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Abstract

In this study, electric arc furnace slag (EAFS) is examined as a potential full replacement of cement in the production of alkali-activated
mortars. The EAFS used in this study, which is a by-product of steel manufacturing, was provided by HARSCO from the beneficiated
output at Siderurgia Nacional, Portugal. Given its extensive particle size distribution, milling of the EAFS was required to achieve a
cement-like sized powder before it could be used as a precursor in alkali activation. Different combinations of sodium hydroxide (NaOH)
and sodium silicate (Na,SiOs) were tried, by varying the Na,O/binder (4%; 6%; 8%; 10%; 12%) and SiO,/Na,O (0; 0.5; 1.0; 1.5; 2.0; 2.5)
ratios, in order to maximize the mechanical performance. The alkaline activators were prepared 24 h before the mixing to attain a similar
temperature for all mixes. The results showed that the SiO,/Na,O ratio and the compressive strength are directly proportional to each
other. The maximum 28-day compressive strength obtained from this study, after being subjected to thermal curing for the first 24 hours
at 80 °C, was 9.1 MPa in mixes with 4% and 2.5 MPa as Na,O/binder and SiO,/Na,0 ratios, respectively. However, after undergoing 28
days in an additional accelerated carbonation stage, the maximum compressive strength (i.e. 31 MPa from an initial 3.9 MPa in
uncarbonated mixes, corresponding to an 800% increase) was obtained in mixes with 12% and 1.0 for Na,O/binder and SiO,/Na,0 ratios,
respectively, thus showing a shift in the optimal alkaline activator contents. The complete replacement of cement with alkali-activated
aluminosilicate wastes may translate into significant reductions in cost and minimal environmental impacts, especially with incorporating
a forced carbon curing stage using industrial CO,-rich flue gases.
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INTRODUCTION

Almost 40% of the global production of steel is possible using the electric arc furnace (EAF) manufacturing process [1]. This technique
corresponded to over 55% of the market in the United States in 2006 [2]. The EAF method utilizes scrap metal as its primary raw material,
which is why it is considered a more sustainable and economical procedure [1]. Electric arc furnace slag (EAFS), a by-product of this
process, corresponds to 15% to 20% of the steel production output [3]. In 2017, Brazil produced 34 million tonnes of steel and 9 million
tonnes of EAFS [4]. This is an indication that large developing countries such as Brazil, Russia, India and China are producing large amounts
of steel slag with little to no well-established outlet in the industry and thus additional efforts will have to be exerted to reintroduce this
waste into supply chains. In this context, these materials could be used as alternatives in the construction industry, which is among the
highest consumers of resources. There have been some studies on the use of EAFS as a substitute of natural aggregates for the production
of concrete [5-7]. Cesnovar et al. [8] stated that alkali-activated slag-based materials are excellent alternatives to cement in civil works.
EAFS, though somewhat different from conventional steel slag, also contains amorphous aluminates and silicates that can be activated
using alkaline solutions. In this regard, EAFS offers the potential of replacing Portland cement, which is the primary source of CO, emission
[9]. For instance, 1 tonne of Portland cement production emits 0.80-0.95 tonnes of CO, [9-13].

The experimental work described in this paper concerns the use of alkali-activated electric arc furnace slag (AAEAFS) as a precursor in
mortars, focusing on optimizing the alkaline activator to achieve maximum mechanical performance. It describes the several stages,
including the materials typically used to produce alkali-activated mortars (i.e. precursor, aggregates, and alkaline activators). It presents
the mix design of all planned mortars and the testing methodology of fresh- and hardened-state mortars, including: slump; shrinkage;
flexural strength (FS); compressive strength (CS); and carbonation. Twenty-one different mixes were produced to investigate the
optimum concentration of the alkali activator in EAFS mortars. Different concentrations of sodium hydroxide (NaOH) and sodium silicate
(Na,SiO3) were tested, by changing the Na,O/binder (4%; 6%; 8%; 10%; 12%) and SiO,/Na,0 (0; 0.5; 1.0; 1.5; 2.0; 2.5) ratios, to obtain
the highest mechanical performance. The correlation between the various tested parameters was analysed to identify the optimum
combination that yields the highest 28-day compressive strength and subsequently quantify the effect imposed by the accelerated
carbonation process on the strength of AAEAFS mortars.

