figure 6. The
real content of these elements in the slag is thus
negligible.

B. Detailed Description of Element Behavior in the SiMn
System

The boiling and melting temperatures of all the 51
elements included in the analysis are plotted in Figure 7,
and the Gibbs energies of oxidation for all the elements
are illustrated in Figure 8 . The data were obtained from
FactSage 7.1 through the FactPS and FToxid
databases.[17]

Most of the dust was generated at the top of the
furnace, under reducing conditions (in the presence of
solid carbon). The dust collected from the tap hole was
formed due to the reaction between high-temperature
molten metal and oxygen in ambient air (oxidizing
conditions).[18] Under both conditions, assuming ideal
behavior, elements with higher Gibbs energies of oxi-
dation than Mn are reduced and would then predom-
inantly report to metal or dust (depending on boiling
temperatures of elements). Meanwhile, elements with
lower Gibbs energies of oxidation than Mn would
mainly go to slag or dust (depending on boiling
temperatures of compounds). Elements forming volatile

Fig. 4—Distribution of elements in the mass flows into the furnace: raw materials.
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oxides may also report to the dust. However, interac-
tions between different species in the solution phases
(metal and slag) should also be taken into account to
explain the element distribution between phases, as
described below. The non-ideal behavior of metal and
slag species was adapted from the FactSage FTlite and
FToxid databases, respectively.[17]

As shown in the overview Figures 4 and 5, most of the
alkali metals, with the exception of K, enter the process
through the Mn ore and FeMn slag and are redistributed
to the slag and dust in the reduction process as shown in
more detail in Figure 9. The alkalis are present only in
very small concentrations in themetal—Ca andMg being
detected to be below 2500 ppm. The alkali elements all
have low boiling points compared to the process temper-
ature. K, Na, Rb, and Cs also have higher Gibbs energies
of oxidation than Mn, and therefore report to the dust
through vaporization and subsequent oxidation.

Lithium and alkaline earth metals Mg, Ca, Sr, and Ba
form very stable oxides. As these elements enter the
process as oxides, they naturally report to slag. How-
ever, as Li, Mg, Ca, Sr, and Ba all have relatively low
boiling points, they also end up in the dust to a certain
extent. Beryllium mainly reports to the slag, due to its
high boiling point and very low Gibbs energy of
oxidation.
The base and transition metals originate mainly from

the FeMn slag and redistribute to the SiMn metal, slag,
and dust, as seen in Figure 10. Coke, quartz, and FeMn
slag all contain a certain amount of Al, which mostly
reports to the slag and to a lesser extent dust (through
formation of the AlOx gas

[19]) in the SiMn process. Zinc
oxide stems from the Mn ore and is easily reduced to
volatile elemental zinc in the furnace, leaving with the
off-gas and entering the dust as oxide, which is in
agreement with the results of Shen and co-workers.[8]

Table II. Elements Detected by ICP-MS

Groups Elements

Alkali metal Li, Na, K, Rb, Cs, Be, Mg, Ca, Sr, Ba
Base and transition metal Al, Ga, Tl, Sb, Ti, Zr, Hf, V, Nb, Ta, Mo, Ni, Cu, Zn
Non-metal B, S, P
Toxic metal Cr, Co, As, Pb
Lanthanide and actinide metal Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, U
Main elements Fe, Si, Mn

Fig. 5—Distribution of elements in the mass flows out of the furnace: metal, slag, and dust.
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Fig. 7—The melting and boiling temperatures of the elements plotted with the process temperature of the furnace (� 1600�C).

Fig. 6—Metal prills in slag containing Fe, Mn, Si, and P, as observed by SEM and EDS.
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The elements Al, Zr, and Hf behave as expected, i.e.,
are mainly found in the slag phase, as they form oxides
more stable than the Mn oxides. Titanium reports to
both metal and slag in a similar concentration, and the
elements Cu,V, Nb, Ta, Mo, and Ni mainly report to the
metal. This would be expected for Cu, V, Nb, Mo, and
Ni which have high boiling points and are more noble
than Mn. Tantalum, on the other hand, has a relatively
similar Gibbs energy of oxidation to that of Mn, and Ti
has a much lower Gibbs energy of oxidation than Mn.
Titanium displays negative deviation from ideality in
both Si and Mn, as adapted from FactSage databases.

