Alkali Activation of Ladle Slag from Steel-Making Process
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Abstract. Ladle slag, a currently under-utilized crystalline metallurgical residue was studied for use as a precursor
for alkali activation. An activating solution containing sodium silicate and potassium hydroxide was used in
activating the slag with varying compositional ratios in order to optimize the compressive strength. Ladle slag is
commonly regarded as having limited reaction with alkalis, and in previous studies it has been therefore mixed
with reactive precursors, such as metakaolin. However based on our results ladle slag shows potential as a sole
precursor for alkali activated binders. X-ray diffractometry reveals that the major minerals in the ladle slag were
identified to be y-dicalcium silicate and mayenite. After alkali activation, the major reaction product was a silicate
hydrate according to DRIFT analysis, sodium substituted calcium aluminosilicate hydrate gel, C-(N)-A-S-H. XRD
analysis support the hypothesis by revealing an amorphous "halo" in the alkali activated slag. The unconfined
compressive strength of the optimized alkali-activated ladle slag paste specimen was 65 MPa after 28 days.
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Introduction

Increased generation of industrial residues from iron and steel making has prompted the industrial sector and the
research community to search for new ways to utilize these by-products in order to reduce the amount of landfilled
residues. These residues and by-products include ground granulated blast furnace slag (GGBFS), desulphurization
slag (De-S), converter slag and ladle slag (LS), also known as falling slag.

In 2012, approximately 21 million tons of slag was generated in Europe from steel-making processes. About 65%
of this amount is utilized in different fields (i.e. cement production, road construction, etc.) [1]. Exact numbers on
ladle slag production are scarce, however by assuming that 12-15 kg of unrecyclable ladle slag is produced for
every 1000 kg of crude steel, and 160 Mt of annual crude steel production, we arrive at an estimated 1.9-2.4 Mt of
yearly ladle slag production in Europe. Serjun ef al. [2], reported that about 80% of LS generated in the Europe is
either landfilled or stored. Various researchers have proposed an alternative use of LS as fillers in self-compacting
concrete and in masonry mortars [3—5], and also in landfill covering as filtering beds and in stabilizing soft clayey
soils [2, 6]. The chemical composition of LS varies according to the steel-making factories’ processes, conditions
and additives; however, the composition includes CaO, SiO», Al,O3 and MgO, which makes this slag a potential
binder in alkali activation [7].

Alkali-activated slag (AAS), generally made of GGBFS, is a promising construction material with similar or better
properties than ordinary Portland cement (OPC) in terms of its high strength, durability and CO, footprint [8—11].
Different researchers [11-13] have reached the consensus that when activated with alkaline solution, the main
reaction product in a calcium-rich slag is a poorly crystalline calcium silicate hydrate with aluminum (C-A-S-H
gel) in its composition, which is responsible for the strength development. The gel also includes a significant
amount of Na in specific charge-balancing sites, and therefore, the gel structure can also be written as C-(N)-A-S-
H [14, 15]. The gel in AAS differs from OPC-hydrated gel, as it has a low Ca/Si ratio, showing a dissimilar
structure [16].

LS, unlike other widely studied raw materials for alkali activation, is predominantly crystalline in nature due to
the high basicity and slow cooling procedures from the furnaces; the crystalline phases commonly observed are
dicalcium silicate (y-C,S ), mayenite (Cai2Al14033), gehlenite Cax(Al(AlSi)O7) and traces of periclase (MgO) [22].
Despite the high degree of crystallinity of LS, a number of publications have been reported on the alkaline
activation of similar crystalline slags [19-23]. Kriskova ef al. [21, 22] showed that the hydraulic potential of a
crystalline slag could be improved through mechanical and chemical activation. Salman ef al. [23], studied the
hydraulic potential of argon oxygen decarburization (AOD) slag in alkali solutions. The authors observed, using
XRD, a considerable reduction in the crystalline peaks and an increment in the amorphous content of the activated



slag at 90 days. Also, they achieved a 90-day unconfined compressive strength (UCS) of 31 MPa. In other studies
on crystalline slags, Salman ez al. [19] derived considerable compressive strength of around 40 MPa after 90 days
of curing for alkali activated stainless steel refining (SSR) slag.

