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Featured Application: The aim of this investigation is a simple and easily adaptable agglomeration
process for the different quantities and qualities of EAF by-products. The costs and need of disposal
for these by-products will be omitted if internal, on-site recycling is possible.

Abstract: In addition to the blast furnace converter route, electric steel production in the electric
arc furnace (EAF) is one of the two main production routes for crude steel. In 2019, the global
share of crude steel produced via the electric steel route was 28%, which in numbers is 517 million
metric tons of crude steel. The production and processing of steel leads to the output of a variety of
by-products, such as dusts, fines, sludges and scales. At the moment, 10–67% of these by-products
are landfilled and not recycled. These by-products contain metal oxides and minerals including iron
oxide, zinc oxide, magnesia or alumina. Apart from the wasted valuable materials, the restriction of
landfill space and stricter environmental laws are additional motivations to avoid landfill. The aim
of the Fines2EAF project, funded by the European Research Fund for Coal and Steel, is to develop
a low-cost and flexible solution for the recycling of fines, dusts, slags and scales from electric steel
production. During this project, an easy, on-site solution for the agglomeration of fine by-products
from steel production has to be developed from lab scale to pilot production for industrial tests in
steel plants. The solution is based on the stamp press as the central element of the agglomeration
process. The stamp press provides the benefit of being easily adapted to different raw materials and
different pressing parameters, such as pressing-force and -speed, or mold geometry. Further benefits
are that the stamp press process requires less binding material than the pelletizing process, and that
no drying process is required as is the case with the pelletizing process. Before advancing the
agglomeration of by-products via stamp press to an industrial scale, different material recipes are
produced in lab-scale experiments and the finished agglomerates are tested for their use as secondary
raw materials in the EAF. Therefore, the tests focus on the chemical and thermal behavior of the
agglomerates. Chemical behavior, volatilization and reduction behavior of the agglomerates were
investigated by differential thermogravimetric analysis combined with mass spectroscopy (TGA-MS).
In addition, two melts with different agglomerates are carried out in a technical-scale electric arc
furnace to increase the sample size.
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1. Introduction

The agglomeration of residues into briquettes is one way to handle the challenge of reducing the
amount of material disposed in landfill and the amount of primary raw materials. Especially during
the production of steel by the electric arc furnace (EAF) route different types of by-products occur.
These by-products vary in quality and quantity. Some examples are slags, dusts, sludges and scale.
The amount of each by-product differs for each plant and ranges from a few 100 t/y up to over 200,000 t/y.
Most of these by-products are not recycled due to a lack of low-cost pre-treatment methods for their
recycling. At the moment, they are being disposed in landfill or being used as construction material.
Changes in the worldwide environmental policies towards the stricter regulation of applications
outside steel plants and restrictions on landfill necessitate integrated pollution prevention and lead to
the development of new processes [1–3]. Most of the processes for the recycling of steel production are
dedicated to the recovery of metallic oxides like Zn [4–7]. The most known process for the recycling of
EAF dusts is the Waelz process. A rotary kiln is used to recover the zinc from EAF dusts. However,
besides the poor quality because of impurities, this is a solution for a single by-product and not internal
recycling [5]. Because of their low metal content, the recycling of refractory material for the internal use
is a less investigated topic [2]. Due to the high content of CaO and MgO, refractory material can be used
as slag former in the EAF [8,9]. Ladle furnace slag can also be utilized as slag former and substitute
primary raw materials such as limestone or dolomite lime. In the theory, the slag could be charged in a
liquid state into the EAF, but the coordination of both processes and the handling make it practically
impossible. In long-term trials, the possibility of the injection of slag powder was proven [8–12].
Although the agglomeration of EAF by-products via roller press or extrusion press were the aim of
many studies, their focus was on by-products with high Cr-content and EAF-dusts [13–18]. However,
a simple solution for the internal recycling of the different kinds of EAF-steel plant by-products is
still missing.

