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Abstract: Stainless steel production generates significant quantities of flue dusts, which are considered
as hazardous waste in most industrialized countries as they contain harmful elements, such as heavy
metals. On the other hand, the dusts also contain valuable metals, such as steel alloying elements, but
the recovery of the valuables is difficult due to the complex composition of the dusts. In this work, the
melting behavior of dusts from an Electric Arc Furnace and an Argon Oxygen Decarburization
converter were investigated at temperatures 800-1400 °C. In addition, the interaction between a
synthetic dust, with high concentrations of potassium, fluorine and chlorine, and selected refractories
was studied at 1300 °C mimicking the freeboard conditions of a dust smelting furnace. Melting of the
EAF dusts begun in the temperature region of 1250-1300 °C depending on the composition, whereas
AOD flue dust, because of its high fluorine content, had a melt fraction of approximately 30 % already
at 1200 °C. The present experiments showed that magnesia has good corrosion resistance against
potassium vapors at 1300 °C and the penetration depth of potassium into chromium-containing
refractory materials was limited to the vicinity of the contact surface. In addition, alumina-silicate
refractories seem to be more susceptible to volume expansion than the other refractories studied,
causing cracks through which potassium vapors can easily penetrate deep into the refractory lining.

Keywords: steel dust recycling, melting behavior, electric arc furnace, argon-oxygen decarburization,
stainless steel

1. Introduction

The demand for stainless steel (SS) has grown in years 1980-2021 faster than the demand of other major
metals, such as copper and aluminum (World Stainless Association, 2022). The growing demand means
that the amounts of by-products generated in the steel production process, such as steel dust, also
increase. Producing one ton of SS generates 30-70 kg flue dust (Denton et al., 2005), which in addition
to zinc contains considerable amounts of other valuable metals, such as alloying elements chromium,
nickel, and molybdenum, but also toxic elements like lead and cadmium (de Buzin et al., 2017). Because
of the hazardous elements, SS dust is classified as a hazardous waste in most countries and requires
treatment before disposal (Ndlovu et al., 2017). There are two main approaches for treating the dust:
stabilization prior to landfilling and recycling to recover the valuable metals. The recycling of dusts has
become increasingly important as the cost of stabilizing and disposing have increased (de Buzin et al.,
2017) and more attention has been paid to environmental issues, sustainability, and circular economy.
In addition to the economic benefits due to reduced landfilling and economic value of recovered metals,
recycling has significant environmental benefits. Minimizing waste, reducing the use of virgin raw
materials, and lowering environmental impact are the keys to achieving sustainable SS production.
Several recycling processes have been developed for SS dust (Denton et al., 2005; Huaiwei and Xin,
2011; Ndlovu et al., 2017; Liu et al., 2021). They, however, have encountered some problems, like
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operational difficulties, poor recovery and high energy requirements. Some of them are also quite
complex, requiring auxiliary equipment with high investment and maintenance costs (Lin et al., 2017;
Liu et al.,, 2021). Internal recycling of SS dust into the Electric Arc Furnace (EAF) is an option for
recovering the alloying elements. It has been found to be economically viable as well as to improve the
recoveries of iron and the alloying elements (Travernier et al., 2004; Takano et al., 2005). Moreover, it
improves the value of dust due to increase of the zinc content (Drissen et al., 2002; Travernier et al.,
2004). However, the high Zn-content of the EAF dusts also sets limitations for their recycling (Ndlovu
etal., 2017). Other problematic elements are alkalis (K, Na) and halogens (Cl, F) (Ma and Garbers-Craig,
2006). It is noteworthy that chlorine content in the dust has increased in recent years because the Cl-
containing impurities in the scrap have increased (de Buzin et al., 2017). Volatile components in the dust
may penetrate the smelting furnace refractories and result in deterioration of refractory materials,
reducing the reactor campaign life and the on-line availability. In addition, the variable composition of
the SS dusts makes their recycling demanding and requires well-controlled processes (Kukurugya et
al., 2012).

The research on flue dusts has been mainly focused on EAF dust from carbon steel production and
less attention has been paid to SS dusts, especially to dust generated by the Argon Oxygen
Decarburization (AOD) process. Characterization of SS flue dusts has been carried out through
chemical, mineralogical, and morphological analyses (Dominguez et al., 2010; Kukurugya et al., 2012;
Omran and Fabritius, 2017; Fan et al., 2017). Moreover, thermogravimetry has been used to study the
thermal behavior (Mikhail et al., 1996; Peng et al., 2003; Omran and Fabritius, 2017) as well as reduction
kinetics of stainless steel dust (Muvunyi et al., 2023). No studies concerning melting behavior of SS dusts
were found in the literature. They would be important for understanding the behavior of dusts at high
temperatures and providing guidance for their treatment and recovery of the metal values.

To fill this gap in knowledge, the melting behavior of EAF and AOD-converter dusts and the
deportment of elements in different phases were examined in Part I of this study. Alkali metals exit the
dust smelting furnace either along with the slag or with the off gas. In Part II, the focus was on alkali
vapors since they are especially damaging when they penetrate deeply in the refractories and cause
undesirable compound formation (Criado et al.,, 1981; Scudeller et al., 1990; Lee and Brown, 1995;
Dastidar et al., 2018). This may limit the service life of the refractories and lead to costly down time.
Thus, the effects of volatile components in SS dusts on different refractory materials were studied for
efficient and safe operation of the flue dust smelting and recovery processes.

