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Abstract: The carbothermic reduction of slag in silicomanganese production is accompanied by the
release of carbon monoxide. This gas can accumulate as bubbles within the slag, leading to foaming
and, potentially, disturbances to furnace operation. This study investigated the reduction in the slag
together with its foaming using a sessile drop furnace. Five silicomanganese slags produced from
industrial raw materials (Assmang ore, Comilog ore, high-carbon FeMn slag with quartz, and FeS
additions) were reduced by a graphite substrate at isothermal conditions (i.e., 1540-1660 °C) under
CO atmosphere. The reduction reaction was tracked by photographing the slag droplet, and the
cyclic expansion and burst of the droplet were used to estimate the gas evolution. The reacted sam-
ples were analyzed by wavelength-dispersive X-ray spectroscopy (WDS) to determine MnO and
SiOz reduction. While no foaming was observed using Comilog ore, extensive retention of CO in the
slag phase was observed when using Assmang ore or Assmang with high-carbon FeMn slag. The
beginning of foaming was attributed to an increase in the reaction rate; the absence of foaming when
using Comilog can be attributed to the acidity of the charge. Addition of sulfur to the Comilog-
based charge did not influence the reduction.
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1. Introduction

Silicomanganese (SiMn) is commonly used in steelmaking for its desulphurizing and
deoxidizing properties as well as for the contributions of its alloying elements to the prop-
erties of steel [1]. Typical tapped SiMn alloys contain approximately 20 wt.% Si, 70 wt.%
Mn, and the remaining mostly iron. The production of silicomanganese is accomplished
through the carbothermic reduction of MnO- and SiOx-rich oxides. The raw material
charges commonly involve a mixture of Mn ore, ferromanganese slag (as another source
of manganese), quartz, and coke. The variability, impoverishment, and shortages of high-
quality ores are challenges that the industry will have to face in the future.

Consequently, a great deal of research work has been done in the field of pyrometal-
lurgy to fulfill the dual ambition of clarifying the reaction mechanisms and understanding
the role of the raw materials’ composition. Concerning the SiMn production kinetics, non-
isothermal experiments have shown that the reduction mechanism is two-staged [2,3], a
slow stage at low temperature being followed by a rapid stage at approximately 1600 °C.
A following work with the same setup and materials but isothermal conditions confirmed
the existence of a two-staged mechanism. This was observed using various ores and con-
trasting basicity. There, the slag composition appeared to cause a change in the rate dur-
ing reduction: upon reaching a specific extent of reduction independent of the tempera-
ture, the reaction rate increased [4]. In some experiments, the slag came out of the crucible,
suggesting foaming. This foaming phenomenon could be a cause or a consequence of the
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reduction rate increase, and this calls for further reduction studies with in situ observa-
tions.

It is common to examine slag/carbon interactions using a sessile drop wettability
technique since such a setup offers both a good control over the reaction interface as well
as in situ pictures of the sample. The technique was also used successfully for ferroman-
ganese slags. The reaction kinetics and mechanism were explained on the basis of the slag
droplet’s behavior together with chemical analysis and electron microscopy [5]. In another
study, the droplet volume was used to estimate the reduction extent at different time
steps, that is, the concentration of MnO in the slag [6]. A study on SiO: reduction from
CaO-5i02-Al20s-MgO molten slag reduction by a coke substrate imputed the rate in-
crease due to the better wetting of the slag [7].

The carbothermic reduction of slags can cause foaming. This presents multiple ad-
vantages in steelmaking processes, especially by providing shielding from the atmosphere
or for the refractories [8] and has been studied to that end in the past. While classical
foaming investigations involve gas blowing in a liquid slag contained in a crucible and at
steady state [8], dynamic studies involve reaction driven foaming, a phenomenon which
may be closer to the reality of industrial operation [9,10]. Hong et al. noticed that increas-
ing S content in the slag inhibited the foaming significantly [9]. Kapilashrami et al. found
that fluctuations in the foam height can be explained by a mismatch between the gas gen-
eration rate and the gas exiting rate or by variations in the gas fraction within the slag [10].
It seems fundamental to have a detailed knowledge of the interfaces at stake, both for the
gas generation and the gas exhaust. Thus, the sessile drop technique appears to be a prom-
ising route for foaming studies, as the system is observed directly. It was used by Khanna
et al. who developed a semi-automated program to compute the droplet volume and
thereby record the foaming during reduction experiments [11].

The aim of the present study was to observe, characterize, and explain the foaming
phenomenon arising during the carbothermic reduction of SiMn slags. Different slag com-
positions, based on various Mn sources, were investigated in a sessile drop furnace. The
intent was to investigate the reduction behaviors of primary SiMn slag from different
sources and understand the relationship between foaming, reaction kinetics, and slag
composition.

2. Materials and Methods
2.1. Sample Preparation

The present study focused on the chemical and foaming behavior of the slag during
reduction in the continuation of a series of works on the kinetics in silicomanganese pro-
duction [3,4]. The impact of sulfur was also investigated, as its role is uncertain. Five slag
compositions were prepared by pre-reduction and melting of industrial raw materials.
These charges, produced from mixtures of Mn-containing materials (Assmang ore, Comi-
log ore, and HC FeMn slag) and quartz were designed to obtain the same compositions as
in an earlier work [4]. The charge using both Assmang ore and HC FeMn slag, A/HCS,
was prepared using a 1:1 ratio of those materials. Note that fluxes, such as CaO, were not
added to the charges. This is of importance especially for the Com charge, as Comilog ore
and quartz will form very acidic slags in the absence of additional fluxes. Thus, the current
work does not speak for the performance of the ore in industrial practice where fluxes are
commonplace.

