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Abstract: The construction industry needs to reduce greenhouse gases, in which cement production is
currently responsible for generating between 4% and 6% of the total CO; released into the atmosphere.
Similarly, many industries produce large amounts of solid waste, which often have low value-added
applications or are directly taken to landfills, with consequent negative environmental impacts.
One of these industries is the steel industry, which in 2016 generated 18.4 Mt of slag (melting and
refining slag) among all European Union countries. In terms of refining steel slag (ladle or white
slag), it is estimated that for each ton of steel, between 20 and 30 kg of slag is produced; that is,
in 2016, more than 700,000 tons of white slag were generated. It is also known that this material has
cementitious properties and can be used as a precursor in alkaline activation processes. Depending
on the concentrations used of the activating agent, a higher or lower mechanical performance of the
developed materials can be obtained. This work studied the alkali activation of a ladle slag used to
manufacture mortars, subjecting them to an initial curing of 24 h at different temperatures (20, 40, and
70 °C). Sodium silicate and sodium hydroxide were used as activating agents, using percentages of
Na, O between 5% and 10% to obtain an optimal dosage of the activator. The physical and mechanical
properties of the mortars were evaluated at different ages of curing. In addition, monitoring was
undertaken of linear shrinkage due to drying and the mineralogical changes due to activation and
curing time.

Keywords: ladle furnace slag; alkali-activated slag; waste; mechanical properties; shrinkage;
mineralogical analysis

1. Introduction

The construction industry is one of the largest and most active sectors in Europe and globally.
The production of building materials generates large amounts of CO, emitted into the atmosphere,
in addition to large amounts of waste [1]. At present, the demand for Portland cement (an essential
material in this sector) continues to increase, a situation that generates a continuous effort to find
substitutes for natural materials (non-renewable), as well as for cement. This involves utilizing
alternative types of cement in mortars, fillers, or concretes [2].

Different alternative materials have been used as replacements for Portland cement, and among
the most common are fly ash, blast furnace slag, silica fume, and limestone filler. In recent years,
the possibility of using other materials has also been studied, including steelworks refining slags
(ladle furnace slag or white slag).

Steel slag is a residue from steel production, which can be either black slag (melting stage) or
white slag (refining stage), depending on the stage at which it is obtained. In the European Union
in 2016, 18.4 Mt of steel slag (black and white) were produced [3,4], of which it is estimated that
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more than 700,000 tons were white slag because, for every ton of steel, between 20 and 30 kg of this
slag is produced [3]. This material has been evaluated in different uses as a cementing agent in soil
stabilization [5,6], a binder in mortars and concretes [7,8], and as a filler material for self-compacting
concretes [9,10].

Alkaline activation is a field of research that has re-emerged as a viable option for obtaining
cementitious materials that can replace Portland cement [11]. Activation is a chemical re-polymerization
process in which a fine aluminosilicate-based material (precursor) is mixed with an alkaline
agent (activator) to produce a paste capable of setting and hardening in a controllable time [11].
Good mechanical properties and high resistance to fire and acids are the most remarkable properties of
these materials, but they depend on the nature of the precursor and the quantities of the activator used.
The reactions observed in these materials are a dissolution, transport of the compounds, and finally,
a re-polymerization [12,13]. The re-polymerization produces rigid chains that can be in the range of
amorphous to semi-crystalline materials. The final product will depend on the amount of calcium
in the system and can be sodium silicate hydrate with aluminum (N-A-S-H type), with low calcium
content, or calcium silicate hydrate with aluminum (C-A-S-H type), with high calcium content [14-16].
Therefore, it is of great interest in the context of alternative binders, which may be environmentally
friendly, to understand their possible applications, in addition to the evolution of their properties.
Unfortunately, there are limited studies in the technical literature that have produced activated materials
exclusively based on ladle furnace slag. Generally, refining slag is used in combination with other
materials such as blast furnace slag, fly ash, or metakaolin.

