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Abstract

The recycling of steel plant side streams through cold-bonded briquettes has become quite common. However, Portland
cement is mainly used as a binder in the briquettes, contributing significantly to the energy consumption, costs, and carbon
footprint associated with the production of cold-bonded briquettes. This paper reports on a more sustainable method for
side stream recycling that involves replacing cement with an ettringite-based binder. Ettringite binders develop early high
strength and mainly consist of ladle slag, another side stream of the industry. Here, the ettringite-based binder is assessed in
terms of its mechanical and thermal properties against a reference briquette made using the conventional technique. Three
different briquette types are produced using several side stream materials and varying ettringite-based binder content. Bri-
quettes produced using 15% and higher ettringite-based binder content exhibited excellent mechanical properties within a
shorter curing period compared to conventional used binder. Moreover, the ettringite-based binder briquettes exhibited a
better swelling behavior to conventional cement briquettes under conditions simulating a blast furnace.
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Graphical Abstract

Performance of briquettes utilizing 10, 15 and 20% Ettringite based binder
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Introduction

During steel production, several side streams are generated.
Conventionally, such side streams are landfilled or recy-
cled through sintering plants; however, many of these side
streams are rich in iron and carbon, which make them suit-
able for recycling into different steelmaking processes, such
as the blast furnace, electric arc furnace, and basic oxygen
furnace. Therefore, due to growing environmental restric-
tions, as well as the shutdown of several sintering plants,
especially in Europe and North America [1], several benefi-
ciation techniques have been innovated to allow for better
utilization of such streams in order to reintroduce them to
the ironmaking process. These methods range from agglom-
eration techniques (such as pelletizing and briquetting) to
hydrometallurgical, thermal, and physical techniques [2].
Cold-bonded agglomeration has emerged as an alterna-
tive to the sintering process as one of the more common
beneficiation techniques [3]. A briquette is an agglomerate
produced and shaped by pressure while utilizing a binder
usually under ambient temperatures [4]. The briquetting
process has several benefits including energy savings and
reducing environmental load and costs resulting from land-
filling [2, 5, 6]. Briquettes must maintain certain chemical
and mechanical properties to be suitable for recycling in

different steelmaking processes [7]. Moreover, the binders
used in briquettes must meet certain physical and chemical
properties to ensure the success of the briquetting process
[8]. The use of briquettes in blast furnaces (BFs) leads to
increased contact between the carbonaceous material and ore
bed, which ultimately results in improved CO gas utilization
and a lowered temperature of the thermal reserve zone [9].
Several plants in Sweden, Finland, and the USA have suc-
cessfully adopted cement-bonded briquetting with the aim of
recycling side streams [10—12]. Although the raw materials
for ordinary Portland cement (OPC) have a relatively low
cost, their production is energy-intensive and associated with
high carbon dioxide emissions (up to 913 kg CO,/t) [13].
Following their production, briquettes may require curing
for 24 h under high humidity conditions at a temperature
of around 20 °C [14]. Moreover, disadvantages involved in
the use of cement-bonded briquettes also include briquette
disintegration at low temperatures, increased temperature
imbalance in the furnace, and higher energy requirements
associated with additional slag formation [15]. The use of
briquettes with low strength in BFs, for example, may result
in fine generation, which would lower the permeability in
the furnace shaft, leading to lower furnace efficiency [6].
Many attempts—with varying degrees of success—
have been made to replace the cement in cold-bonded
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briquettes with different organic and inorganic binders.
Binder limitations stem from the presence of impurities,
high production costs, and insufficient green strength [7,
16-19]. For example, using bentonite as a binder results
in contamination of product with silica, which may ulti-
mately lead to an increase in energy consumption during
production [7]. The use of plastics as a binder is challeng-
ing due to the fact that dissociation temperature of plas-
tics is lower than that of iron oxide reduction [16]. Lime
and finely dispersed slag may not ensure the required
green strength of briquettes when used as binders [19].
Petroleum-based binders used in briquetting may result
in the release of volatile substances upon charging [19].
This study is focused on producing cement-free briquettes
using ettringite-based binders from ladle slag. Ladle slags
are produced either through BOF or EAF steelmaking
routes, and they usually contain less than 3% FeO. How-
ever, in certain melt shops, this content may rise up to
10% [5]. Ladle slag may be crushed and recycled back to
the ladle in order to assist in the formation of the same
slags [5]. Ladle slag has a CaO/SiO, ratio of around 2
and contains calcium aluminates and calcium silicate
as its main mineral phases [20, 21]. It also has a rela-
tively high Al,O5 content compared to other steel slags.
However, basicity and Al,O; content may considerably
vary depending on the refining process in ladle slag with
some sources reporting CaO/SiO, ratio up to 8 and Al,O4
content as low as 1.3% [22-26]. Calcium aluminates and
calcium silicate are both favorable for use in binders,
with the former exhibiting a very fast reaction time and
the latter increasing the molar ratio of calcium, resulting
in enhanced hydraulic properties [20]. Moreover, slowly
cooled ladle slag has a very high content of fine powder
due to the conversion of B-C,S to y-C,S [21]. Previous
researchers have suggested the use of ladle slag alone or
in combination with granulated ground blast furnace slag
(GGBFS) in briquettes made for recycling purposes [22,
27]. However, GGBFS is a product that can be used to
replace ordinary Portland cement (OPC), and therefore
replacing it with lower-value side streams would incur
further benefits.