The compositions of the various ores, including trace elements, are detailed in Table
1. The slag composition was obtained by X-ray fluorescence, and the MnO2 content was
obtained by titration. Two Comilog-based charges were enriched in sulfur using a single
or double dose of FeS powder aiming for 0.27 and 0.56 wt.% sulfur content in the slag.

Each charge was heated up to 500 °C under Ar gas. Subsequently, a stream of CO
replaced Ar, while the temperature was increased up to 1200 °C. The samples were held
at this temperature for 30 min to ensure full pre-reduction of the higher manganese oxides
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and then brought to 1400 °C to ensure complete melting. The charges were next cooled
down to room temperature and shattered into smaller pieces. The compositions of the pre-
reduced slag samples were analyzed by wavelength-dispersive X-ray spectroscopy (WDS)
and are reported in Table 2.

Table 1. Chemical composition (wt.%) of the raw materials.

Material MnO MnO: SiO: Fe:0s CaO MgO AlO:s S C CO: H:O0 BaO
Assmang ore 3128 3550 637 13.66 6.17 1.08 0.49 0.14 - 3.1 0.04 0.45
Comilog ore  3.91 69.40  6.50 6.47 0.29 0.13 6.9 0.021 - 0.1 5 0.211

HC FeMn slag 35.23 . 24.45 - 18.45 7.53 1230  0.46 0.46 - - -

Quartz 0.14 - 93.85 - 0.09 0.05 1.19 - - - - -
! These measurements were carried out on a different batch of the same ore.

Table 2. Normalized composition (wt.%) of the slag samples after pre-reduction.
Mn-Source MnO SiO: CaO ALOs MgO
Assmang ore (Asm) 59.86  32.46 5.99 0.62 1.07
Assmang ore + HC FeMn Slag (A/HCS) 50.08  33.62 10.70 4.47 1.14
Comilog ore (Com) 61.50  30.54 0.20 7.63 0.13
Comilog ore + FeS (Com + S) 62.58  29.28 0.15 7.84 0.14
Comilog ore + FeS (Com + 25) 62.56  29.59 0.22 7.48 0.14

Part of the slag samples were crushed using a vibratory disc mill (Retsch RS 200; 700
rpm, 15 s) and further analyzed for sulfur content using infrared detection after combus-
tion of the samples (LECO CS844). The results are given in Table 3. It was seen that the
Com slag had the lowest sulfur content among the non-enriched slags, followed by the
Asm and A/HCS. Com + S and Com + 25 slags had a sulfur content comparable to that of
Asm.

The addition of sulfur was successful: the quantities evidenced in the sulfur-enriched
slags were much higher than for the “Com” sample, but doubling the FeS dosage led to
diminishing returns. This could be due to the volatilization of the sulfur to SO2 gas.

Table 3. Sulfur content in the slag samples after pre-reduction and melting.

S Content
Sample S Content (wt.%) (Relative to mini-
mum)

Assmang ore (Asm) 1.24-101 13.0
Assmang ore + HC FeMn Slag (A/HCS) 9.54-10-° 1
Comilog ore (Com) 3.49-101 36.6
Comilog ore + FeS (Com + S) 1.42-101 14.9
Comilog ore + FeS (Com + 25) 1.64-10! 17.2

2.2. Isothermal Reduction

The already pre-reduced slag samples were further reduced in a sessile drop furnace.
A schematic of the furnace setup is provided in Figure 1. A piece of slag (2 = 4 mm) was
first placed on a graphite substrate disc (2 = 10 mm), itself resting on a graphite arm. The
furnace was then evacuated and filled with CO gas. Next, it was heated up quickly to the
targeted temperature plateau while maintaining a flow of CO of 0.1 NI/min. The heating
was completed in 3 min up to 900 °C, then 5 min to 1200 °C. The temperature increase to
the isothermal stage was conducted at 1 °C/s. These high heating rates were possible since
the pre-reduction of the slag was completed previously; extensive gas release from this
stage was therefore avoided. The temperature was acquired by a C-type thermocouple.
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To ensure a proper temperature measurement and control, the thermocouple was cali-
brated before the reduction experiments by melting an iron flake in CO atmosphere.

Pyrometer Window Sessile drop on graphite substrate Camera

¢

*
A—

i }

Graphite arm  Graphite tube Window Thermocouple

Figure 1. Schematics of the sessile drop furnace.

In total, 25 isothermal reduction experiments were carried out with various slag com-
positions, holding temperatures, and durations. The experimental parameters are sum-
marized in Table 4. The temperature and duration were chosen to investigate the specific
moment of the reaction and to compare the results with previous work [4].

Table 4. Parameters for the experiments of the study.

