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A B S T R A C T   

The valorization of Fe-rich fayalite slag (FS) as a precursor for alkali-activated materials (AAMs) 
is hampered by its low reactivity at ambient temperature. Here, FS was blended with waste-based 
reactive co-binders such as ladle slag (LS) and blast furnace slag (BFS) to improve the fresh and 
hardened state properties of the AAMs for potential construction applications. The results showed 
that the incorporation of LS and BFS as an additional source of Ca and Al accelerated the reaction 
kinetics and influenced the binder gel type and formation mechanism. In all the mixes, Fe, Si and 
Na are present in the evolving binder gel. In addition to these elements, the binder gel of the 
blended formulations is also rich in higher quantities of Ca and Al and showed possible formation 
of C-A-S-H and C-(N)-A-S-H together with the development of andradite, a calcium ferrosilicate 
hydrate phase formed from chemical interaction between FS and co-binders; it indicates that both 
FS and co-binder participated in the binder gel formation. Furthermore, the nucleating and filling 
effects of co-binders improved the workability, ultrasonic pulse velocity and mechanical prop-
erties; this also densified the structure and lowered the water absorption and permeable porosity 
of the blended mortars. The compressive strength of blended mortars was above 20 MPa, thus 
satisfying the strength requirements of building materials according to ASTM C62. The results of 
this study emphasize the reuse potential of FS with other waste streams in producing eco-friendly 
AAMs, which can have a wide range of construction applications.   

1. Introduction 

Portland cement (PC) is an indispensable material used for construction and building activities worldwide. Currently, the global 
consumption rate of cement is estimated at 20 Gt/year and this is expected to rise due to the need for more housing and the rapid 
development of infrastructures in some parts of the world [1]. However, this infrastructural growth has its own drawbacks, as cement 
manufacturing and usage has led to high CO2-emissions, energy consumption and cost. Thus, there is growing demand for a greener 
cement and concrete with lower CO2 emissions. One of the efficient approaches that is gradually gaining momentum is the substitution 
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of PC with industrial waste or by-products which are often landfilled or used in low value applications but can potentially be used as 
supplementary cementitious materials (SCM) or as precursors for alkali-activated materials (AAMs) [2,3]. 

AAMs have gained increasing attention in recent years as a possible eco-friendly alternative binder that could at least partly replace 
PC [4]. One of the suggested advantages of AAMs is its potential ability to use a wide range of aluminosilicate or iron silicates as 
precursors, offering the possibility for upcycling a wide range of waste streams as secondary raw materials in their synthesis [5–8]. By 
doing so, a considerable amount of virgin raw materials is preserved and significant reduction in the environmental footprint of in-
dustries is achieved. Notable aluminosilicate materials that have been explored and used as precursors included metallurgical slags, 
calcined clays, natural pozzolans, mineral wools and fly ashes [4,5]. 

Fayalite slag (FS) is an Fe-rich, non-ferrous metallurgy by-product produced during nickel or copper smelting operations. Currently, 
approximately 200 000 tons of water-quenched nickel slag and 400 000 tons of slowly-cooled copper slag are generated annually, with 
the majority being stored at dumping grounds, resulting in higher landfilling costs for the metallurgical industries [5,9]. Depending on 
the composition of the ore, processing parameters and cooling process, the resulting slag may be crystalline or amorphous. The main 
chemical composition of typical FS includes Fe2O3 (35–60%), SiO2 (24–40%), CaO (1–10%), Al2O3 (3–15%) and MgO (0.7–3.5%) [10]. 
Numerous approaches have been proposed to minimize their disposal to landfills and encourage their reuse in the fields such as 
aggregate replacement, road construction and pozzolanic material with PC [10]. 

The presence of amorphous phase in FS increases its potential as precursors for alkali activation, indicating that material with high 
added value can be obtained from FS utilization in AAMs. Recent studies have shown that during alkali activation of Fe-rich slags, Fe2+

and Fe3+ are dissolved from the slag and the resulting Fe2+ in the binder gel are arranged in trioctahedral configuration while silicate 
network consist of tetrahedral Fe3+, with Na+ acting as a charge balancing cation [11,12]. Therefore, the nanostructure of the binder 
gel formed is slightly different from most conventional AAMs [5]. In this line, several studies have reported the successful utilization of 
FS through alkali or chemical activation to produce AAMs [13–15]. However, FS has lower reactivity in an alkaline environment at 
ambient temperature compared to other precursors such as metakaolin (MK) and blast furnace slags (BFS) [16,17]. For example, in 
contrast to highly reactive Ca-rich precursor such as BFS, FS contains high amounts of Fe and lower amounts of Ca which partly 
explains their lower dissolution rate and reactivity in alkaline media [17]. 

The practical AAM applications based on industrial FS require elevated temperature to enhance the hardening process and achieve 
sufficient mechanical properties [18]. The cost associated with elevated curing temperature could increase the cost of AAM production 
and limit their applicability, especially when it is to be used for cast-in-situ mortar or large-scale production is required. One possible 
way to overcome the low inherent reactivity of FS and achieve good properties at ambient temperature is to blend it with other 
materials that were proven to be more reactive as precursors for AAMs. Few studies have reported the use of various similar 
non-ferrous metallurgy Fe-rich slags in PC and calcium aluminate cement-based blended formulations and hybrid binders with 
promising results [19–21]. However, the use of Ca and Al rich waste-based co-binders as Ca and Al source in Fe-rich AAMs is a novel 
approach which has not been investigated previously. Since the co-binder can supply the missing chemical components in FS when 
blended together, it is important to know to what extent they influence the chemical composition and properties of the binder. In this 
study, one common and easily accessible slag known as BFS and another less common slag namely ladle slag (LS) were examined for 
their potential to be a co-binder with the Fe-rich FS. 