Salman et al. [17] proposed that refining slag can be activated, but its reaction will depend on the
mineralogical composition and the fineness of the material. The high calcium content and crystallinity
of the slag can be a problem because the most reactive phase is expected to be the amorphous phase.
In this work it was found that activation with 5 M NaOH and Na-Silicate followed by steam curing at
80 °C produces mortars with a compressive strength of 40 MPa at 90 days. The results also show that
the higher the quantity of silicates in the mixture, the higher the strength.

In the same vein, Murri et al. [18] observed that the crystalline phases and the Ca content influence
the final composition of the activated material, finding that at high liquid/solid ratios the formation
of the CASH phase is favored. Chien et al. [19] produced activated slag pastes using a SiO,/Nap,O
molar ratio equal to 1, varying the alkaline agent content from 4% to 8%. It was observed that as the
amount of NayO in the system increases, the mechanical properties of the material increase, but the
shrinkage also increases significantly. It has also been shown that increasing the L/S ratio dilutes the ion
concentration in the matrix which can affect the structure of the activated material and its shrinkage.

Rivera et al. [20] studied activated materials using fly ash and refining slag, showing that the
incorporation of the slag into the system results in a decrease in mechanical properties. The study
noted that the high content of Ca in the slag increases the structural complexity of the matrix formed
from the activation, associated with the formation of the CASH gel. Finally, it was concluded that
in the fly ash and slag mixtures, at 28 days, the SiO,/Al,O3 ratio and the interaction of the variables
Si0,/Al,03 and Na,O/SiO; are not statistically significant, possibly due to the greater influence of the
CaO/SiO, variable.

Finally, relevant results, but in contrast to other works, are those shown by Xu et al. [21],
which indicated that NaOH, Na,SO,, and Na,SiO3, in concentrations of 1 M, 2 M and 4 M, are not
effective activators for the refining slag, with the best compressive strength obtained with waterglass
(<2 MPa at 28 days). The mechanical results obtained are similar when using NaOH and Na;SO4
(<1 MPa). Itis possible that the low values obtained are due to a high particle size (<300 um), so ground
granulated blastfurnace slag (GGBS) is added to improve the compressive strength.

The current research aims to study the possibility of obtaining a binder by alkaline activation
from ladle furnace slag (white slag) and to evaluate its application to obtaining mortars that can be
used in construction. The effect of the curing temperature on the physical-mechanical properties of the
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mortars, and on their shrinkage, was also studied. Finally, changes in the matrix were analyzed from a
mineralogical point of view.

2. Materials and Experimental Methods

2.1. Materials

In this work, ladle furnace slag (white slag) from a carbon steel factory located in Spain was used.
In the steel plant, the slag was subjected to primary cooling with water to reduce the temperature and
facilitate its handling. It was then taken to a recovery plant where its steel content was removed and
screened to obtain a material with a particle size of 0-25 mm. This material was stored for three months
to weather it and minimize expansion problems. A 0-25 mm slag sample was taken and, following the
UNE EN 932-2 standard, a representative sample was obtained, from which a 0-0.063 mm fraction was
used as the study material.

Limestone sand was used as fine aggregate (0-5 mm), distilled water and reagents (activating
agents) of sodium silicate (waterglass) and sodium hydroxide, both from PanReac AppliedChem brand.
The waterglass was composed of 22.99% SiO;, 7.01% Na,O, and 70% water (quantities by weight).

For the chemical characterization, this study employed the X-Ray Fluorescence (XRF) technique,
using the Panalytical model PW2400 Spectrometer (Malvern Panalytical, Malvern, UK). The mineralogical
characterization of the slag and reaction compounds were performed using the X-Ray Diffraction
technique (XRD) using a Bruker D8-A25 powder Diffractometer (Bruker Corporation, Billerica, MA,
USA), with KaCu radiation (A= 1.5418 A), graphite monochromator and scintillation detector, under
X-ray tube conditions of 30 mA and 40 kV. The angular speed was 0.05 (20) every 3 s, with a scanning
range of 20 between 5° and 60°. The results of the chemical composition are shown in Table 1, while the
crystalline compounds determined can be seen in Table 2 and Figure 1.