Charge Type Temgecr;l ture Holding Time (min)
Asm 1540 15; 30

Asm 1610 15; 30; 60

Asm 1660 10; 20; 40

Com 1610 30; 60; 120
Com 1660 30; 60; 120
A/HCS 1540 15; 30; 60
A/HCS 1610 5; 10; 20
Com+S 1610 10; 30; 60

Com +2S 1610 30; 60

2.3. Picture Analysis

A Basler acA1280-60gc camera was used to record pictures at 1024 x 1280 pixels of
the slag during heating, melting, and reduction. The pictures were taken at 5 fps during
the isothermal stage and 1 fps otherwise and evidenced the entrapment of CO gas from
the reduction reactions given in Equations (1) and (2):

MnO + C = Mn + CO(g) 1)
Si02 +2C = Si +2CO(g) @)

The pictures were next processed with a program using contrast-based edge detec-
tion. This program identified the graphite/atmosphere interface based on brightness and
enclosed the droplet in a rectangle as shown schematically in Figure 2. A safety gap be-
tween the graphite/atmosphere interface and the detection box was set manually before
analysis by the software. This ensured proper detection of the droplet and avoided errors
due to the fact of smaller droplets misleading the contrast detection.



Processes 2021, 9, 2020

50f18

width "w"

Slag droplet height "h"

Atmosphere \ 7 (@) safety gap "g"
Graphite

Figure 2. Schematics of the edge and droplet detection. The features in red correspond to the soft-
ware’s output.

The recorded values of height, width, and gap provided by the software were used
to calculate the dimensions of the droplet for each picture, assuming a perfectly spherical
shape by using equations for spherical caps. First, the radius “r” of the sphere was ob-
tained from the width and height using Equation (3) when the slag was wetting or Equa-
tion (4) for a non-wetting slag. This radius can be determined independently of the gap
used.

w2 2
w_ (@) 3)
h<—>=>r= oh
w w
h25$ I'=E (4)

Next, the volume “Vs” (for slagt+gas) can be calculated considering a spherical cap
of radius “r” and, using “h:”, the real height of the cap which includes the safety gap,
following Equations (5) and (6). The initial volume “Vo” was defined for each experiment
as the volume of the slag droplet directly after melting.

hy=h+g 5)

m-h,
ng = 3 “(Br—h,) (6)

When the slag retracts after a gas bubble escapes, the volume of gas in the slag de-
creases. This can be used to estimate the volume of gas-free slag “Vs”. Thus, it was con-
sidered that this volume is at time “t” necessarily equal or smaller than the minimum
volume recorded from the start to time “t”. However, this estimation cannot distinguish
between volume loss due to the escaping gas and slag being expelled out of the droplet.

2.4. Sample Analysis

The reacted samples were cast in epoxy, cut, and mounted in epoxy once more to
obtain cross-sectional images of the slag/graphite interface. After polishing and carbon
coating, the samples were examined by an electron microprobe (EPMA; JEOL; JXA-8500F)
equipped with a wavelength-dispersive X-ray spectroscope using 15 kV acceleration volt-
age and a 20 nA beam current.

3. Results and Discussion

This section aggregates and discusses the results from the chemical analysis, from the
microscopic study, and from the picture analysis during the reduction reaction.
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3.1. Slag Reduction (Chemical Analysis)

The reduction was calculated based on the chemical composition of the slag meas-
ured by WDS. The composition of the slag was considered as being the best approach to
evaluating the reduction as opposed to the metal analysis. The analysis of the metal is
quite unreliable due to the presence of various amounts of metallic iron, disparities in the
metal droplet composition in a single sample, and evaporation of produced metal.

Pre-reduced slag samples were used as a reference to evaluate the advancement of
the reduction process. In these multiphase samples, both phases were analyzed separately
and used further together with pixel counting to determine the total composition follow-
ing a strategy explained elsewhere [4]. The reduced slag samples analyzed in three points
across the droplet appeared to be homogeneous macroscopically. Table 5 summarizes the
averaged results from WDS for all the samples in the study. The fractions of reduced MnO
and SiO, calculated based on the reference sample’s chemistry for each charge, are also
given in the table. For these calculations, it was assumed that Al20s, CaO, and MgO re-
main unaffected. In practice, it was considered that the mass of Al2Os+CaO + MgO was
constant over the course of the experiments. Note that the results are highly sensitive to
the composition of the reference samples. As a result, due to the variations in the compo-
sition and inaccuracies in the measurements, negative values were obtained for the reduc-
tion of 5i0z2 in some samples. These values, physically impossible, denote however a low
to inexistent reduction in SiOz and were further treated as being zero. In addition, positive
values should also be interpreted with care for the same reasons. The last column of the
table provides the Mn/Si ratio in the metal, assuming all metallic atoms end in a single
metal phase as well as no evaporation.

Table 5. Slag composition obtained by WDS, calculated the fraction of MnO and SiO2 reduced and calculated the compo-
sition of the metal phase. The sum of all oxides was normalized to 100 wt.%.