However, to the best of our knowledge, no reports exist regarding alkali activation of LS as a sole binder source.
In related studies, researchers used LS as a co-binder with other aluminosilicate materials in alkali activation, and
they found that it reacted and participated in the gel formation [24-27]. This present study aims to investigate the
possibility of activating LS as the sole precursor in alkali-activated cementitious material as a method of utilizing
it. The synthesis of alkali activated LS by changing the chemical composition of the binder and the alkali solutions
was done in order to achieve high compressive strength. The mechanical strength, porosity and water absorption
of the samples were measured. The activated materials were further characterized by using microstructural and
mineralogical analyses.

Materials and Experimental Methods
Materials

The LS was supplied by SSAB, Finland. The as-received slag was collected prior to being exposed to air humidity
or rainy weather. The fraction used in this study was an un-milled fine fraction below 8 mm and had a dso value of
approximately 57 um. The alkaline activating solution was composed of chemical grade sodium silicate (Na,SiO3)
with a modulus M, (Si02/Na,O) = 3.5 containing 66.5% of water. Potassium hydroxide (KOH) pellets supplied by
Merck KGaA chemicals. Potassium hydroxide was used to supplement Na in order to lower the viscosity of the
activating solution. In addition, diatomaceous earth (DE), with a median particle size of 18.16 um, was used as a
silica source, and distilled water were added to obtain a specific mix design. In the activating solution with DE, it
was observed that it was not completely soluble, this was visually evident with the sedimentation of some DE
particles in the solution. The activating solutions were prepared a day prior to activating the LS so as to ensure
solution equilibration.

The chemical composition of the LS in Table 1 was determined with 4KV XRF (PANalytical Omnian Axiosmax).
The free CaO was 0.0, measured using the method described in the standard EN 450-1.

Table 1. Chemical composition (wt.%) of LS used measured with XRF and given as oxides.
Oxides CaO SiO, ALO; | Fe,03 MgO SO; Others
LS 49.8 10.1 27.1 1.1 6.4 1.1 44

Slag fineness plays a key role in the dissolution of chemical components of slag [28, 29], and the alkali activation
of LS could be enhanced by reducing the particle size. Therefore, the received LS was milled to achieve a dso value
of less than 10 pm in dry mode using a 10 L roller ball mill chamber (Germatec, Germany) and with a grinding
media filling ratio of 60%. Then, 2 kg of the slag was milled for 2 hours after which the milled LS particles above
90 um were sieved out using a vibrating sieve shaker, the Analysette 3 (Fritsch, Germany), at an amplitude of 0.5
mm for 5 minutes. The particle size distribution of the milled LS was analyzed using a laser diffraction technique
(Beckman Coulter 13320) with the Fraunhofer model. Isopropanol was used in the technique rather than water to
avoid reaction of the slag sample during analysis. The specific surface area of the milled LS was determined by
physical adsorption of gas molecules to a solid surface measured using a Micromeritics ASAP 2020 instrument
and the results were reported as the Brunauer—Emmett—Teller (BET) isotherms.

Experimental Methods

The optimum alkaline content (NaOequivalent) Tequired to achieve good strength was first determined. In this
experiment, the CaO/Si0O,, Si0»/Al,03 molar ratios and water-to-solid (w/s) mass ratios were kept constant. The
w/s was taken as the ratio of the total water content to the solid content (g/g). The Na;O.q was calculated as the
combination of the alkali content of (Na,O+K>0) using the following equation:

Naz0cq (%) = NaxO (%) + (62.0/94.2) x K20 (%) (1)
In the second set of experiments, the silica concentration was varied while keeping w/s, CaO/Na;O.q and

Al,O3/NaxOgq constant. The formulation was done by choosing the mix design from the first phase with the highest
compressive strength (Na4.3 in Table 2 & 3) and adjusting the silica content from 15 % to 22 % (Table 4 & 5).