Here, in this study, the thermal and mechanical prop-
erties of the produced briquettes using ettringite-based
binder are compared against conventional briquettes pro-
duced using rapid Portland cement and GGBFS cement.
The aim is to produce briquettes with enhanced charac-
teristics to minimize fine particle generation and sustain
adequate levels of furnace permeability during furnace
operation. The study also aims to increase the use of in-
plant fines by attempting to minimize the binder share in
the briquette and to analyze the mechanical and thermal
behavior of briquettes produced using ettringite-based
binders.
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Materials and Methods
Materials
Side Streams

Several side stream materials used in this work were
obtained from the SSAB plant in Raahe, Finland. These
materials were evaluated for their physical and chemical
properties. Representative samples were taken using a
standard conning and quartering method [28]. Samples
were dried, and their moisture content was determined by
the heating samples in a lab oven at 105 °C until a con-
stant mass was achieved. The apparent density of each
material was determined based on the average of three
measurements according to the ISO standard [29] using
the following equation:
Sample mass

Bulk density =
uik censity Volume of the sample M

A gas pycnometer, AccuPyc I 1340, was used to deter-
mine the skeleton density (py) for each of the side stream
materials. True density is defined as the mass of a sub-
stance divided by its volume, excluding open and closed
pores. The pycnometer uses helium as the displacement
gas and had a 10 cm® sample chamber. Determination of
skeletal density does not exclude the closed pores volumes
since helium may not be able to penetrate through the
closed pores. True density could only be equal to the skel-
etal density if no internal/closed pores exist in the mate-
rial. The skeletal density of each material was determined
based on the average of three consecutive measurements.

To obtain the particle size distribution (PSD) of each
material, an adequate representative sample of each
material was sieved using the commercially available
Analysette 3 Pro Vibratory Sieve Shaker from Fritsch,
Germany to separate the coarser fraction. The PSD of the
finer fraction (less than 2 mm) was then determined using
Beckman Coulter LS 13 320 Universal Liquid Module
Laser Diffraction Particle Size Analyzer.

A calibrated Panalytical Axios Max wavelength-disper-
sive spectrometer equipped with a rhodium anode tube was
used for the X-ray fluorescence (XRF) analyses. The car-
bon content of the samples was determined using LECO
CS-200 and calibrated against a sample with predeter-
mined carbon and sulfur content (AR 309). The mineral-
ogical composition of the samples was determined using
Rigaku SmartLab 9 kW with a 26 angle ranging from 4
to 90° and a step of 0.02°. The samples were scanned at
40 kV and 135 mA. Phases were identified from the dif-
fraction pattern using PDXL 2.6, Rigaku integrated X-ray
powder diffraction software.
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Ettringite-Based Binder from Ladle Slag and Gypsum Table 1 Side stream material mixtures

Material Content (%)
The ettringite-based binder (LSG) was formed from the
hydration between the ladle slag (LS—a by-product of the =~ Coarse pellet fines 7.11
steelmaking process from the ladle furnace) and synthetic ~ Fine pellet fines 19.88
gypsum (G). The LS was provided by SSAB Europe Oy  Cast house dust 4.01
(Raahe, Finland), and the commercial gypsum was supplied ~ Coke dust 4.94
by VWR Finland (product code: 22,451.360). The former  Premix (60:40 steel scrap and BF top dust) 21.99
was ground by a ball mill to reach a ds, value of approxi-  Briquette fines 12.51
mately 10 um, which is similar to previous work [30], while =~ Desulfurization scrap 5.56
the latter was used as received, with the ds, being roughly ~ Mill scale 21.37
12 um. In addition, citric acid (product code: C1949, sup-  Steel scrap 2.63

plied by Tokyo Chemical Industry Co., Ltd., Japan) was
used as a set retarder to control the workability of the LSG.
This acid has been effectively used in ettringite-based bind-
ers [20, 31] via the reduction in the dissolution rate of cal-
cium in the cement grains [32].

As reported in [30, 33], ettringite is the dominant crystal-
line phase in the structure of LSG and, hence, the strength-
giving phase at an early age for the material. Furthermore,
details on the material mineralogy, characterization, and
analysis of LSG were well detailed in our previous work [30,
33, 34]. Ettringite was formed in the binder within minutes
after exposure to the precursors with water, and the main
hydrates were ettringite, monosulfate, amorphous aluminum
hydroxide, and a C—(A—)S—-H gel. Therefore, LSG exhibits
potential to be used as a high early-age strength cementitious
binder to produce briquettes.

Binder Preparation and Briquette Making

Two types of binders were used: The first binder consisted
of rapid cement and ground granulated blast furnace slag
cement with a ratio of 50:50, while the second binder used
was a LSG binder. Briquettes produced using the first binder
were used as reference briquettes to assess their performance
against the LSG binder. The first type of briquette is referred
to as reference briquettes. The reference briquette contained
a 12.6% binder on a dry mass basis, while three LSG bri-
quettes types were produced with a binder content of 10%,
15%, and 20%. Details about the proportion between binder
and side streams in reference briquette are covered by indus-
trial confidentiality. All briquettes consisted of a mixture of
side stream materials, binder, and water. The mixture of side
stream materials in all produced briquettes consisted of com-
ponents listed in Table 1. Desulfurization scrap is obtained
from post-processing of slag from primary and secondary
desulfurization process. The post-processing involves mag-
netic separation of the metallic portion of the slag. Similarly,
steel scrap was obtained from post-processing of BOF slag.

To prepare the reference briquettes, side stream materi-
als and binders were dry mixed together using a lab bowl
mixer until a homogenous mixture was obtained. Water

was added gradually afterward, and mixing continued for
another five minutes to produce the wet paste. To produce
LSG briquettes, the binder was first prepared by dry mixing
gypsum and ladle slag powder. This was followed by adding
the required recipe water with dissolved citric acid to the
mix. All binder components were thoroughly mixed. The
side stream materials were dry mixed separately and were
then wet mixed with the binder. The mixing was also con-
tinued for another five minutes until a homogenous mixture
was achieved.