BFS is the most common precursor for AAMs, and its reaction in an alkaline environment has been widely studied [4]. During alkali 
activation, the Ca from BFS dissolves together with Si and Al to form a C-(A)-S-H as main gel type, resulting in the development of 
alkali-activated binders, mortars and concretes with acceptable technical, environmental, and economic benefits [22]. LS is mainly 
generated from steel manufacturing processes, estimated at about 2.1–2.6 million tons per year in Europe [23]. LS is a calcio-aluminate 
rich industrial waste that is often landfilled, but has shown promising mechanical and durability properties when used as precursor for 
AAM, achieving a compressive strength of 70 MPa at 28 days [24]. By mixing the low-Ca and Fe-rich silicate material (FS) with Ca- and 
Al-rich material (BFS and LS), complementary advantages and improvement in the binder performance could be achieved. 

In this current research, one of our objectives was to prepare materials containing high volume (~80 wt%) of Fe-rich FS and 
achieve better properties at ambient temperature. Thus, two alkali-activated blended mortars with 20 wt% replacement of FS with LS 
or BFS were developed and their reaction kinetics in alkaline solution was determined by setting time and isothermal calorimetry. The 
effect of LS or BFS addition on the workability, compressive strength, water absorption, permeable porosity, and uniformity of the 
matrix through ultrasonic pulse velocity (UPV) measurements of the mortar samples was also assessed. The reaction products were 
analyzed using X-ray diffraction (XRD), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscope (SEM) coupled with energy dispersive x-ray spectroscopy (EDS). 

2. Materials 

2.1. Precursors 

The FS material used in this research as an Fe-rich silicate precursor was supplied in granular form by Boliden Harjavalta Oy, 
Finland; it is a water-cooled industrial by-product originating from nickel smelting operations. The BFS used as co-binder in the 
investigation was supplied by Finnsementti, Finland. LS was supplied by SSAB Europe Oy, Finland. The chemical composition of FS, 
BFS and LS was analyzed using a 4-Kv wavelength dispersive X-ray fluorescence spectroscopy (XRF, Axios mAX; Malvern PANalytical, 
UK). It is worth stating that in FS, Fe may exist as Fe2+ or Fe3+, but it is reported here as Fe2O3 due to sample pretreatment during TGA 
analysis at 950 ◦C which oxidizes the iron mostly to Fe3+, represented by the negative loss on ignition (LOI). The density of the 
materials was determined using a helium pycnometer (Micrometrics, USA). Five consecutive density measurements were performed, 
and the average taken as the density value. The chemical composition, LOI and density of the materials are presented in Table 1. 
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The as-received granular FS was milled for 180 min with a laboratory ball mill (TPR-D-950-V-FU-EH, Germatec, Germany) to 
achieve a median particle size (d50) of 10 μm. Prior to milling, the as-received FS was dried in the oven at a temperature of 60 ◦C for 24 
h to remove the residual moisture. The milling was performed using a 10 L ball mill container with 150 stainless steel balls of optimized 
sizes (45 balls of 40 mm Ø, 45 balls of 30 mm Ø and 60 balls of 25 mm Ø). Using the same milling procedure and ball sizes, the as- 
received LS was milled for 120 min to achieve a d50 of 10 μm. 2000 g of as-received FS or LS were loaded into the ball mill container for 
each milling batch. BFS was not milled as it was supplied in powder form and therefore used as received. 

The particle size distribution of milled FS and LS as well as the as-received BFS was analyzed with a laser diffraction technique 
(Beckman Coulter 13 320, USA) using the Fraunhofer model. During the particle size measurement, water was used as a dispersion 
medium for FS as it does not react with water while isopropanol was used as a dispersion medium for BFS and LS to prevent reactions 
with water. Three replicates’ measurements were performed for each sample to ensure reliability of the results and the average particle 
size distributions are presented in Fig. 1. The morphology of the precursors is shown in Fig. 2. The particles of FS and BFS are majorly 
angular in shape with sharp edges while LS are mostly irregular in shape. 

2.2. Sample preparation 

Three different mixes were prepared as shown in Table 2. A reference sample made with 100% FS and the remaining two are 
blended matrices, prepared by replacing 20 wt% of FS with BFS or LS. Considering our objective to enclose a maximum amount of the 
Fe-rich residue, the optimum amount of BFS or LS was fixed at 20 wt% based on our previous study [25]. The alkaline solution used for 
the synthesis was a mix of 10 M sodium hydroxide (NaOH) solution and analytical grade sodium silicate solution, with the ratio of 
NaOH solution to sodium silicate solution equal to 1. The analytical grade sodium silicate solution (Merck, USA) used consisted of 
7.5–8.5 wt% Na2O and 25.5–28.5 wt% SiO2. The NaOH solution was prepared by mixing the required amount of NaOH pellets (>98% 
purity; VWR Chemicals) in deionized water and allowed it to cool. After cooling, the NaOH solution was mixed with sodium silicate 
solution, then stored in a sealed plastic bottle at room temperature for 24 h before use. The final molar ratios of the activating solution 
were (SiO2/Na2O = 1.0) and (H2O/Na2O = 15.7). 

Paste samples were prepared using a mechanical mixer (IKA Eurostar, Germany). The dry powder mixtures were first mixed 

Table 1 
Chemical composition (wt.%), LOI, and density of FS, BFS, and LS.   

