10

11

12

13

14

15

16

17

18

19
20
21
22
23
24
25
26
27

Authors' accepted manuscript
Article published in Metallurgical and Materials Transactions B on May 27, 2022.
Final published article available at: https://doi.org/10.1007/s11663-022-02555-w

Oxidation and Fume Formation from Liquid Silicomanganese Alloys Exposed to Atmospheres
Containing Moisture
Yan Ma'3, Elmira Moosavi-Khoonsari?, Hakon A Hartvedt Olsen Myklebust®, Gabriella

Tranell®

!Department of Energy and Process Engineering, Norwegian University of Science and

Technology (NTNU), 7491 Trondheim, Norway

2Department of Mechanical Engineering, Ecole de Technologie Supérieure (ETS), Montreal,

Quebec H3C 1K3, Canada

3Department of Materials Science and Engineering, Norwegian University of Science and

Technology (NTNU), 7491 Trondheim, Norway

Corresponding author: Elmira Moosavi-Khoonsari
Tel: +1(514)396-8800 (ext. 8702)

E-mail; elmira.moosavi@etsmtl.ca

Submitted to
Metallurgical and Materials Transactions B
January 10™, 2022

Revised in

April 1%, 2022

Accepted in
May 9™ 2022

1

This version of the article has been accepted for publication, after peer review (when applicable) and is subject to Springer Nature’s AM
terms of use, but is not the Version of Record and does not reflect post-acceptance improvements, or any corrections. The Version of
Record is available online at: https://doi.org/10.1007/s11663-022-02555-w


mailto:elmira.moosavi@etsmtl.ca

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47
48
49
50
51

Abstract

In industrial applications and laboratory studies, it has been shown that the use of water spray
may significantly reduce the amount of fume generated from the oxidation process of liquid
high carbon ferromanganese alloy. However, in our recent study, it was shown that the
oxidation rate of liquid silicon alloy increases with increasing water content in the
atmosphere. Therefore, in this paper, the effect of moisture on the oxidation and fume
formation of a liquid silicomanganese alloy was investigated. The fuming rate, fume
characteristics, and experimental observations from wet air experiments on the
silicomanganese melt were compared with those obtained from dry air experiments, and with
the results of wet air experiments conducted on high carbon ferromanganese and silicon melts.
In addition, the oxidation process of the silicomanganese and high carbon ferromanganese
melts was modeled under the experimental conditions, using FactSage 8.1 thermochemical
software, to better understand the equilibrium thermodynamic principles of the experimental
results. In general, there was good agreement between the simulated and experimentally
observed oxidation behavior of silicomanganese and high carbon ferromanganese melts under

moist air conditions.

Keywords: Silicomanganese, Ferromanganese, Wet air experiments, Oxidation, Fuming,

Thermochemical simulation
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1. Introduction

In a manganese ferroalloy production plant, fugitive emissions are generated during most
operations, e.g. materials handling and transportation, tapping, refining, and casting.!*l While
mechanically generated particulate matters (PMs) are essentially, concerning composition,
fine fractions of raw materials or products, the thermally generated fumes contain mainly
metallic oxides formed from complex oxidation reactions between molten metal or metal
vapor and oxygen in the atmosphere.[ It should be noted that these PM emissions are

considered among the major occupational health and safety challenges in the plant.

A limited number of industrial and laboratory studies have been carried out to investigate the
fume formation mechanisms, involved in the thermal oxidation of manganese alloys.*® To
understand fuming mechanisms from both thermodynamic and kinetic points of view, the
current authors*®! conducted laboratory-scale experiments by heating commercial ferroalloys
in a closed graphite crucible, varying the gas composition and metal temperature, collecting
the generated fume through a fume/gas extraction system, and analyzing the dust particles. In
industrial applications, the installation of fine water sprays along the roof edges by the
casting beds of ferromanganese (FeMn) alloys at Eramet Sauda, Norway, has resulted in a
significant reduction of visible fume emissions.l®! This behavior was confirmed in a recent
laboratory study,[*® but the phenomenon was only partly explained. The question, then,
arouse whether the same type of water spray system would be equally effective for other
types of ferroalloys such as ferrosilicon (FeSi)/silicon (Si) and silicomanganese (SiMn).
However, as outlined in our recent study,™ the same addition of water vapor to the
atmosphere has the opposite effect on the fuming of liquid metallurgical grade silicon (MG-
Si). As such, it is of both academic and industrial interest to understand the effect of moisture

in the atmosphere on the fuming of SiMn alloy, which is the objective of the current study.
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2. Theoretical Background

A standard SiMn alloy is composed of approximately 17 wt.% Si, 67 wt.% Mn, 9 wt.% Fe, 2
wt.% C and other trace elements (e.g. Mg, Ca, Na, etc.).l*?l The oxidation of SiMn alloy in
dry air was described by the current authors in a previous publication.!®! Manganese exhibits
a high vapor pressure at elevated temperatures, and Si forms SiO gas at low oxygen partial
pressures. Both gaseous species oxidize in air and produce complex fumes. In the melt
temperature range 1673 K - 1773 K, the partial pressure of SiO is low and Mn is the main
fume-forming gaseous species, resulting in predominantly crystalline manganese oxide in the
fume. However, at higher melt temperatures, from 1773 K to 1873 K, the SiO partial pressure
increases and most of the formed MnO reacts with SiO molecules/clusters, resulting in
complex, amorphous SiMnOx particles. At melt temperatures higher than 1873 K, Mn
evaporation is extensive, leading to a combination of the complex, amorphous SiMnOx and

crystalline MnOx particles.®!