MATERIALS AND METHODS

2.1. ELECTRIC ARC FURNACE SLAG (EAFS)

EAFS is a by-product of steel manufacturing collected from the Siderurgia Nacional de Portugal, provided by HARSCO. It presents an
extensive particle size distribution and requires preparation and grinding to be used as a binder. This material presents an apparent
density of 3770 kg/m3. The oxide chemical composition of the raw material, obtained from X-ray fluorescence (XRF), is shown in Table
1. This EAFS contains 28.5% of Fe,03, 28.2% of Ca0, 17.7% of SiO,, and 10.1% of Al,0s3. The high amount of iron in EAFS could induce
magnetic properties on AAEAFS concrete [14]. Hafez et al. [15] stated that the amount of aluminosilicate is sufficient to allow this material
to contribute as a binder. However, dimensional instability of concrete may occur due to the presence of CaO [16].

Table 1 - Chemical composition of EAFS (%)

FEZO_:, CaOo SiOZ A|203 MgO MnOz CI’203 Ti02 P205 503 NaZO BaO Kzo V205 CuO Zn0

285 282 177 101 566 544 238 065 042 033 019 017 003 011 0.02 0.02

2.2. ALKALINE ACTIVATOR

The alkaline activator was prepared in the form of a liquid solution. Reactive grade anhydrous sodium hydroxide pellets (NaOH), with
98% purity and a density of 2.13 g/ml, then dissolved in a solvent: tap water complying with Directive 98/83/CE [17]. A commercial
solution of sodium metasilicate was used, containing a sodium oxide (Na,0) content of 8 + 0.6%, silicon oxide (SiO,) of 26.4 + 1.5% and
water content of 65.6 + 2%. It presented a relative density of 1.355 g/ml.

2.3. FINE AGGREGATES

Two types of fine siliceous aggregates were used for mortar production. The first type was coarse sand 0/4, and the second type was
fine sand 0/1. The bulk density, water absorption, humidity, and size were evaluated before using these fine aggregates, as shown in
Table 2. The fine sando/; ranged from 2 mm to ~0.06 mm, representing 30% of the total mass of aggregates within the mix. The coarse
sando/s, Which corresponded to 70% of the total mass of aggregates in the mix had particle size distribution of 8 mm to ~0.06 mm.

2.4. WATER REDUCING ADMIXTURE

The water-reducing admixture (WRA) used in this campaign was SikaPlast-717, consisting of a synthetic organic water-based
naphthalene-based dispersant, having a density of 1.21 +0.03 kg/dm3and a pH of 10 + 1.
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Table 2 - Characterization of the aggregates used in the mortar mixes

Nominal size Oven-dried density Water absorption Mass ratio

A t

ggregates mm kg/m3 % %
Fine sand 0/1 2637 0.4 30
Coarse sand 0/4 2617 0.5 70

2.5. MORTAR MIX DESIGN

The experimental campaign focused on optimizing the alkaline activator, which was carried out based on the mortar's mechanical
performance. To achieve the optimum activator for EAFS, the Na,O/precursor mass ratio varied between 0.04 and 0.12. The SiO,/Na,0O
ratio varies between 0 and 2.5. The same curing temperature and time of 80 °C and 24 hours, respectively, were applied to all mortars.
The amount of each constituent was calculated based on volumetric and mass ratios of the components, using the density of each of the
raw materials. The binder/aggregate volumetric ratio (Vs/Va) was of 0.33. The mass ratio of SiO,/Na,0O varied between 0, 0.5, 1.0, 1.5,
2.0, and 2.5. The mass ratio of water/binder (Mw/Ms) was fixed at 0.3. The mass WRA/precursor ratio varied from 0% to 1%, and the
Na,O/binder was of 4%, 6%, 8%, 10%, and 12% as shown in Table 3.

Table 3 - Matrix of 21 different families of AAEAFS mixes.