2. Materials and methods
2.1. Materials and sample preparation

SS flue dusts mainly come from EAF and AOD steps of steel processing. In this study, the melting
behavior of AOD dust and two types of EAF dusts (EAF1, EAF2) were investigated. The chemical
compositions of the dusts are shown in Table 1. Most of the elements were analyzed using inductively
coupled plasma-optical emission spectrometry (ICP-OES; iCAP 7600, Thermo Scientific, USA) and a CS-
2000 (Eltra, Germany) carbon/sulfur analyzer. SiO, concentrations were analyzed by decomposing the
dust by fusing with sodium hydroxide. The fusion mixture was leached with acidified water and silica
was determined spectrophotometrically as molybdenum-blue-silica complex. The halogen (Cl, F)
concentrations were determined using Combustion Ion Chromatography (CIC) and a titrimetric
method.

The chemical composition of SS flue dust varies considerably depending on the scrap types and other
process input materials, the process used and its operating parameters as well as the steel grade
produced. Variations can be relatively large even in the same process stage depending on the materials
charged into the furnaces, as evidenced by the compositions of EAF1 and EAF2 dusts (Table 1) obtained
from two different Electric Arc Furnaces. The main elements in the dusts are iron, chromium, zinc, and
calcium oxides. In Table 1 elemental concentrations of Fe and Cr are shown due to the possibility of
multiple oxidation states (i.e. FeO or Fe>Os) or presence as chromite (FeCr,O,) (Kukurugya et al., 2012).
There is also a significant amount of silica in the dust. The source of chromium is ferrochrome and SS
scrap. Zinc content in the dusts varied between 2 and 26 wt%, depending on the scrap used, and the
ratio of galvanized scrap. The relatively high contents of calcium and magnesium in the dusts are due
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to the addition of Ca- and Mg-bearing fluxes to the furnaces. In addition to chromium, flue dusts contain
also other alloying elements, such as manganese, nickel, molybdenum, and minor amounts of lead and
alkali metals (K, Na). Most elements were in the form of oxides, but chlorides, fluorides and
sulfides/sulfates were also found in low concentrations.

Table 1. Chemical composition of the dust samples used (wt%)

Element EAF1 EAF2 AOD

CaO 11.0 22.8 22.8
CuO 0.3 0.6 0.3
KO 1.2 1.3 0.1
MgO 1.7 45 2.5
MnO 2.8 3.6 3.9
MoO» 0.04 0.4 17
SiO; 48 10.2 7.8
NaO 1.2 1.1 0.1
NiO 1.2 24 4.1
PbO 0.8 0.7 0.2
ZnO 31.6 7.0 3.4

Fe 23.0 16.3 31.8
Cr 2.8 7.4 8.7
C 0.3 2.6 0.4

S 0.3 0.4 0.06

Cl 1.9 0.4 <0.1

F 0.2 0.5 1.3

For the melting behavior experiments, the dust powders were pressed uniaxially into briquettes
weighing approximately 0.2 grams, applying pressure of 5 tons. To investigate the interaction between
the dust and the refractory lining material, a synthetic dust having a composition of 50 wt% K>COs, 25
wt% KF and 25 wt% KCl was prepared by mixing KoCO; (Sigma Aldrich, USA; purity: 99.5%), KF
(Sigma Aldrich, USA; purity: 99%) and KCl (Alfa Aesar, Germany; purity: 99%) powders thoroughly
and grinding in an agate mortar. These compounds were chosen for the synthetic dust due to the high
volatilization tendency of (alkali) chlorides and partly also fluorides, see Chapter 3.2. The
manufacturers’ specifications for the chemical compositions and apparent porosity of the refractory
bricks used in the experiments are shown in Table 2.

Table 2. Chemical composition and apparent porosity of the used refractories

Chemical composition (wt%) Appar.ent
porosity

Refractory brick MgO ALO; CrO; SiO;  FexOs  ZrO, CaO  Others (vol%)
Magnesia-chromite (ceramic*) 59.5 6.0 19.0 0.5 13.5 - 1.3 0.2 17.0
Magnesia (ceramic) 97.0 0.1 - 0.6 0.2 - 1.9 0.2 15.0
Alumina-chromia (chemical - 640 280 21 - 3.0 - 29 15.0
(fired))
High alumina (ceramic) - 89.0 - 10.0 0.1 - - 0.9 15.5

* bonding type by the manufacturer

2.2. Equipment

The experiments were carried out in a vertical tube furnace (Lenton LTF 16/450, UK) equipped with an
alumina work tube (38 mm ID, AL23, Friatec AG, Germany). The furnace temperature was controlled
by a Eurotherm 3216 PID controller (Eurotherm, UK). Temperature of the hot zone was measured by a
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calibrated S-type Pt/Pt-10Rh thermocouple (Johnson Matthey Noble Metals, UK, accuracy of + 3 °C)
connected to a multimeter (Keithley 2010, USA). The cold junction temperature was measured with a
Pt100 resistance thermometer (SKS-Group, Finland, tolerance class B 1/10) connected to another
multimeter (Keithley 2000, USA). Temperature data were logged with the LabVIEW software.

The melting behavior experiments were conducted in flowing argon atmosphere and the dust-
refractory interaction experiments in a highly reducing atmosphere (90% CO + 10% CO.) corresponding
to an oxygen partial pressure of 10116 atm at 1300 °C, with a total gas flow rate of 300 mL/min. The
gases used (Ar: 99.999 vol %, CO: 99.97 vol%, CO2: 99.9993 vol %, supplied by AGA-Linde, Finland) were
injected from the top of the furnace and the flow rates were regulated by a rotameter (Ar; Kytola
Instruments, Finland) and by digital mass flow controllers (CO, CO,; Aalborg DFC26, USA). For the
dust-refractory interaction experiments, the 90% CO + 10% CO, atmosphere was chosen to simulate the
highly reducing process conditions in the dust smelting furnace.