In addition, the formation of manganese hydroxide and oxyhydroxide gaseous species has
been investigated.l** 14 Hildenbrand et al.*®! studied the reactive vaporization of MnO under
the presence of O2 and H20/D20 by effusion-beam mass spectrometry. With a mixture of O2
and H20 vapors injected into the system containing MnO at about 1900 K, the ions OH",
MnOH?*, Mn(OH)2", and MnO(OH)* were observed. As Mn has multiple oxidation states,
these authors commented that Mn(OH)s(g) and MnO(OH)2(g) could also form at high
pressures. Opilal*¥l reported that Mn oxyhydroxide gaseous species must also exist, but
additional work is needed to identify the unknown Mn-O-H(g) species and to determine
corresponding thermodynamic data. This will enable the prediction of oxide stability under

water vapor at high temperatures. Currently, the thermodynamic data available in the
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FactSage SGPS thermochemical database for the Mn-O-H vapor species include Mn(g),

MnO(g), MnO2(g), MnH(g), and MnOH(g).1* 91

In the exposure of SiMn ferroalloys to water vapor, there are several possible reactions
between the water vapor/oxygen and Mn vapor/liquid Mn, resulting in MnO/MnOH
formation. These reactions are listed below together with the associated Gibbs energies of the
reactions, calculated from 273 K to 2273 K using FactSage 8.1 FactPS and FToxid databases
(the Gibbs energy of formation of MnOH species was taken from the FactSage SGPS

database).[*®l These reactions are expected to take place, concurrently, with the oxidation of

Si species, previously shown:1%

Mn(l)=Mn(g) AG°(kJ)= 256.484-0.112T(K) 1)
Active oxidation:
Mn(g)+H20(v)=MnO(l/s)+H2(q) AG°(kJ)=-356.043+0.116T(K) 2
AGL(kJ)= -410.435+0.142T(K)
Mn(g)+1/202(g)=MnO(l/s) AGP(kJ)= -603.302+0.172T(K) (3)
AGL(kJ)= -657.693+0.197T(K)
Mn(g)+OH(g)=MnOH(g) AG°(kJ)=-304.126+0.106T(K) 4)
Mn(g)+1/202+1/2H,=MnOH(g) AG°(kJ)= -265.944+0.092T(K) (5)
Mn(1)+OH(g)=MnOH(g) AG°(kJ)= -47.642-0.006T(K) (6)
Mn(1)+1/2H,(g)+1/20(g)=MnOH(g) AG°(kJ)= -9.460-0.021T(K) @)
Passive oxidation:
Mn(1)+H,0(v)=MnO(l/s)+H2(g) AG°(kJ)=-99.559+0.004T(K) (8)
AGL(kJ)= -153.951+0.029T(K)
Mn(1)+1/20(g)=MnO(l/s) AGP(kJ)= -346.817+0.059T(K) 9)

AG:(kJ)= -401.209+0.085T(K)
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As seen from equations (2)-(9), all the reactions are expected to occur at high temperatures,

and they are all exothermic reactions.

3. Experimental and modeling work

3.1 Experimental work

The effect of introducing moisture in the dry synthetic air on the oxidation rate and products
of SiMn melt was experimentally investigated in the same set-up as described, previously, by
the current authors.[!*l A standard grade SiMn alloy was used for the investigation (see
above). As the composition and morphology of SiMn fume in dry air vary with melt
temperature, ! experiments were carried out at two temperatures 1723 K and 1873 K under
different water vapor pressures. In addition, in this work, the oxidation behavior of high
carbon ferromanganese (HCFeMn) alloy was investigated at 1823 K under different water
vapor pressures to corroborate the previous laboratory results, where the oxidation behavior
of the HCFeMn melt was studied at 1773 K. It should be added that the inner and outer
diameters of the gas lance were 5 mm and 17 mm, respectively. The lance tip was placed
about 20 mm above the liquid melt during each experiment. The experimental matrix is given
in Table 1. Since a graphite crucible was used for the experiments, the bulk alloys were
saturated with carbon. As such, the gas in contact with the liquid metal is assumed to have an
equilibrium pressure of CO(g). As discussed by Myklebust et al.,'®! the surface of a bulk C-
saturated FeMn alloy may be depleted in C, giving it a different Mn (and Si) activity than the
bulk and as such, affecting the effective vapor pressure of alloy species. Water vapor pressure

at a given temperature was calculated from the Antoine equation:[*”]
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3816.44 (10)

In Pv (Pa) =23.1963- m

where P, and T denote water vapor pressure and the absolute temperature, respectively. The
water vapor pressures calculated from Eq. (10) lie within 0.1 percent of values from steam
tables over the temperature range 323-373 K. At the temperatures 298 and 313 K, errors less

than 3% are expected.

Table I. Experimental matrix of the current work

Alloy Gas Melttemp  Water vapor No. of Holding time
(K) pressure (kPa)  parallels (min)
Synthetic air 1723 7.36 1 25
Syntheticair 1723 12.33 1 40
Synthetic air 1723 19.92 1 40
Synthetic air 1723 25.01 1 40
Standard  Synthetic air 1873 0 1 30
SiMn Synthetic air 1873 3.14 3 30, 30, and 40Y
Synthetic air 1873 7.36 3 30, 30, and 40?
Synthetic air 1873 12.33 4 20, 30, and 40
Synthetic air 1873 19.92 3 20, 30, and 40
HC Synthetic air 1823 0 4 20
FeMN o nthetic air 1823 7.36 3 20
Synthetic air 1823 12.33 4 20

1) & 2) These experiments were repeated two times for the holding time of 30 min.

Each experiment was performed using 4 kg standard SiMn alloy or HCFeMn alloy. During
the experiments, dry synthetic air was initially passed through the humidifier at the rate of 3
L/min to achieve the desired humidity, before being blown above the metal surface. After the
experiments, the fume was collected at three sites: the so-called transition tube, the cooler,

and the filter. The majority of fume was collected from the filter. To avoid free water,

7
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remaining in the fume, the collected fumes together with the transition tube, cooler, and filter
fabric were directly weighed after the experiments and reweighed after being dried for at least

20 min at 383 K to compare the differences.

The total amount of fume generated in each experiment was measured, and the mass flux, J,,,

was calculated as follows:

m (11)

where m is the total mass of fume generated (using the data obtained after dryer), A is the
surface area of the molten metal (assuming no surface oxide/slag coverage), and t is the

holding time of the experiment.

Fume samples from some of the experiments were characterized using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and inductively coupled
plasma mass spectrometry (ICP-MS). The equipment used for SEM was a Zeiss Supra 55 PV
field emission microscope. Only the fume samples, collected from SiMn melt at 1723 K,
were enough for SEM observations. Particle size distributions were estimated with the aid of
both laser diffraction (LD), assuming an average density model, and visual SEM image
counting. The composition of slag formed on the alloy surface as a result of the surface

oxidation/passivation process was determined using electron probe micro-analysis (EPMA).