Na:0/Precursor (%) =3 0.5 1.2I02/Nai(.)5 2.0 2.5
MS1  MS6  MS11  MS16 MS19  MS21
MS2  MS7  MS12  MS17  Ms20 *
MS3  MS8  MS13  MS18 * *
10 MS4  MS9  MSl4 * * *
12 MS5  MS10  MS15 * * *

2.6. PRODUCTION METHOD

Mortar production was based on EN 196-1 [18]. The alkaline solution was prepared by gradually dissolving the NaOH pellets in water
and then left to cool down for 24 hours. The 40x40x160 mm? steel moulds were wrapped entirely in thin plastic film to eliminate the
use of any releasing agent. The alkaline solution was added first in the mixer along with the WRA and the precursor and then mixed for
3 minutes. After that, the mixer was stopped until the fine aggregates were added, and then all the components were mixed for another
2 minutes, and one additional minute in higher mixing speed was applied. After that, the slump was tested on the slump table according
to EN 1015-3 [19]. Afterwards, the mix was moulded and covered with plastic film and immediately placed in a thermal curing chamber
at 80 °C for 24 hours. Finally, the specimens were demoulded. Each specimen was sealed and placed to cure in a dry chamber with a
temperature of 23 + 2 2C and relative humidity of 65% until the testing day.

2.7. CURING CONDITIONS

After moulding the mortar and covering the steel moulds with plastic film, they were transported for thermal curing for 24 hours in the
treatment oven at a temperature of 80 °C. At the end of this stage, the mortar specimens were demoulded and placed in their designated
curing condition depending on the desired test method, as shown in Table 4Error! Reference source not found..

Table 4 - Curing conditions, test methods and number of specimens of the experimental campaign

Test Standard Numper of Curing conditions
specimens

Flexural strength . . . .

- EN 1015-11 [20] 6 Specimens were placed sealed in a dry chamber until testing age.
Compressive strength
Accelerated carbonation EN 13295 [21] 4 14 days sealt?d and another .14 days unsealed. in th(la dry chamber;

then placed in the carbonation chamber until testing age.

Shrinkage EN 1015-13 [22] ) Specimens were placed in a dry chamber sealed after

demoulding until the end of the test.
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3. RESULTS AND DISCUSSION

3.1. WORKABILITY

The mortar's workability was evaluated by their slump according to the EN 1015-3 [19] standard. The superplasticizer was used and
adjusted accordingly between 0% and 1.0% depending on the Na,O/binder and SiO,/Na,O ratios. As the Na,O/binder ratio increased,
workability decreased. This was due to the higher viscosity of the alkaline solution after the addition of a solid solute. It was also expected
that mixes would lose workability after a short time for higher SiO,/Na,O ratios due to the well-known flash setting; Ca®* ions from the
EAFS quickly react with the silicate ions of the solution, leading to the precipitation of an initial C-S-H, responsible for the setting [23].
Therefore, it can be stated that there is a correlation between workability and Na,O/binder and SiO,/NaO ratios. The target slump had
been initially set at 140 £ 20 mm. However, mixes MS13, MS14 and MS15 presented a slightly lower slump between 109 mm and 117
mm due to the increase in viscosity of the alkaline activator. Therefore, the superplasticizer content increased to 1.0 % for mixes with
silicate modulus ratio equal to or more than 1.5, to adjust the workability and slump to reach between 130 mm and 147 mm.