) Slag Composition (wt.%) Reduced Fraction (%) Mn/Si

Experiment . . .
MnO SiO2 CaO AlL:0s MgO MnO SiO2 Ratio

Asm-reference 59.86 32.46 5.99 0.62 1.07 0 0 -
Asm-1540-15 49.76 41.02 7.18 0.70 1.35 30.73 -5.31 100/0
Asm-1540-30 50.34 40.76 6.84 0.79 1.28 27.45 -8.34 100/0
Asm-1610-15 51.9 38.54 7.53 0.79 1.24 30.29 4.54 95/5
Asm-1610-30 44.14 444 8.91 0.84 1.7 50.54 8.24 95/5
Asm-1610-60 12.92 60.44 20.85 1.78 4 93.77 46.26 86/14
Asm-1660-10 49.45 40.47 7.93 0.75 1.4 37.00 4.92 96/4
Asm-1660-20 43.8 44.68 9.01 0.83 1.68 51.17 8.15 95/5
Asm-1660-40 10.21 55.01 27.57 2.50 4.72 96.23 62.55 82/18
A/HCS-reference 50.08 33.62 10.70 4.47 1.14 0 0 -
A/HCS-1540-15 32.6 45.33 14.74 5.91 1.42 51.89 0.38 100/0
A/HCS-1540-30 23.6 49.51 18.00 7.15 1.74 71.41 10.70 95/5
A/HCS-1540-60 10.69 53.92 23.70 9.43 2.25 90.16 26.11 91/9
A/HCS-1610-5 26.21 47.32 17.75 7.03 1.69 67.75 13.28 94/6
A/HCS-1610-10 2.59 454 35.22 14.10 2.7 98.38 57.67 84/16
A/HCS-1610-20 0.26 39.75 42.33 16.54 1.12 99.86 67.86 81/19
Com-reference 61.5 30.54 0.20 7.63 0.13 0 0 -
Com-1610-30 55.46 34.41 0.24 9.73 0.16 29.14 11.46 88/12
Com-1610-60 52.19 38.16 0.23 9.24 0.18 29.97 -3.12 100/0
Com-1610-120 41.12 45.08 0.37 13.19 0.23 61.41 14.81 93/7
Com-1660-30 48.27 39.25 0.34 11.98 0.17 49.94 18.03 89/11
Com-1660-60 49.3 40.15 0.30 10.08 0.17 39.49 0.77 99/1
Com-1660-120 44.47 43.41 0.36 11.51 0.25 52.51 6.65 96/4
Com + S-reference 62.58 29.28 0.15 7.84 0.14 0 0 -
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Com + S5-1610-10 55.79 34.26 0.19 9.62 0.15 27.17 442 95/5
Com + 5-1610-30 55.3 34.59 0.20 9.75 0.16 28.90 4.95 95/5
Com + S5-1610-60 49.68 38.74 0.22 11.18 0.18 44.26 7.11 95/5
Com + 2S-reference 62.56 29.59 0.22 7.48 0.14 0 0 -
Com + 25-1610-30 53.03 36.36 0.28 10.22 0.11 37.28 9.09 92/8
Com + 25-1610-60 47.97 40.37 0.31 11.15 0.19 48.36 8.12 95/5
Com + 25-1610-60 59.86 32.46 5.99 0.62 1.07 0 0 -

Overall, these results show that MnO and SiO: were significantly reduced from the
Asm and A/HCS charges and reached comparable degrees of reduction than in industrial
practice for both oxides. This is consistent with a previous study from the authors using
the same charge in another setup together with polish coke [4]. It was apparent that the
reduction in MnO began earlier than that of SiOz. This was particularly true for the Asm
and the A/HCS charges, containing high-carbon FeMn slag, the latter also being reduced
much faster than the former.

For the various Com charges (Com, Com + S, and Com + 2S), a significant reduction
in MnO was achieved, but a modest reduction in SiO2 was observed. In addition, from the
data presented in Table 5, the reduction in SiO: from the Com charge seemed to exhibit a
somewhat erratic behavior which was left unexplained.

In addition, sulfur seemed to have a slightly positive effect on the manganese extrac-
tion rate. This was observed in the Comilog containing samples with and without sulfur,
reduced at 1610 °C for 60 min. Sulfur, however, failed to significantly affect the SiO2 re-
duction.

The fractions of reduced MnO and SiO: are provided in Figure 3 for (in red, orange,
and yellow) all samples of the study and for (in blue tones) the converted results from a
previous work of the authors [4]. When the fraction of reduced SiO2 was found negative,
it was set to zero on the graphs. These results show once more that MnO reduced at early
stages, the reduction of SiO:z being intimately linked to MnO having been reduced. This
also appears to be consistent with earlier results; the colored markers seemed to follow
the same trend, despite being associated with different setups and carbon sources. No
changes were observed with temperature either.

— 100+ <
R - % u - " ©
o 90 L4 s
- ¢
L .
_":" 80 o8
£ 70 ¢ ¢
¢
,g 60 on © © Present study
8 " m  Asm samples
P
é 30 28 © o ¢ A/HCS samples
£ 40p Com, Com+S, Com+25 |
o $m o/¢] o Com, Com+S, Com+2S samples
c " Previous study
= 304 ép o
= > m  Asm samples
o n | |
cC) 20 ¢ A/HCS samples
§ 10+ @ Com samples
p .
w O T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Fraction of SiO; reduced from the slag [%]

Figure 3. Fraction of MnO and SiO:z reduced from SiMn slags. The original data from the present
study were colored in cold tones, while the warm colored markers show data from previous work
[4]. The data ranged from 1510 to 1660 °C.