The silica content was increased by initially increasing the sodium silicate and then by adding DE to achieve
similar ratio parameters while also keeping the w/s constant. The water-to-solid (w/s) ratio of 0.40 in all mixes
was kept constant.

Table 2. Mix design of AALS samples in wt% for varying alkali concentrations.

Na-Silicate (dry I?g? H.0 (tota) LS
matter)
matter)
Na4 15.0 0.0 28 56.5
Na4.3 14.6 1.8 28 55.1
Nas.6 14.3 3.6 28 53.8
Na6.3 13.9 52 28 524
Na7.6 13.6 6.8 28 51.2
Table 3. Resulting composition of the alkali metal variations in molar ratios.
Molar ratios Na4 Na4.3 Na5.6 Na6.3 Na7.6
(NaxO + K»,0)/Si0» 0.19 0.26 0.33 0.39 0.46
Si02/A1L03 1.88 1.88 1.88 1.88 1.88
HyO/(NayO + K,0) 27.6 20.8 17.0 14.4 12.6
Ca0/Si0, 1.64 1.64 1.64 1.64 1.64
Table 4. Mix design of AALS samples in wt% for varying silica concentrations.
Na-Silicate (dry KOH (dry H,0 (total) LS DE
matter) matter)
Na4.38Sil5 10.7 3.6 28 57.4 0.0
Na4.3Sil6 12.5 2.8 28 56.7 0.0
Na4.3Sil7 13.5 24 28 56.1 0.0
Na4.3Si20 14.8 1.6 28 52.8 2.4
Na4.3Si22 14.9 1.4 28 50.8 4.5
Table 5. Resulting composition of the silica content variations in molar ratios.
Molar ratios Na4.3Sil5 | Na4.3Si16 | Na4.3Sil7 | Na4.3Si20 | Na4.3Si22
(NaxO + K»,0)/Si0» 0.33 0.29 0.28 0.22 0.20
Si02/A1L03 1.52 1.67 1.77 2.23 2.54
HyO/(NaO + K,0) 19.5 19.9 19.9 21.3 22.1
Ca0/Si0, 2.02 1.84 1.74 1.38 1.21

All alkali-activated ladle slag (AALS) specimens were prepared by mixing the LS and the alkaline activator in a
planetary mixer (THINKY Corporation ARE-250, England) for 1 minute at 2000 rpm to achieve a homogenous
paste. The resulting pastes were casted in polypropylene cylindrical molds (25 mm in diameter and 20 mm in
height) and were vibrated on a vibrating machine (Vortex-Genie 2, Prolab Oy) to remove entrained air. Samples
were then placed in a tightly sealed plastic bag and cured for 24 hours at 60° C. Then, samples were demolded and
cured in a sealed bag at room temperature prior to testing.

Characterization Methods

Configured with Cu-Ka radiation (40 mA and 40kV), x-ray powder diffraction (XRD) (Siemens D500 AG,
Germany) was used to collect the diffraction patterns of the unreacted LS and the activated samples, which were
then compared with matching diffraction patterns from the ICDD database (The International Centre for
Diffraction Data 2006). The diffraction pattern of each sample was derived with a step interval of 0.04°/step, a
count step of 2.5 s/step and an angle interval range of 10-60°. Diffuse reflectance infrared Fourier transform
(DRIFT) was used to characterize the raw LS and some selected AALS. The spectra were collected with a Bruker
Vertex 80v spectrometer (USA) for the samples. Spectra were obtained in the 4004000 cm—1 range, and 40 scans
were taken at a resolution of 1 cm™! for each sample. The DRIFT was done on 273 days old samples.

FESEM analysis were undertaken with a Zeiss Ultra Plus instrument (USA). For the activated samples, polished
SEM samples were prepared by impregnating the dried crushed samples (273 days old) in epoxy and then polished
to a very smooth surface. All the samples were sputter coated with carbon to create a conductive layer over the



surface. These microstructure analyses were conducted in order to analyze the morphology of the LS and activated
samples.

