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Abstract: Ladle slag, a byproduct of steel manufacturing, exhibits inherent reactivity and undergoes
hydration when exposed to water. Nevertheless, these reaction byproducts often remain metastable,
leading to microstructural alterations when incorporated into cementitious materials, thereby limiting
the recycling potential of ladle slag. This study explores the fire insulating capacity and the physical,
mechanical, and leaching characteristics of gypsum-based materials with substantial quantities of
ladle slag in instead of gypsum. The mechanical strength of the specimens declines as the ladle
slag content increases. Nevertheless, the percentage decrease in compressive strength at various
temperatures (300 °C, 500 °C, and 700 °C) is less pronounced when higher amounts of ladle slag are
used. Fire-resistant properties, assessed using the EN 1363-1 standards, diminish with increasing
slag proportions; although the inclusion of ladle slag introduces certain endothermic processes that
positively affect the fire insulating capacity, resulting in a 20% reduction when 60%wt of slag is
employed. Notably, no gas emissions were observed during the fire test, indicating the absence of
environmental hazards. In conclusion, ladle slag does not pose a leaching threat to the environment,
making it a viable and sustainable alternative to gypsum in gypsum-based materials.

Keywords: ladle slag; fire insulating capacity; compressive strength; leaching

1. Introduction

The production of steel using the electric arc furnace method comprises two distinct
phases. In the initial phase, referred to as primary metallurgy or the melting process, scrap
materials are melted alongside fluxes in the electric furnace, resulting in molten metal
accompanied by liquid slags known as Electric Arc Furnace Slags or black slags, which
form on the surface. The subsequent phase, known as secondary metallurgy or the refining
process, involves transferring the molten bath to the Ladle Furnace for desulfurization,
degassing, and adjustment of its chemical composition. The slag generated during this
second phase is called white or ladle slag. The manufacture of each ton of steel via this
method involves the generation of roughly 20 to 30 kg of ladle slag and 120 to 180 kg of
black slag. In Spain, steel production reached 13.6 million tons in 2019 [1], resulting in
the generation of approximately 0.19 to 0.29 million tons of ladle slag. Globally, in 2023,
projections indicate that the production of ladle slag will exceed 20 million tons [2].

Currently, there are few viable alternatives for the utilization of white slag, leading
to its predominant disposal in landfills. This is primarily due to issues related to its vol-
ume instability, stemming from the crystallization of free-CaO and free-MgO during the
cooling process. However, there are interesting applications for white slag in the future,
such as in clinker manufacture and as a partial substitute for aggregates and/or cement
in mortars [3,4] and concretes. Additionally, white slag can find use in soil and firm
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stabilization [5], asphalt pavement construction [6,7], the production of alkali-activated ce-
ments [8,9], brick manufacturing [10], waterproofing beds in hydraulic or fluvial works [11],
soil acidity correction in agriculture [12], the fixation of ions in water purification processes
in environmental engineering [13], and the development of fishing blocks in aquacul-
ture [13].

Given the inherent lack of fire resistance in various construction materials, it is es-
sential to explore fire protection methods [14]. These measures typically fall into two
categories: active, which involve automated detection and suppression systems, and pas-
sive, which focus on slowing the spread of fire. In this second category, the primary goal is
to maintain a component’s temperature below its critical threshold to prevent structural
collapse [15]. Some studies have analyzed the use of different waste materials in the de-
velopment of passive fire protection materials. These materials include coal and biomass
fly /bottom ashes [16-19], polyamide powder waste [20], mollusk shells [21], titanium
dioxide waste [22], granulated blast furnace slag [23], and polyurethane foam waste [24].

As previously mentioned, ladle slag contains significant percentages of certain ele-
ments [25], and as a result it might be used as an alternative component of fire insulating
materials. Utilizing ladle slag in this context offers sustainability benefits by reducing our
reliance on natural resources without any leaching problems, while providing adequate
fire resistance and stable strength development and reducing gypsum consumption.