The aim of the Fines2EAF-Project (funded by the European Research Fund for Coal and Steel)
is the on-site agglomeration of by-products of the EAF-steel route. Three European steel plants are
participating in the project to find a low-cost and flexible solution to recycle their residues/by-products
internally. The stamp press is the central element of the project because it can easily be adapted
for different materials and requires a lower amount of binding agent compared to the pelletizing
process. Because of the simple technic and the lower content of binder the capital and operational
expenditures can be kept low level and contribute to the achievement of economic viability of the
process [19]. Furthermore, the adjustable press force, pressing speed and mold size as well as grain
size flexibility are specifically beneficial properties of the stamp press for the agglomeration of the
different by-products of the steel plants. Another benefit is that the stamp press does not require an
additional drying process, as is the case with the pelletizing process [20,21].

This work presents tests to prove the suitability of the agglomerated residues in briquette form for
later use in electric arc furnaces as a secondary raw material. The scope is the analysis of the thermal
behavior through thermal gravity analysis combined with mass spectrometry. Additional melts in a
pilot-scale 45-litre electric arc furnace were carried out to investigate the melting behavior and the
metallurgical influence on the steel and slag. An economical and environmental evaluation of the
agglomeration process is not part of this work and will be part of a separate work.
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2. Materials and Methods

2.1. Raw Materials

The residues that are agglomerated in this work are produced during different steps of the electric
steel production process chain or sometimes even originate from other manufacturing processes, for
instance the grinding sludge is a residue of a local bearing manufacturer located next to the steel plant.
Oxy-cutting fines consist of dusty, metallic spheres. Pursuant to its name, these fines originate from
cutting billets with an oxygen lance. Belt conveyer fines are fines collected from the belt that supplies
lime to the EAF. Combustion chamber dust is a fine material from the dedusting system of the EAF.
Ladle furnace slag is a residue of the ladle furnace. Spent refractory is old, worn pieces of furnace
lining. Table 1 shows the chemical composition of the residues, their moisture content, bulk density,
and true density.

Table 1. Main components and physical properties of the electric arc furnace (EAF) residues.
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Grinding sludge 1.069 0.157 1.739 0.102 0.320 0.437 0.085 3.577 92.09 24.1 0.3 59.2 24.787 1.192 5.302
Belt conveyer fines 0.214 90.08 1.064 0.995 1.452 0.337 0.211 2.979 1.759 - - - - 1.029 3.651
Oxy-cutting fines 0.170 1.295 0.654 0.368 0.815 0.530 0.188 1.065 92.72 16.4 51.5 0.3 4.73 1.824 4.739

Com-bustion
chamber dust 1.911 9.301 1.289 1.950 3.455 0.631 0.199 4.389 64.09 16.4 26.9 1.8 6.397 2.193 4.276

Ladle Furnace slag 8.272 46.65 0.046 11.74 1.984 0.506 0.388 27.52 1.421 - - - 0.180 1.320 3.239
Spent refractory 3.692 58.34 0.041 24.12 1.842 0.487 0.061 9.332 1.411 - - - - 1.805 3.867
FeMnC-Dust 1 1.89 5.61 - 3.38 58.81 0.06 - 9.65 2.67 - - - - - -

1 Rest in wt.-%: 9.86 K2O; 3.90 Na2O; 0.99 Cl.

2.2. Manufacture of Briquettes

Depending on the material, different processing steps were necessary for processing the residues
from electric steel production. Figure 1 shows a flow diagram of the processing steps. In some cases,
the materials occur in such a form that no further processing is necessary and the materials can directly
be agglomerated. All materials are first screened and coarse and metallic impurities are removed by
hand. The target size of the process is a grain size of less than 4 mm. This value was empirically
determined in pre-tests and shows good results in this study. Moist materials (moisture > 10 wt.-%)
can be treated by drying. In the industrial processes, this is omitted and the material is processed in the
factory to have a lower moisture content. Afterwards, the residual materials are placed on a vibration
sieve. Residues larger than 4 mm are crushed in a jaw crusher and then transferred to a magnetic
separator. The magnetic separator is necessary to protect the downstream impact mill. The material is
put back onto the vibration sieve and sieved to lump sizes of less than 4 mm. An intensive mixer is
used to mix the fine residues, binders and additives. The stamp press is the central element of the
agglomeration process and is suitable for the different materials in this project, thanks to its variability
with regard to the pressing process and geometry. Through a downstream drying step, it was possible
to achieve faster drying of the green compacts during laboratory tests.
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Figure 1. Chart of the manufacturing process.

