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Abstract: The production processes for Si and FeSi have traditionally been considered slag-free. However, recent excavations have re-
vealed significant accumulation of CaO-SiO,~Al,O; slag within the furnaces. This accumulation can obstruct the flow of materials and
gases, resulting in lower metal yield and higher energy consumption. The main objective of the current work is to enhance our under-
standing of slag formation during Si and FeSi production. We investigate slag formation through the dissolution of limestone and iron ox-
ide in quartz and condensate, focusing on the reactions between these materials at a gram scale. Our findings indicate that most slag
reaches equilibrium relatively quickly at temperatures starting from 1673 K. Notably, slag formation starts at lower temperature when the
iron source is present (1573 K) compared to when only CaO is involved (1673 K). The minor elements tend to accumulate at quartz grain
boundaries prior to slag formation. Furthermore, the slag produced from condensate contains less SiO, than that generated from quartz
with limestone. The type of quartz source and SiO, phase appears to have little influence on slag formation. Good wettability is a signific-
ant factor in reaction between quartz and slag. FactSage calculations indicates that the viscosity of the slag ranges from 0.02 to 14.4 Pa's
under furnace conditions, comparable to the viscosity of honey or motor oil at room temperature.

Keywords: slag formation; silicon and ferrosilicon production; quartz; limestone; iron source; condensate; cristobalite

1. Introduction

Silicon (Si) and silicon alloys are produced in submerged
arc furnaces (SAF), which operate at extremely high temper-
atures to facilitate reduction reactions. The primary raw ma-
terials are quartz (SiO,) and carbon-based reductants, such as
coal or coke, which drive the reduction process that yields
silicon metal. In ferrosilicon (FeSi) production, an additional
iron source is added to the furnace charge [1]. The primary
silicon production takes place in a high-temperature cavity
surrounding the electrode tip, where intense energy input
promotes reduction reactions [2].

Around the furnace cavity, a solid crust forms, primarily
composed of silicon carbide (SiC) [3], which insulates the
cavity. In the core reduction zone, SiO gas [4-5] is generated
and rises within the furnace. As it ascends, the SiO gas reacts
with carbon to form additional SiC or condenses to create a
deposit of Si, SiO,, and SiC on the surrounding materials.
This condensate layer [6] can restrict gas flow and reduce
permeability, impacting overall efficiency by obstructing the
upward movement of reaction gases. Managing this layer is
crucial for ensuring optimal gas flow, maintaining energy ef-
ficiency, and achieving high purity in the silicon or ferrosilic-
on produced.

The reduction of silica to Si occurs through the overall re-
action (1). In industrial furnaces, this process unfolds through
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multiple steps as outlined by Schei ef al. [7]. Raw materials,
including quartz, carbon materials (such as coke, coal, char-
coal, and wood chips), and iron oxide or scrap iron (for FeSi
production) are fed from the top of the furnace. In the upper
furnace zone, descending raw materials encounter ascending
SiO and CO gas. Here carbon reacts with SiO to form SiC by
reaction (2) [8]. The ascending gases also condense in the
cooler temperature zone [9] following reactions (3)—(4). In
furnace’s lower section, at temperatures above 2123 K, Si
production occurs via reaction (5). SiO gas required for this
reaction and for SiC production in the upper furnace is gener-
ated from SiO, through reactions (6)—7). The stability and
predominance of these reactions are highly influenced by the
partial pressures of SiO and CO gases, which are critical to
the furnace’s efficiency and output quality [10].

Si0, (s) +2C(s) = Si(1) +2CO(g) (1)
Si0(g) +2C(s) = SiC(s) + CO(g) )
2Si0(g) = Si0; (s,1) + Si (1) 3)
3Si0(g) + CO(g) = 2Si0, (s,1) + SiC (s) (4)

The reactions (2)—(4) are exothermic reactions, and reac-
tions (5)—(7) are the endothermic reactions in the lower fur-
nace and around the crater.

SiO(g) + SiC(s) = 2Si (1) + CO(g) )
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Si0, (s,1) + Si(1) = 2Si0(g) (6) ations of industrial furnaces, as illustrated in Fig. 1, reveal
that substantial slag can accumulate inside the furnace [3].

