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Abstract 28 

In industrial applications and laboratory studies, it has been shown that the use of water spray 29 

may significantly reduce the amount of fume generated from the oxidation process of liquid 30 

high carbon ferromanganese alloy. However, in our recent study, it was shown that the 31 

oxidation rate of liquid silicon alloy increases with increasing water content in the 32 

atmosphere. Therefore, in this paper, the effect of moisture on the oxidation and fume 33 

formation of a liquid silicomanganese alloy was investigated. The fuming rate, fume 34 

characteristics, and experimental observations from wet air experiments on the 35 

silicomanganese melt were compared with those obtained from dry air experiments, and with 36 

the results of wet air experiments conducted on high carbon ferromanganese and silicon melts. 37 

In addition, the oxidation process of the silicomanganese and high carbon ferromanganese 38 

melts was modeled under the experimental conditions, using FactSage 8.1 thermochemical 39 

software, to better understand the equilibrium thermodynamic principles of the experimental 40 

results. In general, there was good agreement between the simulated and experimentally 41 

observed oxidation behavior of silicomanganese and high carbon ferromanganese melts under 42 

moist air conditions.  43 

Keywords: Silicomanganese, Ferromanganese, Wet air experiments, Oxidation, Fuming, 44 

Thermochemical simulation 45 
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1. Introduction 52 

In a manganese ferroalloy production plant, fugitive emissions are generated during most 53 

operations, e.g. materials handling and transportation, tapping, refining, and casting.[1] While 54 

mechanically generated particulate matters (PMs) are essentially, concerning composition, 55 

fine fractions of raw materials or products, the thermally generated fumes contain mainly 56 

metallic oxides formed from complex oxidation reactions between molten metal or metal 57 

vapor and oxygen in the atmosphere.[2] It should be noted that these PM emissions are 58 

considered among the major occupational health and safety challenges in the plant. 59 

A limited number of industrial and laboratory studies have been carried out to investigate the 60 

fume formation mechanisms, involved in the thermal oxidation of manganese alloys.[3-8] To 61 

understand fuming mechanisms from both thermodynamic and kinetic points of view, the 62 

current authors[4-8] conducted laboratory-scale experiments by heating commercial ferroalloys 63 

in a closed graphite crucible, varying the gas composition and metal temperature, collecting 64 

the generated fume through a fume/gas extraction system, and analyzing the dust particles. In 65 

industrial applications, the installation of fine water sprays along the roof edges by the 66 

casting beds of ferromanganese (FeMn) alloys at Eramet Sauda, Norway, has resulted in a 67 

significant reduction of visible fume emissions.[9] This behavior was confirmed in a recent 68 

laboratory study,[10] but the phenomenon was only partly explained. The question, then, 69 

arouse whether the same type of water spray system would be equally effective for other 70 

types of ferroalloys such as ferrosilicon (FeSi)/silicon (Si) and silicomanganese (SiMn). 71 

However, as outlined in our recent study,[11] the same addition of water vapor to the 72 

atmosphere has the opposite effect on the fuming of liquid metallurgical grade silicon (MG-73 

Si). As such, it is of both academic and industrial interest to understand the effect of moisture 74 

in the atmosphere on the fuming of SiMn alloy, which is the objective of the current study.  75 
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2. Theoretical Background 76 

A standard SiMn alloy is composed of approximately 17 wt.% Si, 67 wt.% Mn, 9 wt.% Fe, 2 77 

wt.% C and other trace elements (e.g. Mg, Ca, Na, etc.).[12] The oxidation of SiMn alloy in 78 

dry air was described by the current authors in a previous publication.[6] Manganese exhibits 79 

a high vapor pressure at elevated temperatures, and Si forms SiO gas at low oxygen partial 80 

pressures. Both gaseous species oxidize in air and produce complex fumes. In the melt 81 

temperature range 1673 K - 1773 K, the partial pressure of SiO is low and Mn is the main 82 

fume-forming gaseous species, resulting in predominantly crystalline manganese oxide in the 83 

fume. However, at higher melt temperatures, from 1773 K to 1873 K, the SiO partial pressure 84 

increases and most of the formed MnO reacts with SiO molecules/clusters, resulting in 85 

complex, amorphous SiMnOx particles. At melt temperatures higher than 1873 K, Mn 86 

evaporation is extensive, leading to a combination of the complex, amorphous SiMnOx and 87 

crystalline MnOx particles.[6] 88 

In addition, the formation of manganese hydroxide and oxyhydroxide gaseous species has 89 

been investigated.[13, 14] Hildenbrand et al.[13] studied the reactive vaporization of MnO under 90 

the presence of O2 and H2O/D2O by effusion-beam mass spectrometry. With a mixture of O2  91 

and H2O vapors injected into the system containing MnO at about 1900 K, the ions OH+, 92 

MnOH+, Mn(OH)2
+, and MnO(OH)+ were observed. As Mn has multiple oxidation states, 93 

these authors commented that Mn(OH)3(g) and MnO(OH)2(g) could also form at high 94 

pressures. Opila[14] reported that Mn oxyhydroxide gaseous species must also exist, but 95 

additional work is needed to identify the unknown Mn-O-H(g) species and to determine 96 

corresponding thermodynamic data. This will enable the prediction of oxide stability under 97 

water vapor at high temperatures. Currently, the thermodynamic data available in the 98 
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FactSage SGPS thermochemical database for the Mn-O-H vapor species include Mn(g), 99 

MnO(g), MnO2(g), MnH(g), and MnOH(g).[14, 15] 100 

In the exposure of SiMn ferroalloys to water vapor, there are several possible reactions 101 

between the water vapor/oxygen and Mn vapor/liquid Mn, resulting in MnO/MnOH 102 

formation. These reactions are listed below together with the associated Gibbs energies of the 103 

reactions, calculated from 273 K to 2273 K using FactSage 8.1 FactPS and FToxid databases 104 

(the Gibbs energy of formation of MnOH species was taken from the FactSage SGPS 105 

database).[16] These reactions are expected to take place, concurrently, with the oxidation of 106 

Si species, previously shown:[10] 107 

Mn(l)=Mn(g) ΔGo(kJ)= 256.484-0.112T(K) 

 

(1) 

Active oxidation: 

Mn(g)+H2O(v)=MnO(l/s)+H2(g) 

 