The presence of Ta in the metal phase can be related to
its possible negative deviation behavior. Zinc, Ga, Tl,
and Sb are mainly present in the dust, as they have
higher Gibbs energies of oxidation than Mn and
relatively low boiling temperatures.
The concentrations of toxic metals in the input and

output phases are shown in Figure 11. Lead mainly
originates from Mn ore and redistributes to the dust
because of its low boiling temperature. Chromium
mostly originates from quartz and redistributes to
metal, slag, and dust—the dust having the lowest
concentration of Cr and metal the highest. Cobalt

Fig. 8—Gibbs energies of oxidation of the elements. The Gibbs energies are calculated for one mole of oxygen and the most stable state of the
oxides.

Fig. 9—Concentrations of alkali metals in, (a) raw materials and, (b) metal, slag, and dust. Please note the differences in order of magnitude
enabled by the sectioned y-axis.
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originates from Mn ore and FeMn slag and predomi-
nantly enters the alloy product. Chromium and Cobalt
both have high boiling temperatures and higher Gibbs
energies of oxidation than Mn, explaining their
metal-preference. Arsenic originates from Mn ore and
exits the furnace with the metal and dust phases in
almost equivalent concentrations, which is caused by
competing properties, i.e., high vapor pressure, higher
Gibbs energy of oxidation than Mn, and negative
deviation from ideality in both Si and Mn.[6] Consider-
ing the amount (mass) of metal and dust generated
during this process, the majority of As exits the furnace
with the metal phase, as seen in Figure 5.

Concentrations of non-metal elements in raw materi-
als and products are illustrated in Figure 12. Boron and
Sulfur mainly originate from the FeMn slag, with some
contribution of S from the coke. Both elements mainly
exit the furnace with the slag and dust, with dust having
the highest concentration of these elements. Sulfur is

more easily reduced than Mn, and has low boiling point
and relatively high vapor pressure; thus, it largely
reports to the dust. There is also a certain amount of
S reporting to the slag, mainly in the form of MnS.
Boron on the other hand is stable as B2O3 at the process
temperature, but the boiling point of B2O3 is 450 �C
(much lower than the process temperature), and hence,
B reports to both slag and dust.
Phosphorous enters the SiMn process through the

coke and Mn ore. The P phase distribution in the
furnace is affected by competing chemical reactions; P
having a high elemental vapor pressure but higher Gibbs
energy of oxidation than Mn and negative deviation
from ideality in both Si and Mn mainly enters the metal
phase and only partly enters the dust.
Concentrations of lanthanide and actinide metals are

shown in Figure 13. Most of the elements except Nd
mainly originate from the FeMn slag, and report to the
slag after the melting process. This behavior is expected

Fig. 10—Concentrations of base and transition metals in, (a) raw materials and, (b) metal, slag, and dust.

Fig. 11—Concentrations of toxic metals in, (a) raw materials and, (b) metal, slag, and dust.
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given their low Gibbs energies of oxidation. Neody-
mium originates from the coke, FeMn slag, and Mn ore,
then also reports to the slag.

C. Comparison Between Pilot Experiment Dust
and Industrial SiMn Sludge

A comparison of the element concentrations between
industrial SiMn sludge (the ‘‘wet dust’’ from scrubbing
of the industrial furnace off-gas at Eramet Kvinesdal)
and dust from the pilot furnace campaign was also
carried out.

As shown in Figure 14, most of the elements have
similar concentrations in both SiMn sludge from indus-
trial operations and dust from the pilot experiment,
indicating that the pilot furnace campaign dust is
representative for a typical industrial furnace dust,
using similar raw materials as inputs.