2810, (s,1) +SiC(s) = 35i0(g) + CO(g) O] Even though zones within FeSi furnaces differ significantly,
Traditionally Si and FeSi processes are considered slag- deposited slag along with pre-melted raw materials are often
free with minimal slag formation expected. However, excav- found in inactive areas. This slag typically consists of SiO,—
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Fig. 1. Overview of zones in FeSi and Si furnaces: (a) 75% FeSi in Finnfjord; (b) 50% FeSi in Elkem Bjelvefosen; (c) Wacker
furnace No. 1, Si; (d) Si in Elkem Thamshavn; (e¢) Wacker furnace No. 4, Si. The slag is shown by light green. Reprinted with permis-
sion from Ref. [3].
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CaO-ALQ; in various proportions. Observations show that a
layer of liquid slag and SiC particles may encase silicon
within the tap hole channel [11]. Calcium (Ca) and alumini-
um (Al), introduced either as trace elements in the raw mater-
ials or as separate fluxes, are largely tapped alongside the li-
quid metal. This suggests that the buildup of significant
amounts of Ca- and Al- containing slags may take place
gradually over time.

In Si/FeSi production, both solid and molten SiO, from
quartz are typically present throughout the furnaces. Addi-
tionally, molten SiO, formed through the “condensation” of
SiO gas, often exists within the furnace, usually mixed
closely with Si and/or SiC. These forms of SiO, are not re-
garded as slag. For material to be classified as slag in this
context, it must contain over 10wt% of other oxides, in addi-
tion to SiO, [12]. Slag forms when other compounds react
with, coalescence with, or dissolve in quartz, and its compos-
ition changes as either quartz or other oxides are introduced.

The composition of the formed slag may either be determ-
ined by the equilibrium among all compounds under furnace
conditions or by kinetic factors. In the latter case, equilibri-
um may not be achieved between one or more compounds
within the available time and temperature range in the fur-
nace. There is limited information on slag formation in Si and
FeSi processes. Due to the high viscosity of quartz at low
temperature [13], it is likely that equilibrium between quartz
and the slag phase is not reached. However, when slag mixes
with additional components, both its liquidus temperature
and viscosity decrease rapidly. Trace elements in the gangue
minerals within quartz, such as K,O will also help lower slag
viscosity and liquidus temperature, potentially enhancing
slag formation.

To better understand slag formation in Si and FeSi fur-
naces and the effect of different raw material properties, more
knowledge is needed on reaction mechanisms, equilibrium

conditions, and kinetics. This study investigates slag forma-
tion from reactions between SiO, and sources of limestone or
iron.

Experimental analysis focused on several key phenomena:
slag formation at the grain boundaries and interfaces, com-
position gradient extending towards pure quartz, slag com-
position within quartz cracks and at particle boundaries, ef-
fect of slag formation on elements dissolution, role of minor
element at the grain boundaries in dissolution processes, wet-
tability of quartz by slag, and slag viscosity.

2. Experimental

In Si and FeSi furnaces, quartz, limestone, and iron source
are the primary raw materials. The current work handles two
industrial quartz sources, a condensate, two cristobalites de-
rived from two quartz sources, limestone and lime (calcin-
ated limestone to remove CO, influence), as well as iron
source and pure FeO (to isolate the effects of the impurities in
iron source). This selection enables a detailed investigation of
slag formation under controlled conditions. The percentages
of the main components are presented in Table 1. Since K,O
affects liquidus temperatures, viscosity, and wettability, its
content is included alongside the primary elements. The per-
centages of the normalized main components were calcu-
lated from the chemical analysis, with the assumption that for
quartz, difference to 100% is SiO,, for iron sources it is
Fe,0s, and for limestone, it is CO,. No accumulation of any
components was observed around the cracks in the raw
quartz. The investigated quartz samples, Qz47 and Qz54
were both sourced from industrial operations. Additionally,
Qz54, along with limestone and iron source, was specifically
supplied for this investigation by the ferrosilicon producer
Finnfjord AS, Norway.