Figures 4-6 give the wt.% MnO and wt.% SiO: measured in the slag as a function of
the duration of the isothermal stage and the temperature. These results were obtained
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after normalization of the measurements of Al2Os, CaO, MgO, MnO, and SiO2. The dashed
lines indicate the expected composition of reacted slags when 18 wt.% Si was found in the
produced metal and 10 wt.% MnO was left in the slag. Despite the reduction in some SiO:
from the slag, the weight fraction of SiO2 increased due to the fact of an even larger reduc-
tion in MnO. Thus, the fractions of SiO: of the slags in this study oftentimes overreached
the dashed line threshold; they are expected to decline with further reaction. It appeared
that increases in temperatures increased the reduction rate for the Asm charge and, to a
large extent, for A/HCS charge. This phenomenon was not observed for the Com charge,
where no significant rate increase was observed going from 1610 to 1660 °C.
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Figure 4. MnO and SiO: weight fractions in the slag as a function of time for the Asm charge at 1540, 1610, and 1660 °C.
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Figure 5. MnO and SiO: weight fractions in the slag as a function of time for the A/HCS charge at 1540 and 1610 °C.
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Figure 6. MnO and SiO: weight fractions in the slag as a function of time for the Com, Com + S, and Com + 25 charges at

1610 and 1660 °C.

3.2. Slag Reduction Pictures

The microscopic study was based on cross-sections of the reacted samples including
the graphite substrate. A metal phase was not systematically unveiled, as the slag fre-
quently covers or englobes the metal and hides it before the cut. Cut views of reacted
samples are provided, sometimes together with close-up views of the interface. It should
be noted that the samples from the same charge materials mostly shared a similar aspect.
They followed the same trends in terms of reduction behavior, wetting, and reaction in-
terface. In addition, while there was a clear contrast after reduction between the samples
from different charges, it seemed that temperature had a lesser role in the mechanism. In
the following pictures and for clarity the main elements were delimited using the follow-
ing colored lines: green for the slag, red for the graphite, and blue for the metal.
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3.2.1. Asm and A/HCS charges

Figure 7a,b respectively show the cut view of an Asm slag droplet and a close-up
view of the slag/graphite interface after reaction at 1540 °C for 15 min. A large gas bubble
is seen at the center of the slag droplet on Figure 7a, with a second one visibly forming
from the center of the slag/graphite interface. Along the whole slag/graphite interface
many micron-sized metal particles were found. These particles penetrate into the graphite
but only in a thin porous layer as shown on Figure 7b. The picture in Figure 7b also shows
that two phases were visible: the slag has, under cooling, precipitated in a eutectic fashion.
These two phases were only observed after cooling, as the droplet was expected to be fully
molten from the start to the end of the reduction. The graphite substrate was also signifi-
cantly affected by the reaction. Although it did not seem to be altered deep from the in-
terface, the slag/graphite contact area itself moved during the reaction due to the con-
sumption of carbon. The initial flat surface was thus replaced by a bumpy front.

(b) (c) (d)

Figure 7. EPMA images of the reacted Asm slag sample, graphite substrate, and metal phase, respectively, contoured by
green, red, and blue lines: (a) sample reacted at 1540 °C for 15 min; (b) slag/graphite interface of the sample reacted at 1610
°C for 15 min; (c) sample reacted at 1610 °C for 15 min; (d) sample reacted at 1660 °C for 40 min. The red, dashed line is an
estimate of the initial substrate’s surface.

Samples reacted longer and at higher temperatures showed similarities but also some
additional features. Figure 7c shows the slag droplet of the Asm charge after reaction at
1610 °C for 15 min. The main difference observed was the presence of sizeable metal drop-
let found between the slag and the graphite substrate. This metal droplet was not neces-
sarily a mark of a substantially stronger reduction: the metal phase was sometimes hidden
or mostly containing iron obtained during pre-reduction. However, this metal droplet sits
in a distinctly deeper hollow of the graphite substrate which could be explained by graph-
ite being consumed through dissolution in the metal phase and consumption by car-
bothermic reduction at the slag/metal contact area. In other words, carbon could be react-
ing faster by going through the metal than directly acting on the slag.

Figure 7d shows the slag droplet of the Asm charge after reaction at 1660 °C for 40
min. This sample witnessed stronger reducing conditions for a longer time, and although
it did not appear on the micrograph, two large metal phases were observed aside this
sample and can be seen in Figure 8. The graphite substrate was also considerably con-
sumed. The red, dashed line in Figure 7d shows the approximate position of the initial
substrate’s surface, approximately 500 pm away from its final position. The slag also ex-
hibited an increased wetting, compared to the previous samples; this was attributed to
changes in the slag chemical composition during its reduction. Gas pockets could be
found between the slag and the substrate.
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{3 THNNEET 3 %
Figure 8. Picture of the Asm sample reacted at 1660 °C for 40 min.

Figure 9a,b show the slag droplet of the A/HCS charge after reaction at 1540 °C for
30 min and 1610 °C for 10 min, respectively. These pictures tell a similar story to what was
observed for the Asm sample: good wetting of the sample, significant consumption of the
graphite, and mild penetration in the substrate.

(a) (b)

Figure 9. EPMA images of the reacted A/HCS slag sample, graphite substrate, and metal phase,
respectively, contoured by green, red, and blue lines: (a) sample reacted at 1540 °C for 30 min; (b)
sample reacted at 1610 °C for 10 min.