Table 1. Chemical composition of ladle slag (XRF).

Element  Quantity (%) Element  Quantity (%)

CaO 52.76 TiO, 0.33
SiO, 21.58 Cr,05 0.08
MgO 5.86 K>,O 0.05
ALO; 5.07 ZnO 0.04
Fe, O3 2.37 P,05 0.03
SO;3 1.37 Others 1.74
MnO 091 LOI* 7.81

* LOL Loss on Ignition.

Table 2. Mineral composition of ladle slag (XRD).

Id. Mineral Chemical Formula
1 Calcium silicate B-C,S
2 Portlandite Ca(OH),
3 Periclase MgO
4 Brucite Mg(OH),
5 Gehlenite CapAl,SiO;
6 Calcite CaCOs
7 Magnesian calcite (Ca,Mg)COs3
8 Mayenite C312A114033
9 Merwinite CagMg(5iO4),
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Figure 1. XRD pattern of ladle furnace slag (LFS).

The white slag studied was mainly composed of calcium and silicon, with smaller amounts of
magnesium and aluminum. The presence of iron was observed, which may be due to contamination
with black slag or remaining steel. The CaO/SiO, ratio was 2.44, while the Al,03/5i0; ratio was 0.23
and the basicity index (CaO + MgO)/(5i0; + Al,O3) was 2.20. The XRD of the white slag showed
a complex material in mineralogical terms. Figure 1 shows the presence of an amorphous phase
and the presence of crystalline compounds such as calcium silicates, calcium carbonates, calcium
silico-aluminates, calcium aluminates, portlandite, and periclase. An important aspect to consider is
the presence of periclase (MgO), which, when hydrated and producing brucite (Mg(OH),), generates
an increase in its volume which is translated into internal tensions within the matrix and observed as
fissures and cracks in the material containing it.

2.2. Manufacturing Alkali-Activated Mortar Specimen

Initially, four types of pastes (I-IV) were produced with a Si/Na ratio of 1.2 and 2, a liquid/solid
ratio of 0.35, and a sodium percentage of 5% and 10% of the total weight slag (Table 3). The above
values were taken from other works [11,15,18,22]. NaOH content in the mixture varied from 2% to
more than 12%, while the Si/Na ratio ranged from 0.2 to 4. The mixing procedure followed was the
one set out in the UNE EN 196-3 standard. The above pastes were used to define the variables of
Si/Na ratio and % of Na;O in correspondence to the setting time and initial hardness in a qualitative
manner. From the initial observations, it was found that: type I paste presented a very fluid consistency,
and after 24 h of manufacture it had not entirely hardened; type II paste presented a swift setting time
of fewer than 15 min; type III paste presented a setting time of more than 40 min, and after 24 h it had
partially hardened; type IV paste presented a very fluid consistency, and after 15 min it had begun to
set. With these results, a new dosage (V) was made, with a Si/Na ratio of 1.2% and 7% Na;O, obtaining
good characteristics resistant to 24 h with an initial setting time of 30 min. The liquid/solid ratio was
calculated considering the amount of water in the waterglass plus additional water to obtain a specific
value (0.35 or 0.45), while the solid part was assumed to be the amount of slag plus the solids in the
waterglass and the sodium hydroxide.
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Table 3. Dosage of the pastes to define the activation parameters.