Several preliminary tests were conducted in which different types of binder, for example, copolymer
binders, bitumous binders, polyethylenglycol (PEG), carboxymethylcellulose (CMC), different types of
starch and molasses, as well as super absorbers were tested. Furthermore, different agglomeration
parameters were tested including pressing force and time, different clearances between the mold and
the upper stamp, aging condition and additives such as CaCO3, bentonite, SiO2 and sodium silicate
hardener used with sodium silicate binder. Tests with fibers from paper recycling to increase the
strength of the briquettes were also done [22].

The results of the pre-tests led to the decision to use starch as binders for the briquettes, and recycled
fibers from paper production to increase the strength of the briquettes. Table 2 shows the recipes for
the laboratory production of the briquettes.

Table 2. Recipes and preparation.
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Recipe wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-%

CC02 - - 36.2 35.9 15.6 - - - - 0.9 4.0 7.4
BC03 - 63.4 - - - - - - - 0.7 4.8 31.1

MA604B 46.0 - 33.8 - 10.2 - - - - 0.9 9.2 -
MH51 - - - - - 55.2 27.5 - - 0.8 8.3 8.3
FD13 - - - - 8.4 - - 69.7 2.4 1.0 6.9 11.7

Figure 2 shows an example of the manufactured briquettes. The briquettes have a diameter
of 73 mm and a height of 24 to 54 mm depending on the filling factor of the mold and the
manufacturing pressure.
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2.3. Thermal Behaviour

Volatizing components, e.g., from reducing agents such as biomass/biochar or lignite fines and/or
binder, and the reduction behavior of the briquettes, were determined by differential thermogravimetric
analysis combined with mass spectroscopy (TGA-MS) in argon atmosphere at the University of Oulu.
TGA-MS tests combined with thermogravimetric experiments give detailed information about the
chemical behavior of the briquettes at high temperatures. Some thermogravimetric experiments were
carried out in a furnace allowing for a larger sample size, which gives a large enough sample for further
analysis about the structure forming in the reduced brick.

The simultaneous thermal analyzer STA 449 F3 Jupiter with graphite furnace coupled with an
NETZSCH QMS 403 mass spectrometer was used to analyze the samples and obtain TGA and mass
spectroscopy (MS) data.

For all tests, argon gas was introduced to the TGA during the test at a rate of 351.5 mL/min.
This rate was chosen to avoid the oxidation of the evolved gases and/or the tested materials, since
similar studies suggest using a high flow rate to minimize such problems [23,24]. The heating rate
in the TGA was kept constant at a rate of 5 ◦C/min up to a final temperature of 1600 ◦C. NETZSCH
Proteus® software was used for thermal analysis.

Some of the residues after TGA-MS analysis were characterized through optical and scanning
electron microscopy and X-ray diffraction analysis (XRD). The residues being mainly made by iron,
they were polished and then etched in Nital 2% solution (98% ethanol, 2% nitric acid) to reveal the
microstructure. Energy dispersive spectroscopy (EDS) analysis was conducted to analyze locally the
chemical composition of the second phases within the iron. XRD analysis was performed by means of
a Rigaku SmartLab SE diffractometer, in θ–θ Bragg-Brentano configuration, scanning the samples from
5 to 80◦ 2θ at 0.5◦/min, with a step size of 0.02◦ 2θ and a fixed divergent slit of 0.5◦. To reduce texture
effect, the samples was rotated at 120 rpm. A copper tube (Cu Kα radiation, λ = 1.54 Å) excited at
40 KV and 40 mA was used to generate X-ray. Diffracted X-ray was collected through 1D D/teX Ultra
250 detector with fluorescence suppressor filter.