3.2.2. Com, Com + S, and Com + 25 Charges

Figure 10a shows the slag droplet of the Com charge after reaction at 1610 °C for 30
min. The Com charge was characterized by a poor wetting over the graphite substrate at
all stages of the reduction experiment, and the slag droplet was therefore nearly spherical.
In addition, the substrate was left mostly unaffected, and although some metal particles
were observed within a thin layer, the graphite was not consumed and remained even.
From Figure 10a, one can consider that the droplet was initially placed towards the right-
hand side, where some metallic prills were found but later moved to the left. The other
micrographs gave a similar impression: little reaction happened between slag and graph-
ite, and no substantial metal phase was found. Note that the droplet presented in Figure
10a seems to consist of two distinct domains, noticeable by their shade of grey. In fact, a
higher magnification picture in Figure 10b reveals that this change of grey shade corre-
sponded to the transition between dendrite growing from the bottom of the sample and
glassy slag on the top. The WDS analyses did not evidence a composition difference be-
tween those two domains.
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(a)

(b) (©) (d)

Figure 10. EPMA images of the reacted slag sample and graphite substrate, respectively, contoured by green and red lines:
(a) Com sample reacted at 1610 °C for 30 min; (b) close-up of the interface on the Com sample reacted at 1610 °C for 30
min; (¢) Com + S sample reacted at 1610 °C for 10 min; (d) slag/graphite interface of the Com + S sample reacted at 1610 °C
for 10 min.

When sulfur was added to the Com charge, in Com + S and Com + 25, no significant
differences could be observed. The slag droplet of the Com + S charge after reaction at
1610 °C for 10 min and a closer view of its slag/graphite interface are given in Figure 10c,d,
respectively. Two phases can be noticed in Figure 10d, those were formed during solidi-
fication alike what was observed in Figure 7b. The addition of sulfur did not affect the
wetting as both the Com + S and Com + 25 charges were non-wetting. It also did not en-
hance reduction processes at the slag/graphite interface; the graphite was not consumed,
and only limited amounts of micron-sized metallic particles were found. Note that neither
the Com + S nor Com + 25 samples reacted at 1610 °C for 30 min were used to compare
with Figure 10a, as both sample droplets rolled from the substrate due to the fact of their
non-wetting behavior.

The chemical analysis previously indicated a reduction in MnO and SiO2. However,
the absence of a metallic phase as well as the intact graphite substrate surface indicate the
manganese was likely reduced by CO(g) and vaporized. This conclusion was motivated
by the high vapor pressure of manganese. Silicon evaporation, however, is thermodynam-
ically less likely but silicon might have been extracted as SiO(g). Again, since the graphite
remained unaffected, this would rely on SiO: being reduced by the reaction in Equation
(7) happening on the free surface of the slag at temperatures around 1600 °C. This was
ruled as being thermodynamically unlikely by Berg and Olsen who considered this mech-
anism in a similar context [12].

Si02 + CO(g) = SiO(g) + 2COx(g) @)

3.2.3. Entrapped Gas and Foaming

The amount of gas entrapped within the slag was calculated using Equations (3)—(6).
Figure 11 show Vs/Vo, the calculated volume of slag and gas divided by the initial volume
as well as Vs/Vo, the estimated volume of gas-free slag divided by the initial volume. On a
second axis, the volume increases in the droplet were summed to render the progress of
the chemical reactions generating CO gas within the slag. This last curve cannot be used
for quantitative evaluation of the reaction but can indicate a change in mechanism, for
example, when displaying a break in its slope. The graphs corresponding to the remaining
samples of this study are found in Supplementary Materials Figure S1-S22 (refer to the
electronic supplementary material). From all these curves, foaming can also be evidenced.
Extensive and stable accumulation of gas was detected when the droplet volume Vs; was
continuously higher than the estimated slag volume, even when some gas was liberated.
This indicates that the gas bubbles were generated faster than they were liberated, creat-
ing a build-up. In this section, a few experiments were chosen to show the general trends
of the various charges, while the other curves obtained are made available in the Supple-
mentary Materials.
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Figure 11 shows the results for the Assmang charge reduced for 60 min at 1610 °C,
while the aspect of the droplets is shown in Figure 12. At the start of the reduction with
this sample, single gas bubbles were formed as illustrated on Figure 12a. Upon their es-
cape, all the gas was released into the atmosphere in one step. This can be seen from the
shape of the curve of Vsz/Vo, where decreasing, Vsg/Vo tended to reach a new minimum
and there was thus less material and likely little to no gas in the droplet. After extensive
reduction, some experiments entered in a new regime where foaming was observed; de-
spite a continuous flickering in the droplet volume due to the regular escape of some gas,
the moving average volume greatly increased, reached a peak, and then slowly decreased.
In Figure 12b, the inflated slag can be observed at this stage. Note that the gas-free slag
volume was calculated from the emerged part of the droplet. However, as seen on the
micrographs in Figure 7, the underlying graphite layer was vastly consumed by the reac-
tion.
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Figure 11. Droplet dimensions for the experiment Asm-1610-60. Volume of the slag + gas Vsg/Vo is
in black, the volume of slag Vs/Vo is in red, and the volume of the gas emitted relative to Vo is in
blue.
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Figure 12. Behavior of the Asm-1610-60 slag droplet upon reduction (a) in the slow stage before 40
min and (b) in the rapid stage after 40 min.

The foaming seems to be accompanied by a change in the reduction rate as observed
on the blue curve. This resembles what was observed in a similar experiment in a previous
work [4]. It seems that the rate change preceded the foaming and could be one of its
causes.

