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ARTICLE INFO ABSTRACT

Keywords: Ferrochrome slag (FCS) is a by-product of the stainless-steel industry which is mostly discarded in
Ferrochrome slag landfills without being efficiently utilized. The production of industrial solid wastes like FCS has
Blast furnace slag been increasing for several decades and escalating the environmental risks associated with them.
Alkali-activation To address this issue, this study concentrated on the usage of FCS as a partial substitution for blast
Rheology

furnace slag (BS) in manufacturing alkali-activated paste and mortar. BS was replaced with FCS in
varying proportions up to 30% (wt.%) and activated with varying Na;O dosages. The fresh,
physical, mechanical, and microstructural properties were investigated. The test outcomes indi-
cated that FCS incorporation was beneficial in improving the flowability by consistently reducing
both yield stress and plastic viscosity more than 54% and 70%, respectively, when FCS
replacement was 30%. Furthermore, the inclusion of FCS alleviated the rapid setting issue of BS-
based alkali-activated systems by delaying the setting times. The increase in NayO concentration
remarkably decreased the water absorption, open porosity and capillary sorptivity of the mortars,
while no adverse effect was observed on the physical properties of the mortars with the FCS
addition. The compressive strength of mortars increased between 152% and 254% when NayO
dosage was increased from 4% to 8%, while strength was mostly preserved with the addition of
FCS. The higher Si/Al atomic ratio and the higher pH values was found favorable for the higher
compressive strength of the mixes. The primary reaction product was found as C-A-S-H gels,
whereas FCS addition increased the crystalline phases and favored the formation of M-A-S-H gels.

pH evolution

1. Introduction

The tremendous growth of the world population, the technological and industrial development, and the increase in consumption of
natural resources have led to a rapid increase in industrial wastes and by-products [1]. Industrial waste products occupy precious land
mass, pollute the environment, and pose significant disposal issues. The most effective strategy for managing solid waste is the “5Rs”
approach that is reduction, recovery, recycling, reuse, and research [2]. Several studies have been carried out to identify all viable
reuse and recycling techniques in response to increasing demand of natural resources to minimize waste and pollution [3-5]. Addi-
tionally, the construction industry, which is expanding at an alarming rate, is one of the largest waste producers and consumers of
natural resources. This increases the concerns regarding waste disposal and the consumption of natural resources, which causes
substantial threat to environmental equilibrium. One promising approach to overcome environmental and economic issues is
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industrial symbiosis, where the waste products of one industry may become the raw materials for another [6,7]. By harnessing the
benefits of this circular and collaborative approach, waste disposal can be reduced, resources can be conserved, and a more sustainable
future can be promoted. For instance, the construction sector is an excellent opportunity to implement the 5Rs approach due to the
abundant use of concrete, which allows the use of waste materials. Even in the production of aggregate, which is one of the components
of concrete, many waste materials such as marble powder and municipal solid waste incineration fly ash have been integrated with the
pelletization process and have contributed to the sustainability of the construction sector [8,9].

Ferrochrome slag (FCS) is a waste obtained during the manufacturing of ferrochrome. In electric arc furnaces, the oxide of
chromium ore is combined with coke as a reduction agent at a temperature between 1500 °C and 1700 °C to generate ferrochrome
metal. FCS is generated after the gravity separation from the metal and allowed to cool in the air progressively [2]. For each ton of
ferrochrome production, 1.1-1.6 tonnes of FCS waste is generated, and the annual worldwide production of FCS is estimated to be
approximately 12-16 million metric tons [10,11]. Furthermore, the annual global production of FCS is estimated to increase at the rate
of approximately 3-5% [12]. However, a small portion of manufactured FCS is utilized for construction purposes, while the remainder
is disposed [13]. The massive accumulation of this waste material necessitates huge landfill areas, which is economically unfavorable
and when deposited to open atmosphere creates environmental issues such as leaching of heavy metals and groundwater contami-
nation, biodegradation, and air pollution [1]. Therefore, it is vital to evaluate FCS solid waste for viable applications and its utilization
in alkali-activated materials (AAMs) can be an alternate method considering the fact that FCS is rich in alumina and silica.

Another reason for the consideration of FCS in AAM systems instead of cementitious systems, is its high MgO content. The presence
of MgO in high concentrations can delay the cement hydration and prolong its setting time [14], as well as cause substantial volume
expansion in cementitious materials [15]. Therefore, the utilization of FCS in an alkali-activated system is an opportunity to manage
the disposal of this solid waste and offer an alternative binder.

AAMs are construction materials produced by mixing an alkaline solution with a reactive powder, such as fly ash, rice husk ash,
silica fume, metakaolin, blast furnace slag (BS), volcanic ash, rice husk ash, and volcanic tuff [16-20]. The resulting material dom-
inates similar or better properties compared to conventional cementitious materials. AAMs are also comparatively more environ-
mentally friendly and have lower carbon footprint [21,22]. In addition, the alkali-activated system has the ability to immobilize the
potential heavy and hazardous elements found in the waste materials [23,24]. FCS typically consists of silicon, aluminum, iron,
calcium, magnesium, and chromium. The exact composition of FCS can vary depending on the production process and the source of the
raw materials. Considering the oxide compositions of FCS, chromium is one of the primary pollutants due to its potential leaching.
Erdem et al. [25], examined the chromium leaching behavior of crushed and ground FCS obtained from Elazig region (Turkiye) with
the toxicity characteristic leaching procedure (TCLP) and found that the chromium leaching of FCS was lower than the limit value (5
mg/1 for Cr) specified in the US Environmental Protection Agency (US EPA). Furthermore, it has been reported that the amount and
type of chromium (Cr* or Cr'®) present in FCS may affect its leaching behavior, especially in long periods [26].