Table 1. Normalized chemical composition of raw materials wt%
Material SiO, Fe,0; CaO Al O; CO, K,O Total
Quartz Qz47 99.706 0.007 0.240 0.026 0.013 100
Quartz Qz54 99.000 0.025 0.003 0.542 0.112 100
Limestone 0.986 0.267 55.468 0.113 43.142 0.024 100
Iron source 4.047 94.320 0.672 0.962 0 100

Condensate was collected from the charge surface of a
FeSi furnace in Finnfjord AS. It was viscous at sampling time
while the area around the sample was hard. The piece used in
current work is a condensate consisting of SiO, and Si (made
by reactions (3) and (4)) surrounded by several layers of Si
droplet and a combination of SiO, and SiC [14]. The primary
composition of the condensate consists of SiO, and Si in
mole ratio of 1:0.7 with K,O and MgO accumulating at the
grain boundaries. Notably, the condensate is free of cracks,
unlike the quartz.

Cristobalite for the investigations was produced by heat-
ing quartz at a rate of 50 K/min to 1873 K (1600°C) and
holding it at that temperature for 2 h. CO, in the limestone is

expected to be released at temperatures above 1473 K
(1200°C), meaning that in industrial furnaces, the limestone
will have already reacted to form CaO before reaching the
temperatures at which the slag formation begins. Prior to the
experiments, limestone was calcined by heating 6 K/min to
1273 K (1000°C) and holding it for 1 h in a muffle furnace.
The calcined product, lime was removed at around 373 K
(100°C) and transferred to a drying furnace set at 378 K
(105°C) to prevent moisture absorption.

All quartz, limestone, and iron source were drilled and cut
into cylinders measuring $3 mm x 3 mm before being placed
onto a substrate. Both quartz samples were drilled and cut in-
to $10 mm x 3 mm cylinders for used as substrate. The con-
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densates were broken into small pieces for further analysis.

Slag formation was investigated using sessile drop fur-
nace, as introduced by the same author [15]. Samples meas-
uring approximately 3 mm were placed on a 10-mm diamet-
er SiC or graphite substrate and heated under a 0.1 L/min
flow of 6N grade Ar (99.9999%) atmosphere. The samples
were heated to 1173 K (900°C) in about 3 min, followed by a
constant rate increase of 50 K/min to either 1373 K (1100°C)
or 1573 K (1300°C), and then to the designated temperature
at a rate of 5.5 K/min. High-resolution video and images
were employed to assess the softening, melting, wetting, and
coalescence behavior. Samples after the test were cut and ex-
amined using a scanning electron microscope (SEM)
equipped with wavelength dispersive spectroscopy (WDS) to
investigate the dissolution mechanism and diffusion of ele-
ments. The thermocouple was periodically calibrated using
iron (Fe), with melting temperature of 1811 K (1538°C) un-
der the same experimental conditions, typically requiring less
than a 10 K adjustment for most tests. The values discussed
in the current paper are without correction. FactSage Version
8.2, along with the FToxid database, was used to calculate the
phase diagram and viscosity of the slag system.

Si0,=Ca®

7
Q47

Fig. 2.
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3. Results and discussion

3.1.Slag formation by quartz (SiO,) reacting with
limestone/lime

Coalescence of quartz and limestone occurs at temperat-
ures starting from 1623 K (1350°C). Fe and Al oxides were
observed in cracks and grain boundaries of quartz, while CaO
was present at the grain boundaries of limestone before co-
alescence. As the temperature increases, the formation of
Si0,—CaO becomes more pronounced. The quartz source
does not appear to significantly influence slag formation. For
instance, when using the purer quartz Qz47, the resulting slag
formation, as shown in Fig. 2, is similar to that for quartz
Qz54. Typically, the amounts of SiO, and CaO in slag ac-
count for over 90wt% of the oxide species, which include
Si0,, Ca0, NaO, MnO, MgO, FeO, Al,0Os, TiO,, and K,O.
Consequently, the composition of SiO, and CaO was nor-
malized to 100wt%. The same analytical method was ap-
plied to the SiO,—FeO and SiO,—FeO—CaO slag systems. In
the binary slag CaO-SiO,, the SiO, content ranges from
49wt% to 67wt% until the SiO,/CaO mole ratio reaches ap-
proximately 1.5 to 1.6 at temperatures between 1823 K
(1550°C) and 1873 K (1600°C), as illustrated in Fig. 3.