The A/HCS charge reduced 20 min at 1610 °C and shown on Figure 13 also exhibited
foaming but right after the start of the isothermal stage. Under these conditions, the reac-
tions generating CO within the slag did not need additional time or reduction to start. A
rapid increase in the droplet volume can be observed before the foaming dissipates after
only a couple of minutes. This is once again consistent with observations in tube furnace
experiments [4].
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Figure 13. Droplet dimensions for the experiment A/HCS-1610-20. Volume of the slag + gas Vsg/Vo
is in black, volume of the slag Vs/Vo is in red, and the volume of the gas emitted relative to Vo is in
blue.

The Comilog charge, however, did not exhibit the same behavior. No gas was re-
leased from the slag as observed in Figure 14 for the Com charge reduced 120 min at 1610
°C. The volume measured did not change enough to be related to gas accumulation; the
fast variations in the measured droplet size could be caused by the software itself. The
volume change being very limited, its summation was also irrelevant.
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Figure 14. Droplet dimensions for the experiment Com-1610-120. Volume of the slag + gas Vsg/Vo is
in black, the volume of the slag Vs/Vo is in red, and the volume of the gas emitted relative to Vo is in
blue.

In essence, all Com, Com + S, and Com + 2S samples showed no gas accumulation/re-
lease from the slag at all temperatures and for all durations. However, the slag droplets
did appear to shrink over time, which could be related to the loss of manganese through
evaporation previously reported by WDS.

3.2.4. Wetting
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The wetting angle 0 was calculated based on the droplet dimensions, assuming a
perfectly spherical shape, using Equation (8). The errors due to the consumption of graph-
ite were neglected in these calculations. Some values were not registered due to the failed
analysis of the picture from the software.

6 = cos™? (1 - E) (8)
r

Figure 15 shows the wetting angle calculated for the 5 charges reacted at 1610 °C. For
Com, Com + S, and Com + 25, the wetting angle was nearly constant at 134, 136, and 137°,
respectively, (on average from 5 to 60 min) showing that the addition of sulfur or the
manganese evaporation did not affect the wetting. The Asm and A/HCS samples, which
reacted significantly with the substrate, also showed changes in their wetting angle
throughout the reaction. For the rapidly reacting A/HCS-1610-20 sample, the wetting an-
gle changed correspondingly and dropped significantly early in the reaction. The Asm
sample showed various phases over the course of the experiment. The wetting angle first
increased to a stable value of 133° (on average from 10 to 20 min); the slag was not wetting
the substrate. The angle strongly decreased after 20 min, upon further progress of the re-
action.
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Figure 15. Wetting angle for each charge type of the study upon reaction at 1610 °C.

These results show that the poor wetting of the Com, Com + S, and Com + 25 samples
do not explain the lower extent of the reduction observed compared to the results of the
tube furnace experiments. The Asm and Com samples had similar wetting angles between
10 and 20 min and, thus, similar slag/graphite interface areas. If the reaction was happen-
ing at this slag/graphite interface, consumption of the substrate would have been ob-
served for the Com samples.

3.2.5. Further Discussion

The results obtained in this work were two-fold: they evidence a contrast between
the various slags but also show the disagreements between the techniques. The sessile
drop technique tended to agree to what was obtained in a tube furnace for some samples
(mostly the Asm and A/HCS charges) but disagreed for the Com charge.

Figure 16 shows the fractions of reduced MnO and SiOz for similar experiments run
in a tube furnace and sessile drop furnace. For the Asm and A/HCS charges, the results
were very close, excepted for the SiO:z reduction in Asm-1610-60. In comparison, the re-
sults for the Com charge were consistently discordant. This affected both MnO and SiO:
reduction estimates.
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Figure 16. Fractions of MnO and SiO: reduced for similar experiments using a tube furnace (data
adapted from Canaguier et al. [4]) and a sessile drop (present work).

This indicates that there was a fundamental difference between the experiments in
graphite crucible and on graphite substrate. Firstly, in the graphite crucible, additional
polish coke was used therefore modifying the nature of the reductant. Secondly, the ex-
periments differed due to the presence of iron-rich metallic phases formed during the pre-
reduction of the charge in the graphite crucibles. Those are believed to have a significant
role in the reduction through the thermodynamic conditions and the reaction mechanism.
The first point is discussed by Coetsee [13], who studied the reduction in MnO by CO(g)
at temperatures as low as 1200 °C. The presence of metallic iron reduces the activity of
manganese, thereby promoting MnO reduction dramatically. Concerning the effect of me-
tallic droplets on the reaction mechanism, Safarian et al. considered that the reduction in
MnO by a metallothermic reaction involving Fe is a possible process in FeMn production
[5]. Iron-rich droplets, placed in contact with both the slag and the carbon source, are
thought to act as a rapid pathway to dissolve carbon while iron is believed to reduce MnO.
In the present study, those iron-rich metallic particles were mostly absent. The slag
charges were melted and pre-reduced beforehand to avoid that the gases emitted during
pre-reduction inhibit our capacity to track the reduction processes. After formation of the
slag charges, small pieces of the slag were selected; at this stage, the visible metal droplets
were avoided. This was necessary to observe slag/graphite reactions without large
amounts of metal present but might have inhibited the initiation of the reaction by remov-
ing the usually present metallic droplets. This could further explain the larger variability
in the present study; unseen metallic droplets remaining in small samples might have a
large effect. In their study on the reduction of siliceous manganese ores by graphite, Os-
trovski and Webb showed that diffusion of MnO is a rate limiting process, even in molten
phases [14]. But in the present case, at high temperatures, it did not seem that diffusion
can explain the contrast between the techniques; the samples reacted in the sessile drop
setup were very limited in size, a few mm? compared to the cm? size of the slag in the
tube furnace. Diffusion, albeit a potentially important factor, is expected to favor a quicker
reduction in the samples in the sessile drop furnace contra those in the tube furnace. This
is not what was generally observed.