2. Materials and Methods
2.1. Materials and Tested Mixtures

The ladle slag used in this study is from a hot steel foundry and rolling plant located
in the southern region of Spain. As depicted in Figure 1, the ladle slag exhibits a distinctive
white coloration. These slags come from the secondary phase of refining molten steel.
Initially, white slag is stored in designated slag bins within the manufacturing facility.
Subsequently, the white slag undergoes a conditioning process, encompassing physical
cooling treatment, metal separation, and size reduction. In Section 3.1, a comprehensive
analysis of the ladle slag’s chemical and mineralogical characteristics is provided. For the
binding agent, gypsum, in accordance with EN 13279-1:2009 [26], was utilized.

Figure 1. Ladle slag.

Table 1 illustrates the various compositions formulated in this study, wherein varying
proportions (ranging from 40% to 80% by weight) of gypsum were substituted with ladle
slag. The quantity of incorporated water was adjusted to ensure consistent paste fluidity.
As observed in Table 1, when the gypsum content was decreased, it was necessary to
decrease the water; because the water was not used in the hydration reaction (CaSO4 +
2H,0 — CaSO4-2H,0) of the gypsum, it produced a supernatant on top of the samples
in the molds and decreased the size of the samples after setting. All components were
thoroughly blended using a laboratory kneader. Initially, gypsum and ladle slag were
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introduced into the kneader and mixed for a duration of 5 min. Subsequently, water was
incorporated to the solid blend, and everything was mixed until a homogenous paste was
formed. The molds for the various tests were then filled. The samples were removed from
the molds after 24 h at room temperature. These samples were then allowed to cure for a
further 27 days in a chamber with a temperature of 25 °C and a humidity level of 65%.

Table 1. Mixing ratios of the various materials.

Sample Gypsum [%wt] Laddle Slag [%wt] Water/Solid Ratio
Gypsum 100 0 0.45

ESC 40 60 40 0.42

ESC 50 50 50 0.41

ESC 60 40 60 0.40

ESC 80 20 80 0.39

2.2. Chemical, Mineralogical, and Physical Properties

Since the ladle slag was received in dust form (Dsg = 36 um), no previous treatment
(milling or sieving) was performed. The major and trace components were identified via
X-ray fluorescence spectroscopy analysis (Bruker AXS GmbH, Karlsruhe, Germany) at
the Research, Technology, and Innovation Center at the University of Seville (CITIUS).
The analysis of slag required that the sample be placed into a plastic sample cup with a
plastic support film. This insured a flat surface for the X-ray analyzer and the sample to be
supported over the X-ray beam. This requirement can be met by using 15 g of ladle slag to
insure definite thickness for all of elements of interest.

The XRD analysis of ladle slag was carried out using a D8 Advance A25 instrument
(BRUKER) (40 kV and 30 mA). The DIFFRAC-EVA version 7 software (BRUKER) was used
for phase identification. The software works with a reference database ICDD PDF4.2022
version of JCPS. Phase identification and accurate quantitative phase analysis (amorphous
and crystalline contents) were based on the reference intensity ratio (RIR) method.

The sample density was determined by calculating the average of six sample weights,
with a precision of £0.1 g, and volume measurements were conducted following the 1097-7
standard method [27]. To assess the water absorption capacity (A), the guidelines outlined
in EN 12859 [28] were followed, using three cylindrical samples.

2.3. Mechanical Properties

Following the manufacture of the samples, experimental tests to determine their
mechanical characteristics were conducted. To ensure representative values, each test
involved three specimens. Surface hardness established was as defined in EN 12859 [28],
using a durometer. For each sample, six measurements were taken on various faces, which
are given in Shore C units.

Compressive strength was assessed following ASTM-E-761-81 [29] at 28 days after
manufacturing. Additionally, the compressive strength evolution after 3 h of exposure
at high temperatures (300, 500, and 700 °C) was studied. The resistance index (RIT) was
obtained according to the following formula:

M

where Rjs5 represents the compressive strength after 28 days, and Rt represents the com-
pressive strength after exposure at T °C. Three samples were evaluated for each dosage
and temperature.