Compressive strength was determined after 28 days using an Instron 8500 compression-testing machine (firmware
v35.0 with a maximum load of 200 kN) with a loading force of 2.4 kN/s. Four to five samples of each mix design
were tested, reporting their average value as the compressive strength. The water absorption test was conducted
according to SFS 5513 [30]: the samples were dried in the oven at 105 °C for 48 hrs and then weighed (Mg) after.
Samples were then immersed in water for 72 hrs, removed from the water and dried with a damp cloth before
being weighed (My) separately. Water absorption was reported as the percentage increase in weight.

Porosity (P) was estimated with envelope (pg) and skeletal densities (ps) using using Eq. 2. Envelope density was
measured by the mass of each cylindrical bulk sample over its geometric volume; the skeletal density was
determined by analyzing ground AALS samples using helium gas pycnometer (Micromeritics, USA).

P=@1-"E/,) x100 (2)

Results and Discussion
Ladle Slag

The median particle size dso was 9.13 pm, as determined with the laser diffraction particle size analyzer for milled
LS. The BET surface area was 674.1 m*/kg. Major components presented in Table 1 include CaO, Al,O3 and SiO..
From these values, it is possible to calculate the Al,O3/SiO; ratio of 2.70, the CaO/SiO; ratio of 4.90 and a basicity
coefficient [Kb = (CaO + Mg0O)/(Si02 + AL,O3)] of 1.4. Typically, slags are classified into three groups based on
this coefficient as follows: acid (Kb < 1), neutral (Kb = 1) and basic (Kb > 1). LS used in this study is therefore
basic, which is preferable in alkaline activation [31, 32]. Fig. 1 presents an FESEM image of LS milled for 2 hours
with a ball mill. The slag particles seem to be partially agglomerated, showing a wide particle size distribution
with irregular and sharp-shaped particles. The particle size ranges from around 2 um to 25 pm. Fig. 2 illustrates
the particle size distribution, showing the distribution of the milled LS used in the experiment. In Fig.3, the
mineralogical properties of the raw milled LS is presented. The diffractogram shows a highly crystalline material
with major phases detected including mayenite (Ca;2Al14033) and gamma dicalcium silicate (y-C,S, Cay(SiOs))
and traces of periclase (MgO).

Fig. 1. FESEM image of original LS after 2 hours of grinding.
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Fig. 3. X-ray graph of the milled LS. Peaks marked are gamma dicalcium silicate (y), mayenite (x) and periclase

(a).

Properties of the Fresh and Hardened Alkali-Activated Materials

Tables 2 and 4 report the mix design for each LS sample. AAS materials are prone to quick setting during mixing,
which was also the case for LS studied in this research; Na4.3 and Na7.6 sets rapidly. This phenomenon is
attributed to one of the primary crystalline phase of the LS identified as Dodecacalcium hepta-aluminate (Ci2A7)
or mayenite. It is a reactive starting phase in high-aluminum cements that reacts rapidly in a few minutes in contrast
to other calcium aluminate phases, such as calcium monoaluminate and calcium dialuminate [34, 35]. The setting
time was analyzed visually, and it was observed that it increased with increasing KOH content (from Na4.3 to
Na6.3). It should be noted that during testing and analysis, cracking defects were not visibly apparent on tested
specimen; however, the occurrence of microcracks cannot be disregarded and might have influenced the results.
AASs are known to have higher drying shrinkage compared with OPC [36, 37]. In a previous study on alkali
activation of AOD stainless steel slag, the authors observed microcracks during the microstructural analysis of the
activated stainless steel slag [23].



XRD Analysis

In Fig.4, the XRD patterns were analyzed for some selected AALS samples (Na4.3 and Na4.3Si20) and compared
with the starting milled LS pattern. The AALS samples were chosen based on their strength gain.