ΔGl
o(kJ)= -356.043+0.116T(K) 

 

ΔGs
o(kJ)= -410.435+0.142T(K) 

 

 

(2) 

Mn(g)+1/2O2(g)=MnO(l/s) 

 

 

ΔGl
o(kJ)= -603.302+0.172T(K) 

 

ΔGs
o(kJ)= -657.693+0.197T(K) 

 

(3) 

 

Mn(g)+OH(g)=MnOH(g)                         

 

 

ΔGo(kJ)= -304.126+0.106T(K) 

 

 

(4) 

Mn(g)+1/2O2+1/2H2=MnOH(g)           ΔGo(kJ)= -265.944+0.092T(K) 

 

(5) 

Mn(l)+OH(g)=MnOH(g)                       

 

ΔGo(kJ)= -47.642-0.006T(K) (6) 

Mn(l)+1/2H2(g)+1/2O2(g)=MnOH(g)  

 

ΔGo(kJ)= -9.460-0.021T(K) 

 

(7) 

Passive oxidation:  

Mn(l)+H2O(v)=MnO(l/s)+H2(g) ΔGl
o(kJ)= -99.559+0.004T(K) 

 

ΔGs
o(kJ)= -153.951+0.029T(K) 

 

(8) 

 

Mn(l)+1/2O2(g)=MnO(l/s) 

 

ΔGl
o(kJ)= -346.817+0.059T(K) 

 

ΔGs
o(kJ)= -401.209+0.085T(K) 

 

 

(9) 
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As seen from equations (2)-(9), all the reactions are expected to occur at high temperatures, 108 

and they are all exothermic reactions. 109 

3. Experimental and modeling work 110 

3.1 Experimental work 111 

The effect of introducing moisture in the dry synthetic air on the oxidation rate and products 112 

of SiMn melt was experimentally investigated in the same set-up as described, previously, by 113 

the current authors.[11] A standard grade SiMn alloy was used for the investigation (see 114 

above). As the composition and morphology of SiMn fume in dry air vary with melt 115 

temperature,[6] experiments were carried out at two temperatures 1723 K and 1873 K under 116 

different water vapor pressures. In addition, in this work, the oxidation behavior of high 117 

carbon ferromanganese (HCFeMn) alloy was investigated at 1823 K under different water 118 

vapor pressures to corroborate the previous laboratory results, where the oxidation behavior 119 

of the HCFeMn melt was studied at 1773 K.[10] It should be added that the inner and outer 120 

diameters of the gas lance were 5 mm and 17 mm, respectively. The lance tip was placed 121 

about 20 mm above the liquid melt during each experiment. The experimental matrix is given 122 

in Table I. Since a graphite crucible was used for the experiments, the bulk alloys were 123 

saturated with carbon. As such, the gas in contact with the liquid metal is assumed to have an 124 

equilibrium pressure of CO(g).  As discussed by Myklebust et al.,[8] the surface of a bulk C-125 

saturated FeMn alloy may be depleted in C, giving it a different Mn (and Si) activity than the 126 

bulk and as such, affecting the effective vapor pressure of alloy species. Water vapor pressure 127 

at a given temperature was calculated from the Antoine equation:[17] 128 

 129 
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ln Pv (Pa) =23.1963-

3816.44

T(K)-46.13
 

(10) 

where 𝑃𝑣 and T denote water vapor pressure and the absolute temperature, respectively. The 130 

water vapor pressures calculated from Eq. (10) lie within 0.1 percent of values from steam 131 

tables over the temperature range 323-373 K. At the temperatures 298 and 313 K, errors less 132 

than 3% are expected.  133 

Table I.  Experimental matrix of the current work 134 

Alloy Gas Melt temp 

(K) 

Water vapor 

pressure (kPa) 

No. of 

parallels 

Holding time 

(min) 

 

 

 

 

Standard 

SiMn 

Synthetic air 1723 7.36 1 25 

Synthetic air 1723 12.33 1 40 

Synthetic air 1723 19.92 1 40 

Synthetic air 1723 25.01 1 40 

Synthetic air 1873 0 1 30  

Synthetic air 1873 3.14 3 30, 30, and 401)  

Synthetic air 1873 7.36 3 30, 30, and 402) 

Synthetic air 1873 12.33 4 20, 30, and 40 

Synthetic air 1873 19.92 3 20, 30, and 40 

HC 

FeMn 

Synthetic air  1823 0 4 20 

Synthetic 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. 

 135 

Each experiment was performed using 4 kg standard SiMn alloy or HCFeMn alloy. During 136 

the experiments, dry synthetic air was initially passed through the humidifier at the rate of 3 137 

L/min to achieve the desired humidity, before being blown above the metal surface. After the 138 

experiments, the fume was collected at three sites: the so-called transition tube, the cooler, 139 

and the filter. The majority of fume was collected from the filter. To avoid free water, 140 
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remaining in the fume, the collected fumes together with the transition tube, cooler, and filter 141 

fabric were directly weighed after the experiments and reweighed after being dried for at least 142 

20 min at 383 K to compare the differences. 143 

The total amount of fume generated in each experiment was measured, and the mass flux, 𝐽𝑚, 144 

was calculated as follows: 145 

𝐽𝑚 =
𝑚

𝐴𝑡
 

 

(11) 

where 𝑚 is the total mass of fume generated (using the data obtained after dryer), 𝐴 is the 146 

surface area of the molten metal (assuming no surface oxide/slag coverage), and 𝑡 is the 147 

holding time of the experiment.  148 

Fume samples from some of the experiments were characterized using scanning electron 149 

microscopy (SEM), transmission electron microscopy (TEM), and inductively coupled 150 

plasma mass spectrometry (ICP-MS). The equipment used for SEM was a Zeiss Supra 55 PV 151 

field emission microscope. Only the fume samples, collected from SiMn melt at 1723 K, 152 

were enough for SEM observations. Particle size distributions were estimated with the aid of 153 

both laser diffraction (LD), assuming an average density model, and visual SEM image 154 

counting. The composition of slag formed on the alloy surface as a result of the surface 155 

oxidation/passivation process was determined using electron probe micro-analysis (EPMA). 156 

3.2 Equilibrium thermodynamic modeling 157 

Similar to the liquid Si system, the thermochemical simulation of the SiMn oxidation 158 

experiments were performed at 1723 K and 1873 K, and thermochemical modeling of 159 
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HCFeMn oxidation experiments was also conducted at 1773 K and 1823 K, using FactSage 160 