2.4. Fire Insulating Capacity

The time necessary to reach a temperature of 550 °C (ts50) in the center of the sample is
referred as the fire insulating capacity. As illustrated in Figure 1, cylindrical samples were
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subjected to controlled heating as defined in EN 1363-1 [30] and consistent with previous
research [22,23]. To ensure uniform heat distribution, ceramic fibers were employed to
insulate both the bottom and top surfaces of the cylinder. Consequently, the samples en-
countered radial heat flow, which is symmetric. The relationship between fire temperature
(T) and exposure time (t) can be expressed as T = 20 + 345-log(t + 1). For this test, as it
can been seen in Figure 2, larger cylinder molds were required, with dimensions of 4.2 cm
in diameter and 20 cm in height, including a 10 cm wire placed centrally. This test was
conducted after a curing period of 28 days. This wire served a dual purpose, facilitating
the placement of a thermocouple, which measures the interior temperature of the cylinder
upon in entering the oven, and acting as a structural support. The critical parameter in this
test is the time taken for the center of the cylinder to reach 550 °C (ts50), which signifies
the onset of failure of the protective metal structure intended to shield the material from
the fire.

THERMOCOUPLES

INSULATORS

Figure 2. Real image (left) and sketch diagram (right) of the fire insulating capacity test.

2.5. Differential Scanning Calorimetry (DSC) Test

A DSC analysis was conducted to assess the amount of heat energy absorbed by
the ladle slag in the heating process. Ladle slag was carefully deposited in aluminum
containers and heated at a rate of 2 °C per minute, ranging from 25 to 500 °C. Nitrogen gas
was employed as the purging gas throughout the test, following established procedures [18].

2.6. Leaching Test

In Europe, there is currently no standardized approach to classifying slag, leading
to a divergence in practices among countries. Some nations view slag as a valuable
by-product and have specific regulations in place, while others continue to regard steel-
making slag as mere trash. Of particular concern are the potential pollutants associated
with slags, including heavy metals (for example Mn, Cu, Cr, Zn, As, Pb, Cd, Hg, Ni) [31].
These metals could be involved in a leaching process when slags are incorporated into
construction materials. To meet the criteria for classification as building materials, the
products developed in this study must exhibit low toxicity levels. Leaching tests were
conducted in accordance with EN 12457-4 [32] to characterize both ladle slag and gypsum,
facilitating a comparative analysis of their leaching behavior.

3. Results and Discussion
3.1. Ladle Slag Characterization

Table 2 presents the major and minor components of ladle slag established via X-ray
fluorescence. The chemical compositions of ladle slag can exhibit variations due to the
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furnace type, the furnace load’s composition, the steel grades being produced, and the
operational methods of each furnace [33]. Ladle slag typically has a high CaO content,
though it falls towards the lower end of the typical range (45-62% by weight). The precise
CaO content is contingent upon the quantity of lime added during the production process.
In addition, SiO; is also present, generally falling within the range of 17.4-19.3%. MgO
typically exhibits components within a range of 4.5-17.2% by weight; these values are
primarily influenced by the use of dolomite and interactions between the slag and the
furnace lining, which typically contains a substantial amount of MgO. AL, O3 is typically
found in a range between 3.2-10.4% by weight. During the refining stage to which liquid
steel is subjected, silica or alumina is added, which will be reflected in the chemical
composition of the slag. As evident in Table 2, SiO, was added during the refining phase in
this particular case. Ladle slag may contain trace amounts of potential pollutants (heavy
metals such as Cr, Mn, Zn, Pb, and Ba), which could lead to environmental concerns,
particularly in terms of leaching, when the slag is utilized in construction materials that
come into contact with water.

Table 2. Major and minor components of ladle slag.