It is revealed from the diffraction pattern of both AALS samples, that there is an increase in the amorphous phase
with a weak amorphous “halo” from 23 to 38° 26 when compared with the raw slag. This increased amorphous
phase implies that some constituents of the LS have dissolved in the alkaline solution, leading to the formation of
an amorphous hydration product likely C-(N)-A-S-H gel. The C-(N)-A-S-H gel is a likely reaction product even
though the amorphous halo is overlapped by the peaks of dicalcium silicate and mayenite hydrate and is supported
by the DRIFT analysis in the following section. Similar observations have been reported for EAF slag and LS in
alkaline solution [17, 38].

Furthermore, this development in the phase evolution of the samples shows the potential of crystalline slag
reactivity in alkaline solution. The considerable factor is the existent of mayenite as one of the main minerals; this
calcium aluminate mineral is known to react rapidly [35]. Also, it should be noted that some peaks in the patterns
were not identifiable, notably at 48.5 and 60 260.
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Fig. 4. XRD graphs of milled LS and AALS after 28 days: Na4.3 and Na4.3Si20 (y: y-C.S, x: Mayenite and o
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DRIFT Spectral Analysis

Fig. 5 shows the infrared spectra of raw slag (non-hydrated LS), DE and selected activated samples. All activated
samples’ infrared spectra are similar with no major differences. The vibration bands at 1648 cm™ in activated
samples is due to H-O-H bending vibrations, and indicates the presence of water in the hydration product, while
not present in the starting material [39]. The peaks around 1030 — 1101 cm™ correspond to the asymmetric
stretching vibration of the Si-O bonds [40]. The spectra shows the shift in position of the stretched vibration bands
of the Si-O bonds from 1030 cm! in the unhydrated slag to 1101 c¢cm! in the activated slag; the increase in
wavenumber and the broadness of the bands with the increase in the silica content in the activated slag is linked to
the formation of a polymerized Si-O network, [40, 41] with amorphous structure.

Also, the spectra show a low intensity absorption band at around 600 cm™ which has been associated with the
vibration of T-O4 groups (T represents tetrahedral Si or Al) [41, 42].

The absorbance peaks at 1648 cm™ and a broad peak around 1071 cm™! share great resemblance with a mixture of
C-S-H and N-A-S-H gels studied by Garcia-Lodeiro ef al. [43]. The remaining wide absorption bands at 1406-
1482 cm! correspond to asymmetric stretching vibrations of O-C-O bonds of carbonates group [23, 44], which
suggests that carbonation of the sample had occurred during the long curing period, since carbonate phases were
not observed after 28 days of curing (using XRD).
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Fig. 5. FTIR spectra of unhydrated LS and selected activated samples at 273 days.

FESEM analysis

SEM analysis undertaken on the polished surfaces of the selected AALS paste samples are presented in Figs. 6(a)
and 7(a), revealing unreacted slag grains imbedded in matrix. Both samples show microcracks. Narrow reaction
ring can be observed at the interface between the unreacted grains and the alkali activated paste. At higher
magnification, the microstructure of the AALS pastes can be seen in Figs. 6(b) and 7(b).

Fig. 7. SEM image of Na4.3Si20 paste of (a) polished and (b) ground AALS sample.



Mechanical Properties of AALS samples

The Effect of Na:0e, Concentrations on the Compressive Strength

During alkali activation, alkali hydroxides promotes dissolution of the chemical components in the slag particles,
thereby increasing the formation of hydration products. The effect of increasing Na,Oeq concentration in the paste
mix was investigated in relation to strength development. Fig. 8 presents the average UCS as a function of Na;Ocq
concentration. In this study, the increased alkali hydroxides concentration seemed to slightly decrease the strength
or maintain it within the same value, although with low confidence due to error sources (i.e. size of the specimens,
the presence of microcracks). Na4.3 achieved the highest compressive strength of 47 MPa after 28 days. The
lowest compressive strength of 38 MPa after 28 days occurred in Na6.3.

60

Average UCS [MPa]
) w N o
(=] (=] (=] (=]

—
S

0
3,0 4,0 5,0 6,0 7,0 8,0
Na,O, []
Fig. 8. Effect of Na,Oeq concentrations on compressive strength of AALS.