8.1 thermochemical package[16] to explain the experimental results from the equilibrium point 161 

of view. No kinetic factors were taken into account in the model. Thermodynamic properties 162 

of the SiMn and HCFeMn melts were taken from the FactSage FTlite database while those of 163 

oxides were adopted from the FToxid database. Gibbs energies of gaseous species were taken 164 

from the FactPS database except for SiO(OH)2, Si(OH)4, and MnOH, adopted from the SGPS 165 

database.  166 

The oxidation of the melt and its fuming process were simulated as three effective 167 

equilibrium reaction zones, shown in Figure 1: (R1) the reaction between the liquid metal 168 

surface and gas jet, which generates a gas phase here called “fume 1”; (R2) the reaction 169 

between “fume 1” and surrounding gas phase across the interface, leading to the formation of 170 

“fume 2” with an altered composition in comparison to “fume 1”; and (R3) the fume 171 

condensation while exiting the reaction zone 2 due to cooling of the system. More details 172 

about the thermodynamic modeling approach and flow of the reactions have been provided in 173 

the previous work.[11] 174 

 175 

Fig. 1 – Flow of equilibrium calculations for simulation of fuming from oxidation process of 176 

the melt. Reprinted with permission from reference [11]. Copyright 2019 American Chemical 177 

Society. 178 



10 
 

4. Results and discussion 179 

4.1 General observations from SiMn experiments 180 

Visible turbid droplets were found on the filter fabric from the SiMn experiments at 1723 K 181 

only when water vapor pressure was above 12 kPa. However, no visible droplets were found 182 

in 1873 K SiMn experiments, and there was almost no mass difference before and after 183 

drying the fume-containing parts of the equipment.  184 

Blisters were visually observed on the cooled metal surface after the experiments at 1723 K 185 

in wet air. The blisters seemed to increase with an increasing water vapor pressure at 1723 K 186 

experiments. No blisters were found in the dry air experiments.  187 

The formation of a slag layer on the cooled metal surface was also visible after the SiMn 188 

experiments at 1873 K. The slag layer was removed from the metal surface for further 189 

characterization. As presented in Figure 2, the slag exhibits two different types of 190 

morphology and composition. The compositions of slag in zones 1 and 2 are given in Table II. 191 

The main slag phase (marked 1) is mainly composed of SiO2 and MnO, as well as other 192 

minor/trace species. Silica crystals, precipitated during cooling, are marked as zone 2. The 193 

slag formation on the metal surface suggests that the surface exposed to air/oxygen (from 194 

which fume can form) might be dynamic, making an accurate determination of fume flux 195 

challenging. 196 
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Fig. 2 – Electron images of slag obtained from SiMn wet air experiments at 1873 K; (a) 197 

secondary electron (SE), and (b) backscattered electron (BSE) modes. 198 

 199 

Table II. Slag composition measured using EPMA (wt.%) 200 

Zone  SiO2   Na2O   K2O     MnO     MgO    CaO     FeO Al2O3  P2O5   ZnO     SO3    TiO2   Total   

1 54.82 0.16 0.16 27.60 2.01 4.86 0.08 4.89 0.02 0.00 0.55 0.50 95.64 

2 96.35 0.07 0.00   0.96 0.02 0.13 0.00 0.34 0.02 0.06 0.00 0.00 97.95 

4.2 Measured mass flux 201 

The mass fluxes of fumes obtained from the oxidation process of SiMn alloy at the two 202 

temperatures of 1723 K and 1873 K under different water vapor pressures are depicted in 203 

Figure 3 and compared to results from the FeMn experiments at 1773 K from the earlier 204 

work,[10] and 1823 K from this work. The dry synthetic air experiments are presented at water 205 

vapor pressure equal to 0 kPa. As seen in Figure 3, the mass fluxes of fumes from the FeMn 206 

melt at both 1773 K and 1823 K  decrease with increasing water vapor pressure. For the 207 

SiMn melt, although the mass flux largely fluctuates, it shows a relatively constant trend for 208 

both temperatures and different water vapor pressures.  209 
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 210 

Fig. 3 – Mass fluxes of fumes from the FeMn and SiMn melts under different water vapor 211 

pressures. 212 

The variations between results of the repeated SiMn experiments under the same water vapor 213 

pressure may be explained, at least partly, by the observations of slag formation on the metal 214 

surface. The slag formation leads to partial passivation as the alloy surface, exposed to 215 

oxygen (where the fume formation and active oxidation take place), becomes non-static. 216 

A comparison between the average mass flux from the SiMn melt at 1873 K and the Si melt 217 

at 1823 K is shown in Figure 4. The mass flux from the Si melt increases with increasing 218 

water content in the gas jet up to 7.4 kPa, as illustrated in our previous paper.[11, 18] With a 219 

further increase in water vapor pressure, the mass flux from Si melt levels off at 220 

approximately the same level as that from the SiMn alloy. 221 
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     222 

Fig. 4 – Average mass flux of fume from Si melt at 1823 K and SiMn melt at 1873 K as a 223 

function of water vapor pressure. 224 

4.3 Fume morphology 225 

Scanning electron micrographs of typical fume particles obtained from the SiMn alloy melt at 226 

1723 K and 1873 K, in dry and wet air, are shown in Figure 5.  227 

As presented in Figures 5a and b, the fume particles, which formed from the oxidation of 228 

SiMn melt at 1723 K in dry and wet air conditions, respectively, have very different 229 

morphologies. Particles formed in moist air are coarser and more agglomerated, suggesting 230 

that the fume formation mechanism is altered by the introduction of water vapor.  231 

The morphologies of fume particles formed from the oxidation of SiMn melt under dry and 232 

wet air conditions at 1873 K are depicted in Figures 5c and d, respectively. The SEM images 233 

indicate that, while fume particles are spherical in both wet and dry conditions, particle 234 

aggregation is more pronounced under humid conditions. 235 
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 236 

Fig. 5 – Typical morphology of SiMn filter fume, generated at (a) 1723 K dry air, (b) 1723 K 237 

wet air, (c) 1873 K dry air, and (d) 1873 K wet air conditions. 238 

The fume samples from the transition tube, obtained from the oxidation of SiMn melt at 1873 239 