2.3. The melting behavior experiments

The melting behavior of dusts was investigated at temperatures between 800-1400 °C. In the
experiments, a dust briquette weighing approximately 0.2 g was placed in a small platinum crucible.
The crucible was attached to Kanthal Al-wire (Kanthal, Sweden) and lifted to the cold zone of the
furnace. The furnace work tube was then closed from the bottom with a rubber plug and flushed with
argon for 20 minutes before lifting the sample to the hot zone. When the desired contact time was
reached, the lower end of the furnace tube was immersed into ice-water mixture, the plug sealing the
bottom end of the work tube was removed and the sample-crucible assembly was quenched in ice-water
mixture. Details of the technique have been described earlier (Chen et al., 2023).

After quenching, the samples were dried and mounted in epoxy resin, followed by dry grinding-
polishing and carbon coating. The microstructures and phase compositions of the samples were
analyzed with a Scanning Electron Microscope (SEM; Mira3, Tescan, Czech Republic) equipped with a
30 mm? Energy Dispersive Spectrometer (EDS; Thermo Fisher Scientific, USA). The acceleration voltage
was 15 kV, and the beam current approximately 10 nA. The external standards (Astimex, Canada) used
for the concentration quantifications are listed in Table 3. The matrix correction was accomplished using
Proza-ZAF routine (Bastin and Heijligers, 1990). In addition, image analysis using the Image Pro Plus
6.0 software (Media Cybernetics, USA) was implemented for determining the fractions of phases
formed during the annealing.

Table 3. List of standards used in the EDS analysis for concentration quantifications

Element Standard material and X-ray line analyzed
Ca anhydrite, K line
cl tugtupite, K line
Cr chromite, K line
Cu copper, L line

F fluorite, K line
Fe hematite, K line
K sanidine, K line
Mg magnesium, K line
Mn manganese, K line
Na tugtupite, K line
Ni nickel, K line

©) quartz, K line

Si quartz, Kline
Zn zing, L line

Melt formation was studied by fifteen backscattered electron images taken with the SEM from
different areas of the sample cross-section to obtain a representative sample structure. The images were
obtained at the same brightness, contrast, magnification, and working distance to make them
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comparable. These gray scale images were then analyzed with Image Pro Plus 6.0 software to determine
the fractions of different phases. A similar method has been used previously for determining the area
fractions in heterogeneous phases (Rinne et al., 2022; Chen et al., 2025). The compositions of the phases
were determined by EDS to examine the behavior of the elements at the experimental temperatures.

2.4. The interactions between dust and refractory bricks

Dust-refractory interactions were investigated by experiments at 1300 °C. Before the experiments, the
refractory bricks were cut into 35 mm x 35 mm x 10 mm (length x width x height) pieces, which were
further ground into cylinders. A dense magnesia crucible (Tateho-Ozark Technical Ceramics, USA) was
filled with 2.5 g of synthetic dust and a refractory brick cylinder was then placed on top of the crucible.
The magnesia crucible was placed inside a molybdenum support crucible, placed on top of an 8 mm
diameter alumina rod. The sample-crucible set-up was lifted to the middle of a cold furnace using the
alumina rod, after which the CO and CO; gas flows were started. Then, the furnace was heated to 1300
°C with a rate of 4 °C/min. The heating cycle was programmed to keep the experimental temperature
for 6 h, after which the furnace was cooled down with the same rate. At room temperature, the gas flows
were turned off and the sample was removed from the furnace. The lifting set-up in the furnace was
like the one describer earlier by Rami et al. (2018). The sample preparation, microstructural and
compositional analyses were carried out as described in the previous section.

2.5. Thermodynamic evaluations

The melting behaviors of iron-free end slags in the reductive smelting of the flue dusts were estimated
by thermodynamic simulation using MTOX (vers. 8.2) database of MTDATA (Gisby et al., 2017).

3. Results and discussion
3.1. Part I: Melting behavior of the dusts

Before the actual experiments, a time series was conducted for the EAF2 dust for 1, 2, 4, and 8 h at 800
and 1200 °C. EAF2 dust was chosen because it was estimated to have the highest melting point. The
results showed that the EAF2 dust sample sintered, but no melt formation was observed based on SEM-
EDS characterization after 2h exposure time. At 1200 °C, increasing the experimental time did not result
in significant microstructural changes. Thus, further EAF2 dust melting behavior experiments were
conducted at higher temperatures of 1300-1400 °C using 2h contact time. In experiments at 1350 and
1400 °C with EAF2 dust, high fraction of liquid was formed fusing the sample to the crucible and
rendering reuse of the crucible impossible. As estimated based on the compositions, this dust had the
highest melting point, therefore the fusing issue would most likely have been even more severe with
the other dusts at these temperatures. Therefore, only 1200-1300 °C experiments were conducted for the
other two dust samples.

3.1.1. Characteristics of the samples

In the case of EAF1 dust, the melt formation started at temperatures above 1250 °C, and at 1300 °C the
molten phase constituted already almost 50 area% of the sample, as shown in Fig. 1a. EAF2 dust started
to melt at 1300 °C (Fig. 1b), while approximately 30% of the AOD dust was already molten at 1200 °C
(Fig. 1c). The high fraction of molten phase in AOD dust already at 1200 °C was due to high fluoride
content of the dust (Table 1). Fluorspar (CaF2) is commonly used as a flux in the reduction step of AOD-
process to reduce melting temperature and viscosity of the high-CaO slag.