Briquettes were made using a lab press and die briquet-
ting machine. Moisture content and briquetting force play a
crucial role in determining the produced briquette strength
[35, 36]. To optimize the reference briquette properties, four
different sets (three briquettes in each set) were produced
using a moisture content of 8.5% and 9.5% and a briquet-
ting pressure of 100 bar and 200 bar. It was found that bri-
quettes produced using a moisture content of 9.5% and a
briquetting pressure of 100 bar yielded the best compression
strength. Therefore, these two factors were kept constant
in all produced briquettes. The produced briquettes had a
diameter and height of 55.5 and 51.0 mm, respectively. The
briquettes produced using rapid cement and GGBFS were
labeled “Ref,” while those produced using 10%, 15%, and
20% of the new LSG binder were labeled LSG10, LSG15,
and LSG20, respectively.

Curing of the reference briquettes took place under high
humidity conditions during the first two days and then under
ambient conditions until the 28th day. Curing of the LSG
briquettes took place for the same durations with the differ-
ence that curing was done under ambient laboratory condi-
tions, which may offer a more cost-efficient option compared
to high humidity, elevated temperature chambers that are
conventionally used for the curing of cement briquettes.

Briquette Particle Packing

Filling the voids between coarse particles when making
briquettes results in a significant strength increase. Some
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researchers have suggested this could be achieved by
increasing the finer fraction in briquettes up to 30%, while
others have concluded that 80% of the material feed in bri-
quette production should be finer than 200-250 pm in order
to obtain optimum strength [35, 37, 38].

To produce the reference briquette, the particle pack-
ing of the briquette was first checked using EMMA (Elkem
Materials Mixture Analyzer) software. EMMA software [39]
predicts optimum packing, utilizing either an Andreassen
model or modified Andreassen model. The software then
displays the optimum packing line (target line) against the
resultant packing line (recipe line) based on the PSD and
density of the recipe mixture components provided by the
user. Better recipe packing is achieved with the recipe line
approaching the target line. Unlike the Andreassen model,
the modified Andreassen model considers a minimum par-
ticle size value, which makes it more suitable for practical
applications. Moreover, it was found that a 100% packing
density could be obtained using a distribution coefficient of
0.37 or less [40, 41]. The modified Andreassen equation is
as follows:
cPFT _ (D'-D§

S =G @

where CPFT is the “Cumulative Percent Finer Than,” D
is the particle size (diameter), D; is the maximum particle
size, Dg is the minimum particle size, and q is the distribu-
tion coefficient.

Briquette Testing and Characterization
Compressive Test

The compression test was conducted according to BS ISO
4700:2007 utilizing the 100 kN Zwick/Z100 testing machine.
Briquettes were compressed at a constant speed of 10 mm/
min between two parallel flat platens. The test was consid-
ered completed either when the load fell to less than 50% of
the maximum load recorded or when the gap between the
platens became less than 50% of the initial diameter of the
test specimen [42].

Drop Test

In the drop test, each sample was dropped from a height
of 1 m into a box made of steel, and its mass was recorded
after each drop. The procedure was repeated until either the
briquette lost 50% of its original mass or when it survived
50 drops without dropping below 50% of its original mass.
The number of drops was then recorded as an indication of
the drop damage resistance. A similar drop test approach
was adopted in recent research [17]. Fines generated after
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each briquette drop were collected, and their mass was
determined.

Phase Characterization

Two sets of briquettes were examined using a Zeiss ULTRA
plus field-emission scanning electron microscope (FESEM)
attached to an energy-dispersive X-ray spectroscopy (EDS)
detector in order to study their structure, morphology, and
chemical composition. The briquette pieces of the first set
were mounted in epoxy resin using a JEE-420 Vacuum
Evaporator to avoid air bubble formation. The surface of
the samples was polished afterward using Struers LaboPol-6
with different grinding and polishing discs. The final pol-
ishing steps were taken using a 0.25 pm abrasive cloth and
EtOH as a lubricant at a force of 10 N/specimen and 150 rpm
for two minutes. Finally, the specimen was carbon coated.

The briquette pieces from a second set of briquettes were
examined without prior polishing. This set was used to study
the morphology of the briquettes, and it was not polished in
order to avoid information loss regarding smaller particles
found on the surface of bigger particles that would other-
wise be lost due to polishing [43]. The composition of cer-
tain areas of interest was determined using EDS. Moreover,
EDS was used to generate element maps of certain polished
sections.

Similar to raw product characterization, the mineralogical
composition of the samples was determined by X-ray diffrac-
tion (XRD) using Rigaku SmartLab 9 kW in the range 26
of 5 to 120° with a step of 0.02°. The samples were scanned
under 40 kV and 135 mA conditions. Phase analysis of the
diffraction pattern was performed using Rigaku integrated
X-ray powder diffraction software PDXL 2.6.

TGA-MS Analysis

TGA-MS measurements were carried out using Netzsch
STA 449F3 coupled with Quadrupole Mass Spectrom-
eter (QMS) 403 Aé&olos Quadro. Analysis was done using
Netzsch Proteus 6.1 software. The sample used was a piece
of the briquette weighing around 4 g. Then, the sample was
heated from 30 to 1600 °C in an Ar atmosphere at a flow
rate of 40 ml/min and a uniform heating rate of 30 °C/min.

Blast Furnace Simulator High-Temperature Behavior

To assess the behavior of the produced briquettes under
high-temperature resembling conditions in a BF, a modi-
fied blast furnace simulator (BFS) was used. The schematic
diagram of the BFS, which was used in our previous work
to study pellet reduction [44], is shown in Fig. 1.