3.2 Equilibrium thermodynamic modeling

Similar to the liquid Si system, the thermochemical simulation of the SiMn oxidation

experiments were performed at 1723 K and 1873 K, and thermochemical modeling of
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HCFeMn oxidation experiments was also conducted at 1773 K and 1823 K, using FactSage
8.1 thermochemical package!*®! to explain the experimental results from the equilibrium point
of view. No kinetic factors were taken into account in the model. Thermodynamic properties
of the SiMn and HCFeMn melts were taken from the FactSage FTlite database while those of
oxides were adopted from the FToxid database. Gibbs energies of gaseous species were taken
from the FactPS database except for SiIO(OH)2, Si(OH)4, and MnOH, adopted from the SGPS

database.

The oxidation of the melt and its fuming process were simulated as three effective
equilibrium reaction zones, shown in Figure 1: (R1) the reaction between the liquid metal
surface and gas jet, which generates a gas phase here called “fume 17; (R2) the reaction
between “fume 1" and surrounding gas phase across the interface, leading to the formation of
“fume 2” with an altered composition in comparison to “fume 17; and (R3) the fume
condensation while exiting the reaction zone 2 due to cooling of the system. More details
about the thermodynamic modeling approach and flow of the reactions have been provided in

the previous work.!

10% R1
Metal Metal 4 | Gas_jet Metal_reacted |4 | Slag(l,s) || Fumel
I
R2
Fumel | 4| Gas phase Fume2
R3
Fume2 > Off_gas | ¥ | Fume3

Fig. 1 — Flow of equilibrium calculations for simulation of fuming from oxidation process of
the melt. Reprinted with permission from reference [11]. Copyright 2019 American Chemical

Society.
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4. Results and discussion

4.1 General observations from SiMn experiments

Visible turbid droplets were found on the filter fabric from the SiMn experiments at 1723 K
only when water vapor pressure was above 12 kPa. However, no visible droplets were found
in 1873 K SiMn experiments, and there was almost no mass difference before and after

drying the fume-containing parts of the equipment.

Blisters were visually observed on the cooled metal surface after the experiments at 1723 K
in wet air. The blisters seemed to increase with an increasing water vapor pressure at 1723 K

experiments. No blisters were found in the dry air experiments.

The formation of a slag layer on the cooled metal surface was also visible after the SiMn
experiments at 1873 K. The slag layer was removed from the metal surface for further
characterization. As presented in Figure 2, the slag exhibits two different types of
morphology and composition. The compositions of slag in zones 1 and 2 are given in Table I1.
The main slag phase (marked 1) is mainly composed of SiO2 and MnO, as well as other
minor/trace species. Silica crystals, precipitated during cooling, are marked as zone 2. The
slag formation on the metal surface suggests that the surface exposed to air/oxygen (from
which fume can form) might be dynamic, making an accurate determination of fume flux

challenging.

10



197 Fig. 2 — Electron images of slag obtained from SiMn wet air experiments at 1873 K; (a)

198 secondary electron (SE), and (b) backscattered electron (BSE) modes.
199
200 Table I1. Slag composition measured using EPMA (wt.%)

Zone Si0O; NaaO KO MnO MgO CaO FeO ALO; P,Os 2ZnO SO; TiO, Total

1 54.82 0.16 0.16 2760 201 486 0.08 4.89 0.02 000 055 050 09564
2 96.35 0.07 0.00 096 0.02 0.13 0.00 0.34 0.02 006 000 0.00 97.95

201 4.2 Measured mass flux

202  The mass fluxes of fumes obtained from the oxidation process of SiMn alloy at the two
203  temperatures of 1723 K and 1873 K under different water vapor pressures are depicted in
204  Figure 3 and compared to results from the FeMn experiments at 1773 K from the earlier
205  work,™@and 1823 K from this work. The dry synthetic air experiments are presented at water
206  vapor pressure equal to 0 kPa. As seen in Figure 3, the mass fluxes of fumes from the FeMn
207 melt at both 1773 K and 1823 K decrease with increasing water vapor pressure. For the
208  SiMn melt, although the mass flux largely fluctuates, it shows a relatively constant trend for

209  both temperatures and different water vapor pressures.

11
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Fig. 3 — Mass fluxes of fumes from the FeMn and SiMn melts under different water vapor

pressures.

The variations between results of the repeated SiMn experiments under the same water vapor
pressure may be explained, at least partly, by the observations of slag formation on the metal
surface. The slag formation leads to partial passivation as the alloy surface, exposed to

oxygen (where the fume formation and active oxidation take place), becomes non-static.

A comparison between the average mass flux from the SiMn melt at 1873 K and the Si melt
at 1823 K is shown in Figure 4. The mass flux from the Si melt increases with increasing
water content in the gas jet up to 7.4 kPa, as illustrated in our previous paper.l*: 28 With a
further increase in water vapor pressure, the mass flux from Si melt levels off at

approximately the same level as that from the SiMn alloy.

12
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Fig. 4 — Average mass flux of fume from Si melt at 1823 K and SiMn melt at 1873 K as a

function of water vapor pressure.

4.3 Fume morphology

Scanning electron micrographs of typical fume particles obtained from the SiMn alloy melt at

1723 K and 1873 K, in dry and wet air, are shown in Figure 5.

As presented in Figures 5a and b, the fume particles, which formed from the oxidation of
SiMn melt at 1723 K in dry and wet air conditions, respectively, have very different
morphologies. Particles formed in moist air are coarser and more agglomerated, suggesting

that the fume formation mechanism is altered by the introduction of water vapor.

The morphologies of fume particles formed from the oxidation of SiMn melt under dry and
wet air conditions at 1873 K are depicted in Figures 5c and d, respectively. The SEM images
indicate that, while fume particles are spherical in both wet and dry conditions, particle

aggregation is more pronounced under humid conditions.

13
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Fig. 5 — Typical morphology of SiMn filter fume, generated at (a) 1723 K dry air, (b) 1723 K

wet air, (c) 1873 K dry air, and (d) 1873 K wet air conditions.