3.2. COMPRESSIVE STRENGTH

The average compressive strength of AAEAFS is presented in Figure 1, which shows how the different parameters significantly affect the
property. Mixes MS6, MS7, MS9, and MS10 are to be repeated due to inconsistent values and unexpected outcomes during the mixing
process. The alkaline solutions of mixes MS9 and MS10 showed precipitation, possibly due to the saturation of silica, during the 24 hours
before the mixing day. Thus, the solution must be prepared again under different conditions to avoid any fluctuation in the results.
Correspondingly, the alkali activator is the most important factor controlling compressive strength. Different studies on alkali-activated
EAFS used at least one of the alkaline activators stated in this study; Turker et al. [24], Ozturk et al. [25], and Peys et al. [26] used both
sodium hydroxide and sodium silicate to obtain compressive strength values of 40.7 MPa, 22.0 MPa, and 16.0 MPa, respectively, while
Abdollahnejad et al. [27] used only sodium hydroxide and achieved 27.0 MPa. However, the maximum compressive strength in this study
for uncarbonated specimens was of 9.61 MPa for mixes with 4% and 2.5 of Na,O/binder and SiO,/Na,0 ratios, respectively. Mixes MS4
and MS5, which were specimens with insufficient stability, exhibited values close to zero and thus are not presented here. This could be
due to the excess amount of sodium hydroxide and the lack of sodium silicate. Increasing the amount of Na,O until a given percentage
increases the strength, after which the performance starts to deteriorate. Nevertheless, excess amount of OH", due to the Ca(OH), across
the particles of EAFS, reduces the interaction of Ca?* ions from the surface of EAFS [28]. Therefore, it can be stated that the low strength
results from the inadequate amount of C-S-H gels produced by the reaction of Ca* with Si**.
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Figure 1 - Average compressive strength (CS)

Sodium hydroxide and sodium silicate have a significant influence on the mechanical properties of AAEAFS. Si** and AI** ions within the
EAFS dissolve much more with a high concentration of OH" [29]. Song et al. [30] observed that increasing the concentration of the alkali
activator increases the reaction rate as a result of a high alkali medium. Wang et al. [31] stated that sodium hydroxide and sodium silicate
are directly proportional to compressive strength only to a given level from 3-5% by weight of the mix. The authors also stated that, if
the amount of sodium concentration increased over a given point, it would cause efflorescence. This is due to the migration of Na* ions
to the surface of the specimens, leading to the precipitation of sodium carbonate.

Another parameter affecting the compressive strength for all mixes was time. The specimens in this study experienced 7-days, 28-days,
and 91-days of curing time in a dry chamber at 23 + 2 2C. Since all specimens were sealed, there were no exchanges of humidity with the
surrounding environment. The maximum compressive strength of the same alkali activator combination stated earlier in this section was
obtained at 91-days of curing. However, the compressive strength has increased significantly by forcing CO, into the specimen, as
detailed in section 3.4.

3.3. FLEXURAL STRENGTH

Figure 2 presents the results observed for the flexural strength of AAEAFS mortars. The maximum 28-day flexural strength for
uncarbonated specimens achieved was 1.57 MPa for the same optimum mix as the one observed for compressive strength. However,
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the surface of the specimens presented some microcracks. Ya-Min et al. [32] stated that this might be due to the heat curing process
and the expedited nature of the reactions at relatively high-temperature levels, which may have induced a significant amount of
microcracks, thereby resulting in reduced strength. Although a higher SiO,/Na,0 ratio is a good indicator of an improved performance
[29, 33-35], the low performance in the case of the EAFS may be due to the low amount of amorphous phases present in the precursor,
which did not react with the alkaline activator. Furthermore, even though one would expect to have improved performance from the
interaction of Ca from the EAFS with the SiO, from the activator to produce C-S-H gels, it is possible that the Ca-bearing mineralogical
phases were stable at high pH levels, thereby minimizing the dissolution of Ca* ions to the solution. In this context, flexural strength only
increased when exposed to accelerated carbonation, due to the reaction of OH" from the alkaline activator with the Ca?* ions released
from the decalcified phases of EAFS to generate Ca(OH), and subsequently CaCOs.
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Figure 2 - Average flexural strength (FS)

3.4. CARBONATION

The specimens in this study, after 7 days exposure of CO,, were considered fully carbonated, as there was no indication of a pinkish hue
from the phenolphthalein pH indicator thereby making the CO, penetration immeasurable. Alkali-activated materials are known to
present a fast decline in pH with ongoing polymerization reactions due to the consumption of the OH- ions present in the pore solution.
This phenomenon, in combination with the carbonation of Ca-bearing phases, led to an overall decline of the specimens’ pH.