K under wet air conditions, were also investigated using TEM, shown in Figure 6. The TEM 240 

bright-field image of the transition tube fume, which formed from SiMn alloy under wet air 241 

conditions, is illustrated in Figure 6a. A fraction of particles with uneven surfaces are 242 

crystalline, and others with smooth surfaces are amorphous. Electron energy loss 243 

spectroscopy (EELS) mapping was carried out to determine the distribution of Si and Mn in 244 

these particles, and the results are depicted in Figure 6b. The edges of all the crystalline 245 

particles are covered by Mn (marked green), while the cores of the crystalline particles 246 

consist of a combination of Si and Mn. The amorphous particles are composed of both Si and 247 

Mn with no compositional differences around the edges. 248 
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      249 

Fig. 6 – Transition tube fume from SiMn experiments at 1873 K under wet air conditions; (a) 250 
TEM bright-field image, (b) relative concentrations of Mn (green color) and Si (red color) in 251 

the EEL spectrum image.  252 

Figure 7 illustrates the TEM image of SiMn filter fume at 1873 K under wet air conditions. 253 

As seen, the particles are all spheres of various sizes and are all amorphous. The elements are 254 

found to be evenly distributed over the entire mapping area. This was also observed in our 255 

previous studies on dry air SiMn oxidation.[6] The TEM results indicate that there are no 256 

compositional differences in the fume particles obtained under both dry and wet air 257 

conditions. 258 

      259 
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Fig. 7 – Filter fume from SiMn experiments at 1873K under wet air conditions; (a) TEM 260 

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

4.4 Main elements in SiMn fume at 1873 K 262 

As outlined above, there is no major morphological difference in the protoparticles1 of SiMn 263 

fume at 1873 K between dry and wet air conditions, and TEM analysis indicates no 264 

compositional differences.  ICP-MS analysis of the fume was carried out to further reliably 265 

compare the concentrations of the main elements (Si and Mn) in the SiMn fume. The 266 

concentrations of Si and Mn in the fume are shown in Figure 8 under different water vapor 267 

pressures. The experimental error range for Si and Mn concentrations in the fume is ±5 wt%. 268 

ICP-MS analysis supports the TEM observation. That is, there is no significant difference in 269 

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

 271 

Fig. 8 – Concentrations of Si and Mn in the SiMn fume at 1873 K as a function of water 272 

vapor pressure. 273 

 274 

4.5 Particle size distribution  275 

                                                       
1 Protoparticles are, here, defined as the smallest visible particle unit. 
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The particle size distribution of SiMn filter fume was analyzed using both LD and SEM 276 

image  277 

analysis. The LD distribution indicates the size of agglomerates2 in the fume samples, while 278 

the SEM image counting represents the size of protoparticles.  279 

The particle size distributions of SiMn fume which formed at 1873 K under both dry and wet 280 

air conditions are shown in Figure 9. As seen, the particle size distribution appears to have 281 

very similar shapes under different water vapor pressures. It seems that the injection of water 282 

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

 284 

 285 

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

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

                                                       
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 288 

The calculated reaction products from the oxidation process of the SiMn and HCFeMn melts 289 

by the gas jet (synthetic air with water vapor) are illustrated in Figures 10 - 15. All of the 290 

three reaction zones, depicted in Figure 1, are described below. 291 

 292 

4.6.1. Oxidation of SiMn melt 293 

SiMn melt and gas jet reaction (R1) 294 

The reaction of SiMn melt and gas jet (R1) leads to the formation of SiO2 slag and a gaseous 295 

phase; here called ‘fume 1’ (see Figure 10a), which composition is shown in Figure 10b. The 296 

left columns represent the calculations at 1873 K and the right columns represent the 297 

calculations at 1723 K. Fractions of metal and gas phases reacting together could not be 298 

measured during the experiments. However, it could be assumed that a small fraction of 299 

metal reacted with the gas jet at the metal surface. Therefore, for R1, we tested the reactions 300 

between different fractions of the melt (e.g. 10%, 20%, etc.) and the gas phase, and there 301 

were no changes in the results. For the gas phase, the water vapor pressure in the air was 302 

varied according to the experimental conditions to simulate the metal-gas reaction (R1). 303 

Moreover, temperature measurement using a thermocouple revealed that the gas jet reached 304 

the melt temperature when exiting the lance and at the time of reaction with the melt. This is 305 

because the experimental gas flow rate was rather low (3 L/min). As a result, the same 306 

temperature as that of bulk liquid metal was used for the gas jet in simulating R1. 307 

1873 K 1723 K 
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(a)  

  
(b)  

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 308 

pressure in the gas phase. It is illustrated in Figure 10b that the partial pressures of gaseous 309 

species decrease in the following order: Mn, SiO, Fe, Si, SiH, MnOH, SiO2, SiH4, SiO(OH)2, 310 

FeO, Fe(OH)2, Si(OH)4, and Si2H6. Partial pressures of Mn and Fe are much higher than that 311 

of MnOH, and those of FeO and Fe(OH)2, respectively, which is opposite to the case of Si 312 

and SiO gaseous species. The Mn partial pressure slightly decreases and that of MnOH 313 

increases by less than 1 order of magnitude. A similar behavior from Fe and Fe(OH)2 is seen 314 

(the partial pressure of Fe(OH)2 increases by 2 to 3 orders of magnitude). However, Mn 315 

vapor is dominant in comparison to MnOH (PMn is about 6 orders of magnitude larger than 316 

PMnOH); therefore, the Mn overall partial pressure slightly decreases. It is seen that the partial 317 
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pressures of SiO and SiO2 slightly increase by less than 1 order of magnitude while the partial 318 

pressures of Si hydrides and (oxy)hydroxides (SiH, SiH4, Si2H6, SiO(OH)2, and Si(OH)3) 319 

increase within 5-6 orders of magnitude within the calculated range of water vapor pressure 320 

(i.e. up to 40 kPa). 321 

In addition, as shown in Figure 10a, the amount of ‘fume 1’ calculated at 1873 K is higher 322 

than that at 1723 K, and the ‘fume 1’ gaseous species at both temperatures show similar 323 

trends. A small amount of SiO2 slag also forms during the process at high temperatures on the 324 