As a potential construction material, FCS may have advantages and disadvantages. The utilization of FCS as a precursor can not
only save landfills but also prevent leaching issues. On the other hand, the low CaO content of FCS may restrict its use in alkali-
activated systems as a sole binder or at high ratios by affecting the hardening process under ambient conditions. Moreover, addi-
tional transportation costs may arise as the areas where FCS is produced or stored are often far from construction sites or concrete
production facilities. However, the higher specific gravity of FCS compared to other metallurgical slags like BS can alleviate this
disadvantage. The high specific gravity of powders (potential precursors) can help lower their production and delivery costs. For
instance, more material can be produced by employing the same amount of powder in a smaller volume, reducing production and
transportation expenses.

FCS has been previously employed as coarse and fine aggregates in concrete or mortar [12,27-31] or road constructions due to its
dense structure [32]. Gencel et al. [30] studied the characteristics of concrete incorporating FCS as a coarse aggregate and found
promising results in terms of tensile strength and abrasion resistance. Panda et al. [29] indicated that replacing the natural sand with
FCS fine aggregate yielded similar compressive strength without leaching of heavy metals like chromium. However, Dash and Patro
[31] found that the compressive strength of concrete slightly decreased with an increase in the FCS fine aggregate content.

The utilization of FCS in AAMs have also been reported in the literature. Nath [13] studied the geopolymerization of FCS and fly ash
blend and reported that the low reactivity of fly ash-based geopolymers at ambient conditions could be improved with the incorpo-
ration of FCS powder which result in increased strength. The geopolymerization of 100% FCS powder activated with various dosages of
sodium hydroxide (NaOH) and sodium silicate (NaSiO3) solution was reported by Ref. [33], where the sole usage of FCS as a precursor
in AAM yielded about 22 MPa compressive strength at 28 days without heat curing. Ozcan and Karakog [34] investigated the acid
resistance of FCS and BS-based geopolymer concrete and found that incorporation of FCS enhanced the acid resistance of BS-based
geopolymers and reduced surface deterioration after acid exposure.

The use of FCS in alkali-activated mixtures can reduce costs and provide economic benefits for construction companies. Since FCS is
a waste material, it can often be cheaper than traditional raw materials, such as cement, silica fume, or rice husk ash, which requires
various additional processes to obtain the final product. Additionally, the utilization of FCS powder in alkali-activated mortar or
concrete can help reduce the industry’s environmental impact by reducing the amount of waste sent to landfills and using less
traditional raw materials. Furthermore, considering the annual availability of aluminosilicate binders in alkali-activated systems, the
available amount of common precursors such as red mud, BS, and fly ash was respectively reported as 80, 390, and 800 million tonnes,
significantly lower than the availability of cement (4000 million tonnes) [35]. Hence, the alkali-activated systems require the utili-
zation of new aluminosilicate sources like FCS to compete and replace traditional cementitious systems.

The utilization of FCS powder as a sole binder and as a replacement material in fly ash or BS-based geopolymers have generally
focused on the parameters such as setting time, mechanical properties, and acid and sulfate resistance. This study seeks to explore the
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Fig. 1. Sieve size analysis results of FCS and BS.

effects of FCS addition and NayO dosage on the fresh, physical, mechanical, and microstructural properties of FCS and BS-based alkali-
activated mortars and brings an insight on the factors affecting the strength deveopment by establishing correlations between
compressive strength and pH value, and Si/Al ratio. For this purpose, alkali-activated pastes and mortars were manufactured by
partially replacing BS with FCS and activated with two different Na,O dosages (4% and 8%). The setting time, rheology, pH evolution,
X-ray diffraction (XRD), and Scanning electron microscopy (SEM) analysis of paste samples and compressive strength, capillary
sorptivity, water absorption, and open porosity of mortar samples were studied.

2. Materials and experimental procedures
2.1. Raw materials

FCS was collected from a ferrochrome production facility (Eti Krom Inc.), located in Elazig, Turkey, which manufactures high
carbon ferrochrome, whereas BS was locally sourced from the market. The particle size of FCS was reduced by a laboratory type disc
grinder to enhance its reactivity. The particle size distribution (PSD) of FCS and BS are shown in Fig. 1, which indicates that the FCS is
coarser than BS and the median particle size of BS and FCS were found as 9.93 pm and 40.39 pm, respectively. Furthermore, a wider
range of PSD was observed in FCS particles compared to BS particles as FCS ranged approximately between 2 and 200 pm, whereas BS
ranged between 0.4 and 40 pm. The chemical oxide components of BS and FCS based on the X-ray fluorescence (XRF) analysis are
tabulated in Table 1. The sum of the SiO5 and Al,O3 content exceeded 50% for both precursors, and the SiO5/Al;03 ratio of BS and FCS
was obtained as 3.12 and 1.67, respectively. In addition, FCS was rich in MgO content (34.85%), while BS contained high amount of
CaO (37.50%). The crystalline structure of the raw materials based on the XRD analysis is illustrated in Fig. 2. BS exhibited amorphous
structure with a broad hump between 20° (20) and 40° (20), whereas several crystalline phases such as quartz (SiO5) (#PDF 01-079-
1915), forsterite (Mg2SiO4) (#PDF 00-021-1260), olivine ((Mg, Fe)2SiO4) (#PDF 96-900-6399), and spinel (Mg(AlO3)2) (#PDF 96-
900-7117) were detected in FCS. The shape and surface morphology of BS and FCS particles are examined with SEM analysis and
presented in Fig. 3. The irregular particle shapes without significant cellulosic/porous structures were observed in both FCS and BS
particles. The alkaline activators were prepared using the readily available NaOH pellets (>99% purity) and liquid Na,SiO3 solution
containing NayO and SiO2, of 8.4% and 27.8%, respectively. The standard siliceous sand complying EN 196-1 was used as fine
aggregate to manufacture the mortar samples.