The relatively low standard deviations presented in Fig. 1 a-b for the area fractions of EAF1 and
EAF?2 dusts indicate that the phase fractions were quite similar throughout the sample cross-sections.
However, significantly higher standard deviations were observed for the AOD dust sample, resulting
in higher uncertainties in the phase area fraction determination based on 15 SEM images.

In the case of EAF2 and AOD dusts, the liquid phase consisted of calcium-iron silicates and small
quantities of steel alloying elements (point 3 in Figs. 3b, 3c, 4a, 4b, 4c) while in EAF1 dust, the liquid
contained also a considerable amount of zinc (point 3 in Fig. 2¢). In EAF1 dust, zinc (oxide) was a major
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element and in addition to liquid phase, it was also found in two other phases: zincite (~60 wt% Zn,
elongated white grains: point 1 in Figs. 2a, 2b, 2¢) and zinc ferrite (~25 wt% Zn, light grey particles:
point 2 in Figs. 2a, 2b, 2¢c). The zinc ferrite particles were also rich in steel alloying elements (Cr, Mn,
and Ni).
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Fig. 1. Phase fractions (area%) in the EAF1 (a), EAF2 (b) and AOD (c) dusts at experimental temperatures in argon
atmosphere. The points in the figures represent averages of the 15 analyzed images (standard deviations are
shown as error bars). The trend lines are 2nd order polynomial fits

In EAF2 and AOD dusts with low zinc concentrations, two types of spinels were detected. One was
rich in chromium (point 1 in Fig. 3a; point 2 in Figs. 3b, 3¢, 4c) and the other one relatively low in
chromium (point 1 in Figs. 3b, 3c; point 2 in Figs. 4a, 4b). These particles were difficult to distinguish
from each other by image analysis or visually due to similar light grey colour. EAF2 dust also contained
a small amount of Ni-Cu sulfide particles and AOD dust contained some metallic Fe-Ni particles (point
1 in Figs. 4a, 4b, 4c).

Dicalcium silicate (point 3 in Figs. 2a, 2b; point 2 in Fig. 3a; point 4 in Figs. 3b, 3c, 4a, 4c) was present
in all samples and temperatures, although in EAF1 dust at 1300 °C its amount was very low due to the
large fraction of melt formed.

There was no chlorine in the AOD dust (Table 1), but in EAF dust chlorine is typically found as zinc,
lead, potassium, and sodium chlorides (ZnCl,, PbCl,, KCl, NaCl). (Menad et al., 2003; Pickles, 2009;
Chen et al., 2011; de Buzin et al., 2017; Lin et al., 2017). Negligible amounts of chlorine were found in
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Fig. 2. Microstructures of selected areas in EAF1 dust after heating for 2 h at 1200 °C (a), 1250 °C (b) and 1300 °C
(c) in argon
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Table 4. Phase composition analyses (wt%) of selected points in EAF1 dust. The analysis points are indicated in

Fig. 2
Element 1200 °C (Fig. 2a) 1250 °C (Fig. 2b) 1300 °C (Fig. 2c)
pointl  point2  point3  point1 point2  point3  pointl  point2  point3
(@) 20.3 243 36.9 20.2 24.6 34.9 18.7 24.6 27.2
Ca 3.1 1.2 45.4 2.5 0.8 47.8 1.6 0.7 23.7
Cr 04 5.2 0.01 04 5.0 - 0.3 6.0 -
Cu - - 0.2 - - 0.04 - - -
Fe 14.3 37.7 1.3 14.1 37.9 0.8 14.6 36.6 214
K 0.01 - 0.2 - 0.03 - 0.01 0.01 0.08
Mg 1.7 1.3 0.06 14 0.9 0.06 24 1.6 0.6
Mn 1.9 34 0.1 1.8 3.3 0.08 2.3 3.5 1.9
Na - - 0.3 - - 0.2 - - 0.7
Ni 0.7 34 0.3 0.8 3.2 0.2 0.8 3.2 0.8
Si - 0.03 14.8 - 0.08 15.5 - 0.08 5.8
Zn 57.7 22.3 - 58.8 231 - 59.2 23.1 16.9
Cl - 0.02 0.01 - - 0.01 - - 0.01
F - 0.5 - - 04 - - - -

the EAF-samples after the experiments, which indicates vaporization of metal chlorides from the flue
dusts at experimental temperatures. This is also supported by the fact that no lead and only trace
amounts of alkali (Na and K) were found in the samples post the experiments.

Residual potassium and sodium were found mainly in EAF dusts associated with dicalcium silicate

particles and in the case of EAF1 dust, also in the liquid oxide phase (point 3 in Fig. 2c). The reason why
somewhat higher concentrations of alkali metals were found in the liquid oxide (slag) phase of EAF1
dust compared to EAF2 dust can be explained not only by the lower temperature, but also by the fact
that the basicity (CaO/SiO») of the liquid (oxide) phase is lower in EAF1 than in EAF2 dust. In order to
enhance the removal of alkali metals via slag, a low basicity slag is required. This is due to alkali metals
reacting with silica to alkali silicates, which are then removed from the recycling furnace along with
slag, whereas excess calcium oxide reacts with silica to form calcium silicates which prevents the
formation of alkali silicates (Dastidar et al., 2018). Practically no sodium or potassium residues were
found in the AOD dust, as expected due to their low initial concentrations.
Fluorine in the dusts exists primarily as fluorspar (CaF2) but also as potassium and sodium fluorides
(KF, NaF) as well as lead and zinc fluorides (PbF2, ZnF>). (Menad et al., 2003; Lin et al., 2017) CaF» is a
very stable compound and is unlikely to evaporate at the experimental temperatures. However,
evaporation of other fluorides is possible if they are initially present in the dust or are formed as a result
of reactions with a less volatile fluoride such as CaF». Residual fluorine was mainly found in AOD-dust,
especially in its liquid phase (point 3 in Figs. 4a, 4b, 4c), due to the higher initial content compared to
EAF dusts.