The BFS consists of a tube furnace with a sample basket
connected to a scale to continuously measure the sample
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Fig.1 Schematic diagram of BFS experimental setup with (1) scale,
(2) light torch, (3) thermocouple, (4) electrically heated furnace, (5)
mirror, (6) video camera, (7) computer system, (8) mass flow control,
(9) sample basket, (10) reduction tube, (11) water pump, (12) sulfur
generator, (13) potassium generator, (14) gas inlet, (15) transparent
lid and cooling gas inlet, and (16) gas cylinders

Table 2 BFS gas and temperature profile

Time (min) Temperature (°C) N, (%) CO (%)
0— 120 25 — 950 100 0

120 — 135 950 100 0

135 — 375 950 60 40

weight. The furnace has an inner diameter of 95 mm; it
employs a predetermined heating program, with a tempera-
ture and gas mixture set for each heating stage. The furnace
can reach a temperature of 1100 °C, and several gases are
available in the BFS, including N, and CO, which were used
in this study. The pre-set program used in this study with its
temperature and gas profiles is shown in Table 2.

The reduction program in this study consisted of two
main stages: The first stage lasted two hours, during which,
N, was introduced to the furnace at a flow rate of 15 1/min
(NTP). The sample was heated until a temperature of 950° C
was reached. The set temperature was maintained at 950 °C
for another 15 min to ensure a stabilized and homogenous
temperature profile inside the furnace. In the second stage, a
reducing gas mixture of N, and CO was used. The reducing
atmosphere was maintained for 240 min, with the furnace
temperature being 950 °C. After the second stage was com-
pleted, the N, flow was introduced to the furnace at a flow
rate of 10 I/min (NTP) to cool the sample while avoiding
sample re-oxidation. The sample was observed during the

test using a video camera and a mirror fixed at the top of
the apparatus, adjusted to reflect the image of the sample
inside BFS. The video camera recording was used to assess
the swelling and cracking behavior of the briquette sample
during the different stages of the program.

The briquette was assumed to be a perfect circular cyl-
inder, and the final swelling was calculated based on the
initial and final volume of the briquette using the following
equation:

Arhy — A,
AVbriquette = T x 100% (3)

where A is the final top surface area of the briquette after
reduction, hf is the final briquette height after reduction, A; is
the initial top surface area of the briquette before reduction,
and £, is the initial briquette height before reduction.

Similarly, swelling during reduction was estimated based
on information on the initial and final briquette dimensions
along with briquette top surface area measurements from
the video recording (i.e., as the top surface area increased
to achieve the final surface area, the height of the briquette
was assumed to increase proportionally to achieve the final
briquette height). Finally, the briquettes were characterized
for phase changes after reduction in the BFS using the same
testing parameters employed in the XRD scanning of the
briquettes pre-reduction.

Results and Discussions
Side Stream Characterization

Moisture content, apparent density, true density, and voids
of side stream materials are listed in Table 3. It appears that
most of side streams used have an average voidage of about
50%, except for coke, which has a much higher porosity of
about 81.70%.

Figure 2 shows the particle size distribution of the side
stream materials as well as the used rapid cement and
GGBFS cement. Particle size distribution and side streams
densities are used to determine the particle packing of the
briquettes using EMMA software. The reference briquette
particle packing determined using the modified Andreassen
model with two distribution coefficients of 0.28 and 0.30 is
shown in Figs. 3 and 4, respectively. The lines’ proximity to
one another shows that the briquette exhibits relatively good
particle packing.

The chemical composition of each sample is presented
in Table 4. It appears that harmful elements, especially
Zn and P, are in relatively low concentrations in the side
stream materials. The highest sulfur content is found in
the desulfurization scrap and alkalis in the rapid cement.

@ Springer



474

Journal of Sustainable Metallurgy (2022) 8:468-487

Table 3 Moisture content and

. . . Raw material
density of side stream material

Moisture content Bulk density Skeletal density ~ Voidage (%)

(db %) (kg/m?) (kg/m?)
1 Coarse pellet fines 1.89 2579.10 4974.40 48.15
2 Fine pellet fines 3.15 2688.50 4957.40 45.77
3 BF stock/cast house dust 23.59 1089.93 2717.60 59.89
4 Coke dust 0.06 364.75 1993.50 81.70
5 Premix (60:40 steel scrap 6.98 2076.14 4216.50 50.76
and BF top dust)
6 Briquette fines 8.03 1725.73 3471.00 50.28
7 Desulfurization scrap 15.01 1519.49 3878.30 60.82
8 Mill scale 443 2676.13 5440.40 50.81
9 Steel scrap 542 2406.33 4740.50 49.24

I—m— Coarse pellet fines|
—#— Fine pellet fines
I—@— Briquettes fines
—&— Desulph-scrap
I—%— Steel scrap
—®— Mill scale
Pre-mix
—»— Coke dust
—@— Cast house dust
—#— Rapid cement
—®— Slag cement

100

80+

60

40

Percentage passing (%)

204

10 1 0.1 0.01
Particle size (mm)

Fig. 2 Particle size distribution of side stream material

When replacing rapid and GGBFS cement with an LSG
binder, the alkalis in the binder would be reduced at the
expense of higher sulfur coming from the gypsum in the
LSG binder. This may require special operational pre-
cautions depending on the process through which the
briquettes are recycled because limited amount of sulfur
should not be exceeded in binders intended to be used in
steel mills [4]. Increased sulfur content coming from bind-
ers in briquettes used in processes like the BOF may result
in increased costs related to further hot metal treatment
and additional flux charge [5]. In blast furnace, more than
half of the sulfur is transferred to the slag through reac-
tion with calcium oxide to form calcium sulfide [8]. This
also implies that increased sulfur input requires higher
slag volume. This may eventually result in increased costs.
Therefore, cost savings from side streams recycling should
be carefully considered against resulting costs from binder
use.