2.2. Mixture proportions and specimen preparation

The mix design parameters of the alkali-activated mixes are presented in Table 2. The alkali-activated paste and mortar mixes
contained 0, 10, 20, and 30% of FCS by mass of total binder. The combination of NaOH and Na,SiO3 solution with a constant M ratio
(SiO2/Nay0) of 1.5 and varying NayO dosages of 4% and 8% by mass of binder was employed to activate the FCS and BS blend. The
optimum M ratio depends on the precursor type and the purity of activator solutions. Hence, a set of preliminary tests were conducted
and the optimum M; ratio was found as 1.5. Subsequently, Na;O dosage was altered from a lower ratio (4%) to a higher ratio (8%) in
order to elucidate its effect. The mortar samples were manufactured using water-to-binder (w/b) and sand-to-binder ratios (s/b) of 0.4
and 2.0, respectively, which also provided reasonable flow values higher than 100%. It should be noted that the total water content
was calculated considering the amount of water presented in liquid Na,SiOs. The paste mixes were also manufactured (without adding
sand) with the similar design parameters to investigate rheological and microstructural properties. The alkaline solutions were pre-
pared by combining the designated amount of water NaOH and liquid NaSiO3 solutions. The alkaline solution was stirred to dissolve
NaOH pellets with liquid Na,SiO3 and tap water and wrapped with a stretch film to prevent evaporation and carbonation. Subse-
quently, the alkaline solution was left to cool and then combined with the blend of FCS and BS in a mixer bowl. The sand was also
gradually added to mixer mold within 30 s, and mixing was continued for up to 5 min to achieve homogenous mixtues. The fresh paste
and mortars were poured into pertinent molds and vibrated to enable proper compaction. The hardened samples were removed from
the molds after 24 h of casting and kept under standard conditions in a chamber at 22 + 1 °C and 55 + 2% relative humidity (RH) until
the specified testing age. For mortar mixtures, the mix IDs presented in Table 2 are categorized with the letters “F” and “N”
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Fig. 2. XRD phases: (a) FCS and (b) BS.
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Fig. 3. SEM micromorphology of: (a) FCS and (b) BS.

Table 2

The design parameters of the mortar mixtues.
Paste mixes Mortar mixes
Mix ID FCS (wt BS (wt NayO (wt w/ s/ Ms ratio Mix ID FCS (wt BS (wt NayO (wt w/ s/ Ms ratio

%) %) %) b b %) %) %) b b

PO-N4 0 100 4 0.4 - 1.5 FO-N4 0 100 4 0.4 2 1.5
P10-N4 10 90 4 0.4 - 1.5 F10-N4 10 90 4 0.4 2 1.5
P20-N4 20 80 4 0.4 - 1.5 F20-N4 20 80 4 0.4 2 1.5
P30-N4 30 70 4 0.4 - 1.5 F30-N4 30 70 4 0.4 2 1.5
PO-N8 0 100 8 0.4 - 1.5 FO-N8 0 100 8 0.4 2 1.5
P10-N8 10 90 8 0.4 - 1.5 F10-N8 10 90 8 0.4 2 1.5
P20-N8 20 80 8 0.4 - 1.5 F20-N8 20 80 8 0.4 2 1.5
P30-N8 30 70 8 0.4 - 1.5 F30-N8 30 70 8 0.4 2 1.5
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Fig. 4. The rheological test procedure.

representing “FCS” and “NayO dosage” followed by numbers denoting either the FCS percentage or the Na,O dosage, respectively. For
instance, “F30-N8” represents the mixes containing 30% FCS and 70% BS activated with alkaline solution having 8% NayO dosage.
Similarly, the paste mixes were designated according to their FCS replacement ratios and NayO dosages and were coded using ‘P’
instead of ‘F’ to distinguish them from mortar mixes.

2.3. Experimental procedures

2.3.1. Fresh properties

The plastic viscosity and yield stress of the paste mixes were investigated to determine the effects of FCS replacement and NayO
dosage on the fresh properties. The rheological measurement was carried out using a rotational rheometer (Anton Paar Rheolab QC)
equipped with a temperature controlling system. A four-blade vane blender measurement apparatus (40 mm in length and 11 mm in
diameter) was employed to blend the paste mixes. The implemented rheological procedure on paste samples is depicted in Fig. 4. Each
shear rate was put on for 20 s in order to determine the shear. The rheology measurements were conducted right after the stirring of the
fresh paste mixes into the mixer bowl and the temperature was kept at 20 °C during measurements for all pastes. The test technique
described in ASTM C1437 standard was carried out to determine the flow values of fresh mortar mixtures using a truncated cone mold.
The spreading diameters of the mortar samples were recordedand the flow values were presented as the percentage increment of the
mortar diameter compared to the original base of the truncated cone mold (10 cm).