FS BFS LS 

SiO2 34.4 32.3 9.2 
Al2O3 2.4 9.58 29.2 
Fe2O3 52.5 1.23 1.8 
CaO 1.9 38.5 48 
MgO 6.8 10.2 6.5 
Na2O 0.5 0.5 0.2 
K2O 0.6 0.5 0.03 
TiO2 0.2 2.2 1.8 
P2O5 0.04 0.0 0.03 
MnO 0.08 0.0 0.9 
SO3 0.5 4.0 0.4 
Others 0.28 0.49 0.64 
LOI at 950 ◦C − 0.2 0.5 1.3 
LOI at 525 ◦C  – – 
Density (g/cm3) 3.8 2.9 3.0  

Fig. 1. Particle size distribution of FS, BFS and LS.  
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together at 500 rpm for approximately 2 min and then the alkali activator was added and further mixed for 5 min at 1000 rpm until the 
paste becomes homogeneous. To ensure full recycling of FS and avoid the use of PC and natural aggregates, FS was used as the sole 
solid precursor (aggregate and binder) in the design of mix compositions. For the preparation of the mortars, granular FS (named 
‘FSA’) was used as the aggregate source, with aggregate-to-precursor ratio of 3 [26]. In our previous work, the mortar samples con-
taining FSA had superior mechanical and microstructural properties compared to mortar samples with standard sand aggregates [5]. 
The mixing of the mortar samples was performed in accordance with EN 196-6 standard [26]. The workability of the fresh mortar 
samples was assessed using a flow table test in accordance with the EN 1015-3 standard [27]. 

The paste samples were casted into 20 × 20 × 80 mm3 steel molds while the mortar samples were casted in steel molds of di-
mensions 40 × 40 × 160 mm3 for compressive strength and UPV measurements and vibrated for 60 s using a jolting machine to remove 
entrapped air. The casted samples were put in a sealed plastic bag to avoid evaporation of water needed for the synthesis and placed at 
room temperature for 24 h. Ambient temperature was used for the curing of the samples as this can reduce the potential production 
cost and facilitate their real time application especially when it is to be used for cast-in-situ mortar or large-scale production is 
required. The samples were then demolded after 24 h and kept in a sealed plastic bag prior to testing at 1, 3, 7 and 28 days. 

2.3. Precursor characterization 

2.3.1. XRD analysis 
The phase composition and mineralogy of the precursors and the prepared alkali-activated binders (28d age) were analyzed using a 

9 kW Rigaku Smartlab diffractometer. The analysis employed Cu K-beta radiation and a scanning rate of 0.02◦ 2θ/step between 5 and 
80◦. Prior to analysis, the samples were first pulverized before being homogenized together with 10 wt% rutile (TiO2) in an agate 
mortar for 5 min. The rutile was added as an internal standard. The phase identification was obtained using PDXL2 software associated 
with the PDF-4 2015 database. The quantification and identification of the crystalline phases and amorphous content was estimated 
using the Rietveld refinement method and this is presented in Fig. 3 and Table 3. 

2.3.2. FTIR analysis 
Powdered samples of raw slags and AAMs were analyzed by FTIR (VERTEX 80v, Bruker, USA). The spectra at a resolution of 2 cm− 1 

were obtained in the wavelength range of 400–4000 cm− 1 to understand the molecular level changes due to the presence of co-binders. 
Fig. 4 presents the FTIR spectra of FS, LS and BFS. The Si–O bending and stretching vibrations are observed at the same wavenumbers 
(560, 625, 830 and 943 cm− 1) with the wavenumbers at 625 and 830 cm− 1 reportedly overlapping with the crystalline fayalite when 
observed in FS [15,28]. Moreover, the peak at 560 cm− 1 corresponds to the Fe–O stretching [28] which could be related to the 
magnetite (Fe3O4) in FS sample as detected from the XRD data (Table 3). Hence, the bands at 560, 625, 830 and 943 cm− 1 in LS and 
BFS could be resolved as Si–O vibrations. The bands at 490 cm− 1 could be assigned to Si–O–Si rocking bands while the bands observed 
at 1150 cm− 1 denote Si–O asymmetric stretching vibration and its broad contribution corresponds to the glassy content of FS and BFS 

Fig. 2. SEM image of FS, LS and BFS after milling.  

Table 2 
Mix design. Sample ID abbreviation: FS refers to fayalite slag, BFS to blast furnace slag, LS to ladle slag.   

FS (g) BFS (g) LS (g) SHa (g) SSb (g) Curing temperature (◦C) 

AAFS 100 0 0 10 10 23 ± 2 ◦C 
AAFS-BFS 80 20 0 10 10 
AAFS-LS 80 0 20 10 10 

a – sodium hydroxide solution, b – sodium silicate solution. 
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[15,18]. The bands seen at 1650 cm− 1 and between 3400 and 3600 cm− 1 in all the samples are commonly related to the H–O–H 
bending and stretching respectively due to the presence of water [18]. 

2.3.3. Fresh and hardened state properties characterization 
The initial and final setting times of all the paste samples were determined using an automated Vicat apparatus (Vicatronic, Matest 

E044N, Italy) at room temperature (approximately 23 ± 2 ◦C) in accordance with EN 196-3 standard. 
The heat evolved and cumulative heat released during alkali activation was determined using TAM air isothermal calorimeter (TA 

instruments, USA). The precursors and the alkali activator were mixed together ex-situ and 5 g of the mixed pastes were put into the 
ampoules and carefully placed in the instrument for measurement. As a reference, an ampoule filled with deionized water was used. 
The calorimetry measurement was carried out at a constant temperature of 23 ◦C for 326 h. 

Thermogravimetric analysis was carried out on the reference sample and alkali-activated blended binders. At 28 days, the 

Table 3 
Mineralogy of the precursors.  

Phase LS FS BFS 

Mayenite (C12A7) 30.9 –  
Calcio-olivine (γ - C2S) 21.3 –  
Tricalcium-aluminate (C3A) 12.9 –  
Q- phase (Ca20Al26Mg3Si3O68) 14.4 –  
Periclase (MgO) 8.2 –  
Perovskite (CaTiO3) 1.3 –  
Fayalite (Fe2SiO4) – 43.1  
Magnetite (Fe3O4) – 1.6  
Amorphous 11 55.3 100  

Fig. 4. FTIR spectra of FS, BFS and LS.  