Type Ms (Si/Na) %Nap,O  Ladle Slag (g) NaySiO3(g) NaOH(g) H;O(g) L/SRatio

I 1.2 33.38 6.26 58.20 0.35
I 2 > 63.135 3.98 60.50 0.35
111 1.2 150 83.25 12.51 65.60 0.35
v 2 10 126.27 7.94 88.00 0.45
A% 1.2 7 100 354 5.8 40.70 0.35

With the V dosage of the pastes, the mortars were manufactured and cured for the first 24 h at
three different temperatures (20, 40, and 70 °C), which were named accordingly (M20, M40, and M70).
Mortars cured at 40 and 70 °C after molding were covered with plastic film to avoid water loss and
allow reactions. Mortars that did not have a good seal were observed to have surface cracking and
were therefore not used in the tests. However, the presence of micro-cracks cannot be discarded and
could influence the results obtained. The subsequent curing was carried out in a humid chamber at
20 °C and 95% relative humidity (R.H.), until the respective test date. In the dosage of the mortars,
the Si/Na ratio (1.2) and the percentage of NayO (7%) were maintained, but the liquid/solid ratio was
increased to 0.55 to obtain a good consistency for the compaction of the material. The mixing and
compacting procedure used in the manufacture of mortars was that specified in the UNE EN 196-1
standard. The dosage of the mortars is shown in Table 4.

Table 4. Dosage of mortars studied.

Material Quantity
Si/Na 12¢g
Na2O 7%
Ratio L/S 055¢
Ladle slag 450 ¢g
Sodium Silicate 159.1g
Sodium hydroxide 263 g
Water 1769 ¢g
Sand 1350 g

Finally, activated paste specimens (without sand) were manufactured and subjected to the same
curing processes as the mortars. These samples were used to determine the mineralogical changes due
to the alkali activation process, temperature, and curing time.

2.3. Tests Performed

Physical-mechanical properties were determined at the ages of 7, 28, and 56 days of curing.
The results presented are the average of three samples that were made in 4 x 4 X 16 cm molds according
to the UNE EN 196-1 standard.

At each age of test, the physical properties determined were the density, absorption, and porosity
of the mortars, following the ASTM C642 standard. The mechanical properties determined were the
flexural strength and the compressive strength, under the guidelines of the UNE EN 196-1 standard.
Concerning the shrinkage processes of the different samples, the tests were based on the ASTM C596
and ASTM C490 standards. For the shrinkage tests, 25 X 25 X 260 mm mortar samples were used,
which were cured in the same way as the rest of the mortars, but after seven days of curing in a humid
chamber, they were removed and left in an environment at 22 °C and 55% relative humidity to carry out
the longitudinal change measurements. Simultaneously, the weight change measurements were made.

To evaluate the mineralogical changes in the activated pastes, the alcohol-acetone method was
used to stop the hydration processes at each curing age. This procedure was performed as follows:
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initially a sample of 10 g of paste was taken and immersed in alcohol for a period of 4 h. The sample was
then milled in an agate mortar until all particles passed through a 0.063 mm sieve. Finally, the powdered
sample was placed on a paper filter and the acetone was passed through it until the sample was
completely dry, and an X-ray diffraction test was performed. The identification of all phases was
carried out with Bruker’s Diffract EVA software with PDF-2 database.

3. Results

3.1. Density, Absorption, and Porosity of the Activated Mortars

The results of the physical properties of the different mortars at different ages are shown in
Figure 2. It can be seen that the density of all the mortars increases with the curing time. M20 and M70
mortars have similar densities at all ages, while M40 mortar has a lower density.
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Figure 2. Physical properties of the different mortars. (a) Dry density, (b) absorption, and (c) porosity.

The absorption and porosity of the different mortars show a decrease with the curing time;
however, this reduction is small and, in the case of the M40 mortar, it can be said that there are no
significant changes. Mortars cured at 70 °C have the lowest absorption and porosity, but the values of
all mortars are in the range of 14% to 15% for absorption and 27.5% to 28.5% for porosity.

3.2. Mechanical Properties of the Activated Mortars

The results of the flexural test and subsequent compression test are shown in Figure 3. In all cases,
the mechanical performance increases with the curing time of the mortars. M20 and M40 mortars show
similar values of flexural and compressive strength at different test ages, and M70 mortar shows the
best performance in both flexural and compressive strength.
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Figure 3. Mechanical properties of activated mortars. (a) Flexural strength, and (b) compressive strength.
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The increase in mechanical properties with the curing time is remarkable for all mortars.
The average increase in flexural strength, from 7 to 55 days, for all mortars is 155%, and in the
case of compressive strength, it is 127%. Mortars cured at 70 °C have higher flexural (29%) and
compressive (55%) strengths than mortars cured at 20 and 40 °C. As is known, the effect of the
curing temperature of the activated materials plays a fundamental role in accelerating the speed of
polymerization of the material.