SiMn melt surface. However, according to observations (see figure 2), MnO-SiO2 slag 325 

formed on the metal surface. It should be noted that the melt surface could not be directly 326 

observed at high temperatures during the experiments. Therefore, the difference in slag 327 

composition from observations and calculations might be explained by cooling down the 328 

crucible containing melt outside the furnace in ambient conditions after the experiments (i.e., 329 

Mn was also oxidized from the hot surface of the melt, exposed to the atmosphere, to form 330 

MnO-SiO2 slag). 331 

Oxidation reaction across the interface between melt surface and surrounding gas phase 332 

(R2) 333 

The oxidation reaction of ‘fume 1’ at the interface between melt surface and surrounding gas 334 

phase (R2) leads to the formation of liquid droplets dispersed in a gas phase, here called 335 

‘fume 2’ (see Figure 11a). The compositions of liquid and gas components of ‘fume 2’ are 336 

shown in Figures 11b and c, respectively. In Figure 11b, only the Mn- and Si-containing 337 

vapor species are presented. The other dominant gaseous species are CO, N2, CO2, H2O, O2, 338 

H2, and OH. 339 

1873 K 1723 K 
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(a) 

  
(b) 

  

(c) 

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. 

 340 
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The labeled temperatures in figure 11a come from the adiabatic reaction in R1. During the 341 

experiments, the bulk melt was continuously heated in an induction furnace. For example, for 342 

SiMn experiments, the bulk liquid metal was heated to either 1873 K or 1723 K and kept at 343 

those temperatures during the experiments. Therefore, it could be assumed that the adiabatic 344 

reaction only locally raised the interfacial temperature. That is, the temperature increase is 345 

only a local effect at the interface due to the adiabatic reaction. As a result, the interface 346 

temperature including the temperatures of “fume 1”, “fume 2”, and surrounding gas adjacent 347 

to the interface could be expected to be controlled by the adiabatic reaction (R1). Therefore, 348 

we assumed the temperature gradient is negligible at the interface (i.e. R2 was calculated 349 

isothermally). 350 

The most important implication of the mixing ratio between the “fume 1” and surrounding 351 

gas at the interface will be the change in the oxygen partial pressure. Therefore, for R2, we 352 

considered changes in oxygen partial pressure across the interface. That is, the oxygen partial 353 

pressure across the interface was set to vary from 10-13 kPa from the C saturated metal 354 

interface at the left of the x-axis to an oxygen partial pressure of ~1 kPa, the bulk air partial 355 

pressure on the far right of the x-axis. The individual lines were calculated at a constant 356 

temperature imposed by the adiabatic reaction at the interface from R1. As shown in Figure 357 

11a, the total amount of ‘fume 2’ is larger at 1873 K in comparison to that at 1723 K. The 358 

amount of gaseous component of ‘fume 2’ does not change significantly from 1873 K to 359 

1723 K but the mass of liquid component increases by 2 – 3 times. There is not a significant 360 

difference in the amount of fume products (gas and liquid) with different moisture contents. 361 

As depicted in Figure 11a, both liquid and gas phases of ‘fume 2’ show an overall increasing 362 

trend with increasing oxygen partial pressure. The gaseous part of 'fume 2' is initially almost 363 

constant, then decreases with increasing oxygen partial pressure from 10-10 and 10-12, up to 364 
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about 10-6 and 10-7.5 kPa, at 1873 K and 1723 K, respectively, upon the formation of liquid 365 

droplets of ‘fume 2’. With further increasing the partial pressure of oxygen, the amount of 366 

gaseous fume increases, and that of liquid fume stays constant.  367 

As seen in Figure 11b, the partial pressures of SiO(g) and Mn(v) decrease with the formation 368 

of the liquid fume at oxygen partial pressures of 10-10 and 10-12 kPa at 1873 K and 1723 K, 369 

respectively. That is, the formation of condensed species (SiO2 and MnO) is 370 

thermodynamically more favorable. The partial pressures of Si and its hydrides, as well as 371 

SiO, decrease due to oxidation reactions of Si species; and as a result, SiO2 and 372 

(oxy)hydroxides’ partial pressures increase with increasing oxygen partial pressure. In 373 

addition, it is clear that with increasing the water partial pressure in the gas phase, the 374 

concentration of Si gaseous species increases while that of Mn gaseous species decreases. It 375 

is also seen that the partial pressures of Si (oxy)hydroxide gaseous species increase with 376 

decreasing temperature from 1873 K to 1723 K, which can be explained by a decrease in the 377 

Gibbs energy of formation of (oxy)hydroxides species with decreasing temperature. 378 

Figure 11c shows that the liquid component of ‘fume 2’ mainly consists of MnO, SiO2, and 379 

Mn2O3. With increasing oxygen partial pressure across the interface, the amount of MnO 380 

drastically increases and the amount of SiO2 sharply decreases up to around 10-7 kPa at 1873 381 

K. At this point, MnO concentration reaches a maximum, SiO2 content of liquid ‘fume 2’ 382 

becomes constant, and Mn2O3 starts to form. The amount of Mn2O3 increases with further 383 

increasing partial pressure of oxygen above 10-7 and 10-4 kPa at 1873 K and 1723 K, 384 

respectively, while the formation of MnO decreases. Therefore, the liquid component of 385 

‘fume 2’ changes in composition from a mixture of MnO and SiO2 to a final mixture of MnO, 386 

SiO2 and Mn2O3. Moreover, the amounts of MnO and Mn2O3 species of the fume decrease 387 

with increasing water vapor pressure while that of SiO2 increases. 388 
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Fume condensation and off-gas formation (R3) 389 

When the ‘fume 2’ exits the interface between the melt surface and surrounding gas, part of it 390 

condenses. This process is simulated as R3. The fume condensation leads to the formation of 391 

particles dispersed in a gas phase, here called ‘fume 3’. The oxygen partial pressure at the 392 

interface in equilibrium with the carbon saturated metal could be calculated from the 393 

chemistry of the system. However, the oxygen partial pressure at the interface adjacent to the 394 

surrounding gas phase could not be determined with certainty and is expected to be lower 395 

than the bulk air oxygen potential. This can be justified by the occurrence of other reactions, 396 

which consume oxygen and form CO(g), e.g. the reaction between oxygen in the surrounding 397 

and carbon from the graphite crucible. Therefore, for the calculation of R3, the oxygen partial 398 

pressure at the bulk gas interface was assumed to be about 10-1 kPa. Hence, the reaction 399 

products generated at oxygen partial pressure of 10-1 kPa were quenched using Scheil-400 

Gulliver cooling mode, and the modeled fume components from R3 are shown in Figure 12. 401 

It is believed that Scheil cooling gives a good estimation of solute redistribution during the 402 

cooling of the gas phase. The uncondensable part of the fume exits the system as the off-gas 403 

(not shown in the figure), where N2, CO2, and H2O are the main constituents. As illustrated in 404 

Figure 12a, the fume from the SiMn melt mainly contains an amorphous phase, which is the 405 

cooled liquid fume from R2. This result is in accordance with the experimental observation 406 

(see Figure 7). The main components of the amorphous fume are MnO (> 70 wt%), SiO2 (15 407 

– 20 wt%) and 408 

1873 K 1723 K 
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(a)  

  
(b) 

  
   

(c) 

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

components.  