Si@substrate

Microscopic analysis of slag formation by quartz Qz47 reacting with limestone at different temperature. Ls is limestone.

SEM backscatter images with analysis from WDS. Values in the figure are SiO, content in slag (wt%).

Lime reacts with quartz or cristobalite derived from quartz
to produce CaO-SiO; slag. Notably, all slags are found with-
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Fig.3. SiO,/CaO mole ratio in slag outside quartz Qz47.

in the cristobalite cracks, rather than outside them. This sug-
gests good wetting between slag and cristobalite; however,
no wetting behavior can be observed otherwise. It is possible
that the slag formed due to diffusion of CaO in a semi-liquid
slag within the cracks, potentially influenced by contamin-
ants and other minerals along grain boundaries or crack
boundaries. The theoretical melting temperature of lime is
2845 K (2572°C). The SiO,—CaO slag exhibits excellent wet-
ting properties with quartz. As illustrated in Fig. 4, the wet-
ting angle decreases rapidly from 33° to 0° as the temperat-
ure rises from 1723 K (1450°C) to 1873 K (1600°C).
According to the binary phase diagram of SiO,—CaO in
Fig. 5, the slag has an eutectic point at 62.9wt% SiO, at 1710
K (1437°C). During heating, CaO from limestone/lime and
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Fig. 4. Wetting of CaO-SiO, slag with quartz. Two parallel
tests for both quartz sources, and four wetting angles were suc-
cessfully measured for one parallel for Qz47, while two for the
rest parallels.

2700 ©()z54 and limestone
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Fig. 5. SiO,—CaO phase diagram calculated by Factsage ver.
8.2. The current SiO,—CaO slags are marked. Liq.—Liquid;
Qz—AQuartz; Cris. Qz—Ceristobalite derived from quartz.

SiO, from quartz/condensate/cristobalite generated from
quartz form a liquid slag, which solidify upon cooling. As the
liquid slag approaches equilibrium, it precipitates SiO, and
Ca,SiO, phases, following the liquidus—solidus line in phase
diagram. The compositions of the slags investigated in this
work represent liquid compositions at the investigated tem-
perature due to rapid cooling and are situated at or near the li-
quidus lines. Consequently, most of the SiO,~CaO slag
formed in current work is believed to have reached the equi-
librium from 1673 K (1400°C). The relatively small devi-
ation in composition from the solidus—liquidus line is thought
to result from uncertainties in the WDS analysis. Only the
slag composition from outside the quartz is considered.

The composition of the slag has been measured at various
locations within the samples. Although Figs. 6 and 7 suggest
that the SiO, content at different locations does not appear to
vary with temperature, the slag at the quartz interface and
within quartz cracks would still be in equilibrium with the
quartz, considering the steep slope of liquidus—solidus line in
Fig. 5. The average SiO, content in CaO-SiO, slag located
outside the quartz is approximately 60wt%. The width of slag
within cracks ranges of several tens of micrometres along the
quartz grain boundaries. Additionally, the content of the
minor elements K,O and FeO differ between the cracks in the
quartz and the slag, with K,0O being more abundant along the

S 100 f
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= 80F

= n

S 60f e
< - A

<

o) 40

‘g 20k = In quartz crack

'O“N 4 In slag outside the quartz
n 0

300 1350 1400 1450 1500 1550 1600 1650
Temperature / °C

—

Fig. 6. SiO, content change in SiO,—CaO slag by location and
temperature for quartz Qz54 and limestone heated on SiC.

Solid bar at 1500°C
Hollow bar at 1600°C

60 [

55+

50

Si0, in Si0,-CaO slag / wt%

Qz54 Cris. Qz54  Cris. Qz47 Qz47

uIn slag outside the quartz = At slag/quartz interface
In quartz crack Further depth in quartz crack

Fig. 7. SiO, content change in SiO,—CaO slag by location and
temperature for lime heated on quartz. Cri. Qz47 and Cri.
Qz54 represent the cristobalite made from quartz Qz47 and
Qz54, respectively.

quartz grain boundaries prior to slag formation. The concen-
trations of both FeO and K,O in slag outside the quartz are
less than 1wt%.