The setting times of fresh paste mixes were determined using Vicat apparatus. The approach outlined in ASTM C191 standard was
pursued ignoring the specification of standard consistency since the w/b ratio of each mix was kept constant.

2.3.2. Physical tests

The water absorption and volume of permeable pores (VoPP) of the mortar samples were determined as per ASTM C642 standard
with a modification during oven drying stage of the test. After curing for 28 days, the mortar samples were dried for about 24 h in a
ventilated oven at 60 °C instead of 110 + 5 °C in order to prevent the deterioration of the matrix phases of mortar samples due to the
thermal drying [36]. The samples were then cooled down to the ambient temperature and the oven dry mass (A) was recorded.
Subsequently, the samples were immersed in a water tank for 48 h. After removing the samples from water, the saturated and surface
dried (SSD) mass (B) was recorded. The mortar specimens were then placed in the boiling water and kept for 5 h. The samples were
allowed to cool for at least 14 h in water to reach ambient temperature. Finally, SSD mass and the apparent mass in water after boiling
were recorded as (C) and (D), respectively. The water absorption and VoPP of mortars were calculated using Egs. (1) and (2).

B—-A

Water absorption (%) = x 100 (€D)
C—-A
Volume of permeable pores (%) = c—Dp > 100 2

The open porosity of mortar samples was determined using the method proposed by Ref. [37]. The specimens were heated in an
oven (60 °C) until steady mass (W,q) and later placed in a sealed container. The pressure of the container was steadily set to 2 + 0.7 kPa
applying a vacuum pump. The vacuum was operated at constant pressure for 2 h to completely remove the air from the open voids of
the samples. Subsequently, deionized water was added progressively to the container to fully submerge all samples under the constant
vacuum pressure of 2 + 0.7 kPa. The pressure was then decreased to atmospheric pressure and the specimens were kept in water for 24
h. In the final step, SSD mass (Wy,) and the mass in water (Wy,) were recorded. The open porosity of mortars was calculated using Eq.
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The water sorptivity of mortar samples was evaluated at the age of 28 days according to ASTM C1585 standard. The cylindrical
mortar samples having dimensions of 100 mm diameter and 50 mm thickness were submerged in water until saturation. The samples
were subsequently placed in a chamber and kept under constant temperature and RH of 50 + 1 °C and 80 + 3%, respectively. The
specimens were then stored in airtight containers at 23 + 1 °C for 15 days. The lateral surfaces of the samples were then coated with a
paraffin wax. The sorptivity test was initiated by placing the samples in containers where the water level was about 1 mm above the

bottom of the sample. The mass readings were taken for up to 6 h at specified intervals indicated in the ASTM C1585 standard, and
daily measurements were taken until the 8th day.

2.3.3. Compressive strengh and pH evolution

The compressive strength was determined on three identical cubic samples of 50 mm dimensions at 3, 7, and 28 days. The average
values were reported for each mix at specified testing age. The pH values were studied to establish their relationship with the
compressive strength development. The pH values were determined on paste samples after crushing them into powder with a size <75
pm. The powder samples were dissolved in distilled water with a powder to water ratio of 5:1 and stirred at 1200 rpm for 15 min using
a magnetic stirrer. The resulting solution was filtered with a vacuum filter, and the pH values were measured at 3, 7, and 28 days with
an accuracy of +0.01 using Hanna pH meter instrument.

2.3.4. Microstructural investigation

The paste specimens were poured into the falcon tubes of 50 ml and maintained in a chamber at 22 + 1 °C and 55 + 2 RH to
examine the microstructural properties. After 28 days, the paste samples were soaked in acetone to prevent further hydration re-
actions, and thin slices and powder samples were taken to carry out SEM and XRD analysis, respectively. The microstructural
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properties of alkali-activated paste mixes was investigated with SEM analysis combined with Energy dispersive X-ray spectroscopy
(EDS) using Zeiss EVO® LS 10 SEM device. The XRD analysis was performed using PANalytical X’Pert PRO diffractometer to identify
the mineralogical phases for the selected paste mixes. The diffraction pattern was recorded with a step size of 0.017° and a scan range
of 5-90° (26). SEM and XRD analysis are also performed on the raw materials (FCS and BS).

3. Result and discussion

3.1. Fresh state properties

3.1.1. Rheology

The rheological properties of alkali-activated paste mixes were investigated considering the effects of FCS and NayO dosage. The
down-ramp of the shear stress-rate plots was considered while determining the rheological parameters. The flow curves of the paste
samples are plotted in Fig. 5 as both linear and logarithmic axis to understand the best mathematical rheological model. The stress
plateau approach was adopted to determine the plastic viscosity and yield stress values. Hence, the flow curves were drawn on a
logarithmic axis for better resolution at low shear rates. The plateau-like flat area represents the yield stress value, whereas the slope of
the linear curve between the shear rates of 25 s ! and 100 s on the flow curve describes the plastic viscosity. Shear-thinning behavior
is defined as a drop in viscosity that causes floccules to break apart as a consequence of an increase in shear rate [38]. Fig. 6 shows the
results of rheological parameters and the variation of these parameters depending on the FCS replacement ratio. As shown in Fig. 6,
shear thinning behavior was observed for each mix similar to cementitious slurries, irrespective of the mix design [39,40].