 409 

Mn2O3 (10 wt%). Carbon also precipitates out, perhaps in the form of soot, from the fume 410 

below 773 K. Moreover, for water vapor pressures above 3 kPa, free water condenses around 411 
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333 K. This somehow agrees with the water droplets found on the filtered fume for water 412 

vapor pressures above 12 kPa at 1723 K. 413 

The condensed fume also contains minor crystalline phases such as monoxide, olivine, spinel, 414 

and SiO2, precipitating out of the gaseous component of ‘fume 2’ while cooling. The 415 

monoxide phase is a solid solution, containing mainly MnO, and less than 1.0 wt% and 0.1 wt% 416 

Mn2O3 and FeOx, respectively. Olivine mostly contains Mn2SiO4, and the spinel’s main 417 

constituent is Fe3O4. However, the minor phases were not experimentally detected, probably 418 

because (1) they occurred in extremely lower concentrations (at least by an order of 104) in 419 

comparison to the amorphous fume, according to the calculations (see Figure 12), and (2) the 420 

collected and analyzed fume from the experiments was inhomogeneous.  421 

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

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

As presented in Figure 10b, the formation of Si fume can be explained by the formation of 424 

SiO, SiO2, SiH4, SiO(OH)2, Si(OH)4, and Si2H6 gaseous species. While partial pressures of Si 425 

hydrides and (oxy)hydroxides increase by a few orders of magnitude, the vapor pressure of 426 

the dominant species SiO is almost constant and only slightly increases. Thus, the Si 427 

concentration of the fume stays almost constant. On the other hand, the decreasing Mn fume 428 

can be explained by a decrease in the dominant Mn vapor species. This, in turn, can be 429 

explained by the decreasing temperature of the system caused by the high heat capacity of 430 

water. Increasing MnOH vapor pressure cannot significantly affect the Mn fuming since its 431 

partial pressure is comparatively lower (by 6 orders of magnitude) than that of Mn(v). 432 

Increasing Si fume and decreasing Mn fume cancel each other out so that the total amount of 433 

fume does not noticeably vary with increasing water vapor pressure in the gas phase above 434 
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the SiMn melt. That is, the generated fume only very slightly decreases due to a slight 435 

decrease in Mn fume, which is the dominant vapor species.  436 

4.6.2. HCFeMn melt 437 

HCFeMn melt and gas jet reaction (R1) 438 

In a similar way to the SiMn melt, the oxidation behavior of HCFeMn melt was simulated 439 

under different vapor pressures of water in the gas phase at two temperatures, 1823 K and 440 

1773 K. The typical HCFeMn composition[8] was used for the calculations. The stable phases 441 

from R1 and the gaseous species in ‘fume 1’ are shown in Figures 13a and b, respectively. As 442 

seen, with decreasing temperature, the generated fume as well as the partial pressures of the 443 

gaseous species in the fume decrease. With increasing water vapor pressure in the gas phase 444 

up to 40 kPa, the amounts of Mn and Fe fume decrease by up to 1 order of magnitude, 445 

illustrated in Figure 13b. The amount of the hydroxide gaseous species MnOH increases by 446 

about 1 order of magnitude. However, the Zn and SiO amounts of the fume do not noticeably 447 

vary with increasing the water vapor pressure in the gas phase. Although the FeMn melt 448 

contains a very low concentration of Zn (0.001 wt%), Zn vapor pressure is relatively high (i.e. 449 

we can assume the surface layer of the melt is almost depleted in Zn). Zinc after Mn is the 450 

most dominant vapor species of the fume. 451 

In addition, the oxidation behavior of FeMn melt, which has been decarburized at the surface, 452 

under dry air and moist air with different vapor pressures of water was simulated in the 453 

current work. The results for the decarburized FeMn melt at 1823 K are presented as thick 454 

lines in Figure 13. Myklebust et al.[8] observed a large amount of fume from oxidation 455 

experiments of HCFeMn in dry air at 1823 K. However, the highest flux values measured 456 
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 were above the theoretical limitations of the evaporation flux in vacuo given the alloy bulk 457 

composition.[8] This was related to the local decarburization of the melt surface and increased 458 

activity of Mn.  459 

  
(a) (b) 

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 'fume1'. The given temperatures are the 

melt bulk temperature. 

 460 

As shown in Figure 13a, as a result of the decarburization of the FeMn melt surface, a lower 461 

amount of gas phase is generated (which is related to the absence of CO gaseous component) 462 

however, a large amount of the decarburized layer is oxidized to form condensed liquid slag 463 

(mainly MnO, 0.3 – 1 wt% SiO2, and < 1 wt% Mn2O3, FeO, Fe2O3, P2O5, and ZnO) and 464 

monoxide phase (mainly MnO plus minor amounts of FeO, Fe2O3, and ZnO). This can be 465 

explained by the increased partial pressure of oxygen at the decarburized melt surface/gas jet 466 

interface (i.e. oxygen partial pressure increases from about 10-13 kPa for the HCFeMn melt to 467 

10-9 kPa for the decarburized surface). The transition from the liquid slag to solid monoxide 468 

can be explained by the decreased temperature at the melt/gas interface from 2125 K to 2110 469 