3.2. Slag formation by condensate reacting with lime-
stone

Si0,~CaO slag begins to form from 1773 K (1500°C)
when the condensate reacts with limestone. As shown in
Fig. 8, the SiO, content in the slag decreases with increasing
temperature until it stabilizes at approximately 50wt%. The
key difference between the reactions of quartz and limestone
is that the slag formed from the condensate and limestone
contains about 10wt% less SiO,. Still the reaction between
the condensate and limestone can be reached equilibrium,
considering the steep slope of the liquidus—solidus line in
Fig. 5.

3.3. Slag formation by quartz (SiO,) reacting with iron
source

The iron source exhibits excellent wetting properties with
quartz Qz54 right after it completely melts at approximately
1573 K (1300°C). Subsequently, SiO,—FeO slag starts to
form (see Fig. 9). As the temperature increases, Fe droplet
appear within slag, and the number of gas bubbles increases
at 1973 K (1700°C), which are presumed to be trapped with-
in the viscous slag. To minimize the influence of reaction
with carbon substrate and from impurities, pure FeO powder
was heated on a cristobalite derived from quartz Qz47. Mul-
tiple Fe droplets formed, and the FeO-SiO, slag sank into the
cracks of the cristobalite. The composition of slag produced
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3
Si@;#Sit

Fig. 9. Microscopic analysis of slag formation by iron source reacting with quartz Qz54 at different temperature. SEM backscatter
images with analysis from WDS. Values in the figure are SiO, content in slag (wt%).

from pure FeO powder at the same temperature of 1873 K
(1600°C) is quite similar to that obtained from the industrial
iron source.

Fig. 10 summarizes the wettability of FeO-SiO, slag
formed from iron source in reaction with various SiO, mater-
ials. The SiO,—FeO slag produced in this investigation
demonstrates excellent wetting characteristics with both
quartz and cristobalite made from quartz. The wetting angle
ranging from 14° to 47°. Notably, the wettability remains rel-
atively constant up to 1873 K (1600°C). In comparison to
Fig. 4, CaO-Si0, slag shows better wetting with quartz than
FeO-Si0, slag.

Fig. 11 indicates that the type of quartz source or cristo-
balite does not significantly influence the SiO, distribution in
SiO,—FeO slag. Fe droplets form in liquid slag at 1773 K
(1500°C) and 1873 K (1600°C), no matter the silica source.
While the increased porosity of cristobalite appears to facilit-
ate the rapid immersion of slag, the iron droplets do not pen-
etrate the cracks, suggesting that Fe droplets do not wet cris-

50
451
S 40t
S 35¢ *Qz54
e Cri. Qz54
ﬁ -
s 30 ©Qz47
E 25t Cri. Qz47
o
220+
15t :
10 1 1 1
1200 1300 1400 1500 1600
Temperature / °C
Fig. 10. Wetting of FeO-SiO, slag towards SiO, substrate

made from quartz (Qz54 and Qz47) and cristobalites made
from quartzs (Cri. Qz47 and Cri. Qz54).

tobalite or quartz as effectively as the slag does.

As illustrated in the binary phase diagram in Fig. 12,
SiO,—FeO slag has eutectic points of 22wt% and 36.7wt%
Si0,, occurring at 1461 K (1188°C). During solidification,
the liquid slag precipitates SiO, and the composition of the
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Microscopic analysis of slag formation by iron source reacting with quartz Qz54 (left), cristobalite made from Qz54

(middle), and quartz Qz47 (right). SEM backscatter images with analysis from WDS. Values in the figure are SiO, content in slag
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Fig. 12. SiO,-FeO phase diagram calculated by Factsage ver.