3.3. Linear Retraction and Weight Loss by Drying

Alkaline-activated materials are known to have a higher shrinkage than cement-based materials,
leading to durability problems. In this regard, Palacios et al. [22] have shown that the drying shrinkage
of activated materials can be up to four times that of Portland cement-based materials. Similar results
have been shown by Shi et al. [23], who mention that activated concretes have significantly higher
shrinkage than conventional concrete. The high shrinkage of activated materials is attributed to higher
chemical shrinkage, a higher degree of saturation, and lower material stiffness [24,25].

Figure 4 shows the longitudinal change and weight change behavior of activated and cured
mortars at different temperatures. During the first seven days of wet curing (20 °C and 95% R.H.),
the mortar bars show a weight gain (<1%) and a slight expansion, which can be considered negligible
(<0.05%). The above behavior is consistent with the results obtained by Cartwright et al. [24].
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Figure 4. Shrinkage and weight loss over time in all types of activated mortars. (a) Linear retraction,
and (b) weight loss.

At the beginning of the drying process, all mortars show a significant shrinkage; 90% of the total
shrinkage, in all cases, originates in the first three days of drying, and is higher in the mortars that cure
at higher temperatures. Compared to the initial cure at 20 °C, applying a cure at 40 °C generates an
increase of 11.5% of shrinkage, and 20.5% if the cure is performed at 70 °C. Figure 4 also shows the loss
of mass by drying of all mortars. In all cases, the curves are similar, and the mass loss values at the end
of 60 days are approximately 9%, with a mass loss of more than 6% in the first three days of drying.

Figure 5 shows the behavior of weight loss versus linear shrinkage by drying. It can be seen
that the same weight loss generates more significant shrinkage in mortars that cure initially at higher
temperatures. For example, if mortars are subjected to a 2% water loss, the shrinkage of the M20 is
0.41%, M40 is 0.7%, and M70 is 0.9%—more than twice that of the mortar cured at 20 °C.
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Figure 5. Shrinkage vs. weight loss for activated mortars.

The shrinkage process in activated materials is not fully understood, however, Zhenming et al., [26]
states that this phenomenon is due to two mechanisms: self-desiccation and a reduction of
steric-hydration forces due to the consumption of ions in the activation process. The above approach
is related to the results obtained because, in mortars cured at 70 °C, the reaction of compounds is
accelerated, generating greater shrinkage (higher consumption of ions) than those cured at 40 and
20 °C. It should also be considered that the higher the curing temperature, the more refined the pores,
producing greater pressure within them and, therefore, greater shrinkage, despite having the same
weight loss as mortar cured at lower temperatures.

3.4. Mineralogical Changes Observed in Activated Mortars

As mentioned above, white slag is a mineralogically complex material, presenting crystalline
mineral phases with some material in amorphous form. Therefore, the most remarkable aspect is
that the differently activated pastes present a higher proportion of amorphous material, which can be
observed between 26° and 37° 26 compared to the raw slag (Figure 6). It should also be mentioned that
the peaks of the crystalline phases become broader and less defined. The increase of the amorphous
material is due to the reaction of some compounds of the slag, as well as the process of dissolution and
polymerization of the compounds due to the activation, generating compounds of the type C(N)ASH.