Major Components [Yowt] Minor Components [ppm]
SiO, 15.03 S 133.56
Fe; O3 2.33 Cr 28.25
FeO 1.08 P 4.31
Al O3 6.23 Zn 293
CaO 45.20 Ti 41.74
MgO 13.35 Sr 3.05
MnO 1.48 Cu 180
Loss on ignition 14.16 Cl 22.61
Specific gravity 2.88 Ba 292
data Pb 72

The specific gravity of ladle slag, as determined by EN 1097-7 [34], is notably 30% lower
than that of gypsum (4.06 g/cm?), as shown in Table 2. The mineralogical characterization,
depicted in Figure 3 through X-Ray diffraction, reveals the predominant presence of calcium
silicates (larnite, gehlenite, calcium silicate sulfate, calcium silicate), calcium—-magnesium
(merwinite), and ferric (hedenbergite) phases, accompanied by quartz, calcite, and brucite.
An estimate of the percentage of amorphous and crystalline material in the sample, obtained
by comparing the area under the curve corresponding to the material with diffraction lines
and the area encompassed by the rest of the diffractogram, indicates that the sample
comprises 67% crystalline phase and 33% amorphous phase.

Additionally, the particle size distributions of both gypsum and white slag were
assessed using a Saturn DigiSizer II 5205 in an inert medium, with isopropanol for ladle
slag and water for gypsum. Ladle slag presented a particle size interval lower than 400 um.
Ladle slag presented a D5 of 36 pm, and the gypsum 30 um.

Figure 4 reveals multiple endothermic peaks during the heating of the slag. At 50 °C,
there is a peak attributed to the evaporation of moisture. Around 120 °C, another peak
corresponds to the evaporation of chemically bound water within sulfur compounds. A
subtle peak at approximately 170 °C is related to the dehydration of metastable calcium
aluminate hydrate phases [35]. The prominent endothermic peak observed at 300 °C is
linked to the dehydration of stable calcium aluminate hydrates [36]. The endothermic peak
at approximately 450 °C is indicative of portlandite decomposition.
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Figure 3. X-Ray diffraction of ladle slag.
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Figure 4. Differential scanning calorimetry analysis of ladle slag.
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3.2. Physical Characterization of the Mixtures

Figure 5 depicts the density variations among the different mixtures. Notably, an
increase in ladle slag content results in a decrease in density. This can primarily be at-
tributed to ladle slag’s lower specific density (as indicated in Table 2) compared to gypsum.
Additionally, the slightly larger particle size of the slag also produces a decrease in density.
According to EN 12859, gypsum-based materials can be classified into three categories
based on their density: high (between 1100 and 1500 kg/m?), medium (between 800 and
1100 kg/m?), and low (between 600 and 800 kg/m?). All the compositions in this study fall
under the high-density classification. Figure 6 illustrates the water absorption character-
istics of the various mixtures. Water absorption capacity exhibits an inverse relationship
with density; the lower the density, the greater the porosity, and therefore the greater the
volume of voids available for water absorption.

1600

1400 T

1200 T
~ 1000
E
[-1s)
2 80
2 600
5]
5
=) 400

200
0 ‘
GYSPUM100  ESC 40 ESC 50 ESC 60 ESC 80

Figure 5. Density variation among the different mixtures.
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Figure 6. Water absorption of the different mixtures.

3.3. Mechanical Characterization of the Mixtures

Figure 7 shows the compressive strength values of the mixtures. It is noticeable that
increasing the quantity of slag reduces compressive strength. These findings demonstrate a
clear inverse relationship with porosity. As per EN 13279-1 [26], the standard specifies that
the compressive strength of gypsum-based materials should be equal to or exceed 2 MPa, a
requirement that all samples, except ESC 80, meet.
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Figure 7. Compressive strength of different mixtures at ambient temperature.