The fume samples from the transition tube, obtained from the oxidation of SiMn melt at 1873
K under wet air conditions, were also investigated using TEM, shown in Figure 6. The TEM
bright-field image of the transition tube fume, which formed from SiMn alloy under wet air
conditions, is illustrated in Figure 6a. A fraction of particles with uneven surfaces are
crystalline, and others with smooth surfaces are amorphous. Electron energy loss
spectroscopy (EELS) mapping was carried out to determine the distribution of Si and Mn in
these particles, and the results are depicted in Figure 6b. The edges of all the crystalline
particles are covered by Mn (marked green), while the cores of the crystalline particles
consist of a combination of Si and Mn. The amorphous particles are composed of both Si and

Mn with no compositional differences around the edges.

14
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Fig. 6 — Transition tube fume from SiMn experiments at 1873 K under wet air conditions; (a)
TEM bright-field image, (b) relative concentrations of Mn (green color) and Si (red color) in
the EEL spectrum image.

Figure 7 illustrates the TEM image of SiMn filter fume at 1873 K under wet air conditions.
As seen, the particles are all spheres of various sizes and are all amorphous. The elements are
found to be evenly distributed over the entire mapping area. This was also observed in our
previous studies on dry air SiMn oxidation.[! The TEM results indicate that there are no

compositional differences in the fume particles obtained under both dry and wet air

conditions.
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260 Fig. 7 — Filter fume from SiMn experiments at 1873K under wet air conditions; (a) TEM

261 bright-field image, and (b) selected area electron diffraction pattern.

262 4.4 Main elements in SiMn fume at 1873 K

263  As outlined above, there is no major morphological difference in the protoparticles® of SiMn
264  fume at 1873 K between dry and wet air conditions, and TEM analysis indicates no
265  compositional differences. ICP-MS analysis of the fume was carried out to further reliably
266  compare the concentrations of the main elements (Si and Mn) in the SiMn fume. The
267  concentrations of Si and Mn in the fume are shown in Figure 8 under different water vapor
268  pressures. The experimental error range for Si and Mn concentrations in the fume is £5 wt%.
269  ICP-MS analysis supports the TEM observation. That is, there is no significant difference in

270  the concentrations of main elements in the fume with increasing water vapor pressure.

50 F 4 < ¢
L ® b
45 1 ! 4 |
o R T T
40 F
35 . m  Si-transiton tube
| e Mn-transition tube
R 3t A Si-cooler
= L v Mn-cooler
25 ¢ Sifilter
L < Mn-filter
20 |
15 -
o = 3 t $
10 1 A 1 " 1 " 1 " 1
0 3 10 15 20
271 Water partial pressure/kpa
272 Fig. 8 — Concentrations of Si and Mn in the SiMn fume at 1873 K as a function of water
273 vapor pressure.

274

275 4.5 Particle size distribution

! Protoparticles are, here, defined as the smallest visible particle unit.

16



276  The particle size distribution of SiMn filter fume was analyzed using both LD and SEM

277  image

278  analysis. The LD distribution indicates the size of agglomerates? in the fume samples, while

279  the SEM image counting represents the size of protoparticles.

280  The particle size distributions of SiMn fume which formed at 1873 K under both dry and wet
281  air conditions are shown in Figure 9. As seen, the particle size distribution appears to have
282  very similar shapes under different water vapor pressures. It seems that the injection of water

283  does not have a significant effect on the protoparticle size or the agglomerated particle size.

284
60
" Di i
| B8 (@) | 24(b) i
3 ; 7.36 kP

50 | 7.36 kPa [ 12.33 k:a
" I 12.33 kPa B 19.92 kPa
iy I 19.92 kPa o 20
&40 &
9 5
ol o 154
0 30 =
= ©
2 =
g @ 404
S 20 £
> 3

>
10 5
0- 0 i OV D R
e S VS 0P 07 (P o (W o° 6" o ?
o N oV ¥ o ¥ o ¥ oF
285 Diameter/um

286 Fig. 9 — Particle size distribution of filter fume from SiMn melt at 1873 K under different

287 water vapor pressures, obtained using (a) LD and (b) SEM image counting.

2 Agglomerates are clusters of proto-particles joined by bonds not dissolved by immersion of the particulate
matter in the solution media used for laser diffraction analysis.
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4.6 Equilibrium thermodynamic modeling results

The calculated reaction products from the oxidation process of the SiMn and HCFeMn melts
by the gas jet (synthetic air with water vapor) are illustrated in Figures 10 - 15. All of the

three reaction zones, depicted in Figure 1, are described below.

4.6.1. Oxidation of SiMn melt
SiMn melt and gas jet reaction (R1)

The reaction of SiMn melt and gas jet (R1) leads to the formation of SiO2 slag and a gaseous
phase; here called ‘fume 1’ (see Figure 10a), which composition is shown in Figure 10b. The
left columns represent the calculations at 1873 K and the right columns represent the
calculations at 1723 K. Fractions of metal and gas phases reacting together could not be
measured during the experiments. However, it could be assumed that a small fraction of
metal reacted with the gas jet at the metal surface. Therefore, for R1, we tested the reactions
between different fractions of the melt (e.g. 10%, 20%, etc.) and the gas phase, and there
were no changes in the results. For the gas phase, the water vapor pressure in the air was
varied according to the experimental conditions to simulate the metal-gas reaction (R1).
Moreover, temperature measurement using a thermocouple revealed that the gas jet reached
the melt temperature when exiting the lance and at the time of reaction with the melt. This is
because the experimental gas flow rate was rather low (3 L/min). As a result, the same

temperature as that of bulk liquid metal was used for the gas jet in simulating R1.

1873 K 1723 K

18
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Fig. 10 — Simulated fuming from R1 under different water vapor pressures; (a) reaction products of the gas jet

and SiMn melt, and (b) partial pressures of the gaseous species in ‘fume 1'.