(c) in argon
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Table 5. Phase composition analyses (wt%) of selected points in EAF2 dust. The analysis points
are indicated in Fig. 3

Element 1250 °C (Fig. 3a) 1300 °C (Fig. 3b) 1350 °C (Fig. 3c)
pointl point2 pointl point2 point3 point4 pointl point2 point3  point4
O 32.2 35.84 244 29.9 28.5 35.9 242 259 284 354
Ca 3.0 47.3 1.6 0.9 26.1 47.7 15 0.8 27.7 46.5
Cr 26.8 0.02 3.3 29.0 0.7 - 3.1 31.2 1.1 -
Fe 19.7 0.8 36.0 24.0 32.7 04 41.8 25.0 295 1.0
K 0.01 - - - 0.03 0.07 - - - -
Mg 6.2 0.07 121 54 0.5 0.07 8.8 5.9 0.8 0.6
Mn 4.8 0.1 8.4 5.5 3.3 0.2 8.8 5.5 3.5 0.8
Na - 0.1 - - - 0.02 - - - 0.06
Ni 44 0.1 12.9 2.9 17 - 114 34 1.6 -
Si 0.50 153 0.03 - 3.7 154 0.04 0.02 49 154
Zn 0.3 - 0.5 0.6 - - - 04 0.1 -
Cl - - - 0.02 - - 0.01 - - -
F 0.5 - - - - - - - 0.1 -

Fig. 4. Microstructures of selected areas in AOD dust after heating for 2 h at 1200 °C (a), 1250 °C (b) and 1300 °C
(c) in argon

Table 6. Phase composition analyses (wt%) of selected points in AOD dust. The analysis locations
are indicated in Fig. 4

1200 °C (Fig. 4a) 1250 °C (Fig. 4b) 1300 °C (Fig. 4c)
point1 point 2 point3 point4 pointl point2 point3 point1 point2 area 3 point 4

(@) 0.2 23.9 28.7 37.0 0.2 22.6 28.4 0.7 31.8 29.7 35.6
Ca 0.3 8.0 42.6 47.0 0.5 9.0 445 0.5 1.1 309 482
Cr 1.6 34 0.04 - 1.6 3.3 0.02 0.9 349 0.02 -
Cu 18 - - - - - - 2.1 - - -
Fe 729 38.4 10.7 0.3 67.9 36.1 9.2 64.0 13.7 18.3 0.4
K 0.03 - - - 0.01 - - 0.03 - - -
Mg - 9.7 0.2 0.01 0.1 9.5 0.3 0.1 5.4 1.2 0.1
Mn 0.3 13.9 0.8 0.07 0.3 171 0.8 0.5 5.8 35 0.2
Na - - - 0.03 - - - - - - -
Ni 21.9 14 0.8 0.03 26.8 14 0.7 30.2 0.8 0.9 -
Si 0.1 0.02 6.8 15.2 0.02 0.02 7.2 0.02 0.1 5.5 15.5
Zn - 0.5 - - - 0.4 - - 0.6 0.2 -

cl - - - - . - - - - - -
F 0.8 0.62 5.0 - 24 0.6 5.1 0.6 - 22 -
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The total chemical analyses of the flue dusts were evaluated for their behavior in the reductive
recycling process. The present observations show that halogens are vaporized in inert and reducing
atmospheres and iron as well as e.g., nickel and some of the chromium are deporting in the metal alloy,
as observed for the AOD dust. The residual slag is a high-melting composition of CaO, MgO, SiO,, and
CaF.. Fig. 5 shows the solidification equilibria of the EAF and AOD flue dusts post reduction, calculated
using MTDATA software (Gisby et al., 2017).

EAF flue dust post reduction AOD flue dust post reduction
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Fig. 5. The solidification equilibria of EAF (2 wt% CaF2) and AOD (8 wt% CakF>) flue dusts post metals recovery in
a reductive smelting where halides except fluorides have been vaporized from the slag; calculated using
MTDATA and MTOX (ver. 8.2) database

The melting points of the formed slags are high, with liquidus close to 1800 °C. The solidus
temperatures for both the slags are low, around 1100 °C. In both cases, the slags are within the halite
(CaO) primary phase field. It is obvious that for industrial applications, the end slag must be fluxed for
lowering the process temperature.

3.2. Part II: Dust - refractory interactions

The experiments in inert atmosphere showed that chlorides and partly also fluorides evaporated from
the flue dusts at the experimental temperatures 1200-1400 °C. The compounds may cause excessive wear
of the refractory lining, limiting the service life of the refractories and thus decreasing on-line
availability. In addition to zinc, alkali (e.g., K2O, Na;O, K, and Na) vapors are very damaging to
refractories because they can penetrate deep into pores and cracks in the refractories and cause localized
melting, densification and/or undesirable compound formation with volume expansion (Scudeller et
al., 1990).

The refractory interaction experiments focused on volatile potassium compounds with different
refractory materials (bricks) under reducing conditions in flowing CO - 10% CO; atmosphere. The
reactions of a synthetic dust, containing high concentrations of potassium, fluorine, and chlorine, on
four types of refractories were studied at 1300 °C.