2.4. Pilot-Scale Trials

The purpose of the trials was to determine the dissolution behavior of agglomerated steel mill
residues in an EAF-furnace environment. The trials were carried out using a 50 kW direct current
electric arc furnace (DC-EAF) with a volume of approximately 45 L. The cylindrical vessel can be tilted
for casting into prepared molds. A traversable graphite rod-electrode is used, which is anodically
connected and immersed into the slag, while the cathode is a graphite bottom electrode. Figure 3
shows the EAF with its transformer. The system is heated via the slag, as it is the component with the
highest electric resistance. To start the process, the slag was charged to form a liquid base to which
the further feed materials (construction steel alloy) were added. The slag was prepared by remelting
a typical slag provided from the partner steel plants. The first trial used 15 kg of slag provided from



Appl. Sci. 2020, 10, 8309 6 of 14

the first steel mill and 17 kg steel, whereas the second trial used 10 kg of slag from the second steel
plant and 40 kg of steel. The agglomerated residues (MH51 0.9 kg and MA604B 10 kg) were charged
and dissolved, and the change in the chemical analysis of the steel and slag phases were determined to
evaluate the process performance. The composition of the used briquettes is given in Table 1.
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Figure 3. EAF during operation (a) and tapping (b).

The procedure for both trials was nearly the same. In Table 3, the differences between the two
trials are highlighted. After preheating the furnace, the arc was ignited on an initial base of petroleum
coke and EAF slag. After the slag was molten, steel scrap was charged into the furnace and melted
down. Samples of the steel and slag were taken before the briquettes were charged into the melt.
The melt and slag were tapped when the briquettes were completely dissolved and samples of the slag
and steel were taken again. The time at which the briquettes were melted was visually determined.
The briquettes float on the top of the slag due to their density, which made the determination of
dissolution possible just by looking into the furnace.

Table 3. Trial test procedures.

1st Trial 2nd Trial

• Overnight heating of the furnace by an electrical
pre-heating device up to 400 ◦C

• Ignition of the arc using petrol coke and charging of
15 kg of slag to ensure a liquid base in the furnace

• After 25 min: slag entirely liquid, start of stepwise
charging of construction steel scrap (17.04 kg)

• After 45 min the entire feed material was liquid
• Sampling (steel and slag),

temperature measurement (1510 ◦C)
• Adding of two briquettes MH51 (each 450 g)
• After 5 min the feed briquettes were

dissolved entirely
• Sampling (steel and slag),

temperature measurement (1585 ◦C)
• Tapping

• Overnight heating of the furnace by an electrical
pre-heating device up to 400 ◦C

• Ignition of the arc using petrol coke and charging of
10 kg of slag to ensure a liquid base in the furnace

• Slag entirely liquid, start of stepwise charging of
construction steel scrap (40 kg), after 165 min the
entire feed material was liquid

• Sampling (steel and slag),
temperature measurement (1480 ◦C)

• Stepwise adding of briquettes MA604B, due to the
carbon content a noteworthy flame formation was
objected. The charging of 10 kg of briquettes took
45 min after which the material was dissolved entirely

• Sampling (steel and slag),
temperature measurement (1530 ◦C)

• Tapping
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3. Results and Discussion

3.1. Thermal Behavior

Figure 4 shows the diagram of the TGA-MS for the CC02 briquette. Strong ion current signals of
H2O+ (m/z = 18) evolving starting from a temperature around 100 ◦C corresponds to sample moisture
evaporation. A strong peak is formed at about 310 ◦C, which corresponds to binder decomposition.
The strong signal persists up to a temperature of 570 ◦C, indicating chemically bound water leaving
the sample. The signal then deteriorates up to a temperature of 670 ◦C, indicating a small amount of
bound water is still leaving the sample. A decrease in mass up to 400 ◦C is likely to correspond to water
leaving the sample as well as decomposition of fibers and starch. The decomposition fibers and starch
is supported by strong peaks corresponding to the release of CO and CO2 detected at around 288 ◦C.
A decrease in mass starting around 700 and 950 ◦C likely corresponds to the reduction of hematite and
magnetite, respectively. CO2 is also detected at 763 ◦C, suggesting that significant reduction by CO is
taking place, probably due to the iron oxides present in the briquette sample. A significant CO peak is
detected near the end of measurement at around 1575 ◦C, suggesting that further reduction of oxides is
taking place.
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Figure 4. CC02 thermogravimetric analysis combined with mass spectroscopy (TGA-MS) diagram.

The results deduced from the MS analysis are confirmed by optical microscopy and XRD analysis
of briquette residues collected from the crucible. Most of the briquette converted into metallic material,
the microstructure and chemical composition of which are reported in Figures 5 and 6 and Table 4.
The iron has assumed a typical cast-iron microstructure, with a pearlitic matrix surrounded by primary
cementite and graphite flakes.