Fig. 3. XRD patterns of FS, LS and BFS.  
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hydration was stopped by solvent exchange techniques using isopropanol and the solution changed twice during the first 2 h and later 
left for 48 h. After 48 h, the samples were removed from isopropanol and kept in the desiccator at room temperature to dry until the 
analysis date [29,30]. The paste samples were crushed into powder and approximately 5 g were taken and put into the equipment 
(PrepASH, Precisa, Switzerland). The samples were heated from room temperature to 1000 ◦C in a nitrogen atmosphere. 

Compressive strength of the mortar samples was done at 1, 3, 7 and 28 days using a Zwick testing equipment (Zwick Roell Group, Ulm, 
Germany) with a maximum load of 100 kN and a loading force of 2.4 kN/s [26]. The average of four replicate measurements were taken as 
the compressive strength value. The error bars in the strength measurement are an indication of standard deviation between measured 
values. 

The quality of the prepared mortars and the microstructural development over time was determined using the UPV measurement 
device (Matest C369 N, Italy). The velocity of the ultrasonic wave passing through the mortars were determined by connecting two 55 
kHz transducers (distance accuracy of ±2% and travel time accuracy of ±1%) to the UPV testing machine. Vaseline was used to 
lubricate the surface of the transducers prior to measurement to tightly fit to the sample surface. An average of six consecutive 
measurements were taken on the sample surface to obtain the average UPV value. The UPV test was carried out in accordance with 
ASTM C597 recommendations using equation (1) below.  

V = y/t                                                                                                                                                                         (1) 

where V is the UPV value (m/s), which is a function of the distance y between two transducers (m) and the transit time t (s). 
Water absorption and permeable porosity of the mortar samples after 28 days of curing was done in accordance with ASTM C642 

recommendations [31]. The samples were dried in the oven at 105 ◦C for 24 h and the mass was determined. The samples were then 
immersed in deionized water and analyzed after 3, 7 and 28 days to determine the continuous absorption of water into the samples. 
The water absorption and permeable porosity was then calculated using equations (2) and (3) 

Water absorption (%)=
Ms − MD

MD
× 100 (2)  

Permeable porosity (%)=
Ms − MD

Ms − MB
× 100 (3)  

where MS = water-saturated surface dry mass in air, MD = oven dry mass in air, and MB = buoyant mass of water-saturated specimen 
suspended and immersed in water. 

The morphology of the precursors and prepared samples was analyzed using SEM-EDS analysis (Zeiss Ultra Plus, Germany). Sec-
ondary and backscattered electron images were captured with 15 kV acceleration voltage and a working distance of 8 mm. Prior to 
analysis, the samples were carefully cut into small pieces, casted in epoxy resin, polished using diamond pastes, and then carbon coated. 

3. Results and discussion 

3.1. Heat evolution and cumulative heat release 

The incorporation of LS and BFS significantly influences the heat evolution and cumulative heat released by blended samples 
(AAFS-LS and AAFS-BFS) when compared with reference samples (AAFS) (Figs. 5 and 6). An initial peak appeared in AAFS-LS and 
AAFS-BFS samples after few minutes, ascribed to the contact of the precursors with the activating solution which are commonly related 
to heat evolved from wetting and the onset of dissolution of slag particles in alkaline environment [11,32]. The initial peak was 
followed by an induction (or dormant) period during which the concentration of soluble alumina and silica species attain a certain 

Fig. 5. Heat evolution of AAFS, AAFS-BFS and AAFS-LS.  
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threshold value [33]. The incorporation of BFS or LS into FS led to the formation of the second broader heat flow peak observed in 
AAFS-BFS and AAFS-LS, ascribed to the precipitation and formation of the reaction products [16]. In contrast, AAFS exhibited one 
exothermic peak around 2 h, and this corresponds to its initial setting time (see Fig. 7), indicating slower reactivity and consequently 
less formation of reaction products. No dormant period was observed after the initial peak. As reported in the literature, the absence of 
a dormant period could be an indication of rapid formation of precipitate on the surface of the precursor grains which inhibits further 
reactions and strength development [33]. The earlier findings support the observation in this study as AAFS (no dormant period) has 
clearly lower strength development compared to AAFS-BFS and AAFS-LS (dormant period) (see section 3.7). 

Furthermore, the timing of the occurrence of the second peak in AAFS-BFS is slightly different from AAFS-LS. The second peak in 
AAFS-BFS is detected at 13 till 30 h while the second peak for AAFS-LS tends to be wider and detected at an earlier time of 10 till 50 h. 
The difference is likely related to the higher Ca and Al content of LS compared to BFS, as the difference in their chemical composition 
can have an effect on the reaction chemistry of the blended matrix. Higher Al content in LS can enhance the supersaturation level of Al 
bearing phases preferably mayenite to be attained quickly in AAFS-LS and initiate the hardening reactions [34]. No peaks were 
observed after the second peak, as the reaction peak of all the samples decelerated gradually till 326 h. 

The cumulative heat released from all the samples are presented in Fig. 6. All the samples showed high cumulative heat release 
during the first day consistent with the initial peak flow shown in Fig. 5. The cumulative heat released by AAFS (61 J/g) is lower than 
AAFS-LS (75 J/g) and AAFS-BFS (70 J/g) after 326 h of reaction. Moreover, the cumulative heat released by AAFS-LS is higher than 
AAFS-BFS and could be an indication of higher reaction rate and likely formation of the Ca-rich phase, as this is also typically seen in 
Fe-rich synthetic slag with different Ca content [35]. The higher cumulative heat released in samples containing co-binders is 
consistent with the compressive strength results (later presented in Fig. 13) where higher strength values were observed for blended 
systems. These results show the possibility of enhancing the reactivity of blended formulations through chemical modifications with LS 
or BFS additions. All the paste samples exhibited an increase in cumulative heat released within the studied time frame, suggesting the 
continuation of hardening reactions beyond the 326 h monitored. 

Fig. 6. Cumulative heat release of AAFS, AAFS-BFS and AAFS-LS.  