Detected phases of the samples are shown in Table 5.
It appears that iron oxides are the dominating phases in
the side stream material. Other phases present are calcite
and quartz.

Fig.3 EMMA particle packing
. . 80.97
for reference briquette with —
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q /
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T 1002
g 4
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% s
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C 425 4
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1.20 7 4
075 - 1 10 100 1000 10000
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0.36 - ~——— Modified Andreassen: q=0.28 === Particle Size Distribution
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Fig.4 EMMA particle packing
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Briquette Properties and Characterization
Compressive Strength

Figure 5 shows the arithmetic mean value of two to three
cold compression strength tests for each briquette recipe.
The results show that the reference briquette exhibited an
increase of strength over the 28-day curing period, which
was expected due to the formation of C—S—H. In the hydra-
tion of the Portland cement, around 70% of C,S reacts dur-
ing the first 28 days and the rest reacts over the course of a
year. Moreover, -C,S behaves similarly, with 90% reacting
over the course of the first year [45]. Therefore, the resulting
strength of binding matrix is expected to increase further
as more C—S—H are formed. The force load at which the
28-day-cured briquettes failed was similar to results obtained
by other researchers [38].

For the briquette with the new LSG binder, it appears
that the strength increased as the binder content increased
in the initial 2" and 7th days of tests. High early strength
development is attributed to the formation of ettringite
(C5A - 3CS-32H), a crystalline hydration product of the
LSG binder [30], at a very early age (early hydration stage).
Another hydration product that leads to an increase in
strength is amorphous gibbsite (AH;), which fills the voids
between other phases, improving pore structure and increas-
ing rigidity [46]. It is worth noting that LSG15 briquettes
achieved comparable strength to the reference briquette on
2 and 7 days of test, while LSG20 binder developed signifi-
cantly higher strength on 2 and 7 days of testing compared
to the reference briquette.

However, after 28 days of curing, the strength of the LSG
briquettes appeared to remain almost constant compared to
the LSG briquettes cured for seven days. One exception was
the 20% LSG binder briquettes, which exhibited a slight
decrease in strength on the 28th day of test compared to the

~——— Modified Andreassen: q=0.30 === Particle Size Distribution

7th day of compression test. One reason that could explain
this behavior is the transformation of part of the ettringite
into a monosulfate (AFm) [30]. In addition, a reduction in
the water-to-binder ratio seems to be another factor that led
to this reduction. In all briquette mixtures, a constant water
content of 9.5% was used. Hence, with an increase in per-
centage of the binder being used (i.e., up to 20% binder), the
water-to-binder ratio decreased, which might lead to a lower
degree of hydration due to an insufficient amount of water
available for hydration, as the water-to-binder ratio has a
significant influence on the long-term strength development
resulting from ladle slag hydration [47].

Drop Test

A drop test was performed to assess the drop damage resist-
ance of the briquette. Figure 6 shows that, in the two-day
drop test, the reference briquette had a drop damage resist-
ance of around 39 on average. The LSG10 briquettes had a
drop damage resistance of 5. On the other hand, all LSG15
and LSG20 briquettes showed better performance and were
able to survive 50 drops without breaking. On the 7th day
of drop test, the drop damage resistance of the LSG10 bri-
quettes increased to 10.5 and remained almost constant
through the 28th day of drop test. Ref, LSG15, and LSG20
briquettes were all able to survive 50 drops—in both the 7th
and 28th days of tests.

To further assess the LSG binder performance, the mass
loss of the briquettes was compared against the reference
briquette. It could be seen that the LSG15 and LSG20 bri-
quettes were superior when compared to the reference bri-
quettes during the two and seven days of drop tests, while the
reference briquette exhibited less mass loss compared to the
LSG briquettes on the 28th day of the drop test.

Similar to the compression strength test, the superior
performance of the LSG briquettes in the two and seven
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Table 5 Mineralogical phases

. . By-product
of side stream materials

Detected phases

Coarse pellet fines

Fine pellet fines

BF stock/cast house dust
Premix

Briquette fines
Desulfurization scrap

Mill scale
Steel scrap

Rapid cement

Hematite—Magnetite—Quartz
Hematite—Magnetite—Quartz
Hematite—Magnetite and/or wiistite—Quartz
Hematite—Magnetite—Wiistite—Quartz
Hematite—Calcite—-Magnetite—Wiistite

Iron—Portlandite—Calcite—Magnetite—
Quartz

Magnetite—Wiistite—Hematite—Iron
Wiistite—-Magnetite—Quartz—Calcite
Alite-Larnite-Brownmillerite

days of drop tests can be attributed to the early strength
development as a result of ettringite phase formation that
contributed to the high early strength. This could be par-
ticularly useful when aiming to avoid briquette breaking
during moving as well as extended curing periods, espe-
cially when considering that some plants have cement-
bonded briquettes cured in high humidity chambers for
the first 24 h following briquette production [14]. The bri-
quettes are taken outside of the plant afterward to be stored
and continue their curing. Therefore, the fast strength
development of the briquettes would be highly appreciated
from this point of view as it would save costs and energy
associated with high humidity chamber-curing. Overall,
the LSG briquettes utilizing 15 and 20% binder showed
comparable or even better mechanical performance than
the reference briquette.