The non-metallic residue is mainly formed by unreduced iron oxides (especially wustite).
An intense and wide XRD peak associated to unburned carbon is detected (Figure 7). Akermanite is
due to the reaction between oxides within the bricks and TGA crucible.

The BC03 briquette mainly consists of conveyer belt fines (more than 63 wt.-%). The chemical
analysis of conveyer belt fines shows that consists of more than 90 wt.-% CaO, which is very stable at
high temperatures and cannot be reduced by carbon at the testing temperature range according to the
Ellingham diagram. Moreover, water addition during the making of the briquette was 31.1%.
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Figure 6. SEM-energy dispersive spectroscopy (EDS) local chemical composition of metallic material
obtained after CC02 dilatometer test.

Table 4. SEM-EDS chemical composition of obtained metallic material after CC02 dilatometer test (%
by weight).

wt.-% C F Al Si S P Cr V Mn Fe

General
chemical

composition
6.2 - 0.2 0.2 0.1 - 0.8 - 0.6 92

Spectrum 2 3.0 - 0.2 0.2 - - 0.5 - 0.5 95.7
Spectrum 3 5.1 1.3 0.1 - 0.2 - 2.9 0.1 0.7 89.6
Spectrum 4 40.5 - 0.1 0.1 - - 0.5 - - 58.8
Spectrum 5 4.1 0.2 0.2 0.2 0.2 0.7 - 0.7 93.7

Figure 8 shows the TGA-MS diagram of BC03. During the initial stage of the heat, water and
volatiles appear to be leaving the sample. The first sharp drop in the sample mass starting from
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around 400 ◦C is probably due to the release of chemically bound water. The CO and CO2 peaks
at around 250 ◦C probably correspond to the decomposition of starch and fibers. The second sharp
decrease in mass occurring from 600 to 800 ◦C is likely due to the decomposition of residual calcium
carbonate, as the loss of mass corresponds to significant peaks in CO and CO2. For instance, at 1 atm
pressure, CaCO3 decomposes in the range 900–1200 ◦C. However, under argon flow, calcium carbonate
decomposes to a lower temperature, typically in the range 550–950 ◦C [25] Another source indicates
the decomposition peak at 750 ◦C [26], whereas Drobikova et al. [27] indicate that CaCO3 decomposes
in the temperature range between 570 and 830 ◦C. Thus, the CO2 peak is certainly associated to
calcite decomposition.
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The FD13 briquette consists mainly of FMC (69.7 wt.-%). It also has a significant amount of added
water (11.7 wt.-%). Figure 9 shows a diagram of the TGA-MS analysis. Water appears to be released
from the sample at a temperature of between 100 and 535 ◦C. At around 250 ◦C, a small amount of mass
is lost, probably due to the decomposition of starch and fibers. This is consistent with the small CO and
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CO2 peak. CO2 also peaks significantly near 533◦ C, indicating that reduction takes place. Two more
significant CO and CO2 peaks appear near 680 ◦C accompanied by a steep and short decreasing mass
curve, likely indicating another reduction. From 1200 to 1600 ◦C, the briquette lost more than 20% of
its total original mass accompanied by a release of CO, indicating that high temperature reduction took
place during this stage.
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Figure 9. FD13 TGA-MS diagram.

The analysis of the residue collected from the TGA crucible shows that a small fraction of metallic
manganese was obtained by the reduction of manganese oxide (Figure 10). However, the main product
after the thermal test was manganese silicide carbide (Mn5SiC). This is a typical product of carbothermic
reduction of manganese ores, as stated by Kononov [28]. A residual fraction of hausmannite (Mn3O4)
and Mn2O3 bearing compound (potassium birnessite) was observed.
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Figure 10. XRD pattern of FD13 briquette after TGA-MS test.