Fig. 7. Initial and final setting times of AAFS, AAFS-BFS and AAFS-LS.  
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3.2. Setting time 

The initial and final setting time of the reference samples (AAFS) and samples containing co-binders (AAFS-LS and AAFS-BFS) are 
presented in Fig. 7. The determination of initial and final setting time is crucial for mixing, handling, and casting of the matrix, 
especially when it is to be considered for building or construction applications [2]. The setting time must not be too slow or too fast, 
otherwise the working efficiency will be adversely affected. The incorporation of co-binders into the paste matrix significantly 
shortened the setting time and reduced the difference between the initial and final setting time, particularly for AAFS-LS. The initial 
setting time of AAFS-LS is 30 min while the final setting time is 88 min. This is expected as previous studies on alkali-activated LS has 
reported a rapid setting of few minutes which sometimes need to be retarded using borax to allow for enough working time [24,36]. LS 
has higher Ca and Al content in their bulk chemical composition compared to BFS, and this may be the reason for their rapid setting, as 
fast setting is often intimately linked to high Ca in the precursor. Ca emanating from LS during alkali activation can therefore provide 
heterogeneous nucleation sites in the blended matrix and shorten the setting time, as reported in the literature [34]. In addition to the 
high Ca content, the presence of mayenite, a highly reactive aluminum bearing phase and tricalcium aluminate in LS, can react rapidly 
and influence the setting time [34,37]. In accordance with EN 197-1 specifications [38] for initial setting time, the initial setting time 
for PC should be between 45 and 75 min depending on the strength class. With reference to this standard, AAFS-LS set too fast and only 
AAFS-BFS met the requirement. The final setting time of all the paste samples is less than 600 min and satisfied the requirement for 
final setting time of cement for construction applications. 

Table 4 
Workability of fresh mortar samples of AAFS, AAFS-BFS and AAFS-LS.  

Sample name Mean workability (mm) 

AAFS 145 ± 1.4 
AAFS-BFS 166 ± 1.3 
AAFS-LS 180 ± 1.5  

Fig. 8. XRD patterns of AAFS, AAFS-BFS and AAFS-LS: f = fayalite, ma = magnetite, c = calcio-olivine, m = mayenite, CA = calcium aluminum magnesium silicate, t 
= tricalcium aluminate, p = perovskite, pe = periclase, z = calcite or C–S–H like phase, A = andradite phase and R = Rutile. 
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3.3. Workability 

The workability of the fresh mortar samples is presented in Table 4. The blended systems demonstrated better workability than the 
reference matrix. The workability determines the ease of handling fresh mortar samples immediately after mixing and could be 
classified based on the AAM mortar criteria shown here [39]. Using the criteria, AAFS-LS has the highest workability of 180 mm and 
could be regarded as a highly workable mortar. AAFS-BFS has a workability of 166 mm, and it is considered to have moderate 
workability while AAFS with a workability of 145 mm is considered to be a stiff mortar. The higher workability of AAFS-LS compared 
to AAFS-BFS indicates that LS could be a more effective co-binder than BFS in increasing the workability of alkali-activated blended FS 
mortar. The workability value obtained for AAFS-LS mortar blend in this study is consistent with the workability result of geopolymer 
mortars made with FA/LS blend from previous study [40]. Besides, AAFS-BFS demonstrated enhanced workability compared to AAFS. 
This may likely be ascribed to the physical properties of incorporated BFS, which helps reduce cluster formation and allow the alkali 
activator to lubricate the mix, resulting in higher workability [41]. The beneficial effect of BFS addition on the workability of PC-BFS 
blend has been previously studied, with BFS replacement up to 60%. It was observed that BFS due to better cementitious particle 
dispersion enhanced the workability of the blended matrix considerably [42]. It is worth stating that particle size distribution is one of 
the most critical factors influencing the particle packing and workability of the mortar mixes [43]. Hence, it can be postulated that the 
incorporation of LS or BFS resulted in better particle packing, thus improving the workability of blended mortars. The lower work-
ability observed in AAFS is consistent with those reported in our previous study on alkali-activated FS mortar [5]. These results 
indicate that the incorporation of co-binders can act as a workability aid up to 20% as they significantly improved the workability of 
the blended matrix. 

3.4. XRD 

The XRD patterns of alkali-activated samples of AAFS, AAFS-BFS and AAFS-LS are presented in Fig. 8. Fayalite [(Fe2SiO4) pdf. 04- 
007-9022] and magnetite [(Fe3O4) pdf. 04-008-8145] were the crystalline phases identified in the XRD patterns of AAFS, in consis-
tence with the mineralogy of the starting FS (Table 3). These crystalline phases observed were similar to those observed in previous 
studies [18]. The intensity of the crystalline reflection in AAFS were almost similar to that of FS, with the exception of fayalite which 
presented slightly lower intensity, suggesting their partial dissolution and possible participation in the alkali activation process. 
Similar reduction in crystalline components of FS after alkali activation has been reported in the literature [15]. However, the slight 
increase in the amorphous content and reduction in fayalite is mainly due to dilution in respect to the addition of the alkali activator. 
No new crystalline phase was formed in AAFS, which is an indication of the amorphous character of the newly formed binder phase. 