As seen in Figure 10a, the amount of generated fume decreases with increasing water partial

pressure in the gas phase. It is illustrated in Figure 10b that the partial pressures of gaseous

species decrease in the following order: Mn, SiO, Fe, Si, SiH, MnOH, SiOz2, SiH4, SIO(OH)2,

FeO, Fe(OH)2, Si(OH)4, and Siz2Hs. Partial pressures of Mn and Fe are much higher than that

of MnOH, and those of FeO and Fe(OH)2, respectively, which is opposite to the case of Si

and SiO gaseous species. The Mn partial pressure slightly decreases and that of MnOH

increases by less than 1 order of magnitude. A similar behavior from Fe and Fe(OH):2 is seen

(the partial pressure of Fe(OH)2 increases by 2 to 3 orders of magnitude). However, Mn

vapor is dominant in comparison to MnOH (Pwmn is about 6 orders of magnitude larger than

Pwmnon); therefore, the Mn overall partial pressure slightly decreases. It is seen that the partial
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pressures of SiO and SiO: slightly increase by less than 1 order of magnitude while the partial
pressures of Si hydrides and (oxy)hydroxides (SiH, SiHa, Si2He, SiO(OH)2, and Si(OH)3)
increase within 5-6 orders of magnitude within the calculated range of water vapor pressure

(i.e. up to 40 kPa).

In addition, as shown in Figure 10a, the amount of ‘fume 1’ calculated at 1873 K is higher
than that at 1723 K, and the ‘fume 1’ gaseous species at both temperatures show similar
trends. A small amount of SiOz2 slag also forms during the process at high temperatures on the
SiMn melt surface. However, according to observations (see figure 2), MnO-SiO: slag
formed on the metal surface. It should be noted that the melt surface could not be directly
observed at high temperatures during the experiments. Therefore, the difference in slag
composition from observations and calculations might be explained by cooling down the
crucible containing melt outside the furnace in ambient conditions after the experiments (i.e.,
Mn was also oxidized from the hot surface of the melt, exposed to the atmosphere, to form

MnO-SiO: slag).

Oxidation reaction across the interface between melt surface and surrounding gas phase

(R2)

The oxidation reaction of ‘fume 1’ at the interface between melt surface and surrounding gas
phase (R2) leads to the formation of liquid droplets dispersed in a gas phase, here called
‘fume 2’ (see Figure 11a). The compositions of liquid and gas components of ‘fume 2’ are
shown in Figures 11b and c, respectively. In Figure 11b, only the Mn- and Si-containing
vapor species are presented. The other dominant gaseous species are CO, N2, COz, H20, Oz,

Hz, and OH.

1873 K 1723 K
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Fig. 11 — Simulated fuming from R2 under different water vapor pressures; (a) reaction products across the
interface between SiMn melt surface and the surrounding gas, (b) composition of the gaseous 'fume 2', and (c)
composition of liquid ‘fume 2°. The labeled temperatures come from the adiabatic reaction in R1.
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The labeled temperatures in figure 11a come from the adiabatic reaction in R1. During the
experiments, the bulk melt was continuously heated in an induction furnace. For example, for
SiMn experiments, the bulk liquid metal was heated to either 1873 K or 1723 K and kept at
those temperatures during the experiments. Therefore, it could be assumed that the adiabatic
reaction only locally raised the interfacial temperature. That is, the temperature increase is
only a local effect at the interface due to the adiabatic reaction. As a result, the interface
temperature including the temperatures of “fume 17, “fume 2”, and surrounding gas adjacent
to the interface could be expected to be controlled by the adiabatic reaction (R1). Therefore,
we assumed the temperature gradient is negligible at the interface (i.e. R2 was calculated

isothermally).

The most important implication of the mixing ratio between the “fume 1” and surrounding
gas at the interface will be the change in the oxygen partial pressure. Therefore, for R2, we
considered changes in oxygen partial pressure across the interface. That is, the oxygen partial
pressure across the interface was set to vary from 10" kPa from the C saturated metal
interface at the left of the x-axis to an oxygen partial pressure of ~1 kPa, the bulk air partial
pressure on the far right of the x-axis. The individual lines were calculated at a constant
temperature imposed by the adiabatic reaction at the interface from R1. As shown in Figure
11a, the total amount of ‘fume 2’ is larger at 1873 K in comparison to that at 1723 K. The
amount of gaseous component of ‘fume 2’ does not change significantly from 1873 K to
1723 K but the mass of liquid component increases by 2 — 3 times. There is not a significant

difference in the amount of fume products (gas and liquid) with different moisture contents.

As depicted in Figure 11a, both liquid and gas phases of ‘fume 2’ show an overall increasing
trend with increasing oxygen partial pressure. The gaseous part of ‘fume 2" is initially almost

constant, then decreases with increasing oxygen partial pressure from 10° and 1072, up to
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about 10 and 107 kPa, at 1873 K and 1723 K, respectively, upon the formation of liquid
droplets of ‘fume 2’. With further increasing the partial pressure of oxygen, the amount of

gaseous fume increases, and that of liquid fume stays constant.

As seen in Figure 11b, the partial pressures of SiO(g) and Mn(v) decrease with the formation
of the liquid fume at oxygen partial pressures of 10°° and 102 kPa at 1873 K and 1723 K,
respectively. That is, the formation of condensed species (SiO2 and MnO) is
thermodynamically more favorable. The partial pressures of Si and its hydrides, as well as
SiO, decrease due to oxidation reactions of Si species; and as a result, SiO2 and
(oxy)hydroxides’ partial pressures increase with increasing oxygen partial pressure. In
addition, it is clear that with increasing the water partial pressure in the gas phase, the
concentration of Si gaseous species increases while that of Mn gaseous species decreases. It
is also seen that the partial pressures of Si (oxy)hydroxide gaseous species increase with
decreasing temperature from 1873 K to 1723 K, which can be explained by a decrease in the

Gibbs energy of formation of (oxy)hydroxides species with decreasing temperature.