3.2.1. Characteristics of the samples

3.2.1.1. Magnesia-chromite

The microstructure of magnesia-chromite refractory material before the experiment is shown in Fig. 6
a. It consists of two main phases, periclase (MgO) and chromium spinel (Mg, Fe)(Cr,AlFe).0y), with
periclase appearing as the dark gray phase and chromium spinel as the light gray phase.
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Post annealing (Fig. 6 b), chromite was present as isolated (large crystals) primary chromite, as
secondary chromite on periclase grain boundaries (bonding phase), and as exsolutions in the periclase
grains (Supplementary Fig. S1). Potassium was found in large amounts in aluminum-rich spinel near
the bottom of the refractory sample and smaller amounts in the magnesium-rich spinel, and especially
in periclase (Supplementary Fig. S1 a, b). This is consistent with the work of Zhao et al. (2018) who
found that among the five common refractory mineral components (MgO-Cr20;, MgO-ALOs, ALO;,
MgO, and Cr»03), MgO has the best resistance against potassium vapors.

Fig. 6. Cross-section of magnesia-chromite refractory brick as-received (a) and after a contact time of 6 h

at 1300 °C in CO-10% CO; atmosphere (Chr = chromium spinel, Per = periclase) (b). The 5 squares represent areas
where EDS-characterization was performed (Supplementary Fig. S1)

The potassium content gradually decreased when going deeper into the refractory and at a
penetration depth of over 5 mm (Supplementary Fig. S1 c-e) only negligible amounts of potassium could
be found. This is probably due to volume expansion as a result of formation of a potassium aluminate
K20-ALO; (Criado et al., 1981; Hayashi et al., 1983) at the bottom of the refractory sample, which leads
to closing of the pores to some extent and prevents penetration of potassium vapors deeper into the
material. The cross-section of the magnesia-chromite brick (Fig. 6 b) as well as microstructures from
different levels (Supplementary Fig. S1) also show that the top was more porous than the bottom part,
which was in direct contact with the volatile components of the synthetic dust.

3.2.1.2. High-alumina

The high-alumina refractory material consists of coarse grains surrounded by a fine textured matrix
(Fig. 7), the main phases being corundum (ALOs) and mullite (3A10; 25i0s). Potassium reacted
primarily with mullite, while the reaction with corundum was moderate, which agrees with earlier
studies (Scudeller et al., 1990; Stjernberg et al., 2013; Li et al., 2017; Li et al., 2018). The potassium content
of the corundum particles (dark gray) decreased gradually deeper in the brick, and at a penetration
depth of more than 5 mm no potassium was found in the corundum particles (area 3 in Supplementary
Fig. 52 c), while mullite needles (light gray) with high potassium concentration could be found even in
the upper part of the brick (Supplementary Fig. S2 e). High potassium concentration was also found in
the particles rich in molybdenum (presumably evaporated from the support crucible) near the bottom
of the refractory sample (Supplementary Fig. S2 a).

The formation of potassium aluminate (K2O-Al:Os) because of a reaction between potassium vapor
and corundum, as well as kalsilite (K20 -AlO3 2Si03) and leucite (K2O ‘AlOs; 45i0») as a consequence
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of reactions between potassium vapors and mullite, causes high volume expansion (Criado et al., 1981;
Hayashi et al., 1983; Scudeller et al., 1990; Stjernberg et al., 2013). This was also observed in the present
experiments. Cracks, formed in the samples because of volume expansion, enhance the penetration of
vaporized potassium deeper into the brick, resulting in formation of mullite particles with a high
concentration of potassium also in the upper part of the refractory sample. Because of the considerable
volume expansion, SiO» in the refractory lining must be limited to a small fraction.

Fig. 7. A cross-section of high-alumina refractory brick as-received (a) and after a contact time of 6 h at 1300 °C
with the synthetic dust in CO-10% CO, atmosphere (b). The 5 squares represent areas where EDS-characterization
was performed (Supplementary Fig. S2)

3.2.1.3. Alumina-chromia

The alumina-chromia brick, shown in Fig. 8, is a mixture of alumina (Al;Os, dark regions) and alumina-
chromia solid solution (Al,Os-Cr;O3, brighter regions) phases. Potassium was found in large amounts
in the ALO;-Cr203 solid solution phase, near the bottom of the refractory sample (areas 3 and 4 in
Supplementary Fig. S3 a, b). The potassium content gradually decreased when going deeper into the
brick and at a penetration depth of over 4.5 mm (Supplementary S3 d) only trace amounts of potassium
were found.

As can be seen in Supplementary Fig. S3 c, the alumina particles were surrounded by a rim,
presumably formed by diffusion of Cr.Os into Al;O3 grains. This layer seems to hinder the corrosion of
the alumina particles, as only negligible amounts of potassium could be found in the alumina particles
compared to the surrounding zones.

3.2.1.4. Magnesia

The microstructure of magnesia brick is characterized by coarse magnesia grains connected through
fine-grained magnesia (Fig. 9). In addition to direct MgO-MgO bonding, there is also a light gray
bonding phase between the magnesium grains, which was analyzed to be dicalcium silicate (point 3 in
Supplementary Fig. S4 b, c).

High potassium levels were found in the particles rich in molybdenum throughout the refractory
sample (Supplementary Fig. $4 a, ¢, d). However, only trace amounts of potassium were found in the
periclase particles (Supplementary Fig. S4), indicating that magnesia refractory has a good corrosion
resistance against potassium vapors. This is consistent with thermodynamic calculations and
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experimental results by Zhao et al. (2018). The sample also retained its physical shape well and the
structure remained porous even in the bottom part. Although magnesia has good corrosion resistance
to potassium vapors, the porous structure allows also other gases to penetrate the refractory material,
potentially causing deterioration of the refractory lining.