The average compressive and flexural strengths of specimens subjected to accelerated carbonation were tested following EN 1015-11
[20]. A noticeable improvement in the mechanical performance of AAEAFS mortars was observed. The additional 28 days of accelerated
carbonation led to a near 800% and 500% increase in compressive strength and flexural strength, respectively. The increase in
compressive strength was from 3.9 MPa in uncarbonated mixes to 31 MPa in carbonated mixes. The flexural strength improved from 1.6
MPa to 7.85 MPa for the uncarbonated and carbonated samples, respectively. The maximum mechanical performance was obtained in
mixes with 12% and 1.0 for Na,O/binder and SiO,/Na,O ratios, respectively, thus showing a shift in the optimal alkaline activator
contents. It is likely that Ca?* ions were released from the EAFS' Ca-bearing phases and reacted with OH" ions from the alkali activator,
thereby producing Ca(OH),. This compound later reacted with the CO, forced into the microstructure, resulting in the precipitation in
CaCOs polymorphs, which significantly densified the microstructure and thus increased strength [25, 30].

3.5. SHRINKAGE

In Error! Reference source not found., the change in length (i.e. shrinkage) of sealed specimens with little to no humidity exchange with
the surrounding environment was tested for 91 days. Most specimens presented considerable shrinkage, with one of them being close
to 3500 um/m, which is three times higher than typically observed for standard cement mortars. The water may have been mostly used
in the alkali activation reaction, leading to a considerable autogenous shrinkage. No correlation with the alkali solution composition was
observed. All specimens presented at least 45% of their total 91-day shrinkage in the first 28 days, except for mix MS8. This one slightly
expanded, with minor fluctuations, for the first 28 days and started to shrink later on to settle at 198 um/m after 91 days. This behaviour
also occurred in fly ash (FA) mortars studied by Atis et al. [36]. The authors hypothesized that the expansion of mortars containing FA
could be from the MgO and the high content of SO3, which can result in long-term instability due to the formation of expansive calcium
sulphate phases [36]. Atis et al. [36] also stated that materials having expansion properties could be implemented as 'shrinkage-reducing
agents' by trial amounts to compensate for the shrinkage of cement elements [36].

CONCLUSIONS

In this study, electric arc furnace slag (EAFS) was examined as a potential full replacement of cement in the production of alkali-activated
mortars. The results obtained in this campaign allowed concluding that EAFS as the sole precursor will result in mixes with low
performance. This is most likely due to the lower amount of amorphous phases compared to other common aluminosilicate pozzolans.
Regarding the alkali activator's optimal contents, it was found that the SiO,/Na,O ratio and compressive strength are generally directly
proportional. The maximum recorded performance of specimens occurred for mixes with 4% and 2.5 for Na,O/binder and SiO,/Na,0
ratios, respectively. Another parameter affecting the compressive strength is time, thereby showing continued reaction after the 24 h
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thermal curing stage. The specimens in this study experienced 7 days, 28 days, and 91 days of curing time in a dry chamber at 23 +2 °C
and relative humidity of 65%. The maximum recorded compressive strength was obtained at 91 days of curing (4% Na,O/binder ratio
and 2.5 SiO,/Nay0 ratio). However, despite the shortcomings of EAFS as a sole precursor, the mechanical performance increased
significantly after subjecting the specimens to an accelerated carbonation stage. After subjecting 28 days to a CO,-enriched environment,
the AAEAFS showed an average compressive strength increase of ~500%, with one case reaching 800% (i.e. from an initial 3.9 MPa in
uncarbonated mixes to 31 MPa for carbonated ones). The maximum performance was observed in mixes with 12% and 1.0 for
Na,O/binder and SiO,/Na,0 ratios, respectively, thus showing a shift in the optimal alkaline activator contents. The sealed shrinkage test
showed considerable dimensional variability over time. Great autogenous shrinkage may have occurred due to the continuous alkali
activation reaction. Nevertheless, this phenomenon is still widely unknown and must be further researched. The complete replacement
of cement with alkali-activated aluminosilicate wastes may translate into significant reductions in cost and minimal environmental
impacts, especially with incorporating a forced carbonation curing stage using industrial CO,-rich flue gases. Therefore, greater focus
should be given to this curing technique in further future research.
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