Figure 11c shows that the liquid component of ‘fume 2’ mainly consists of MnO, SiOz2, and
Mn20s. With increasing oxygen partial pressure across the interface, the amount of MnO
drastically increases and the amount of SiO2 sharply decreases up to around 107" kPa at 1873
K. At this point, MnO concentration reaches a maximum, SiO2 content of liquid ‘fume 2’
becomes constant, and Mn20s3 starts to form. The amount of Mn20s increases with further
increasing partial pressure of oxygen above 107 and 10* kPa at 1873 K and 1723 K,
respectively, while the formation of MnO decreases. Therefore, the liquid component of
‘fume 2’ changes in composition from a mixture of MnO and SiO2 to a final mixture of MnO,
SiO2 and Mn20s. Moreover, the amounts of MnO and Mn20s species of the fume decrease

with increasing water vapor pressure while that of SiO2 increases.
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Fume condensation and off-gas formation (R3)

When the ‘fume 2 exits the interface between the melt surface and surrounding gas, part of it
condenses. This process is simulated as R3. The fume condensation leads to the formation of
particles dispersed in a gas phase, here called ‘fume 3°. The oxygen partial pressure at the
interface in equilibrium with the carbon saturated metal could be calculated from the
chemistry of the system. However, the oxygen partial pressure at the interface adjacent to the
surrounding gas phase could not be determined with certainty and is expected to be lower
than the bulk air oxygen potential. This can be justified by the occurrence of other reactions,
which consume oxygen and form CO(g), e.g. the reaction between oxygen in the surrounding
and carbon from the graphite crucible. Therefore, for the calculation of R3, the oxygen partial
pressure at the bulk gas interface was assumed to be about 10 kPa. Hence, the reaction
products generated at oxygen partial pressure of 10 kPa were quenched using Scheil-
Gulliver cooling mode, and the modeled fume components from R3 are shown in Figure 12.
It is believed that Scheil cooling gives a good estimation of solute redistribution during the
cooling of the gas phase. The uncondensable part of the fume exits the system as the off-gas
(not shown in the figure), where N2, CO2, and H20 are the main constituents. As illustrated in
Figure 12a, the fume from the SiMn melt mainly contains an amorphous phase, which is the
cooled liquid fume from R2. This result is in accordance with the experimental observation
(see Figure 7). The main components of the amorphous fume are MnO (> 70 wt%), SiO2 (15

— 20 wt%) and

1873 K 1723 K
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Mn203 (10 wt%). Carbon also precipitates out, perhaps in the form of soot, from the fume

below 773 K. Moreover, for water vapor pressures above 3 kPa, free water condenses around
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412 333 K. This somehow agrees with the water droplets found on the filtered fume for water

413  vapor pressures above 12 kPa at 1723 K.

414  The condensed fume also contains minor crystalline phases such as monoxide, olivine, spinel,
415 and SiO2, precipitating out of the gaseous component of ‘fume 2’ while cooling. The
416  monoxide phase is a solid solution, containing mainly MnO, and less than 1.0 wt% and 0.1 wt%
417  Mn20s3 and FeOx, respectively. Olivine mostly contains Mn2SiOas, and the spinel’s main
418  constituent is FesO4. However, the minor phases were not experimentally detected, probably
419  because (1) they occurred in extremely lower concentrations (at least by an order of 10%) in
420 comparison to the amorphous fume, according to the calculations (see Figure 12), and (2) the

421  collected and analyzed fume from the experiments was inhomogeneous.

422  As revealed by the calculation of R3 and described above, the amount of fume stays almost

423  constant with increasing water vapor pressure and only very slightly decreases.

424  As presented in Figure 10b, the formation of Si fume can be explained by the formation of
425  SiO, SiOz, SiH4, SiO(OH)2, Si(OH)4, and SizHs gaseous species. While partial pressures of Si
426  hydrides and (oxy)hydroxides increase by a few orders of magnitude, the vapor pressure of
427  the dominant species SiO is almost constant and only slightly increases. Thus, the Si
428  concentration of the fume stays almost constant. On the other hand, the decreasing Mn fume
429 can be explained by a decrease in the dominant Mn vapor species. This, in turn, can be
430 explained by the decreasing temperature of the system caused by the high heat capacity of
431  water. Increasing MnOH vapor pressure cannot significantly affect the Mn fuming since its
432  partial pressure is comparatively lower (by 6 orders of magnitude) than that of Mn(v).
433  Increasing Si fume and decreasing Mn fume cancel each other out so that the total amount of

434  fume does not noticeably vary with increasing water vapor pressure in the gas phase above
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the SiMn melt. That is, the generated fume only very slightly decreases due to a slight

decrease in Mn fume, which is the dominant vapor species.

4.6.2. HCFeMn melt

HCFeMn melt and gas jet reaction (R1)

In a similar way to the SiMn melt, the oxidation behavior of HCFeMn melt was simulated
under different vapor pressures of water in the gas phase at two temperatures, 1823 K and
1773 K. The typical HCFeMn composition® was used for the calculations. The stable phases
from R1 and the gaseous species in ‘fume 1’ are shown in Figures 13a and b, respectively. As
seen, with decreasing temperature, the generated fume as well as the partial pressures of the
gaseous species in the fume decrease. With increasing water vapor pressure in the gas phase
up to 40 kPa, the amounts of Mn and Fe fume decrease by up to 1 order of magnitude,
illustrated in Figure 13b. The amount of the hydroxide gaseous species MnOH increases by
about 1 order of magnitude. However, the Zn and SiO amounts of the fume do not noticeably
vary with increasing the water vapor pressure in the gas phase. Although the FeMn melt
contains a very low concentration of Zn (0.001 wt%), Zn vapor pressure is relatively high (i.e.
we can assume the surface layer of the melt is almost depleted in Zn). Zinc after Mn is the

most dominant vapor species of the fume.

In addition, the oxidation behavior of FeMn melt, which has been decarburized at the surface,
under dry air and moist air with different vapor pressures of water was simulated in the
current work. The results for the decarburized FeMn melt at 1823 K are presented as thick
lines in Figure 13. Myklebust et al.l®l observed a large amount of fume from oxidation

experiments of HCFeMn in dry air at 1823 K. However, the highest flux values measured
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composition.®! This was related to the local decarburization of the melt surface and increased
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Fig. 13 — Simulated fuming from R1 under different water vapor pressures; (a) reaction products of the gas jet
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and FeMn melt, and (b) partial pressures of the gaseous species in 'fumel'. The given temperatures are the

melt bulk temperature.