—l— Ref Briq
—*—LSG10
20 LSG15
i —A—LSG20
< 151
o
£
£
210
e
7 L)
5
/i *
*
0 T T T
2 days 7 days 28 days

Curing duration

Fig.5 Compression strength test results for different briquettes

XRD

Figure 7 shows the XRD patterns for the produced briquette
shell and core. The phase characterization for the reference
briquette, which utilizes a mixture of rapid and GGBFS
cement as a binder, shows the formation of portlandite (cal-
cium hydroxide, Ca(OH),), an expected hydration phase
[48], along with iron oxides phases previously detected in
the raw material. The hydration of Portland cement results
in the formation of nearly amorphous C—S—H.

Gibbsite (AH;) is an anticipated hydration product. It
cannot be clearly detected through XRD because it does not
have a well-defined crystal structure below 40 °C. The weak
peaks around 21° may be attributed to its presence [46, 49].

From diffraction peaks, gypsum can be clearly identi-
fied. The reason for the presence of the unreacted gypsum
might be due to the formation of AH,, which envelops other
particles, preventing them from further hydration [45, 46].
Another reason might be that not enough water was avail-
able for the reaction with mayenite (C,,A,) to produce AH,
according to Eq. 4. Similar diffraction peaks can be observed
for the core and shell of the briquettes utilizing the LSG
binder. However, the intensity of the characteristic peaks
varies, decreasing as the LSG binder percentage increases.

Since the hydration took place at a temperature of around
20 °C, the hydration and conversion reactions are considered
as the following [50]:

C12A; + 51H6C,AH¢ + AH, 4)

3C,AHg2C;AH, + AH, + 9H )

The conversion reaction from metastable C,AH; to
C;AH¢ was expected to lead to a significant loss in strength
as metastable hexagonal calcium aluminate hydrate was
converted into stable cubic C;AHg, which has a consider-
ably higher density. This conversion reaction leads to a vol-
ume change, causing a loss of strength due to an increase
in the porosity of the binder [47, 51]. Some literature has
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Fig.6 a Drop damage resistance of briquettes, briquette mass loss after b 2 days, ¢ 7 days, d 28 days

reported the conversion reaction starting after 48 h when
curing at 20 °C. The conversion reaction is accompanied by
the release of water, which may further assist in the hydra-
tion of C,,A; [50]. Previous research reported a decrease
in strength on the 28th day of test as much as 50% of this
strength developed on 3™ day [47]. One reason why there
was no sharp decline in the briquette strength on the 7th and
28th days of test is the presence of gypsum, which prevented
the formation of C;AHg, with ettringite being formed instead
[34] through the following reaction:

C,A; + 12CS - 2H + 137H — 4C;A - 3CS - 32H + 3AH,
(0)

@ Springer

Similar to gibbsite (AH;), monosulfate (C4AS_H]2, AFm)
was likely not detected by XRD due to its poor crystallinity
[49]. Although it is possible to detect AFm within a few days
from the beginning of hydration, it could take months before
AFm peaks are visible [45].

FESEM

The FESEM reference briquette polished section with an
elemental detection map using EDS is shown in Fig. 8. The
Fe distribution indicates the presence of iron oxide, which is
likely to be hematite, as it was the dominating phase in the
side stream materials, as determined by XRD. The Ca and
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Si distributions indicate the C—S—H formation of a binding
matrix that envelops smaller particles while connecting the
by-product particles.

EDS mapping for the LSG20 briquette is shown in Fig. 9.
The EDS maps clearly show the borders of the iron oxides
from the side streams. Ca is well distributed around the
iron oxide particles. Its presence with Al and S indicates
that ettringite and monosulfate widely exist in the binding
matrix. In certain parts of the map, especially the middle,
Al exists with Ca but without a corresponding S in the same
position, indicating the presence of mayenite (C;,A;) and
possibly AH; in small amounts, as AH; contains Ca from
nanosized tricalcium aluminate hexahydrate [49].

A FESEM image of briquettes utilizing a 10% LSG binder
is shown in Fig. 10. Circular ettringite crystals were detected
with their needle-like structure, identical to that identified
in the previous research [52, 53]. AH; can be found in the
shape of villous spherical particles that are 1-10 pm, which
mainly contains Al and O along with a small amount of Ca
[49]. They cannot be particularly detected in the FESEM
images, possibly because they are incorporated into the
ettringite matrix [46]. It is clear from the image how ettrin-
gite is forming a binding matrix around the spherical iron
oxide particle.

TGA-MS

The influence of replacing rapid Portland cement and
GGBFS cement with the LSG binder on the mass loss
during heating was determined using thermogravimetric
analysis (TGA). TGA and derivative thermogravimetry
(DTG) curves for the reference briquette and LSG binder
are given in Fig. 11. The thermogravimetric analysis/mass
spectrometry (TGA-MS) curves for the reference briquette
and LSG20 briquette are shown in Fig. 12. Due to the

T
30 40 50 60 70 80 90
20 (deg)

100 110 120 130

small size of the sample, reactions taking place during
heating are assumed to be homogenous throughout the
sample volume [54].

From the TGA-DTG curves, it appears that only a minor
mass loss took place due to dehydration for both briquettes.
For the LSG20 briquette, an obvious peak is observed at a
temperature of around 150 °C, which corresponds to the
decomposition of ettringite [30, 55, 56]. Dehydration of gyp-
sum also occurs at around 150 °C [46]. For the reference bri-
quette, a small peak is observed around 450 °C, which may
correspond to the decomposition of Ca(OH), [57]. Addition-
ally, a small peak observed around 380 °C can be attributed
to the dehydration of Mg(OH), [58]. AHj; is expected to be
detected at a temperature of around 270 °C; however, it was
not detected, as it might have converted into ettringite, via
the reaction shown in Eq. 7 [46] or, a more likely possibil-
ity is that AH; might have formed in a small fraction in the
binder due to the need for an abundant amount of water for
the reaction to take place, which was not the case with the
briquettes made. The latter possibility is more likely.