IV. THERMOCHEMICAL SIMULATION

In order to compare the experimental results to
predicted behavior of elements, equilibrium calculations
for the distribution of 21 elements were carried out using
the ‘Equilib’ module of the FactSage7.1 thermochemical
software.[17] The compositions of the raw materials
coke, FeMn slag, Mn ore, and quartz were considered to
calculate the produced SiMn liquid metal, slag, and
fume (off-gas and dust) compositions. Thermodynamic
descriptions of the SiMn melt (Si-Mn-Fe-Li-Na-K-Mg-
Ca-Ba-B-Al-Pb-P-S-Ti-Zr-Cr-Co-Ni-Cu-Zn) were taken
from the FTlite database. Thermodynamic properties
of the oxide system SiO2-TiO2-ZrO2-Al2O3-B2O3-
Ti2O3-MnO-FeO-CoO-NiO-Cu2O-ZnO-CrO-Cr2O3-P
bO-CaO-MgO-BaO-Li2O-Na2O-K2O-S-P were adapted
from the FToxid database. Thermodynamic properties of
gas species and pure components were taken from the

Fig. 12—Concentrations of non-metals in, (a) raw materials and, (b) metal, slag, and dust.

Fig. 13—Concentrations of lanthanide and actinide metals in, (a) raw materials and, (b) metal, slag, and dust.
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FactPS database. In the selected system, 243 solutions,
1330 pure solids, and 248 gas species including 6117 total
species could form as products. However, only the gas,
liquid slag, and liquid metal phases were stable at the
temperature 1600 �C and composition studied.

The model calculations were carried out under the
following process assumptions:

� No concentration gradients exist in the product metal
and slag phases.

� The fume (off-gas and dust) was assumed to be gen-
erated from the furnace reduction smelting alone. The
fume generation from the tapping process was as-
sumed to be negligible in comparison to the furnace
fume.

� Reactions between the metal, slag, and fume reached
equilibrium.

� The process temperature 1600 �C was used in the
simulations.

According to the model, ~ 224 kg SiMn metal, 356 kg
SiMn slag, and 475 kg fume were generated from
reactions of in-going raw materials in the furnace. A
comparison between experimental data and modeled
data is listed in Table III. The modeled fume includes
both off-gas and dust. Since the modeled off-gas amount
was estimated to be about 411 kg using Scheil-Gulliver
cooling of the ‘Equilib’ module in FactSage, the
remaining 64 kg is dust. It is believed that Scheil-Gul-
liver cooling gives a good estimation of solute redistri-
bution during cooling of the gas phase. The

concentrations of the modeled elements for the pro-
duced SiMn metal, slag, and dust are illustrated in
Figures 15 through 17, respectively, where these values
are compared with the experimental results.
The calculated concentrations of 8 elements Si, Mn,

Fe, P, Cu, Ni, Co, and Li show good correlation with
those measured in the metal phase. Lead and chromium
measured and modeled values in metal are within the
same order of magnitude, as depicted in Figure 15. In
the dust, there are large discrepancies for Ba, Zr, Ni, Co,
Ti, Ca, and Al, as shown in Figure 17. The modeled
concentrations of the other 14 elements are in the same
orders of magnitude as the corresponding experimental
concentrations in dust. In the slag phase, there are large
differences for the elements Pb, Cu, Ni, Co, Fe, P, and
Li (the concentration of Li in the modeled slag phase is 0
wt pct), and the largest difference is found for P, for
which the theoretical concentration in slag is much
lower than the experimental result obtained by ICP-MS,
as illustrated in Figure 16. However, P is only detected
in micron-sized metal prills which are entrapped into the
slag by SEM-EDS. The only P component of the slag in
the current FactSage FToxid database is phosphate
(P2O5). However, under reducing atmosphere, P exists
largely as phosphide[20,21] and due to the lack of
phosphide components in the current FToxid slag
database, the distribution between phases could not be
reliably modeled. This resulted in a large discrepancy
between experimental and calculated P concentrations
in the slag.

Fig. 14—Composition comparison of industrial SiMn sludge and dust from pilot furnace campaign.
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The discrepancy between the modeled and experi-
mental data may be explained by lack of accurate
thermodynamic descriptions for several minor species in
the metal, slag, and gas phases, e.g., as explained for P in
the slag. However, the present model also excludes the
kinetic effects while, in reality, the system may be far
from equilibrium. For the major components (such as

Mn, Si, Fe) of the metal and slag phases, the agreement
between most of experimentally measured and modeled
results is good. Nonetheless, further assessment and
re-optimization of the metallic binary systems Si-Ba,
Si-Na, Mn-Na, and the ternary systems Si-Mn-X
(X = B, Na, Mg, Al, S, K, Ca, Ti, Zn, Zr, and Ba)
are suggested. The binary and ternary interaction
coefficients between the slag major oxide components
(MnO and SiO2) and minor oxide components (Li2O,
FeO, CoO, NiO, CuO, ZnO, and PbO) also need further
evaluation and optimization in order to better model the
SiMn alloy production system.