This slight decrease in compressive strength with increasing alkali content may be due to excess alkaline metals
(K* and Na") in the AALS paste. Excess alkaline metals in alkali activated materials have been reported to
precipitate in the binder gel (C-A-S-H) in the early stage of hydration, deterring further formation of binder phases
and thereby decreasing strength [45, 46]. During the curing period of the AALS samples, the present study also
observed that high-alkaline specimens (Na5.6 and Na6.3) exhibited crystalline deposits on their surface, potentially
efflorescence resulting from excess alkaline contents in the mix. No precipitates were observed on the Na4.3
samples. Some studies have reported on the negative effects of efflorescence on the compressive strength of
geopolymers [47], however this can hardly play a major role due to relatively low Na/Al -ratios in our samples
(0.49). More likely, microcracks seen from the SEM pictures in Fig. 6 and 7, could be a major factor in the reduced
strength of higher alkali samples.

The Effect of Silicate Content on Compressive Strength

Fig. 9 presents the average UCS as a function of silicate modulus. For this aspect, the silica content was varied
and each mix was designed according to the molar composition of Na4.3 presented in Table 3. In two of the
samples (Na4.3Si20 and Na4.3Si22), the silica content was increased by adding DE at 5 and 8 wt.% of the slag,
respectively. As illustrated in Fig. 9, the compressive strength increased with increasing silica content until it
reached a SiO; content of 20% after which it plateaued. Optimal silica concentration seems to be then 20%.
Another factor may be the pozzolanicity of DE, which has been shown in cementitious systems [48, 49].
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Water Absorption and Porosity

The porosity as a function of total silica content in the binder was measured, and is shown in Figure 10. There is a
sharp decrease in the porosity, when the silica content is increased by modification of sodium silicate modulus
(Na4.3Si15-17). Similar result were reported by other researchers [50]. However, it was observed an increase in
porosity when DE is increased (Na4.3Si20 and Na4.3Si22). This is most likely due to the availability of unreacted

DE in the paste. DE is known to be a porous material [49, 51, 52], this characteristic could partly be liable for the
increase porosity in the samples.
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Fig. 10. Porosity as a function of the SiO, content

Water absorption analysis is an important parameter in applications of binders in construction. The water
absorption and porosity of the AALS samples were measured, and the relationship between the two factors is
presented in Fig. 11. As can be seen in the figure, there was a direct relationship between the porosity and water
absorption with a relatively high correlation coefficient (R? = 0.7889). As the porosity gradually increases, so does
the water absorption of the analyzed samples. This increase results from the availability of pores for water intake
into the interior cavity from the surface of the samples. Two outlier data points are from samples with added DE
(DE_AALS), and their increased water absorption is attributed to the properties of the DE: it has been reported to

swell when used in OPC concrete as a pozzolan [48], and is also a porous material where open vs. closed porosity
may play a role.
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Conclusions

This study has investigated the use of milled LS from a Finnish steel factory as a precursor in alkali activation,
considering the effects of alkali and silica contents on mechanical properties, water absorption and porosity of the
produced samples. For the studied materials, an average UCS of up to 65 MPa after 28 days can be obtained
through optimization of the silica and alkali metal contents. High alkali metal content reduces the compressive
strength and the addition of DE as silica supplement enhances the strength of the paste. XRD analysis shows
amorphous phases with major soluble crystalline phases identified as mayenite and dicalcium silicate (y-C,S) in
the studied samples.

The reaction product was not identified using XRD, but using DRIFT spectra analysis, the spectra correspond to
polymerized C-(N)-A-S-H gel and also suggest the occurrence of carbonation. Polished SEM shows dense
microstructure with microcracks which developed during curing. Narrow reaction rings around unreacted slag
grains indicates reactivity of the ladle slag in the alkaline activator solution.

The utilization of this highly crystalline slag as a sole precursor in alkali activation is promising, however it is
essential to further analyze the durability of the alkali-activated ladle slag as well as the effect of aggregates on the
properties of the AALS specimen; these subject areas are the focus of a forthcoming study.
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