Fig. 8. Cross-section of alumina-chromia refractory brick as-received (a) and after a contact time of 6 h at 1300 °C
with the synthetic flue dust in CO-10 % CO. atmosphere (b). The 4 squares represent areas where EDS-
characterization was performed (Supplementary Fig. S3)

Fig. 9. Cross-section of magnesia refractory material as-received (a) and after a contact time of 6 h at 1300 °C with
synthetic flue dust in CO-10% CO, atmosphere (b). The 4 squares represent areas where EDS-characterization was
performed (Supplementary Fig. S4)

4. Conclusions

SS flue dusts contain hazardous elements, but also valuable metals, such as steel alloying elements,
which makes their recycling attractive. The chemical and structural characterization of SS dust is an
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important step in assessing the feasibility of recycling. Their characterization has been the subject of
intensive studies, but the melting behavior of SS has not received attention so far. However, it is an
important factor for understanding the behavior of dust at high temperatures, also for providing
guidance on dust recycling by high-temperature techniques.

The melting behavior of flue dusts from EAF and AOD-converter as well as the distribution of
elements in different phases were examined. Melting of the EAF dusts in inert atmosphere started in
the temperature range of 1250-1300 °C, depending on the composition of the dust. The AOD dust had
a molten fraction of approximately 30 area% already at 1200 °C because of its high fluoride (CaF)
content. In the EAF1 dust, the steel alloying elements deported in zinc ferrite phase. In EAF2 flue dust,
the alloying elements were found in spinel phases and in AOD dusts they were in spinel and metallic
ferronickel alloy phases.

Based on the total chemical analyses of the dusts, thermodynamic calculations were performed to
offer insights on the behavior of the residual slag in a smelting furnace after reduction of iron, nickel
and some of the chromium into a metal alloy phase. It is evident that fluxing is required in order to keep
the slag molten at industrial operating temperatures.

The melting behavior experiments showed that chlorides and partly also fluorides evaporated at the
experimental temperatures in inert conditions. Since alkali vapors (e.g., KoO, Na;O, K, and Na) are
especially damaging to ceramic refractories, the focus in the second part of the study was on the
interactions of volatile potassium compounds with different refractory bricks and their phases in
reducing conditions i.e., in the freeboard of a smelting furnace.

The refractory - dust interaction experiments in reducing conditions showed that magnesia has good
corrosion resistance to potassium vapors. The penetration depth of potassium into chromium-
containing refractory materials was limited to the vicinity of the gas-refractory surface. Silicate-bonded
alumina refractories were sensitive to corrosion by potassium vapors because of their susceptibility to
volume expansion compared with the other refractories studied. The volume expansion is mostly due
to the reaction between potassium and mullite. Potassium vapors can penetrate deeply into these
refractories through the open pores and cracks and result in deterioration of refractory materials. Thus,
SiO: in the refractories must be limited to a small fraction.

The obtained results increase the knowledge of the melting behavior of SS flue dusts with different
compositions and offer insights into elemental deportments between condensed and gaseous phases.
This information is useful in designing high-temperature recycling processes for the dusts in order to
recover valuable elements. The present work also provides information related to selection of suitable
refractory materials in the freeboard of a smelting furnace, although the dust-refractory interaction
experiments were limited to potassium-containing oxide, chloride and fluoride compounds. In future
work, the experiments should be expanded to cover a wider variety of volatile compounds as well as
prolonged contact times.
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Supplementary material

(a) ___S0em___ o e— Element areal area2 area3 area4d

(@) 28.9 29.6 433 36.5
Al 5.9 6.7 20.1 18.8
K 2.0 2.9 312 25.6
Na 0.2 0.2 - 0.1
Ca 0.6 0.6 2.2 2.0
Cr 14.7 14.7 0.5 3.7
Fe 10.6 10.2 0.05 2.3
Mg 372 352 0.4 8.9
Mo - - 03 0.4
Si 0.01 0.1 2.0 1.9
Cl 0.03 - 0.1 0.01
Element  point 1 area 2 area 3
O 27.6 28.7 41.3
Al 9.1 25 159
K 4.6 1.9 232
Na 0.2 1.0 03
Ca 17 0.4 1.6
Cr 28.7 3.9 23
Fe 6.7 11.6 24
Mg 21.2 50.1 104
Mo - - 0.6
Si 0.1 0.02 2.0
Cl 0.01 0.03 0.03

Element areal point2 area3

(@) 27.5 28.1 30.0
Al 49 1.0 0.8
K 0.6 0.3 0.5
Na 0.2 0.2 1.0
Ca 0.3 0.2 0.7
Cr 15.5 31.1 4.0
Fe 10.7 6.1 121
Mg 40.3 23.9 51.0
Si 0.03 0.2 0.04

Cl 0.01 - -
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Element pointl point2  area3

0 25.0 295 28.0
Al 95 9.7 0.7
K 0.1 - 0.1
Na 03 0.4 0.7
Ca 0.17 0.1 0.2
Cr 35.6 321 42
Fe 7.0 5.8 124
Mg 22 24 535
Si 0.2 - 0.1
cl 0.02 - -

Element area 1 area 2 area 3

o) 28.0 276 27.6
Al 14 15 93
K - 0.04 0.03
Na 0.7 08 03
Ca 0.2 0.2 0.9
Cr 46 45 33.7
Fe 143 12.0 109
Mg 50.8 517 171
Si 0.02 0.1 0.2
cl 0.02 0.02 0.01