V. CONCLUSIONS

The minor and trace element distribution throughout
the electric arc furnace production process for a SiMn
alloy was established through a pilot scale furnace
production campaign. The mass flows of raw materials
coke, FeMn slag, Mn ore, and quartz into the furnace,
and the mass flows of the SiMn alloy, slag, and fume/gas
out of the furnace, were considered.
The distribution of elements between the product

condensed phases (metal and slag) and dust is generally
in good accordance with the boiling point model. The
distribution of elements between metal and slag mainly
follows the Gibbs energies of oxidation of the elements.

Table III. Comparison of Experimental Data and Modeled Data

SiMn Metal/kg SiMn Slag/kg

Fume/kg

Off-Gas Dust Total

Experimental data 211 355 425 64 490
Modeled data 224 356 411 64 475

Fig. 15—Comparison of modeled and experimental concentrations
of 21 elements in the SiMn metal. Note the logarithmic y-axis.

Fig. 17—Comparison of modeled and experimental concentrations
of 21 elements in the SiMn dust. Note the logarithmic y-axis.

Fig. 16—Comparison of modeled and experimental concentrations
of 21 elements in the SiMn slag. Note the logarithmic y-axis.
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1. Most of the alkali metals originate from Mn ore and
FeMn slag, and then redistribute to the slag and dust
after the reduction process. They are also present in
very small concentrations in the metal. The distri-
bution of alkali metals between slag and dust is af-
fected by the competition between their low boiling
points and relatively low Gibbs energies of oxidation.

2. Base and transition metals mainly enter the furnace
with the FeMn slag, and redistribute to the SiMn
metal, slag, and dust. Behavior of most elements is in
good accordance with the boiling point model and
Gibbs energy of oxidation, except Ti and Ta
exhibiting non-ideal behavior in both Si and Mn.

3. In the toxic metals group, Pb and As mainly comes
from the Mn ore, with Pb mainly reporting to dust
due to its low boiling temperature, while As reports
to both metal and dust due to its high vapor pressure
and negative deviation from ideality in both Si and
Mn. Chromium mainly stems from the quartz and
Co mainly from the Mn ore and FeMn slag, while
they both mainly go to the metal product phase.

4. Among non-metals, B and S mainly originate from
the FeMn slag, while P originates from coke and Mn
ore. Phosphorous mainly goes to the metal phase
with a small proportion reporting to the dust phase,
which is due to its negative deviation from ideality in
both Si and Mn, and its high vapor pressure. Sulfur
behaves as expected and reports mainly to the dust,
while B forms the stable oxide B2O3 and ends up in
the slag.

5. Most of the lanthanide and actinide metals enter the
furnace with the FeMn slag, and exits with the slag,
due to their low Gibbs energies of oxidation.

Thermochemical simulations were performed for 21
elements using the thermochemical software FactSage
7.1. The agreement between most of the experimentally
measured and modeled major components in the three
phases is fair. The discrepancies reveal that more
accurate thermodynamic descriptions for minor and
trace components in such multiphase, multicomponent
system are needed to better model the production
process.
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APPENDIX I TAPPED ALLOY
COMPOSITIONS

[22]

Tap No.

Metal Analysis

Mn Fe Si

1 67.1 25.7 0.3
2 68.9 23.7 2.6
3 67.7 19.2 9.1
4 68.0 16.9 11.7
5 67.6 16.0 13.3
6 67.3 16.3 13.3
7 67.7 18.2 10.9
8 67.8 17.6 11.2
9 66.1 18.5 12.0
10 67.5 17.0 12.4
11 66.8 16.9 13.1
12 67.1 15.7 10.9
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