8.2. The current SiO,—FeO slags are marked.

liquid phases follows the liquidus—solidus line in the phase
diagram when the liquid slag is in the equilibrium. The com-
position from the current investigations represents liquid
composition at the investigated temperature due to fast cool-
ing, with most samples being in equilibrium as shown in
Fig. 12. However, the slag composition may deviate from the
liquidus—solidus line due to uncertainties in analysis by WDS

1250°C

f"’" 35Si0

analysis. Similar to SiO,—CaO slag, the SiO, amount in
Si0,—FeO slag does not appear to change significantly with
temperature or location, whether in slag outside quartz, at
quarts-slag interface, or within cracks in the slag. The SiO,—
FeO slag located outside the quartz contains approximately
40wt% SiO,. Moreover, quartz type and cristobalite does not
seem to influence the SiO, distribution in the slag.

3.4.Slag formation by limestone reacting with iron
source

As shown in Fig. 13, the coalescence of limestone and iron
source starts from 1523 K (1250°C). Before this reaction
commences, CaO is elevated in certain areas, appearing as
white spots in the limestone at 1753 K (1300°C). The iron
source exhibits excellent wetting with solid limestone, some-
times even lifting it. In most cases, the reaction product,
SiO,—FeO—CaO ternary slag remains solid up to 1873 K
(1600°C), with exception is the SiO,—FeO slag at 1873 K
(1600°C).

The equilibrium composition and liquidus—solidus lines of
the SiO—CaO-FeO ternary slag are presented in Fig. 14.
Si0,—Ca0O-FeO slags formed during the current investiga-
tions are plotted on the diagram, indicating the temperatures

1350°C Iron

- source

: @© i
129Si0,, 68Ca0, 3FeOf »
15Ca0, 85FeO

29Si0,, 68Ca0, 3FeO |

25Ca0, 75

460y, 54760

e

FeO

Fig. 13. Microscopic analysis of slag formation by iron source reacting with limestone. SEM backscatter images with analysis from

WDS.
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at which the tests concluded. During solidification, the liquid
slag precipitates SiO,, CaO, or FeO, with phases adhering to
the liquidus—solidus line in the phase diagram. Most of the
Si0,—Ca0O-FeO slags formed in current work are situated be-
low the liquidus and above the solidus at the test temperat-

Int. J. Miner. Metall. Mater., Vol. 32, No. 4, Apr. 2025

ures, indicating they are mixtures of liquid and solid phases.
Consequently, the slag must form by diffusion within the li-
quid phase. In contrast, the SiO,—FeO slag, marked in green
in Fig. 14, remains liquid at its final test temperature, which
facilitates the slag formation process.

Sio
_ NG T/°C
S10,(s6) T, = 1093.21°C, T, = 2572.00°C
win = 1093.21°C, T,,,, = 2572. 2600
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Mass fraction of CaO

Fig. 14.
end test temperate is marked.

The SiO, content in solid slag was less than 34wt% in the
Si0,—CaO-FeO slag, while it reached 48wt% in the
FeO-SiO, liquid slag at 1873 K (1600°C). The iron source
begins to melt at 1583 K (1310°C), as illustrated in Fig. 15,
and FeO reacts with other phases until saturation, as depicted
in Fig. 13. Although most of the slags formed are mixtures of
liquid and solid phases at the selected temperature, dissolu-
tion is expected to be much slower than the other binary slags
investigated in the current work, which were solely liquid.

3.5. Coalescence of quartz, limestone and iron source

Investigations into the softening and melting properties of
the raw materials used in the current investigations reveal, as
seen in Fig. 15, that quartz begins to soften at 2033 K
(1760°C), limestone softens at 1963 K (1690°C), and com-
pletely melts at 2043 (1770°C). In contrast, the iron source
has a relatively low melting temperature, becoming fully
molten at 1583 K (1310°C). The time interval between the
onset of soften and total melting can be considered neglected
for the iron source.

Coalescence, defined here as joining or merging of raw
materials, occurs prior to the softening of these materials. It is
reasonable to conclude that even though coalescence starts
before the melting of the iron source, it likely completes

SiO,—CaO-FeO phase diagram calculated by Factsage ver. 8.2. The ternary slag composition in the current work at each

around or after the melting of the iron source when it reacts
with quartz or limestone. Additionally, the coalescence of
condensate reacting with limestone does not appear to vary
from that of quartz reacting with limestone.