For AAFS-BFS, the mineralogical composition is slightly different from those observed for AAFS. As shown in Fig. 8b and b, fayalite, 
magnetite, andradite [(Ca3Fe2(SiO4)3 pdf. 04-013-6178] and calcite [(CaCO3) pdf. 04-006-6528] were the crystalline phases identified 
in the XRD of AAFS-BFS. Besides the original crystalline phases of FS (fayalite and magnetite), calcite (2.8%) has been identified in 
AAFS-BFS, which is attributed to the carbonation of the samples during curing. Simultaneously, the formation of andradite (2%) is 
mainly due to the interaction between dissolved Fe in FS and calcium silicate phases in BFS, similar to those reported in the literature 
[44]. Meanwhile, it was observed that the initial crystalline reflections present in FS and LS were also present in the alkali-activated 
samples of AAFS-LS. Fayalite and magnetite originated from FS while periclase [ pdf. 04-002-2876], perovskite [pdf. 04-005-5587], 
mayenite [(C12A7) pdf. 04-015-5594], calcio olivine [(γ - C2S) pdf. 04-006-8894], tricalcium-aluminate [(C3A) pdf. 04-007-4797] and 
Q-phase [pdf. 04-009-3800] originated from LS. Compared to 20% of LS phase content (Table 3), periclase (6.9%) and perovskite 
(1.8%) content remained unchanged after activation in AAFS-LS while there was a reduction in other crystalline phases, suggesting 
partly transformation into an amorphous structure after alkali activation. The phases present in AAFS-LS after activation included 
fayalite (26.7%), magnetite (2.9%), mayenite (1.1%), calcio olivine (1.8%), tricalcium-aluminate (0.1%), Q-phase (8.7%) while the 
amorphous content was 44.4%. In addition, traces of calcite (4%) and andradite (2.6%) were the new crystalline phases identified in 
the XRD patterns of AAFS-LS and their formation is similar to those observed in AAFS-BFS. Moreover, the amount of fayalite and 
magnetite was comparable for all the samples and ranged from 26.7 to 32.9% and 2.9–3.6% respectively. 

A small, broad reflection was observed at approximately 34.5◦ 2θ, which could be an indication of C-(A-)S–H (See zoomed in 
section in the appendix). However, at similar position, the C–S–H/C-A-S-H phase was observed to overlap with different identified 
peaks present such as calcite and magnetite. The overlap of C–S–H/C-A-S-H phase with other crystalline phase such as plombierite and 
poorly crystalline calcite and nontronite has been reported for synthetic FS modified with CaO addition and alkali activated copper slag 
with high Ca content [35,45]. 

3.5. TGA and FTIR 

The TGA graphs and the derivative thermogravimetric (DTG) curves of the samples are presented in Fig. 9. The mass loss varied 
from about 6 to 8% at 1000 ◦C, depending on the mix design. The TGA/DTG curves indicated an increase of bounded and free water 
with the addition of more reactive co-binders, in consistency with reported studies on inorganic polymers based on volcanic ash/slag 
and laterite/slag system [46,47]. AAFS demonstrated the minimum mass loss of about 6%; in consistency with the lower endothermic 
peak observed in the corresponding DTG plot. The lower mass loss and peak intensity in AAFS compared to AAFS-BFS and AAFS-LS can 
be attributed to less binder formation and consequently less bounded water in the matrix. 

AAFS-BFS and AAFS-LS demonstrated the maximum overall mass loss of 8%. The incorporation of LS and BFS increased the mass 
loss, indicating more binder gel formation. This is supported by the higher cumulative heat release observed for AAFS-LS and AAFS- 
BFS in Fig. 6. The first endothermic peak observed at a temperature range of 90–220 ◦C is ascribed to the dehydration of C–S–H/C-A-S- 
H phases [48]. The second endothermic peak observed at 720–800 ◦C is attributable to the decomposition of the carbonate containing 
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phases such as calcite, in consistency with XRD results (see section 3.4). 
Activation of FS (AAFS) caused significant changes to the IR spectra (Fig. 10) compared to the original FS sample (Fig. 3). There is a 

new broader H–O–H stretching band observed between 3400 and 3600 cm− 1 assigned to water content of the samples. Similar band is 
also observed in other alkali-activated samples with co-binders (AAFS-LS and AAFS-BFS). Compared to the FTIR results of the raw 
materials in Fig. 3, a deepening in the bands was observed at 943 cm− 1 mainly in AAFS, corresponding to the asymmetric stretching 
vibration of SiO4 [15]. This is corroborated by a reported finding where a shift in bands is observed in laterite-based AAMs due to more 
ordered structure in comparison to its starting precursor [47]. In addition, Fe present in raw slag partly oxidized to Fe3+ after acti-
vation which can be incorporated in the silicate network changing the Si–O–Si into Si–O–Fe [49]. 

An additional weak band/shoulder observed at 714 cm− 1 for AAFS-LS and AAFS-BFS corresponds to the bending vibrations of 
Al–O–Si bonds whereas, Si–O–Si or Al–O–Si symmetric vibrations are also observed at 648 cm− 1. Normally, the bands at 714 cm− 1 are 
attributed to the C-A-S-H or the zeolite phases present in the matrix [50]. The peak at 1386 cm− 1 are assigned to C–O stretching 
vibrations and presence of calcite [51], formed due to the uptake of CO2, and this is more pronounced in AAFS-LS with the highest CaO 
content. This is complementing the observations from the XRD (Fig. 8) and TGA curves (Fig. 9). 

3.6. SEM-EDS 

The SEM micrographs of the representative sections of alkali-activated mortar samples after 28 days of curing are presented in 
Fig. 11. AAFS showed a poorly distributed binder gel formation, characterized by the presence of pores, and pronounced crack for-
mation (Fig. 11a). Only the amorphous phase of FS showed significant dissolution to form the binder gel (white rings), with a large 
number of partially reacted FS (i.e., crystalline phases) left in the matrix and embedded as aggregates and fillers. The microstructural 
features of ambient cured alkali-activated FS observed in this study are consistent with those reported in the literature [15,16]. In 
comparison to AAFS, AAFS-LS and AAFS-BFS displayed denser and more homogenous microstructure, attributed to higher extent of 
reaction of the precursors, and accelerated binder gel formation, as observed earlier in section 3.1. The rims surrounding the partially 
reacted BFS, and LS is an indication of continuous reaction and binder gel formation (Fig. 11b and c) and could be part of the primary 
reasons for the enhancement of mechanical performances in AAFS-BFS and AAFS-LS (later shown in Fig. 13). The remaining partially 
reacted BFS and LS are tightly embedded in the matrix and densifying the microstructure. 