AH; + 3CH + 3CSH, + 20H — C,AS;Hs, 7

For both the reference briquette and LSG20 briquette,
a peak can be observed around 550 °C and 750 °C, which
corresponds to the decomposition of CaCO;, which mainly
comes from side streams in the case of the LSG binder [56,
57]. At 750 °C, the peak may also correspond to a reduc-
tion in higher iron oxides [54].

It is likely that, in a composite containing carbon-bear-
ing material, the reduction of iron oxides to metallic iron
is initiated by a solid—solid reaction between carbon and
iron oxide, and then reduction proceeds with the aid of the
evolving CO gas from carbon gasification according to the
following reactions [59, 60],
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Fig.8 a FESEM image of
polished section of reference
briquette and maps showing
distribution of b Fe, ¢ Si, d Ca,
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Fe, O,(s) + CO(g) = Fe O, _,(s) + COx(g) ®)
COx(g) + C(s) =2C0(g) )

Between temperatures of 490 °C and 770 °C, slow and
steady mass loss can be noted, which likely corresponds to a
reduction in hematite according to Eq. 10 [61]:

C(s) + 3Fe,O5(s) = 2Fe;0,(s) + CO(g) (10)

@ Springer

Moreover, the CO, gas evolving from the dissociation of
CaCO; likely contributes to the gasification of carbon from
the coke dust. At 800 °C, a significant mass loss began to
take place, which indicates the start of coke carbon gasifica-
tion and the indirect reduction of iron oxides.

Almost full reduction of iron oxides to metallic iron has
likely taken place with the reduction of wiistite to metallic iron
starting around 750 °C. However, the stepwise reduction from
hematite and magnetite to wiistite and finally to metallic iron
was not clearly observed in the TG curve because the heating
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Fig.9 a FESEM image of polished section of LSG20 briquette and EDS maps showing the distribution of b Fe, ¢ Si, d Ca, e S, and f Al

rate was high and rapidly reached a high temperature required
for the reduction of wiistite to metallic iron. A similar trend
in TG reduction curves has been observed under equivalent
conditions [59].

The first H,O peak in the range of 20 °C to 380 °C likely
corresponds to the dehydration of the AFm and AFt phases
and the release of physically bound water [57]. A second peak
is detected around 450-500 °C, which obviously corresponds
to the dehydration of Ca(OH), according to Eq. 11 [62]:

Ca(OH), —» CaO + H,0 (11)

CO, gas evolution started from temperature of 500 °C up to
770 °C, which corresponds with the decomposition of CaCO;
and the reduction of a higher amount of oxides according to
Eq. 12 [62]:

CaCO; = CaO + CO, (12)

When studying the behavior of self-reducing mixtures,
coke gasification was found to take place at a temperature of
848-860 °C [59, 61]. In this study, the gasification appears
to start around 800 °C, which might be due to the presence
of metallic iron, which acts as a catalysis for the gasification
process [59, 63].

Briquette Reduction and Swelling in BFS

In this series of experiments, three briquettes were heated
up to 950 °C in a N, atmosphere, and the temperature was

kept constant. After 135 min from the beginning of heat-
ing, reducing CO gas was introduced along with N,, and
the reduction stage continued for another 240 min. Fig. 13
shows the mass loss and swelling of the samples during the
heating program. It can be seen from the figure that, 120 min
after the program was initiated (when the temperature
reached 950 °C in the inert atmosphere), the briquettes lost
a significant amount of their mass. The reference briquette
lost the least amount of mass (5.60% of its initial mass),
while the LSG20 briquette was the briquette that exhibited
the greatest mass loss (8.56% of its initial mass). Beside
the loss of moisture, the steep mass loss of the LSG15 and
LSG20 briquettes during the early stages of heating (below
250 °C) can be attributed to ettringite disintegration and
was only temperature-dependent, as it took place before a
possible reduction could have taken place. Further mass loss
in the briquettes during the heating stage can be attributed
to the decomposition of CaCO; and Ca(OH),. After the
reducing gas was introduced, a similar trend in mass loss
was observed for all briquettes, mainly corresponding to the
reduction of iron oxide in the briquette.

In terms of swelling, Fig. 13 shows contradicting behav-
ior between the LSG briquettes and reference briquettes
during the heating stage in N,. However, similar swelling
trends among the briquettes were observed following the
introduction of the reducing gas. The BFS reduction pro-
gram resembles conditions at which the briquettes are more
likely to exhibit catastrophic swelling, with the heating
taking place non-isothermally in the first stage, reaching
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Fig. 10 a FESEM image of 10% LSG binder briquette and b EDS
spectrum of ettringite crystal

a maximum temperature of 950 °C, and using CO as the
reducing gas [64].

During the heating stage in N,, the LSG briquettes exhib-
ited a slight contraction, with the volume of the LSG20 and
LSG15 briquette decreasing 5.7% and 0.6%, respectively.
On the other hand, the reference briquette volume exhib-
ited a 16.3% increase of its initial volume. Such observation
indicates that the ettringite binder decomposition is accom-
panied by slight briquette volume shrinkage. On the other
hand, increased swelling was observed in the LSG briquettes
as well as the reference briquette after the introduction of the
reducing atmosphere. This can be mainly attributed to the
reduction of iron oxides present in all three tested briquettes
(hematite to magnetite to wiistite and, finally, to metallic
iron).