The important factors that govern the rheological characteristics of alkali-activated binders are the alkali activator parameters such
as Ms ratio, alkaline solution to binder ratio, and Na;O dosage. The plastic viscosity of the examined paste mixes ranged between 1.6
and 15.0 Pa s. The rise in the NapO concentration from 4% to 8% significantly increased the plastic viscosity values of the pastes up to
235%, irrespective of the FCS content. Similar observations were previously reported by Refs. [41,42] on alkali-activated paste mixes.
This observation can be ascribed to the higher alkaline solution viscosity resulting from the greater amount of silicate and Na™ ions. It
has been reported that the existence of colloidal Si-O-H-Na complexes on the order of 0.6 nm, which form clumps on the order of a few
nanometers [42-44], elevates the viscosity of concentrated alkali silicate solutions. In addition, the amount or size of these colloidal
complexes and clumps increases with an increase in the Si content and this decreases the presence of hydroxyl ions required to break
the siloxan bonds [45], which induces higher solution viscosity. Besides, the increase in the Na;O dosage increases the amount of Na *
ions in the alkaline solution, which induces higher formation of Si-O-H-Na complexes by creating ion-dipole forces [46].

The increase in the NapyO dosage consistently reduced the yield stress of the examined paste samples, irrespective of the FCS
content. The influence of NayO dosage on the yield stress of BS-based silicate activated systems are reported to be complex [47]. In the
case of lower M ratio (i.e., <0.8), an increase in the Na;O dosage increases the yield stress. However, at higher M values (i.e., >1.2),
the higher NayO dosage was found to induce lower yield stress [47], which is in line with the present study.

Another main parameter that affects the rheology of alkali-activated based systems is the precursor type. The precursor charac-
teristics may influence the fluidity of mixes due to their properties such as particle size, particle shape, hydrophobic/hydrophilic
nature, surface texture, and dissolved ionic species [18,48]. It is clearly observed that the incorporation of FCS consistently reduced
both plastic viscosity and yield stress values of the pastes, which consequently improved the workability. The plastic viscosity values
reduced from 6.6 Pa s to 1.6 Pa s for 4% NayO, and from 15 Pa s to 4.2 Pa s for 8% NayO when 30% of BS was replaced by FCS. The
reduction in plastic viscosity was more than 70%. Similarly, in the case of 30% FCA replacement, the yield stress values decreased from
19.1 Pa to 6.5 Pa and 7.6 Pa-3.5 Pa compared to the mixes without FCS for 4% and 8% NayO dosages, respectively indicating a
reduction of more than 54%, as illustrated in Fig. 6b. This beneficial impact of FCS on the rheological properties may be due to its
distinct PSD and surface texture compared to BS. The coarser particle size of FCS may provide a higher free water content for same w/b
ratio by reducing the water demand of mixes. The rheology test results are in well agreement with the flow table test results performed
on mortar samples, in which the higher FCS replacement ratio increased the fluidity.
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3.1.2. Flow table test

Fig. 7 shows the effect of FCS replacement ratio and NayO dosage on the flowability of each mortar mix. The flow values of mortar
mixes ranged between 100% and 115% which provided ease in molding. An increase in the FCS replacement ratio consistently
increased the flow values, irrespective of the Na;O dosage. This may be due to the coarser and broader particle size distribution of FCS
compared to BS, which promotes a smaller specific surface area. The lower specific surface area of FCS causes fewer molecules of water
to be encapsulated and moistens the particle surface, thereby increasing the amount of free water in the mixture and enhancing its
flowability [49]. It was observed that this increase was more pronounced for mixes produced with 4% Na,O dosage. The incorporation
of 30% FCS increased the flow of mixes by 13.7% and 5.0% for the mixes containing 4% and 8% NayO dosages compared to the
reference mixes without FCS, respectively. In addition, the flow values decreased by maximum of 10.0% with an increase in the Na,O
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Table 3
The IS and SS of mortar samples.
Sample code Initial sorptivity (mm/sec®%) Secondary sorptivity (mm/sec®)
FO-N4 0.0036 0.0013
F10-N4 0.0040 0.0011
F20-N4 0.0038 0.0012
F30-N4 0.0036 0.0014
FO-N8 0.0018 0.0006
F10-N8 0.0017 0.0006
F20-N8 0.0020 0.0006
F30-N8 0.0024 0.0007
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Fig. 12. (a) Compressive strength development of mortar mixes and (b) pH evolution of corresponding paste samples.
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dosage from 4% to 8%. It is worth noting that, the amount of sodium silicate was increased proportionally to obtain a constant M ratio,
with an increase in NayO dosage of the mixtures. Therefore, this flow reduction resulting from the higher Na;O dosage is possibly due
to the higher amount of silica content of the mixes produced with 8% NayO dosage (see Section 3.1.1). Similarly, it has been previously
noted that the higher sodium silica content results in lower workability due to its highly viscous/sticky nature compared to NaOH [50].