Fig. S1. Microstructures and phase analyses (wt%) of magnesia-chromite refractory material in areas 1 (a), 2 (b), 3
(c), 4 (d) and 5 (e) marked in Fig. 6 of the manuscript text

Element areal area2 area3 point4

0 406 385 385 284
Al 175 498 495 46
Si 169 04 0.4 0.7
K 286 105 10 24.8
Na - 0.2 0.2 03
Ca 15 - 0.6 14
Cr - 003 002 -

Mg - 0.4 03 -

Mo - 0.2 0.4 395

Cl - - - 0.3
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Element pointl point2 area3

0 35.6 294 395
Al 16.9 184 554
Si 244 283 28
K 159 184 16
Na 0.1 0.03 0.3
Ca 11 11 0.02
Cr 0.01 0.1 :

Mg - 0.03 0.4
a 0.04 - 0.04
F 6.1 44 -

Element pointl point2 area3

0 343 357 408
Al 175 169 585
si 296 282 0.1
K 149 150  0.02
Na 0.02 0.2 0.2
Ca 1.6 15 0.03
Cr 0.1 0.02 -

Mg 03 03 0.4
F 17 22 -

Element pointl point2

o 35.2 415
Al 17.3 142
Si 292 30.6
K 144 116
Na 13 0.09
Ca 13 1.0
Cr 0.1 0.1

Mg 05 05
al 0.02 0.01

F 0.8 0.5
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Element pointl  point2

O 40.8 39.2
Al 14.7 159
Si 321 322
K 9.2 9.5
Na 0.3 0.3
Ca 1.3 14
Cr - 0.1
Mg 0.8 0.7
Cl 0.03 -
F 0.8 0.7

Fig. S2. Microstructures and phase analyses (wt%) of high-alumina refractory material in areas 1 (a), 2 (b), 3 (c), 4
(d) and 5 (e) marked in Fig. 7 in the manuscript text

Element areal area2 area3 area4

@) 39.8 39.6 36.2 34.4
Al 59.0 59.4 40.7 359
Cr 0.3 0.1 8.9 141
K 0.04 0.1 11.7 11.3
Na 0.2 0.2 0.02 0.03
Ca 0.03 0.03 - 0.8
Mg 0.4 04 0.9 1.6
Si 0.2 0.2 1.6 1.9
Cl 0.01 0.01 0.01 -

Element areal area2 area3 area4

o 410 417 335 354
Al 581 575 299 332
Cr 0.03 - 163 172
K 003 003 126 86
Na 0.2 0.2 0.2 -
Ca - 003 13 -
Mg 05 0.4 13 1.0
P - - 33 2.7
Si 0.2 0.1 17 1.9
al - - 002 001

F - - 0.01 -
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Element areal area2 area3 area4

O 39.5 40.5 38.6 32.6
Al 59.3 58.4 489 31.0
Cr 0.2 0.2 71 30.6
K 0.1 - 2.6 2.8
Na 03 0.2 0.04 0.02
Ca - 0.02 - 0.5
Mg 0.4 0.5 0.5 0.5
Si 0.2 0.2 2.3 21
cl 0.01 0.01 0.01 -
Element point 1 area2  area3
O 2515 317 33.6
Al - 24.6 381
Cr 0.7 43.45 279
K 0.02 0.01 0.01
Na 0.03 0.02 0.02
Ca 0.06 0.02 -
Mg 0.02 0.1 0.3
Si - 0.2 0.1
cl 0.02 - 0.01
Zr 74.0

Fig. S3. Microstructures and phase analyses (wt%) of alumina-chromia refractory material in areas 1 (a), 2 (b), 3 (c)
and 4 (d) marked in Fig. 8 in the manuscript text

(a) _ Sopm 1o ] 05

Element area 1 area 2 area 3 area 4

@) 33.5 32.3 32.6 248
Mg 63.5 64.8 64.9 1.3
K - - 0.04 27.4
Na 0.6 0.6 0.6 0.05
Al 0.2 0.2 0.2 0.07
Ca 21 2.0 1.6 1.6
Cr 0.03 0.02 - -
Si 0.1 0.04 0.1 -
Cl 0.01 - - 0.28
F - - - 0.2

Mo - - - 443
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Element areal area2 point3
@) 30.3 32.0 34.0
Mg 68.2 66.1 0.3
K - 0.01 0.3
Na 0.7 0.6 0.04
Al 0.3 0.2 0.04
Ca 0.4 0.9 49.0
Cr 0.01 - 0.01
Mo - - 0.7
Si 0.1 0.1 15.7
Cl - 0.02 -
Element areal area2 point3 area4
(@) 321 311 31.2 26.0
Mg 66.8 67.2 0.2 1.6
K - 0.03 0.1 26.7
Na 0.6 0.7 - 0.08
Al 0.2 0.2 0.2 0.07
Ca 0.2 0.6 51.2 1.6
Cr 0.04 0.07 0.1 -
Si 0.08 0.06 17.2 0.06
Cl - - - 0.3
F - - - 0.08
Mo - - - 435
Element areal area2 area3 area4
(0] 32.5 32.6 30.6 26.6
Mg 64.9 66.1 67.9 0.5
K - - - 26.8
Na 0.6 0.6 0.7 0.1
Al 0.2 0.2 0.2 0.2
Ca 1.6 04 0.5 1.6
Cr 0.1 - 0.1 -
Si 0.1 0.1 0.1 -
Cl - - - 0.3
F - - - 0.2
Mo - - - 43.7

Fig. S4. Microstructures and phase analyses (wt%) of magnesia refractory material in areas 1 (a), 2 (b), 3 (c) and 4
(d) marked in Fig. 9 in the manuscript text