When heating the reference briquette in N, up to 950 °C,
the C—S—H gel is converted to C,S and CaO, which suppos-
edly reacts with the iron oxides to form calcium ferrite (CF)
and calcium silicoferrite (C;SF;) [64]. When introducing CO
reducing gas, metastable Fe;C forms and later oxidizes to
Fe. Evolving gases may contribute to further swelling. The
reactions can be written as [64]

3FeO + 5CO — Fe;C+4CO, (13)
Fe;C + FeO — 4Fe+ CO (14)
Fe;C + CO, — 3Fe+2CO (15)

Images of the briquettes post reduction in the BFS are
shown in Fig. 14. It appears that the reference briquette
exhibited more swelling and developed more cracks com-
pared to the LSG briquettes.

Fig. 11 TGA-DTG curves for TG /% DTG /(%/min)
reference and LSG20 briquettes [1], LsG20.
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To examine the briquette structure post reduction,
FESEM-EDS was used. Pieces from the fracture surface of . ) .
. . ——— T & T T T T T T
the briquette were placed on a carbon tape and platinum- 0 50 100 150 200 250 300 350 400
coated. Figure 15 shows the formation of fibrous metallic Time (minutes)
iron in the reference briquette post reduction. The metallic (b)

fibrous iron contributes to the swelling by exerting an inter-
nal stress on the briquette structure, pushing against its sur-
rounding. On the other hand, no fibrous iron was formed in
the LSG20 briquette. Iron takes the form of closely packed
thick and irregular tubes with a coarse outer texture. Differ-
ences between reference and LSG20 briquettes with respect
to the structure of formed iron might have contributed to the
lower swelling in the LSG briquettes.

A compression strength test was carried out for the bri-
quettes post reduction in the BFS. All tested briquettes virtu-
ally lost all their strength after reduction. The force at which
the briquettes exhibited failure was 329.8, 215.5, and 57.6 N
for the reference, LSG20, and LSG15 briquette, respectively.
The briquettes exhibited significant strength loss when
heated in the nitrogen atmosphere due to the destruction of
the bonding matrix. Strength loss became even more drastic
when heating took place in the reducing atmosphere, since
the destruction of the binding matrix is coupled with the

Fig. 13 Mass loss (a) and swelling (b) in BFS for reference, LSGI5,
and LSG20 briquettes

Fig. 14 Briquettes post reduction in the BFS. From left to right: refer-
ence briquette, LSG20, and LSG15
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Fig. 15 FESEM image and right point EDS analysis post reduction in BES at 950 °C in N,:CO atmosphere (60:40) for a reference briquette and

b LSG20 briquette

transformation of the aggregate [38]. The results also show
that binder content plays a major role in retaining briquettes
strength after heating as LSG20 had significantly higher
strength compared to LSG15.

XRD for the briquettes post reduction was carried out
for the reference, LSG15, and LSG20 briquettes. The
detected phases are shown in Fig. 16. It appears that most
iron oxides reduced to metallic iron; however, some wiistite
remains unreduced. Mayenite could be detected in the LSG
briquettes, indicating that part of mayenite did not com-
pletely hydrate and remained throughout the curing as well
as after reduction. It also appears that C—S—H converted into
Ca,Si0, and partly reacted with iron, forming CaFe,0,.

Conclusions

The performance of cold-bonded briquettes utilizing ettrin-
gite-based binders was evaluated in terms of their mechani-
cal and thermal characteristics. Cold-bonded briquettes
produced using 10, 15, and 20% of ettringite-based binder
(LSG) were compared against a reference briquette pro-
duced using ground granulated blast furnace slag and rapid

@ Springer

1 Iron
2 Wastite
] 3 Mayenite
! 4 Ca,Sio,
i 5 CaFe,0,
Reference briquette
b 1 1
o 45 2
2 2y A N
S 1
€ LSG20 briquette
| 343, 3 21 i 1
1
i LSG15 briquette
3 43 32 21 ! 1
0 20 40 60 80 100 120 140

2-theta (deg)

Fig. 16 X-ray diffraction patterns for briquettes post reduction in the
BFS

cement. Briquettes produced using 15 and 20% LSG binder
exhibited rapid early strength development after being cured
in ambient conditions. They were superior to the reference
briquettes in terms of strength and drop damage resistance
after the 2" and 7th days of curing and had comparable
performance after the 28th day of curing.
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The high-temperature thermal behavior of the briquettes
was assessed using TGA-DTG-MS for a small sample size
in an Ar atmosphere. Full-size briquettes of each type were
also tested in a reducing atmosphere in a blast furnace simu-
lator. The TG-MS results showed that the ettringite phase
in the LSG briquettes dissociated at around 150 °C. Mean-
while, CaCO; dissociated above 770 °C and produced CO,
gas, which contributed to the gasification of carbon in coke
and, subsequently, the reduction of the iron oxides. In terms
of swelling, the reference briquette exhibited significant
swelling when heated in the N, atmosphere up to 950 °C
compared to the briquettes with 15 and 20% LSG binder,
which exhibited slight shrinkage instead. Upon the intro-
duction of the reducing gas at 950 °C, both briquette types
exhibited major swelling. However, the briquette with 20%
LSG binder exhibited less swelling compared to the refer-
ence briquette. The main reason for the relatively increased
swelling in the reference briquette is the formation of fibrous
metallic iron, which pushes against its surrounding, as con-
firmed by the FESEM images.

Overall, the LSG binder is a potentially good alternative
to conventional cement in briquette making due to its early
strength development and reduced swelling. Moreover, the
LSG binder offers a chance to reduce CO, emissions, since
the LSG binder mostly consists of ladle slag, another side
stream from the iron and steelmaking industry. However,
sulfur content originating from gypsum and potential low-
temperature disintegration due to the dissociation of ettring-
ite may limit the use of briquettes in some industrial applica-
tions, such as the BF.
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