3.1.3. Setting time

The effect of FCS substitution and Na;O dosage on the setting time of paste mixes are depicted in Fig. 8. The initial setting time
varied between 83 and 290 min, whereas the final setting times of pastes ranged between 136 and 350 min. In the case of 4% NayO
dosage, FCS addition slightly increased the setting times and the initial and final setting times varied in a narrow range between 83-
116 min and 136-156 min, respectively. However, for the mixes containing 8% NayO, the increase in FCS replacement ratio signif-
icantly prolonged the setting times. The initial and final setting times increased by about 60% with an increase in FCS substitution
ratio. This can be credited to the higher dissolution capacity of BS at higher Na;O dosage [51] compared to FCS due to the presence of
higher calcium ions (Table 1) and to the amorphous characteristic of BS (Fig. 2). It has been reported that calcium ions accelerate the
polycondensation reactions, which alleviate the formation of calcium-alumina-silicate-hydrate (C-A-S-H) gels, responsible for

10



N. Miyan et al. Journal of Building Engineering 75 (2023) 107026

40

- @3 days
. m7 days y=7132-2121(;(9-6918'5
§30 1 | a28days e A-.
525 o -
2 P
£ 20 A =78421x-10267 @ o
2 R*2099 @
215 4 L. e
S04 A2 e
& A - -y =67.399x - 887.97
g 5| s - R*=0.92
O PY -._/.

0 —er : . .

13.05 13.15 1325 1335 13.45 13.55

pH values

Fig. 13. The relationship between pH values and compressive strength.

20 um

EAT=1500kV WD =11.0mm 0K 3 | FHT=1500kV Wi
4.50K]
c Element Weight % Atomic %

4.05K] cK 60.46 7985

3.60K (RIS s
Nak 189 114

270K AK 050 025

o [scamem
KK 059 021

135K Fok 027 007

0.90K| a0 Na

o] Fe Namg AISi
oask o MoAl s K S oo Spot1
0-0%00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec: 30.0 ocnts 0.000 keV Det: Element-C28

220K Element Weight % Atomic %
cK 263 463

2.88K|
2.56K|
2.24K]
1.92K|
1.60K
1.28K|
0.96K]
0.64K|

0.32K]
Fe Fe

0-0%:00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec: 30.0 ocnts 0.000 keV Det: Element-C28B
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hardening [52]. The extended setting time provided by the addition of FCS might be advantageous especially for on-site applications
requiring longer casting durations and in hot weather conditions.

The effect of Na;O dosage on the setting time was significant and an increase in Na,O dosage prolonged the initial and final setting
times of pastes by up to 176% and 150%, respectively, irrespective of the FCS content. It was previously reported that the higher Na,O
dosage yields lower setting time due to the accelerated polycondensation and rapid formation of the binding phases [53]. On the other
hand, Adam et al. [54] revealed that this drop in setting time was reversed after a certain NayO ratio (7%), and a further rise in NayO
dosage extended the setting, similar to this study.

3.2. Physical properties

3.2.1. Water absorption, volume of permeable pores, and open porosity
Fig. 9 shows the water absorption, VoPP, and open porosity values of mortar samples at 28 days. The test results indicated that for a
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Fig. 14. (continued).

fixed NayO dosage the physical properties of the samples slightly changed with an increase in FCS ratio. The water absorption, VoPP,
and the open porosity of the mortar mixes varied in the range between 8.1 and 8.4%, 17.4-18.7%, and 17.1-17.8% for 4% NaO
dosage, respectively. However, these values significantly reduced at higher Na;O dosage. The absorption values of mortars almost
halved and the VoPP and the open porosity reduced more than 30% with a higher Na;O dosage. The reduced water absorption and
porosity implies that the mortar specimens have denser structure due to enhanced gel formation with increased Na,O dosage. This has
been verified by SEM-EDS and XRD analysis and further discussed in Section 3.4. The overall test results indicated that the FCS
replacement up to 30% had no significant impact on the physical properties of the BS-based mortars, on the other hand increasing
NayO dosage resulted in significant reduction on the tested physical parameters.

Fig. 10 depicts the relationship between physical test results. It is found that water absorption and both VoPP or open porosity have
statistically significant relationships (R2 > 0.99) in which the lower VoPP or open porosity yields lower water absorption and vice
versa.

3.2.2. Capillary sorptivity

The sorptivity of mortar samples as a function of square root of time are depicted in Fig. 11. The sorptivity behavior of specimens
was divided into two categories: initial sorptivity (IS) and secondary sorptivity (SS). The slopes of the first (1 min-6 h) and second (1
day-8 days) sections of the graphs were used to determine the IS and SS values, respectively, and the results are presented in Table 3.
The IS results from the quick absorption of capillary pores, whereas the gradual filling of entrained or entrapped air pores and
microcracks induces the SS [55]. The results indicate that the variation in the IS and SS with the incorporation of FCS was generally
insignificant. The IS values of the mortar mixes were between 0.0036 and 0.0040 mm/s%® and 0.0017 and 0.0024 mm/s° for Na,O
dosage of 4% and 8%, respectively. The SS values ranged among 0.0006 and 0.0014 mm/s%®. The increase in NayO dosage to 8%
resulted in significantly lower sorptivity values. Capillary sorptivity is intimately linked to total porosity, pore structure, and tortu-
osity. The higher tortuosity of the C-A-S-H type gels [56,57] that are copiously produced in higher alkaline ambient in alkali-activated
specimens may be a reason for the smaller capillary water absorption. In addition, lower open porosity and VoPP values of the mixes
with increasing Na,O dosage may also explain the lower sorptivity of these specimens.