The alkaline activation process also generates the disappearance or reduction in the intensity of
some phases such as portlandite, mayenite, and beta-calcium silicate. A reduction in the intensity
of the peak relative to periclase can also be observed. The appearance of new phases such as calcite
(CaCOs), katoite (CazAly(Si0O4)1.5(0H)g), and hydrocalcite (Mg Al (CO3)(OH)14-4(HO)) is evident.
The katoite belongs to the garnet family, with a formula of the type X3Y»(5iO4)3, where the X site is
occupied by Ca*, Mg?*, and Fe?*, while the Y site is occupied by AI** or Fe3*. In the case of hydrated
granules, [SiO4]*~ is partially replaced by OH™ [27]. Hydrocalcite is a compound with a formula of
the type Mx;+My;3+(OH)ox+3y-nz(An-)*"-mH,0, where An- can be CI7, CO,%~, or NO;3 ™. Mg2+ and
AP* have been identified in materials-activated alkali with raw materials containing more than 5%
MgO [28,29].

Figure 7 shows important changes observed in the range 29° to 35° 26. The first is the appearance
of the peak relative to calcite (CaCOs3) and a decrease in the peak relative to beta-calcium silicate
and magnesian calcite. This change may be due to the conversion of portlandite into carbonate by a
carbonation process, as well as the influence of the alkaline activation process. The disappearance
of the portlandite-related peak and a decrease in the mayenite peak’s intensity are also observed.
Beta- calcium silicate peaks have also suffered a decrease in intensity and an increase in peak width,
which may be related to their possible reaction to generate hydrated compounds. Finally, we observe
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the appearance of the peak relative to brucite (Mg(OH);), which is the hydration product of periclase
and can be accelerated by being in a highly alkaline medium.

] —LFS ——M20:56d ——— M40: 56d M70: 56d
] K
] K K ? CVS
7 C P
] P H M Mg Cs
] M vV GCs Py
] v ‘ v \ 4
—~
=1
S
>
o1, L ,
o NN AL A N ~1
]
i IV - SN A
] A ,JL,\__}\_A__‘ MVWLMUUL
5

15 20 25 30 35 40 45
2 Theta (CuKa)

0

Figure 6. XRD patterns of raw slag and alkali-activated slag at different temperatures and 56 days
of curing. K: katoite, P: portlandite, M: mayenite, C: calcite, H: hydrocalcite, Cs: calcium silicate,
Mg: periclase.
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Figure 7. Detail of the changes between 29° and 34° 20 between the raw slag and the activated slag at
different temperatures and 56 days of curing C: calcite, Cs: calcium silicate, Cm: magnesian calcite,
B: brucite, M: mayenite, P: portlandite.

Figures 8-10 show the mineralogical changes (XRD) at different curing ages for the pastes cured at
20, 40, and 70 °C respectively. At the different ages, there are no significant changes in the compounds
formed, and an increase in the amorphous fraction of the pastes can be observed, which is higher in
pastes cured at higher temperatures.
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4. Conclusions

In this work, the possibility of using ladle slag as a precursor in obtaining an alkaline-activated
mortar was investigated. The effect of the initial curing temperature on the physical and mechanical
properties and the mineralogical changes of the materials produced was considered. It can be
concluded that:

e  The difference in dry density between the mortars is low, reaching the highest difference at 56 days
of cure between mortars cured at 40 and 70 °C.

e  Absorption and porosity are similar at all curing ages, for mortars cured at 20 and 40 °C, while
mortars cured at 70 °C show lower values in these two properties.

e  Shrinkage by drying was more significant, the higher the initial curing temperature of the mortars,
with the greatest shrinkage generated in the first days of drying. The weight loss by drying was
the same in all mortars. The difference in shrinkage may be due to different pore size distributions,
with greater pore refinement being obtained at higher curing temperatures, which will generate
greater shrinkage.

e Promising values were obtained in terms of mechanical properties. The compressive strength of
mortars cured at 20 and 40 °C, after 56 days of curing, reaches 15 MPa, but increases to 22 MPa for
mortars cured at 70 °C.

e The evolution of the mineralogical composition showed the formation of new compounds
(magnesian calcite, brucite, katoite, and hydrocalcite), and the disappearance of others (portlandite,
mayenite, and periclase) in the activation process, as well as the increase of the amorphous phase.
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