As shown in Figure 13a, as a result of the decarburization of the FeMn melt surface, a lower

amount of gas phase is generated (which is related to the absence of CO gaseous component)

however, a large amount of the decarburized layer is oxidized to form condensed liquid slag

(mainly MnO, 0.3 — 1 wt% SiO2, and < 1 wt% Mn203, FeO, Fe203, P20s, and ZnO) and

monoxide phase (mainly MnO plus minor amounts of FeO, Fe203, and ZnQO). This can be

explained by the increased partial pressure of oxygen at the decarburized melt surface/gas jet

interface (i.e. oxygen partial pressure increases from about 10** kPa for the HCFeMn melt to

10 kPa for the decarburized surface). The transition from the liquid slag to solid monoxide

can be explained by the decreased temperature at the melt/gas interface from 2125 K to 2110

K at high vapor pressures of water, shifting the local phase equilibrium below the liquidus

line in the MnOx system.
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As seen in Figure 13b, in the case of the decarburized surface layer of the FeMn melt, the
amount of metallic and oxide species such as Mn, Fe, SiO, and MnOH in the fume can be
higher than the carbon-saturated melt by 1 to 3 orders of magnitude. According to the
calculations, it is only Zn that does not show a significant difference in the presence and
absence of carbon. It is also interesting that Mn and Fe vapor pressures only slightly decrease
with increasing water vapor pressure in the absence of carbon. On the other hand, the vapor
pressure of SiO shows a slight increase with increasing water vapor pressure. These trends
are different from the case of carbon saturated melt. This could be because the activity of Mn
and Fe is mostly a function of melt composition (i.e. the carbon content) and the temperature
has a lower impact on the activity of Mn and Fe in the melt, according to the calculations.
Moreover, Si and C both compete for oxygen to form SiO(g) and CO(g). Since the formation
of CO(g) is thermodynamically more favorable than SiO(g) formation; for the HCFeMn melt,
C consumes most of the available oxygen to form CO(g), which partially inhibits the active

oxidation of Si to SiO(g) as a result of selective oxidation.

The oxidation experiments of HCFeMn melt under moist air (see Figure 3) showed that the
generated fume decreases with increasing water vapor pressure in the gas phase which is in
agreement with the present calculations for the case of carbon-saturated FeMn melt. As a
result, it can be implied that, if the decarburization of the surface layer of FeMn melt had
occurred under the moist air atmosphere, the generated amount of fume should have not
significantly varied as a function of water vapor pressure according to the present
calculations. It is, therefore, possible that the surface decarburization is enhanced under dry
air.  This can Dbe explained by the equations 2C+102(g)=2CO(g) and
C+1H20(v)=CO(g)+H2(g), where 1 mole of Oz oxidizes 2 moles of carbon while 1 mole of
H20 oxidizes only 1 mole of carbon. That is, a larger extent of decarburization is expected
under dry air.
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Oxidation reaction across the interface between the melt surface and surrounding gas

(R2)

The results of oxidation of ‘fume 1’ across the interface between the melt surface and
surrounding gas (R2) for the HCFeMn melt are depicted in Figure 14. Each condition
temperature is imposed by the adiabatic reaction from R1. The fume shows a similar trend to
that of SiMn. The difference is the formation of liquid slag at oxygen partial pressures higher
than 1072 kPa, which can be explained by the change in the chemistry of the system as a result
of oxidation across the interface between melt surface and surrounding gas. The monoxide
fume consists of mainly MnO. However, with increasing the oxygen partial pressure across
the interface, MnO is partially oxidized to Mn20s forming the MnO-Mn203 (MnOx) liquid
slag solution, which has a lower melting point than MnO. The end slag consists of 50 wt%

MnO and 50 wt% Mn20s, according to calculations.

Similarly, the oxidation of ‘fume 1°, generated from the decarburized FeMn melt under dry
air at 1823 K, across the interface between melt surface and surrounding gas (R2), was
calculated. The results are depicted in Figure 14 as thick solid lines. In comparison to the
HCFeMn, a considerably lower amount of gaseous fume and a larger amount of liquid slag
fume has been generated. No monoxide fume forms in the case of decarburized FeMn melt,
which can be explained by higher oxygen partial pressure at the interface and formation of a
considerable amount of Mn20s, having a lower melting temperature in comparison to MnO.
However, Figure 14b illustrates that despite lower gas volume due to the absence of CO(g) in
the case of a decarburized melt, the partial pressures of Mn and Fe are about 1-2 orders of
magnitude higher than those for the HCFeMn melt. The partial pressures of SiO and SiO2

gaseous species for decarburized FeMn melt show rather complex trends.

1823 K 1773 K
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Fig. 14 — Simulated fuming from R2 under different water vapor pressures; (a) reaction products across the

7 6 5 -
log Py, (kPa)
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Thick solid lines represent the calculations for decarburized FeMn melt.

520

521 Fume condensation and off-gas formation (R3)

522  The ‘fume 2’ exiting the R2 condenses as a result of the existing temperature gradient. The
523  simulation results are shown in Figure 15 for HCFeMn melt at 1823 K and 1773 K. The main
524  components of the fume are crystalline monoxide and amorphous fume. Others are soot
525  (condensed carbon) and free water. In addition, minor amounts of MnsP20s, spinel, zincite
526  (mainly ZnO with trace amounts of FeO and Fe20s3) form however, they have not been

527 illustrated here. As seen, with increasing water partial pressure in the gas phase, the amount
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of generated fume decreases. Contrary to the SiMn system where the dominant fume species
is amorphous, in the HCFeMn system, crystalline monoxide is the dominant fume constituent.