3.3. Compressive strength and pH evolution

The compressive strength results and the pH values determined at 3, 7, and 28 days are shown in Fig. 12. The compressive strength
of each mix consistently increased with elapsed curing age. The F30-N4 mix had the lowest compressive strength of 8.1 MPa, whereas
F20-N8 specimen achieved the highest strength of 31.9 MPa at 28 days. It can be observed from Fig. 11a that the compressive strength
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Fig. 14. (continued).

of mortars significantly increased in the range between 152% and 254% with an increase in the NayO dosage regardless of FCS
replacement ratio. This is in line with the other studies, as it has been reported that the increase in Na;O concentration induces the
formation of further OH™ ions (Fig. 11b), which in turn raises the dissolution of silicon and calcium ions, therefore increasing the
synthesis of denser reaction products such as C-S-H and C-A-S-H, which consequently improves the mechanical performance [58,59].

The results also indicated that the incorporation of FCS up to 20% had no significant effect on the compressive strength, as the
mixes achieved comparable strength values at 7 and 28 days. In the case of 8% NaO dosage, the incorporation of 10 and 20% FCS
slightly increased the compressive strength by 3% and 5% at 28 days, respectively, compared to FO-N8 mix. However, the inclusion of
30% FCS (F30-N8) led to a slight reduction of about 6% compared to FO-N8. Nevertheless, the preservation of compressive strength
indicates that the utilization of FCS up to 30% is beneficial for BS-based alkali-activated systems. Even though its crystalline structure
and lower calcium content, the wider PSD of FCS might have improved the particle packing property that positively affected the
mechanical properties.

In order to elucidate the strength variation process, the pH values of the paste specimens were quantified at various curing periods.
Test results showed that the pH values of paste mixes at 3, 7 and 28 days ranged between 13.18 and 13.47, 13.18-13.45, and
13.10-13.42, respectively. It was found that the pH values of the mixes consistently reduced with the progressive curing age which is
mainly due to the formation of gel type reaction products. At the early stage of reactions, alkaline solution (NaOH and Na,SiO3)
contributes significant amount of OH™ ions and increases the pH value of the AAM system. In addition, the oxide compounds of BS and
FCS dissolves when they interact with water to generate compounds such as Ca(OH); and Mg(OH)», which further increases the pH of
the system [60]. However, the polycondensation reactions progresses with curing age and these hydroxyl compounds are consumed to
synthesize reaction products such as C-A-S-H and/or magnesium aluminum silicate hydrate (M-A-S-H) and which consequently de-
creases the pH value of the pastes. On the other hand, the increase in the NaO dosage remarkably increased the pH value of the mixes,
which is due to the extra hydroxyl ions coming from the alkaline solution. Furthermore, considering the effect of FCS on pH values, two
distinct behaviors were detected depending on the NasO dosage. In the case of 4% NayO, the FCS inclusion consistently increased the
pH of the samples at both early and later ages. However, when 8% NayO was used, similar pH values were obtained with increasing FCS
ratio at early ages, whereas pH values decreased with increasing FCS ratio at 28 days. This may indicate that FCS contributes more to
gel formation when used in a higher alkaline ambient (i.e., high pH of pore solution).

Fig. 13 shows the linear relationship between pH values and compressive strength of the alkali-activated mixes with a satisfactory
R? value of greater than 0.92 and the higher pH values resulted in higher mortar compressive strength.
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Fig. 14. (continued).

3.4. Microstructural investigation

3.4.1. SEM-EDS analysis

Fig. 14 shows the microstructural morphology of alkali-activated paste samples. SEM analyses were conducted with backscattered
mode to distinguish unreacted particles and gel phases under the magnifications of x 1000 and x 5000. A total of 5 points were selected
for each investigated sample in order to conduct EDS analysis and 2 representative analysis points were presented in Fig. 14 for each
tested sample. The mean atomic ratios such as Ca/Si and Si/Al were calculated considering the matrix phase by excluding the points of
unreacted particles, and the results are shown in Table 4. SEM analysis results showed that micromorphology of the paste mixes altered
with the change of NapO dosage, whereas the addition of FCS slightly affected the general morphology. It was observed that the
unreacted particles corresponding to FCS and BS are homogeneously dispersed throughout the studied areas. In addition, the increase
in the Nay0O dosage reduced the amount of unreacted precursor particles, which indicates improved hydration reactions. It was also
observed that the mixes containing 8% NayO dosage exhibited higher amount of microcracks which is possibly due to the higher
shrinkage characteristics of BS-based AAM mixes at higher alkaline ambient [61]. The EDS analysis revealed that C, O, Ca, Si, Al, Mg,
Na, and Fe elements were generally detected for all mixes. The darker areas (dashed circles in Fig. 14) observed in some mixes were
rich in C, O, and Ca elements and possibly show the formation of CaCO3 and the number of these areas decreased with higher Na,O
dosage. In addition, several white spots with particle sizes between 3 and 5 pm were identified in P10-N8 and P30-N8 mixes (Fig. 14e
and f). The XRF and XRD analyses of raw FCS reveal that these spots might be metallic iron or iron oxide, as also verified by the EDS
analysis. However, these particles were not detected in the paste samples prepared with 4% Na,O containing FCS which may indicate
that FCS particles could further dissolve under higher alkaline conditions.