Fig. 9. TGA/DTG curves of AAFS, AAFS-BFS and AAFS-LS analyzed at 28 days.  

Fig. 10. FTIR spectra of AAFS, AAFS-BFS and AAFS-LS.  
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Considering the aggregate-binder gel interface, AAFS shows a weak interface region between the aggregate and the binder gel 
formed, indicating that the amount of reaction products formed in AAFS is lower, resulting in less compacted microstructure than those 
formed in the blended mortars (Fig. 10d) [25]. It is worth stating that the type of interface region formed in AAMs can vary depending 
on the nature of the precursor (particle size distribution, chemical and mineralogical composition), reaction kinetics, shrinkage and 
reaction products formed [52–54]. However, AAFS-LS and AAFS-BFS displayed comparable microstructure, as the binder gel formed 
adhered more closely to the aggregate particle, exhibiting a denser and much stronger interface (Fig. 11e and f). One possible 
explanation could be that the dispersed LS and BFS in aqueous solution located at the interface region facilitated the reaction product 
formation near the aggregate surface, consequently decreasing the porosity and promoting the compactness of the blended mortars. 
This result highlights the beneficial effect of LS and BFS incorporation on the microstructure of alkali-activated blended FS mortar. 

The EDS results obtained from 100 randomly selected points in the bulk binder gel of AAFS, AAFS-LS and AAFS-BFS are presented 

Fig. 11. SEM micrographs (500x and 2000x magnification) of samples cured for 28 days.  

Fig. 12. Ternary diagram of EDS data for AAFS, AAFS-BFS and AAFS-LS.  
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in Fig. 12. Ca, Al, Fe, Si and Na contents of the specimens were reported and used for plotting the ternary diagrams. The ternary plots 
clearly show a variation in the binder gel composition of the blended samples when compared to samples without a co-binder. Fig. 12a 
reveals a clustered region of points in AAFS-LS and AAFS-BFS showing Ca-rich binder gel. However, the binder gel of AAFS shows 
lower quantity of Ca. The average atomic ratio values of the binder gel reported in Table 5 and the ternary plot in Figs. 12a and b 
demonstrated that AAFS has the higher concentration of Fe/Si with lower Ca/Si and Al/Si when compared to AAFS-LS and AAFS-BFS, 
consistent with the raw material compositions (Table 1). Significant quantities of Fe were found in the binder gel of AAFS, indicating 
that Fe-containing glass in the FS can undergo dissolution in an alkaline environment. The presence of Fe in the binder gel of iron 
silicate AAMs has also been reported in the literature [12,13,15]. These results clearly indicate that in alkali-activated FS with lower 
contents of Ca and Al, the binder gel is mainly sodium iron silicate (N–F–S) gel. Considering the similarity in the activating solution 
used for the production of these samples, the binder gel composition observed in this study is similar to those reported in previous 
study [5]. On the other hand, Ca/Si, Al/Si and Fe/Si ratios were higher in AAFS-LS compared to AAFS-BFS. Higher release of Ca, Al, Fe 
from the precursor into the binder gel of AAFS-LS was due to chemical reaction between FS and LS in the blended mortar resulting in 
the formation of denser reaction products. The reaction products formed in AAFS-LS has a composition intermediate between 
C-(N)-A-S-H gel commonly identified in LS-based binders and N–F–S gel commonly observed in FS-based binders and is presumed to 
have contributed to better mechanical and microstructural properties [5,24]. In both AAFS-LS and AAFS-BFS, Fe/Si ratios are higher 
than Al/Si ratio, suggesting that Fe dissolved from FS and participated in the binder gel formation of the blended formulations. Also, 
the presence of significant quantities of Ca in blended systems is consistent with those reported by Peys et al. [12] where a significant 
amount of Ca was observed to be incorporated in the trioctahedral layers of the binder gel of Fe-rich synthetic slags. Similarly, Fe 
intrusion into the C–S–H gel has been reported in the literature [55]. The uptake of Fe3+ by C–S–H investigated using spectroscopic 
studies and wet chemistry at various Ca/Si ratios suggested the formation of Fe-rich C–S–H gel [56]. Meanwhile, a possible formation 
of a mix of C-A-S-H, C-(N)-A-S-H and N–F–S is likely to have occurred in AAFS-LS and AAFS-BFS, in consistence with those identified in 
BFS/FA blends and slag/volcanic ash blends where a mix of C-A-S-H and N-A-S-H gel was observed in the binder gel [46,57]. Overall, 
the synergetic mixture of low-Ca and Fe-rich silicate material (FS) with Ca- and Al-rich material (BFS and LS) resulted in denser 
microstructure which is expected to favour mechanical performance of the AAMs produced (as will be shown in section 3.7). 

Fig. 13. Compressive strength of mortar samples at 1,3,7 and 28 days of curing.  

Table 5 
Average values of atomic ratios in the binder gel of AAFS, AAFS-BFS, AAFS-LS.  