Figure 8 shows the evolution of the RIt of the different compositions at ambient
temperature, 300 °C, 500 °C, and 700 °C. The compressive strength of gypsum experiences
a significant decrease at 300 °C due to an endothermic reaction, the dehydration of gypsum
(CaS04-2H,0 — CaSO4 + 2H0), which occurs within the temperature range of 120 to
150 °C [37]. At higher temperatures, the reduction in the Rl is much less pronounced
because gypsum does not undergo any reactions leading to mass losses. At 300 °C, the
decrease in Rl is less pronounced when the ladle slag percentage is higher, primarily
due to the lower mass loss exhibited by the slag. At 500 °C, a noticeable reduction in Rl
is observed in mixtures containing predominantly ladle slag, due to the dehydration of
metastable calcium aluminate hydrates (Figure 4). At 700 °C, the compressive strength of
samples with a substantial amount of gypsum decreases because the gypsum used in the
mix contains additional calcium carbonate in its dosage. The decrease in the compressive
strength of samples with a relevant amount of ladle slag is only slightly lower than at
500 °C. This reduction is primarily attributed to the decomposition of portlandite at 450 °C
and minor weight loss peaks associated with the decomposition of carbonates, occurring
between 680 °C and 800 °C.

Macroscopic observations of the samples, depicted in Figure 9, reveal that at 300 °C
there are no visible cracks on the specimen surfaces. However, at 700 °C, the degree of
deterioration has increased compared to gypsum-based samples. It is evident that spalling
phenomena have occurred at 700 °C. Significantly, a distinct pattern becomes evident: as
the quantity of slag increases and the temperature rises, the compressive strength values of
the mixtures decrease.

Figure 10 shows the surface hardness values measured from the various samples
after 28 days of setting. The higher the proportion of white slag, the lower the hardness
value. The EN 12859 standard [28] dictates the specifications for superficial hardness that
materials must meet according to their density classification, which categorizes them as
high (>80 Shore C), medium (>55 Shore C), or low density (>40 Shore C). Of the different
compositions, only those with less than 50% ladle slag content exhibit values surpassing
the threshold for high-density materials. Surface hardness is a property that exhibits a
direct inverse relationship with porosity. A higher porosity produces a lower hardness, as
in study [19].
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Figure 9. Macroscopic examination of various mixtures at different temperatures.
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Figure 10. Superficial hardness of the different mixtures.

3.4. Fire Insulating Capacity

Figure 11 illustrates the fire insulating capability of the various mixtures. As the
water-solid is increased when the dosage of the ladle slag is, this produces a high porosity,
increasing the humidity retained in the pores; this water is evaporated at temperatures
around 50 °C, decreasing the slope of the curves before the evaporation plateau. The
chemically bound water content in gypsum-based materials plays a crucial role in enhanc-
ing fire-resistant behavior, as it prolongs the time required to reach 100 °C. Interestingly, a
higher ladle slag content results in a shorter time needed to reach 100 °C. At 100 °C, there
is a sustained period during which the temperature remains constant, attributable to
the endothermic dehydration reaction of gypsum (CaSO4-2H,O — CaSOy4 + 2H,0). This
reaction absorbs the energy transmitted by the fire, thus keeping the temperature constant
at the core of the cylinder. While the inclusion of ladle slag introduces calcium alumi-
nate hydrates, which also undergo endothermic decomposition, the energy absorbed by
these hydrates is less than that absorbed during gypsum dehydration. Therefore, the
duration of the evaporation plateau decreases with increasing ladle slag content. Beyond
the evaporation plateau, the introduction of ladle slag results in the emergence of new,
smaller evaporation plateaus (e.g., at 170 °C for the dehydration of metastable calcium
aluminate hydrates, at 300 °C for the dehydration of stable calcium aluminate hydrates,
and at 450 °C for the decomposition of portlandite). For this reason, the differences in
ts50 between Gypsum100 and samples with slag additions are smaller than the disparities
in the duration of the evaporation plateau. For instance, in the case of ESC60, the length
of the evaporation plateau is 50% shorter than that of Gypsum100, but the ¢559 is only
reduced by 18%.
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Figure 11. Fire insulating capacity of the different mixtures.