The previous and present works both showed that for all charges, a similar reduction
route was observed. MnO tended to reduce first, while most of the SiO2 reduced after-
wards. This can be partly explained by looking at the evolution of the activities in the slag
at equilibrium for increasing amounts of carbon in the system. Figure 17 shows such ac-
tivities for a starting arbitrary slag of 50MnO-34Si0>-10CaO-5A120:-1MgO and increas-
ing carbon additions at 1650 °C. The calculations were performed using FactSage 8.0 [15]
with the FactPS, FToxid (for the slag), and FSstel (for the metal) databases.
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Figure 17. Evolution of the activities in a silicomanganese slag at 1650 °C with the addition of carbon.
Calculated using FactSage 8.0 [15].

During the reduction processes, the activity of MnO started at its maximum value,
decreasing during the production of metallic Mn. The activity of SiO: first increased due
to the decreasing amounts of MnO in the slag; SiO: reduction became dominating at a
later stage, resulting in the decrease of SiO: activity later on. The kinetics of the reaction
themselves also had a role, and deviation from the equilibrium was observed by Cana-
guier et al. [4].

A two-stage reduction, observed in the first study, could be found in some of the
charges reduced in the sessile drop setup. The Asm charge was one of those; its reduction
was slow and steady at first but accelerated the second time. The increased CO generation
caused the foaming of the slag. The A/HCS charge had peculiar behavior. At low temper-
atures, no foaming was observed despite an active reaction. But at high temperatures, the
reduction behavior resembled that of the Asm charge at its second stage; a high reaction
rate and foaming were found. For the Com charge, the results of the previous and present
work were contrasting; the two-stage reaction observed in the tube furnace was not ob-
tained in the sessile drop. This could be attributed to a better reaction with coke than with
graphite but not to the sulfur present in the coke; slags with additional sulfur failed to
enhance the reaction.

The fact that the most reduced sample from both studies was obtained using the Com
charge, despite it being very acidic, shows the potential of the Comilog ore. However, it
also reinforced the contrast between the behavior in the two setups used.

Overall, these results call for further experiments using Comilog ore and various car-
bon types to better understand why graphite and coke gave so different results. Addi-
tional work using Comilog ore together with HC FeMn slag or doped with CaO, with a
similar basicity to the Asm and A/HCS charges, could also be beneficial to compare the
ores in an industrial configuration.

4. Conclusions

Five charges prepared from various Mn sources together with quartz and sulfur ad-
ditions were investigated in this work. Reduction, slag/graphite interactions, and wetting
were observed and discussed. The following main conclusions can be drawn:

1. Extensive carbothermic reduction was observed when using the Asm and A/HCS
charges on graphite, but none could be observed in the Com-based charges. The Com
charges, with and without sulfur additions, exhibited losses of manganese evapo-
rated to the atmosphere;

2. The addition of sulfur to the Com charge did not affect its behavior significantly un-
der the conditions of the study. Sulfur seems not to be the missing link to explain a
favorable reduction in the Asm compared to the Com charges in the setup of the
study. Similar conclusions can be drawn for wettability;
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3. The kinetics of the reduction reaction were favored by temperature increases. Over-
all, the A/HCS reduced faster than the Asm charge. In addition, MnO was reduced
earlier than SiOy;

4. With the Asm and A/HCS charges, foaming was frequently observed. It appeared to
be the result of too large quantities of gas generated relative to the amount the slag
can cope with, as the increased gas generation seemed to precede the foaming and
not the opposite.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/pr9112020/s1, Figure S1: Result curves for experiment Asm-1540-15; Figure S2: Result
curves for experiment Asm-1540-30; Figure S3: Result curves for experiment Asm-1610-15; Figure
S4: Result curves for experiment Asm-1610-30; Figure S5: Result curves for experiment Asm-1660-
10; Figure S6: Result curves for experiment Asm-1660-20; Figure S7: Result curves for experiment
Asm-1660-40; Figure S8: Result curves for experiment A/HCS-1540-15; Figure S9: Result curves for
experiment A/HCS-1540-30; Figure S10: Result curves for experiment A/HCS-1540-60; Figure S11:
Result curves for experiment A/HCS-1610-5; Figure S12: Result curves for experiment A/HCS-1610-
10; Figure S13: Result curves for experiment Com-1610-30; Figure S14: Result curves for experiment
Com-1610-60; Figure S15: Result curves for experiment Com-1660-30; Figure S16: Result curves for
experiment Com-1660-60; Figure S17: Result curves for experiment Com-1660-120; Figure S18: Re-
sult curves for experiment Com + S-1610-10; Figure S19: Result curves for experiment Com + S-1610-
30; Figure S20: Result curves for experiment Com + S-1610-60; Figure S21: Result curves for experi-
ment Com + 25-1610-30; Figure S22: Result curves for experiment Com + 2S-1610-60.
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