K at high vapor pressures of water, shifting the local phase equilibrium below the liquidus 470 

line in the MnOx system. 471 
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As seen in Figure 13b, in the case of the decarburized surface layer of the FeMn melt, the 472 

amount of metallic and oxide species such as Mn, Fe, SiO, and MnOH in the fume can be 473 

higher than the carbon-saturated melt by 1 to 3 orders of magnitude. According to the 474 

calculations, it is only Zn that does not show a significant difference in the presence and 475 

absence of carbon. It is also interesting that Mn and Fe vapor pressures only slightly decrease 476 

with increasing water vapor pressure in the absence of carbon. On the other hand, the vapor 477 

pressure of SiO shows a slight increase with increasing water vapor pressure. These trends 478 

are different from the case of carbon saturated melt. This could be because the activity of Mn 479 

and Fe is mostly a function of melt composition (i.e. the carbon content) and the temperature 480 

has a lower impact on the activity of Mn and Fe in the melt, according to the calculations. 481 

Moreover, Si and C both compete for oxygen to form SiO(g) and CO(g). Since the formation 482 

of CO(g) is thermodynamically more favorable than SiO(g) formation; for the HCFeMn melt, 483 

C consumes most of the available oxygen to form CO(g), which partially inhibits the active 484 

oxidation of Si to SiO(g) as a result of selective oxidation. 485 

The oxidation experiments of HCFeMn melt under moist air (see Figure 3) showed that the 486 

generated fume decreases with increasing water vapor pressure in the gas phase which is in 487 

agreement with the present calculations for the case of carbon-saturated FeMn melt. As a 488 

result, it can be implied that, if the decarburization of the surface layer of FeMn melt had 489 

occurred under the moist air atmosphere, the generated amount of fume should have not 490 

significantly varied as a function of water vapor pressure according to the present 491 

calculations. It is, therefore, possible that the surface decarburization is enhanced under dry 492 

air. This can be explained by the equations 2C+1O2(g)=2CO(g) and 493 

C+1H2O(v)=CO(g)+H2(g), where 1 mole of O2 oxidizes 2 moles of carbon while 1 mole of 494 

H2O oxidizes only 1 mole of carbon. That is, a larger extent of decarburization is expected 495 

under dry air.  496 
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Oxidation reaction across the interface between the melt surface and surrounding gas 497 

(R2) 498 

The results of oxidation of ‘fume 1’ across the interface between the melt surface and 499 

surrounding gas (R2) for the HCFeMn melt are depicted in Figure 14. Each condition 500 

temperature is imposed by the adiabatic reaction from R1. The fume shows a similar trend to 501 

that of SiMn. The difference is the formation of liquid slag at oxygen partial pressures higher 502 

than 10-2 kPa, which can be explained by the change in the chemistry of the system as a result 503 

of oxidation across the interface between melt surface and surrounding gas. The monoxide 504 

fume consists of mainly MnO. However, with increasing the oxygen partial pressure across 505 

the interface, MnO is partially oxidized to Mn2O3 forming the MnO-Mn2O3 (MnOx) liquid 506 

slag solution, which has a lower melting point than MnO. The end slag consists of 50 wt% 507 

MnO and 50 wt% Mn2O3, according to calculations. 508 

Similarly, the oxidation of ‘fume 1’, generated from the decarburized FeMn melt under dry 509 

air at 1823 K, across the interface between melt surface and surrounding gas (R2), was 510 

calculated. The results are depicted in Figure 14 as thick solid lines. In comparison to the 511 

HCFeMn, a considerably lower amount of gaseous fume and a larger amount of liquid slag 512 

fume has been generated. No monoxide fume forms in the case of decarburized FeMn melt, 513 

which can be explained by higher oxygen partial pressure at the interface and formation of a 514 

considerable amount of Mn2O3, having a lower melting temperature in comparison to MnO. 515 

However, Figure 14b illustrates that despite lower gas volume due to the absence of CO(g) in 516 

the case of a decarburized melt, the partial pressures of Mn and Fe are about 1-2 orders of 517 

magnitude higher than those for the HCFeMn melt. The partial pressures of SiO and SiO2 518 

gaseous species for decarburized FeMn melt show rather complex trends.   519 

1823 K 1773 K 
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(a) 

  
(b) 

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. 

 520 

Fume condensation and off-gas formation (R3) 521 

The ‘fume 2’ exiting the R2 condenses as a result of the existing temperature gradient. The 522 

simulation results are shown in Figure 15 for HCFeMn melt at 1823 K and 1773 K. The main 523 

components of the fume are crystalline monoxide and amorphous fume. Others are soot 524 

(condensed carbon) and free water. In addition, minor amounts of Mn3P2O8, spinel, zincite 525 

(mainly ZnO with trace amounts of FeO and Fe2O3) form however, they have not been 526 

illustrated here. As seen, with increasing water partial pressure in the gas phase, the amount 527 
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of generated fume decreases. Contrary to the SiMn system where the dominant fume species 528 

is amorphous, in the HCFeMn system, crystalline monoxide is the dominant fume constituent. 529 

In the case of the SiMn system, the slag is a mixture of MnO, SiO2, and Mn2O3, having a 530 

lower melting  531 

1823 K 1773 K 

  
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. 532 

Interestingly, in the case of the decarburized surface layer of FeMn melt, the dominant fume 533 

species is amorphous. In this case, the temperature at the melt/gas jet interface increases to 534 

about 2125 K while in the case of carbon-saturated FeMn melt, the interface temperature 535 

varies between 1955 K and 1912 K for up to 40 kPa water vapor pressure in the gas phase. 536 

The higher interfacial temperature shifts the phase equilibrium toward the formation of liquid 537 

‘fume 2’ and subsequently amorphous fume upon condensation. The higher interfacial 538 

temperature in the absence of carbon can be explained by the passive oxidation of Mn from 539 

the surface layer of the melt. This reaction is extremely exothermic, significantly increasing 540 

the interfacial temperature. On the other hand, in the case of carbon saturated melt, although 541 

carbon oxidation is also an exothermic reaction, it generates only about 25% of the heat 542 
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generated from the reaction of 1 mole of Mn and 0.5 moles of oxygen. This can be explained 543 

by the enthalpy of the following reactions at 1823 K: 544 

Mn(l)+1/2O2(g)=MnO(s);                                                    ΔHo (kJ) = -404.282                                     545 
(12) 546 

C+1/2O2(g)=CO(g);                                                             ΔH o (kJ) = -117.561                                    547 