3.5. Leaching Results

The composition of leaching components, including contaminants, naturally depends
on the amounts of the components present in the waste. Table 3 presents the results of the
leaching tests conducted on the slag and commercial gypsum. Of the elements analyzed,
Ba exhibits the highest leaching percentage (3.8% of its presence in the ladle slag). When
compared to gypsum, ladle slag demonstrates a higher leaching capacity for Ba, as well as
slightly elevated levels of Zn and Cu.

A European directive categorizes waste into three classifications: inert, non-hazardous,
and hazardous. Table 3 juxtaposes the leaching data from ladle slag and commercial
gypsum with the established limits outlined in the European directive [38]. Based on
these results, ladle slag can be categorized as inert waste. Throughout their useful life,
construction materials should not have a substantial negative influence on the environ-
ment. Furthermore, building materials must not endanger the health, hygiene, or safety
of tenants or employees. Although there is no particular consistent rule controlling heavy
metal leaching in waste-containing building materials within the European Union, many
countries have developed their own regulations. For example, Portugal [39] has established
a national regulation, while Spain has implemented regional regulations in areas such
as the Basque Country [40], Catalonia [41], and Cantabria [42] for the recycling of waste
in construction materials, following the European standard leaching test EN12457-4 [32].
These regulations employ the same test methodology but define distinct limits for certain
elements. In Portugal, recycling of waste is permitted by the Portuguese Environment
Agency as long as the limits for inert waste are not exceeded, thus making ladle slag eligible
for recycling.
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Table 3. Results of the EN 12457-4 (mg/kg, dry basis) alongside the prescribed limits delineated in
the European landfill directive and Spanish regional regulations [40—42].

Catalonia and Basque Count Non-Hazardous
Element Ladle Slag Gypsum Cantabria Limits 1 Limit Y Inert Waste Waste

/n 0.32 <0.25 4 1.2 4 50
\Y <0.05 <0.05 - 1.3 - -
Se <0.25 <0.02 0.1 0.007 0.1 0.5
Pb <0.1 <0.1 0.5 - 0.5 10
Ni <0.05 <0.05 0.4 0.8 0.4 10
Mo <0.1 <0.1 0.5 1.3 0.5 10
Hg <0.01 <0.01 0.01 - 0.01 0.2
Sb <0.1 <0.05 0.06 - 0.06 0.7
Cu 0.073 <0.05 2 - 2 50
Cr <0.05 <0.05 0.5 2.6 0.5 10
Co <0.05 <0.05 - - - -
Cd <0.02 <0.02 0.04 0.009 0.04 1
Ba 11.2 0.6 20 17 20 100
As <0.25 <0.25 0.5 - 0.5 2

4. Conclusions

Ladle slag has a great potential to be used as a component of alternative products to
gypsum-based fire-resistant commercial materials. The developed product presents similar
fire resistance, physical, and mechanical properties to other commercial products used in
passive fire protection in buildings.

The following conclusions are made:

e Interms of physical characteristics, the substitution of gypsum with ladle slag leads to
a reduction in density due to its higher specific gravity.

e In terms of mechanical standpoint, the incorporation of ladle slag has a diminishing
effect on mechanical properties. Dosages equal to lower than 60%wt of ladle slag
exhibit compressive strengths exceeding 2 MPa. The surface hardness exceeds the
limit for high-density materials in compositions with a ladle slag content lower than
50%, which represents the only restriction concerning ladle slag recycling.

e  The compressive strength decreases with increasing temperatures, but the reduction
in compressive strength at elevated temperatures is proportionally lower when the
slag content is higher.

e The fire insulating capacity of the mixtures diminishes as the proportion of slag
increases, although the inclusion of ladle slag exhibits some positive influence on
its fire insulating capacity due to certain endothermic processes (resulting in a 20%
reduction when 60% weight of slag is used). Notably, no gas emissions were observed
during the fire test.

e Ladle slag can be effectively used as a component in construction materials, in terms
of heavy metals leaching.

According to these conclusions, fire insulating gypsum-based materials with a ladle
slag content lower than 50%, could satisfy all the physical and mechanical requirements of
gypsum-based materials, with a similar fire resistance.
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