In the case of the SiMn system, the slag is a mixture of MnO, SiO2, and Mn20s3, having a

lower melting
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Fig. 15 — Simulated FeMn fuming from R3 under different water vapor pressures; condensed fume

components.

temperature in comparison to the slag in the HCFeMn, which mainly consists of MnO.
Interestingly, in the case of the decarburized surface layer of FeMn melt, the dominant fume
species is amorphous. In this case, the temperature at the melt/gas jet interface increases to
about 2125 K while in the case of carbon-saturated FeMn melt, the interface temperature
varies between 1955 K and 1912 K for up to 40 kPa water vapor pressure in the gas phase.
The higher interfacial temperature shifts the phase equilibrium toward the formation of liquid
‘fume 2’ and subsequently amorphous fume upon condensation. The higher interfacial
temperature in the absence of carbon can be explained by the passive oxidation of Mn from
the surface layer of the melt. This reaction is extremely exothermic, significantly increasing
the interfacial temperature. On the other hand, in the case of carbon saturated melt, although

carbon oxidation is also an exothermic reaction, it generates only about 25% of the heat
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generated from the reaction of 1 mole of Mn and 0.5 moles of oxygen. This can be explained

by the enthalpy of the following reactions at 1823 K:

Mn(1)+1/202(g)=MnO(s); AH° (KJ) = -404.282
(12)
C+1/202(g)=CO(q); AH® (kJ) = -117.561
(13)

5. Summary of observations and conclusion

The effect of water vapor on the oxidation and fuming of liquid SiMn at 1723 K and 1873 K
was experimentally investigated, and compared to the oxidation behavior of HCFeMn melt at
1773 K and 1823 K. The chemical reactions of both SiMn and HCFeMn melts with dry air
and moist air were also thermochemically modeled under the same experimental variables
(composition, temperature, water vapor pressure) using FactSage 8.1 thermochemical
software. Equilibrium thermodynamic calculations allowed a better understanding of the
mechanisms, underlying the experimental observations. The highlights are summarized

below:

e In general, the injection of water vapor inhibited the oxidation reaction of Mn, while
promoting the oxidation reaction of Si. However, the experimental results showed that
there was no significant change in the fuming/oxidation of SiMn melt as a function of
water vapor pressure.

e The equilibrium thermodynamic calculations for the SiMn system were in agreement
with the experimental observations. The vapor pressure of the dominant Si gaseous
species in the fume, SiO(g), was almost constant, and only slightly increased with
increasing water vapor pressure. On the other hand, the vapor pressure of the

dominant Mn gaseous species, Mn(v), only slightly decreased because of decreased

33



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

temperature at the melt surface/gas jet interface under the effect of increasing water
vapor pressure. Increasing Si fume and decreasing Mn fume canceled each other out
so that the total amount of generated fume did not significantly vary with increasing
water vapor pressure.

There was no major morphological difference in the protoparticles of SiMn fume at
1873 K between dry and wet air conditions. Analysis of fume samples using TEM
revealed that there were no compositional differences as well. The ICP-MS analysis
further confirmed that there was no significant difference in the concentrations of
main elements in the fume with increasing water partial pressure.

The thermodynamic simulation of the SiMn melt under experimental conditions
revealed the formation of amorphous fume under both dry and wet air conditions,
which is in accordance with the experimental results. The main components of the
amorphous fume were calculated to be MnO (> 70 wt%), SiO2 (15 — 20 wt%), and
Mn203 (10 wt%).

The experimentally measured fume generated from the HCFeMn melt at both 1773 K
and 1823 K decreased with increasing water vapor pressure in the gas phase. The
thermodynamic calculations for the carbon saturated FeMn melt agreed with the
experimental observations.

According to the thermodynamic calculations, if the decarburization of the surface
layer of HCFeMn melt had occurred under moist air, similar to dry air; the generated
fume amount should have not noticeably varied as a function of water vapor pressure.
This can be explained by the enhanced decarburization of the surface of the FeMn
melt under dry air and increased activity of Mn in FeMn melt in the absence of carbon.
Based on the equilibrium thermodynamic simulations, it can be concluded that the Mn

activity in the FeMn melt, and subsequently, Mn vapor pressure are mostly a function
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of melt composition (i.e. the carbon concentration), and the temperature has a

relatively small effect on the activity of Mn in the melt and its evaporation potential.
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Table Captions
Table I. Experimental matrix of the current work

Table Il. Slag composition measured using EPMA (wt%)
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Figures Captions

Fig. 1 — Flow of equilibrium calculations for simulation of fuming from oxidation process of
the melt. Reprinted with permission from reference [11]. Copyright 2019 American Chemical

Society.

Fig. 2 — Electron images of slag obtained from SiMn wet air experiments at 1873 K; (a)

secondary electron (SE), and (b) backscattered electron (BSE) modes.

Fig. 3 — Mass fluxes of fumes from the FeMn and SiMn melts under different water vapor

pressures.

Fig. 4 — Average mass flux of fume from Si melt at 1823 K and SiMn melt at 1873 K as a

function of water vapor pressure.

Fig. 5— Typical morphology of SiMn filter fume, generated at (a) 1723 K dry air, (b) 1723 K

wet air, (c) 1873 K dry air, and (d) 1873 K wet air conditions.

Fig. 6 — Transition tube fume from SiMn experiments at 1873 K under wet air conditions; (a)
TEM bright-field image, (b) relative concentrations of Mn (green color) and Si (red color) in

the EEL spectrum image.

Fig. 7 — Filter fume from SiMn experiments at 1873K under wet air conditions; (a) TEM

bright-field image, and (b) selected area electron diffraction pattern.

Fig. 8 — Concentrations of Si and Mn in the SiMn fume at 1873 K as a function of water

vapor pressure.

Fig. 9 — Particle size distribution of filter fume from SiMn melt at 1873 K under different

water vapor pressures, obtained using (a) LD and (b) SEM image counting.
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Fig. 10 — Simulated fuming from R1 under different water vapor pressures; (a) reaction
products of the gas jet and SiMn melt, and (b) partial pressures of the gaseous species in

‘fumel’.

Fig. 11 — Simulated fuming from R2 under different water vapor pressures; (a) reaction
products across the interface between SiMn melt surface and the surrounding gas, (b)
composition of the gaseous 'fume 2', and (¢) composition of liquid ‘fume 2’. The labeled

temperatures come from the adiabatic reaction in R1.

Fig. 12 — Simulated SiMn fuming from R3 under different water vapor pressures; (a — c)

condensed fume components.

Fig. 13 — Simulated fuming from R1 under different water vapor pressures; (a) reaction
products of the gas jet and FeMn melt, and (b) partial pressures of the gaseous species in

'fumel’. The given temperatures are the melt bulk temperature.

Fig. 14 — Simulated fuming from R2 under different water vapor pressures; (a) reaction
products across the interface between melt surface and the surrounding gas, and (b)
composition of the gaseous ‘fume 2' phase. Thick solid lines represent the calculations for

decarburized FeMn melt.

Fig. 15 — Simulated FeMn fuming from R3 under different water vapor pressures; condensed

fume components.

39