3.6. Viscosity

The viscosity of slag was calculated using FactSage ver
8.2 taking into account the contents of SiO,, CaO, FeO,
Al,O3;, MgO, MnO, and TiO, at selected temperatures. The
calculated viscosities pertain only to the liquid phase present
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o] L A0 Qz+iron source
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a 1400 4 Quartz
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O
= 1300 Lines for heating profile
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1200 + Solid circle for complete melt
Hollow triangle for start of coalescence
Hollow cirle for finish of coalescence
1 1 00 n n n 1 "
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Fig. 15. Softening, melting, and coalescence of quartz, con-
densate, limestone, and iron source.
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at the actual temperature, and do not account for the effect of
solid equilibrium phases. In this study, the viscosity of the
Si0,—CaO slag ranges from 0.4 to 14.4 Pa-s while the viscos-
ity of the formed SiO,—FeO slags ranges from 0.02 to 7.13
Pa-s. The SiO,~CaO-FeO ternary slag remains solid at the
selected temperatures up to 1873 K (1600°C). So no viscos-
ity was calculated for that phase.

The viscosities of materials commonly encountered in
everyday lives are summarized in Table 2. Liquid metal typ-
ically exhibits a viscosity similar to that of water. While, the
viscosity of the current liquid slag is comparable to that of
motor oil and honey. However, the half molten slag is expec-
ted to have a significantly higher viscosity, which would im-
pede its flow.

Table 2. Viscosity of fluids (Pa.s)
Fluid at high Viscosity Fluid at room Viscosity
temperature temperature
Si0,—CaO slag 0.4-14.4 | Ketchup [16] 60
SiO,—FeO slag 0.02-7.13| Honey [17] 10
Moter Oil SAE [16]  0.07-0.32
Diesel (kerosene) [16] 0.006
Water [17] 0.001

3.7. Industrial application of the generated knowledge
about slag formation

Slag formation and accumulation are not wanted in indus-
trial furnaces for production of Si and FeSi. Large accumula-
tion of slag will decrease the active reaction volume in the
furnace and is believed to reduce the energy efficiency of the
process. The mechanisms behind accumulation of slag in in-
dustrial furnaces is not yet understood. The findings from this
study contribute with important knowledge about how to
minimize slag accumulation in the furnaces and how to re-
move slag that has accumulated in the furnace. The know-
ledge that slags mainly are in equilibrium with the raw mater-
ials and that slag formation is independent of quartz source,
shows the industry that it is not necessary to use special
quartz source to avoid slag accumulation, but standard mater-
ials can be used. The differences between condensate and
other silica sources show that investigations about reactions
involving condensates must be targeted for future investiga-
tions about how to avoid slag accumulation.

The generated knowledge can also be used in optimisa-
tion and development of slag refining. The information about
wetting angles are especially important for this.

4. Conclusion

This study investigates slag formation through reactions
between limestone, iron source, and different silica sources
(quartz, cristobalite, and SiO condensate) at milligram scale.
Binary SiO,—CaO and SiO,~FeO slags reach equilibrium
with solid SiO, between 1673-1973 K (1400—1700°C), with
slag composition remaining consistent relative to SiO,
particles. Slag forms more readily at 1573 K (1300°C) when

an iron source is present, compared to 1673 K (1400°C) with
limestone alone. Minor elements accumulate on quartz grain
boundaries before slag formation, while FeO and K,O con-
centrations below 1wt% in slag outside the quartz. SiO,—
FeO—CaO ternary slags are a mixture of solid and liquid
between 1573-1873 K (1300-1600°C), resulting in slower
dissolution compared to fully liquid slags. Neither the SiO,
source nor phase (quartz or cristobalite) significantly affects
slag formation. Si—-SiO,—SiC condensate reacts with lime-
stone to form SiO,—CaO slag with about 10wt% lower SiO,
content than quartz or cristobalite reactions. Good wetting
between SiO,—FeO or SiO,—CaO slags and quartz improves
reactions, with stable wetting angles ranging from 0° to 47°.
The study also shows that slag coalescence occurs before raw
material softening, and the viscosity of the binary slags is
comparable to everyday substances like motor oil or honey.
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