Figure 11 shows the TG-MS diagram of MA604B. MA604B mainly comprises grinding sludge and
oxy-cutting fines. Grinding sludge and oxy-cutting fines consist for the most part of iron and iron
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oxides. In addition to grinding sludge and oxy-cutting fines, the briquette contains injection carbon
which is mostly carbon. Water appears to be leaving the sample just under 100 ◦C up to 400 ◦C. Again,
a small mass change near 250 ◦C accompanied with CO and CO2 peaks suggest that fibers and starch
are decomposed. Starting from a temperature of around 700 ◦C, it can be seen that there is continuous
mass loss accompanied by emission of CO and CO2. This indicates that carbon is utilized to reduce
iron oxides in the following order Hematite→Magnetite→Wuestite→Metallic iron. Around 1100 ◦C,
the mass loss becomes steeper, suggesting that further iron oxide reduction takes place.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 14 

and starch are decomposed. Starting from a temperature of around 700 °C, it can be seen that there 

is continuous mass loss accompanied by emission of CO and CO2. This indicates that carbon is 

utilized to reduce iron oxides in the following order Hematite → Magnetite → Wuestite → Metallic 

iron. Around 1100 °C, the mass loss becomes steeper, suggesting that further iron oxide reduction 

takes place. 

 

Figure 11. MA604B TGA-MS diagram. 

A summary of TGA-MS results is presented in Table 5. 

Table 5. Summary of TGA-MS results. 

Sample Reaction 1 Reaction 2 Reaction 3 Reaction 4 

CC02 

Binder 

decomposition at 

286 °C, fast 

Reduction at 800–1400 °C   

BC03 

Binder 

decomposition 200–

500 °C, slow 

CaCO3 decomposition at 600–

800 °C 
  

FD13 

Binder 

decomposition at 

222 °C, fast 

Slow water removal at 100–

500 °C 

Decomposition of 

manganese ore at 670 °C 

Reduction at 1100–

1500 °C 

MA604B 
Evaporation of free 

water at 109–200 °C 

Slow decomposition of binder 

at 200–400 °C 

Slow reduction at 700–

1100 °C 

Fast reduction at 

1100–1250 °C 

3.2. Pilot-Scale Trials 

For the trial with briquettes from MA604B, a total of 48.0 kg of iron alloy was tapped. The 8.0 kg 

mass increase in the alloy can be explained by both the reduction of iron oxide from the slag and the 

dissolution of the briquettes, which consist mainly of iron. It was not possible to determine the exact 

slag mass as significant amounts solidified in the furnace vessel during the tapping procedure. As 

shown in Table 6, the chemical analysis of the ferrous alloy was not significantly influenced by the 

charging of the briquettes. The carbon content of the steel sample is high because of the dissolution 

of carbon from the bottom and top electrodes in the furnace. The chemical composition of the slag 

phase shows a drop in basicity due to the charging of the briquettes. At the same time, the iron oxide 

content decreased as can be seen in Table 7. MgO on the other hand increased slightly. The 

experiment showed a good dissolution behavior of the briquettes although the ratio of charged 

material compared to the pre-molten slag and iron alloy was probably higher than it will be in an 

industrial application. Additionally, the iron content of the slag decreased, indicating good 

separation of the contained metallic iron without any unwanted oxidation. However, partial 

reduction of iron oxide by the electrode cannot be neglected. 

For the trial with briquettes from MH51, a total of 19.6 kg ferrous alloy was tapped. The mass 

increase was due to the partial reduction of iron oxide from the slag and the dissolution of the charged 

Figure 11. MA604B TGA-MS diagram.

A summary of TGA-MS results is presented in Table 5.

Table 5. Summary of TGA-MS results.