Atomic ratio AAFS AAFS-BFS AAFS-LS 

Ca/Si 0.14 0.65 0.66 
Al/Si 0.12 0.15 0.43 
Fe/Si 0.65 0.23 0.64 
Na/Si 0.19 0.13 0.76  
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3.7. Compressive strength 

The evolution of the compressive strength of prepared alkali-activated mortars at 1, 3, 7 and 28 days of curing are presented in 
Fig. 13. The incorporation of co-binders into the FS matrix significantly increases the early age strength of the blended samples. AAFS- 
LS and AAFS-BFS have the highest early age strength (9 and 7 MPa), with the lowest early age strength occurring in AAFS (2 MPa). At 
28 days, the compressive strength of AAFS-LS and AAFS-BFS reached 34 MPa and 32 MPa respectively, about thrice the compressive 
strength achieved by AAFS, indicating the contribution of co-binders to the strength development at both early and late age. The 
difference in strength development among the samples is ascribed to higher dissolution and accelerated binder formation occurring in 
the blended mortar mixes. Higher strengths achieved in blended systems can be attributed to the physical and chemical behaviors of 
the incorporated BFS and LS. Chemically, alkalinity of the activating solution favored the release of Al and Si from BFS and LS together 
with the participation of Fe and Si from FS, thus modifying the gel structure (see section 3.6). This is consistent with some previous 
studies which have reported the beneficial effect of addition of Ca- and Al-rich precursors on the mechanical properties of the blended 
samples [46,58]. Physically, the improved strength achieved in the blended mortars could also partly be attributed to better packing of 
particles in the matrix because of their different shapes and densities. The incorporation of co-binders could have refined the 
micron-and millimeter-sized pore structure in the blended system, leading to a reduction in porosity and formation of more compact 
microstructure. LS and BFS can fill the pores and voids in the microstructure of AAFS mortars thereby decreasing the spaces between 
particles and providing higher density for the blended mortars (later discussed in section 3.8). The synergistic effects of co-binders and 
FS on the compressive strength of AAFS-BFS and AAFS-LS suggests that the reaction products formed could help lower the deficiency 
caused by the AAFS only and at the same time can improve the binding properties between the co-binders and FS particles as well as 
between the formed gel and the aggregates (Fig. 11). The compressive strength achieved in AAFS-BFS and AAFS-LS is considered 
suitable for various structural applications and it is above the minimum requirement specified for building materials such as structural 
clay load-bearing wall tiles, paving brick subjected to light traffic and building bricks [59,60]. 

3.8. Ultrasonic pulse velocity 

AAFS-LS and AAFS-BFS had higher UPV values compared to AAFS in all the curing age, assuming that all the mortar samples have 
comparable stiffness (Fig. 14). Generally, the UPV value of all the samples increased with the increase in the curing time. The increase 
in UPV values over time observed in all mortar samples is an indication of the continuation of the alkali activation process, resulting in 
the formation of more reaction products. However, the rate of increase and the extent of transmission of velocity through the samples 
are different. The UPV values for AAFS-LS (2698 m/s) and AAFS-BFS (2532 m/s) were higher than AAFS (2346 m/s) during the early 
age of reaction, ascribed to accelerated hardening reaction, resulting in a dense initial microstructure at early age; consistent with their 
higher early age compressive strength values observed in Fig. 13. The lower UPV values recorded for AAFS is ascribed to its weak 
reactivity and limited formation of reaction products at early age, in agreement with its lower compressive strength in Fig. 13. At late 
age, the UPV values of all the samples improved with the curing age. Furthermore, in blended samples, the addition of co-binders is 
presumed to have influenced the air voids, resulting in improved cohesiveness, consistent with those reported in the literature [61]. In 
the mentioned study, the incorporation of co-binder’s chemo-physically influences the pore structure and air voids of the matrix. 
Therefore, the combination of chemo-physical phenomena between the co-binders and FS is believed to have improved the internal 
structure of the mortars and enhanced the bonding between the binder gel formed and the aggregates thereby improving the mortar 
quality. 

3.9. Water absorption and permeable porosity 

The water absorption and permeable porosity of all the mortar samples is shown in Fig. 15. AAFS exhibited the highest water 

Fig. 14. Ultrasonic pulse velocities of mortar samples at 1,3,7 and 28 days of curing.  
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absorption and permeable porosity throughout the exposure period. After 28 days of exposure, the water absorption of AAFS, AAFS- 
BFS and AAFS-LS was 12, 9 and 6% respectively while their corresponding permeable porosity was 16, 13 and 10%. The lower water 
absorption and permeable porosity values observed in blended mortars can therefore be attributed to the incorporation of co-binders. 
Meanwhile, the addition of LS as co-binder was found to be more effective in reducing the water absorption than BFS, indicating that 
different co-binders have slightly different impact on the pore structure refinement and resistance to ingress of water. The lower water 
absorption values achieved in AAFS-LS and AAFS-BFS when compared to AAFS could be ascribed to their compact and denser mi-
crostructures, which is in line with their higher compressive strength, UPV values (see Figs. 13, Fig. 14, and Fig. 11). Furthermore, the 
reaction products formed in blended mortars might have helped to fill the micropores and cracks, resulting in lower penetration of 
water. The values of water absorption for all the prepared mortars were below 17% and they satisfied the water absorption re-
quirements specified in ASTM C62-99 standard for building bricks [60]. 

4. Conclusions 

Environmentally friendly AAMs with very good properties at ambient temperature was obtained from a synergistic mixture of high- 
volume Fe-rich FS (80%) with waste-based co-binders namely LS and BFS. Setting time, isothermal calorimetry, XRD, TGA, FTIR, 
workability, compressive strength, ultrasonic pulse velocity, water absorption, permeable porosity and SEM-EDS were used to explore 
the interaction of FS with LS or BFS. The results showed that the incorporation of LS and BFS accelerated the hardening reaction and 
enhanced the overall performance of AAMs. 

The initial setting time was shortened from 136 min for AAFS to 50 min for AAFS-BFS and 30 min for AAFS-LS. LS and BFS were also 
observed to have a beneficial effect on the compressive strength at both early and late age., A 28-day compressive strength of 34 MPa 
and 32 MPa were respectively achieved for AAFS-BFS and AAFS-LS, while AAFS only achieved 11 MPa compressive strength. The 
mortars containing LS as co-binder also exhibited the highest workability, highest UPV value, lowest water absorption and permeable 
porosity compared to other mixes. Microstructural characterization revealed that Fe, Si and Na were present in the binder gel of all the 
mixes. 

Overall, the findings of the work suggest that BFS and LS could be used as co-binders to produce ambient temperature cured AAMs 
containing high volume of FS for potential construction applications. 
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