The EDS results showed that Ca/Si ratio of the mixes activated with 4% NayO dosage varied between 0.95 and 1.16, whereas this
ratio decreased and ranged between 0.75 and 0.90 for the mixes with 8% NayO dosage. On the other hand, the incorporation of FCS
insignificantly altered the Ca/Si ratio. The obtained Ca/Si ratios of the present study were compatible with the ratio of C-(A)-S-H gel,
which was previously reported in the literature [62]. The potential C-(A)-S-H gel regions were identified in Fig. 14 according to the
Ca/Si ratio using EDS data. It was previously shown that the Si/Al ratio play a significant role in the strength development and an
increase in the Si/Al ratio generally yields higher compressive strength [16]. As shown in Fig. 15, linear relationship is established
between Si/Al and the compressive strength which shows that an increase in the NayO dosage results in an increase in Si/Al atomic
ratio and compressive strength.

3.4.2. XRD analysis
Fig. 16 depicts the XRD patterns of the paste mixes. The increase in the FCS ratio consistently increased the crystallinity of the
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detected phases. The major peaks were identified as spinel, forsterite, calcium aluminum silicate (CagAl,Siy) (#PDF 01-083-1278),
magnesium aluminum silicate (AloMg301gSig) (#PDF 01-076-0537), and calcite (CaCOs3) (#PDF 00-047-1743) for the mixes con-
taining FCS. However, PO-N4 and PO-N8 mixtures exhibited highly amorphous diffraction patterns with a single broad peak located at
around 29.68° 26, as previously detected in the XRD spectra of raw BS. This peak was identified as calcium aluminum silicate for
P0-N4 and PO-N8, which may correspond to the formation of strength-giving gels such as C-S-H, and C-A-S-H due to the abundant
presence of calcium in raw BS. Magnesium aluminum silicate phases were also detected at the same peak (29.68° 26) with the
incorporation of FCS. The peaks of magnesium aluminum silicate may indicate the formation of M-A-S-H type gel with the addition of
FCS. The presence of high amount of magnesium and aluminum and low amount of calcium in FCS may have led to the formation of M-
A-S-H gels which were detected at around 29.5°, 31.5°, 32.4°, 36.9°, and 44.8° 26. In the case of 10% FCS replacement, forsterite and
spinel peaks emerged, which come from the raw FCS at around 18°, 23°, 37°, 40°, and 65° 2©. Furthermore, the intensity of spinel and
forsterite peaks increased with an increase in FCS content.

The increase in the NayO dosage generally decreased the peak intensities of crystalline phases for their corresponding FCS
replacement ratio. The reduced forsterite and spinel peaks implies that the reaction of FCS particles enhance in higher alkaline
ambient. This finding can be corroborated with the SEM images of P10-N8 and P30-N8 (Fig. 14e and f), in which the dissolved iron
oxide particles were observed.

4. Conclusions

The purpose of this study is to investigate the fresh, physical, mechanical, and microstructural properties of FCS incorporated
alkali-activated BS-based paste and mortar mixtures. The effects of FCS replacement and NapO dosage were discussed. The key out-
comes of this study are listed below.

e FCS substitution improved the fresh state properties of the paste and mortar mixes by reducing the plastic viscosity and yield stress
values and increasing both the initial and final setting times. Thus, the utilization of higher FCS content can be favorable to solve
the stickiness and fast setting problem of BS-based AAMs.

e The incorporation of FCS up to 30% had no adverse effect on the water absorption, VoPP, open porosity and sorptivity of the
mortars without compromising compressive strength. In addition, the increase in Na;O dosage improved the physical and me-
chanical properties of mortars significantly.

e The pH values indicated that the alkalinity of the paste samples decreased with the elapsed curing age due to the formation of
reaction products. The increase in FCS ratio increased the pH values of the samples when 4% NayO was used. In contrast, this trend
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Fig. 14. (continued).

Table 4
The average EDS atomic ratios of the mixes.

Sample ID Ca/Si ratio Si/Al ratio Na atomic percentage (%)
PO-N4 1.16 + 0.12 3.68 +0.19 4.83 £ 0.07
P10-N4 1.09 + 0.04 3.66 + 0.32 4.29 + 0.82
P30-N4 0.95 + 0.01 3.89 + 0.15 4.85 + 0.54
PO-N8 0.75 + 0.03 4.42 + 0.02 7.95 + 0.82
P10-N8 0.90 + 0.15 4.46 + 0.55 7.31 + 0.20
P30-N8 0.90 +0.16 4.72 £ 0.74 7.55 + 1.10

was reversed in case of using 8% NaoO dosage, and the pH values decreased with the addition of FCS, which indicates that the
contribution of FCS on the alkali-activation process is higher in higher alkaline environment.

e Based on the microstructural and mineralogical investigations, the increase in the Si/Al atomic ratio was found to be beneficial for
the compressive strength of the mixes. The main crystalline phases were detected as forsterite, spinel, calcium alumina silicate, and
magnesium alumina silicate. The formation of latter two signifies the existence of C-A-S-H and M-A-S-H gels. In addition, the major
reaction product was found as C-A-S-H gels in the mixes, whereas FCS addition led to an increase in the crystalline products and
formation of M-A-S-H gels.

e Overall, the utilization of FCS up to 30% in alkali-activated BS-based mixtures was found to be beneficial since it facilitated
flowability, extended setting times to an appropriate level enabling on-site applications, and did not adversely affect the me-
chanical and physical properties of the mortar mixes. The resulting mortar mixes containing FCS can be utilized in the execution of
structural or non-structural elements for general use in construction that require compressive strength around 30-35 MPa. The
utilization of FCS in BS-based AAM systems suggests a sustainable solution by reducing its impact on the environment without
sacrificing the physical and mechanical properties.
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