(13) 548 

5. Summary of observations and conclusion 549 

The effect of water vapor on the oxidation and fuming of liquid SiMn at 1723 K and 1873 K 550 

was experimentally investigated, and compared to the oxidation behavior of HCFeMn melt at 551 

1773 K and 1823 K. The chemical reactions of both SiMn and HCFeMn melts with dry air 552 

and moist air were also thermochemically modeled under the same experimental variables 553 

(composition, temperature, water vapor pressure) using FactSage 8.1 thermochemical 554 

software. Equilibrium thermodynamic calculations allowed a better understanding of the 555 

mechanisms, underlying the experimental observations. The highlights are summarized 556 

below: 557 

• In general, the injection of water vapor inhibited the oxidation reaction of Mn, while 558 

promoting the oxidation reaction of Si. However, the experimental results showed that 559 

there was no significant change in the fuming/oxidation of SiMn melt as a function of 560 

water vapor pressure.  561 

• The equilibrium thermodynamic calculations for the SiMn system were in agreement 562 

with the experimental observations. The vapor pressure of the dominant Si gaseous 563 

species in the fume, SiO(g), was almost constant, and only slightly increased with 564 

increasing water vapor pressure. On the other hand, the vapor pressure of the 565 

dominant Mn gaseous species, Mn(v), only slightly decreased because of decreased 566 
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temperature at the melt surface/gas jet interface under the effect of increasing water 567 

vapor pressure. Increasing Si fume and decreasing Mn fume canceled each other out 568 

so that the total amount of generated fume did not significantly vary with increasing 569 

water vapor pressure.  570 

• There was no major morphological difference in the protoparticles of SiMn fume at 571 

1873 K between dry and wet air conditions. Analysis of fume samples using TEM 572 

revealed that there were no compositional differences as well. The ICP-MS analysis 573 

further confirmed that there was no significant difference in the concentrations of 574 

main elements in the fume with increasing water partial pressure.  575 

• The thermodynamic simulation of the SiMn melt under experimental conditions 576 

revealed the formation of amorphous fume under both dry and wet air conditions, 577 

which is in accordance with the experimental results. The main components of the 578 

amorphous fume were calculated to be MnO (> 70 wt%), SiO2 (15 – 20 wt%), and 579 

Mn2O3 (10 wt%). 580 

• The experimentally measured fume generated from the HCFeMn melt at both 1773 K 581 

and 1823 K decreased with increasing water vapor pressure in the gas phase. The 582 

thermodynamic calculations for the carbon saturated FeMn melt agreed with the 583 

experimental observations.  584 

• According to the thermodynamic calculations, if the decarburization of the surface 585 

layer of HCFeMn melt had occurred under moist air, similar to dry air; the generated 586 

fume amount should have not noticeably varied as a function of water vapor pressure. 587 

This can be explained by the enhanced decarburization of the surface of the FeMn 588 

melt under dry air and increased activity of Mn in FeMn melt in the absence of carbon.  589 

• Based on the equilibrium thermodynamic simulations, it can be concluded that the Mn 590 

activity in the FeMn melt, and subsequently, Mn vapor pressure are mostly a function 591 
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of melt composition (i.e. the carbon concentration), and the temperature has a 592 

relatively small effect on the activity of Mn in the melt and its evaporation potential. 593 
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Table Captions 644 

Table I.  Experimental matrix of the current work 645 

Table II. Slag composition measured using EPMA (wt%) 646 
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Figures Captions 673 

Fig. 1 – Flow of equilibrium calculations for simulation of fuming from oxidation process of 674 

the melt. Reprinted with permission from reference [11]. Copyright 2019 American Chemical 675 

Society. 676 

Fig. 2 – Electron images of slag obtained from SiMn wet air experiments at 1873 K; (a) 677 

secondary electron (SE), and (b) backscattered electron (BSE) modes. 678 

Fig. 3 – Mass fluxes of fumes from the FeMn and SiMn melts under different water vapor 679 

pressures. 680 

Fig. 4 – Average mass flux of fume from Si melt at 1823 K and SiMn melt at 1873 K as a 681 

function of water vapor pressure. 682 

Fig. 5– Typical morphology of SiMn filter fume, generated at (a) 1723 K dry air, (b) 1723 K 683 

wet air, (c) 1873 K dry air, and (d) 1873 K wet air conditions. 684 

Fig. 6 – Transition tube fume from SiMn experiments at 1873 K under wet air conditions; (a) 685 

TEM bright-field image, (b) relative concentrations of Mn (green color) and Si (red color) in 686 

the EEL spectrum image.  687 

Fig. 7 – Filter fume from SiMn experiments at 1873K under wet air conditions; (a) TEM 688 

bright-field image, and (b) selected area electron diffraction pattern.  689 

Fig. 8 – Concentrations of Si and Mn in the SiMn fume at 1873 K as a function of water 690 

vapor pressure. 691 

Fig. 9 – Particle size distribution of filter fume from SiMn melt at 1873 K under different 692 

water vapor pressures, obtained using (a) LD and (b) SEM image counting. 693 
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Fig. 10 – Simulated fuming from R1 under different water vapor pressures; (a) reaction 694 

products of the gas jet and SiMn melt, and (b) partial pressures of the gaseous species in 695 

'fume1'. 696 

Fig. 11 – Simulated fuming from R2 under different water vapor pressures; (a) reaction 697 

products across the interface between SiMn melt surface and the surrounding gas, (b) 698 

composition of the gaseous 'fume 2', and (c) composition of liquid ‘fume 2’. The labeled 699 

temperatures come from the adiabatic reaction in R1. 700 

Fig. 12 – Simulated SiMn fuming from R3 under different water vapor pressures; (a – c) 701 

condensed fume components. 702 

Fig. 13 – Simulated fuming from R1 under different water vapor pressures; (a) reaction 703 

products of the gas jet and FeMn melt, and (b) partial pressures of the gaseous species in 704 

'fume1'. The given temperatures are the melt bulk temperature. 705 

Fig. 14 – Simulated fuming from R2 under different water vapor pressures; (a) reaction 706 

products across the interface between melt surface and the surrounding gas, and (b) 707 

composition of the gaseous 'fume 2' phase. Thick solid lines represent the calculations for 708 

decarburized FeMn melt. 709 

Fig. 15 – Simulated FeMn fuming from R3 under different water vapor pressures; condensed 710 

fume components. 711 