Sample Reaction 1 Reaction 2 Reaction 3 Reaction 4

CC02 Binder decomposition
at 286 ◦C, fast Reduction at 800–1400 ◦C

BC03 Binder decomposition
200–500 ◦C, slow

CaCO3 decomposition
at 600–800 ◦C

FD13 Binder decomposition
at 222 ◦C, fast

Slow water removal
at 100–500 ◦C

Decomposition of
manganese ore at 670 ◦C

Reduction at
1100–1500 ◦C

MA604B Evaporation of free
water at 109–200 ◦C

Slow decomposition of
binder at 200–400 ◦C

Slow reduction at
700–1100 ◦C

Fast reduction at
1100–1250 ◦C

3.2. Pilot-Scale Trials

For the trial with briquettes from MA604B, a total of 48.0 kg of iron alloy was tapped. The 8.0 kg
mass increase in the alloy can be explained by both the reduction of iron oxide from the slag and
the dissolution of the briquettes, which consist mainly of iron. It was not possible to determine the
exact slag mass as significant amounts solidified in the furnace vessel during the tapping procedure.
As shown in Table 6, the chemical analysis of the ferrous alloy was not significantly influenced by the
charging of the briquettes. The carbon content of the steel sample is high because of the dissolution
of carbon from the bottom and top electrodes in the furnace. The chemical composition of the slag
phase shows a drop in basicity due to the charging of the briquettes. At the same time, the iron oxide
content decreased as can be seen in Table 7. MgO on the other hand increased slightly. The experiment
showed a good dissolution behavior of the briquettes although the ratio of charged material compared
to the pre-molten slag and iron alloy was probably higher than it will be in an industrial application.
Additionally, the iron content of the slag decreased, indicating good separation of the contained metallic
iron without any unwanted oxidation. However, partial reduction of iron oxide by the electrode cannot
be neglected.

For the trial with briquettes from MH51, a total of 19.6 kg ferrous alloy was tapped. The mass
increase was due to the partial reduction of iron oxide from the slag and the dissolution of the charged
briquettes. It was not possible to determine the exact slag mass as significant amounts solidified in the
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furnace vessel during the tapping procedure. Comparing the chemical analysis of the steel and slag
phase before and after the adding of the briquettes in Tables 5 and 6, it is evident that the composition
was not influenced significantly. The high carbon content is due to the slight dissolution of the bottom
and top electrode. The objective of the experiment was to evaluate the dissolving behavior of the
briquettes in the slag when utilizing CaO as a substitute, and its influence on the chemical composition
of slag and metal phase. The dissolution took place rapidly. The mass of charged briquettes was low
compared to the amount of pre-molten slag and did not change the steel composition significantly.
The target of substituting CaO additives with the briquettes seems to be achievable based on the good
dissolution behavior.

Table 6. Composition of the steel before and after adding the briquettes.

Recipe in wt.-% Fe C Si Mn P S Cr Ni Mo Cu V Sn N

MH51 Steel sample before 95.3 >1.68 0.04 1.21 0.12 0.02 0.98 0.13 0.03 0.34 0.02 0.02 0.006
Steel sample after 95.1 >1.68 0.03 1.39 0.13 0.02 0.95 0.14 0.03 0.35 0.02 0.02 0.009

MA604B Steel sample before 94.17 >1.68 0.004 1.18 0.06 0.02 0.4 0.09 0.02 0.17 0.02 0.02 0.02
Steel sample after 93.62 >1.68 0.002 1.11 0.07 0.03 0.54 0.109 0.03 0.2 0.02 0.02 0.02

Table 7. Composition of the slag before and after adding the briquettes.

Recipe in wt.-% CaO SiO2 MgO Al2O3 MnO Fe2O3 Cr2O3 TiO2 S

MH51 Slag sample before 42.5 16.4 5.7 7.2 3.7 11.6 0.5 0.8 0.23
Slag sample after 40.1 19.2 9.9 7.1 3.2 5.2 0.2 0.7 0.15

MA604B Slag sample before 40.6 18.2 8.0 13.4 4.4 3.5 0.4 0.8 0.54
Slag sample after 39.9 17.6 7.8 11.7 3.7 3.0 0.4 0.7 0.23

4. Conclusions

The results show that the production of briquettes from metallurgical residues with the stamp
press is feasible. Furthermore, these briquettes have sufficient physical properties, i.e., good abrasion
resistance and compression strength over 25 MPa. The combination of different residues leads to
briquettes that include only secondary raw materials, binders and fibers.

The thermal behavior of the investigated briquettes shows that a reduction of iron could take
place during the heating of the briquettes and no abrupt release of gases takes place that could destroy
the briquettes.

The pilot trials were a success because the briquettes influenced the steel and slag as expected.
The mass of iron increased in the test with MA604B briquettes, thus indicating that an unwanted
oxidation of the carbon had not taken place and the carbon reduced the iron oxides. The dissolving
behavior of the lime-rich briquettes was good; a substitution of primary lime or limestone in the
EAF-process could be possible.

The next step will focus on the industrial scale-up. This will include the production of 100 t of
briquettes in total for industrial tests. These tests will be performed at steelmaking plants in three
different types of electric arc furnaces.
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