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Considering the notable depletion of natural resources, leveraging basic oxygen furnace (BOF) steel slag (SS) aggregate as a 
replacement for natural coarse aggregate in concrete presents a promising technological response. The expansive properties of 
SS, attributed from the existence of free-CaO, present obstacles in achieving efficient utilization of concrete. This study 
explores the use of fly ash-based geopolymer-coated steel slag aggregate within a geopolymer matrix concrete, focusing on its 
influence on the compressive performance of the concrete. Three geopolymer pastes with varying molarities of sodium 
hydroxide (6M, 12.5M, and 16M), each with equal sodium silicate content, have been considered experimental parameters for 
the complete replacement of natural coarse aggregate. Preliminary examinations has encompassed morphological, 
mineralogical, and microstructural analyses of fly ash and BOF steel slag, employing techniques such as XRF, SEM, XRD,  
FT-IR spectroscopy, and Optical microscopy. Furthermore, a series of axial compression tests have been conducted on 
geopolymer-coated steel slag geopolymer concrete. The findings have revealed that geopolymer paste with higher molarity 
establishes superior physical bonding between SS and the concrete matrix, exhibiting enhanced inhibition of SS expansion and 
consequently resulting in superior compressive strength. This research has emphasized the effective utilization of BOF SS 
coated with fly ash geopolymer as coarse aggregate in an unreinforced concrete product made with a fly ash-based geopolymer 
binder. This approach reduces waste, improves material handling, and mitigates environmental pollution. 
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1 Introduction 
The development of any community is often 

measured by key parameters, with the steel industry 
playing a crucial role in this evaluation1.In the context 
of India's economic progress, the steel industry 
significantly contributes to its development2. 
According to the World Steel Association report 
issued on the year 20213, the global manufacturing of 
crude steel amounted to around 1878 million tons 
(MT). China is at the forefront of total crude steel 
production, contributing 56.7% with 1064.8 MT, 
trailed by India, which accounts for 5.3% with 
100.3 MT. Globally, roughly 73.2 percent of crude 
steel manufacturing comes from oxygen route 
furnaces, while the remainder is generated through 
electric route furnaces. Whereas, in India, data 
indicates that 45% of furnaces are of the basic oxygen 
variety, with the remaining 55% operating under 
electric arc furnaces. During the molten iron to steel 
conversion process, slag is produced as a secondary 

outcome while mixing scrap iron and fluxes like 
lime/dolomite to eliminate impurities. This slag, a 
complicated mixture of oxide and silicate that 
solidifies when cooled4. Currently, Slag is disposed 
away in landfills as garbage5, occupying significant 
land areas and causing environmental pollution (soil, 
water, and air) due to alkali leaching6-9. Based on 
estimation, integrated steel mills generate over half a 
metric ton of steel slag (SS) per metric ton of steel 
manufactured10, 11. There are four primary types of 
slag generated during the iron-to-steel conversion 
process, categorized by the method employed: blast 
furnace, electric arc furnace, BOF, and ladle furnace 
slag. Recent studies have explored the usage of BOF 
SS in road construction aggregate12-15. Nevertheless, 
its application is limited due to volume expansion 
issues stemming from the presence of free lime and 
free magnesia. The concentration of free lime in BOF 
SS can range from 1% to 10%16, 17. Therefore, 
weathering, or ageing, is considered a natural solution 
to address expansion problems, requiring around 12 
months. This process involves exposing the material 
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to open atmosphere conditions for an extended 
duration, reducing f-CaO content to less than 2%. The 
period of ageing may vary based on variables like 
humidity and the original free lime content5, 6, 18, 19. 
The reduction process is driven by the BOF SS 
absorbing moisture (H2O) and carbon dioxide (CO2) 
from the atmosphere. This procedure results in the 
generation of calcium hydroxide by the interaction of 
free calcium oxide (f-CaO) with moisture, 
subsequently undergoing a reaction with CO2 to yield 
calcium carbonate (Ca(CO)3)

20. The hydration of free 
calcium oxide, producing Ca(OH)2, is the primary 
cause of expansion and disintegration. Over time, as 
these reactions continuously occur, the overall 
potential expansion of slag decreases. Despite its 
time-consuming nature, weathering or ageing proves 
economically viable. Geopolymer binder (GB) 
emerges as the third-generation binder in concrete 
production, succeeding lime and ordinary Portland 
cement21.GB can replace traditional cement products 
by utilizing aluminosilicate solids like fly ash (FA), 
metakaolin, red mud, and rice husk ash, among 
others22-25. Compared to conventional cementitious 
binders, GB boasts a significantly reduced carbon 
footprint26. The creation of a geopolymer binder (GB) 
entails the activation of aluminosilicate source 
materials using alkali solutions. As a result, 
geopolymer concrete (GC) emerges as a feasible 
substitute for traditional concrete, demonstrating 
superior initial strength and improved resistance to 
harmful acids27, reduced permeability, resistance to 
elevated temperatures28, increased resilience against 
freeze and thaw cycles29, and improved thermal 
insulation30.  

In this research, the focus is on addressing the 
expansion issues associated with BOFSS and 
inhibiting expansion by employing a coating of fly 
ash geopolymer. The intention is to enhance the 
properties of geopolymer concrete built with BOF SS, 
specifically the compressive strength, by substituting 
this coated slag for natural aggregate as a coarse 
aggregate. The study involves the use of three 
different molarities of NaOH (6M, 12.5M, and 16M) 
along with an equal amount of sodium silicate to 
formulate the geopolymer coating solution. The 
investigation encompasses morphological, 

mineralogical, and microstructural analyses of both 
fly ash and BOF steel slag, utilizing techniques such 
as XRF, SEM, XRD, and FT-IR spectroscopy. 
Additionally, the performance of the developed 
concrete is assessed through compressive strength 
tests, and the microstructural analysis is conducted 
using optical microscopy. 
 
2 Materials and Methods 
 

2.1 Materials 
Fly Ash (FA), categorised as class-F in accordance 

with IS 3812:201331 specifications, was sourced from 
NSPCL, Bhilai (C.G.), INDIA. The specific gravity of 
FA was 2.1, and it underwent oven drying at 100°C 
for four hours before utilization. BOF steel slag, also 
referred to as Linz-Donawitz (LD) slag commonly 
denoted as Steel Slag (SS), was collected from Bhilai 
Steel Plant (BSP), Bhilai, India, and employed as 
coarse aggregate. The SS exhibited a specific gravity 
of 2.75, along with a water absorption rate of 1.29% 
and an apparent porosity of 3.07%. Locally available 
River Sand (RS) was chosen as fine aggregate, 
adhering to IS 383:201632 guidelines for zone II.  
The RS exhibited specific gravity, fineness modulus, 
and water absorption values of 2.62, 2.28, and 1.65, 
respectively. The chemical oxide composition 
percentages of FA and SS are detailed in Table 1. To 
create the fly ash-based geopolymer, an alkaline 
activator solution (AAS) was developed using high-
purity laboratory-grade NaOH at 96% purity and 
Na2SiO3 at 97% purity, obtained from Central Drug 
House (P) Ltd. Three different molarities (M) of 
NaOH, namely 6M, 12.5M, and 16M, with a NaOH to 
Na2SiO3 ratio of 1, were considered to produce the fly 
ash-based geopolymer coating. In the end, this coating 
was integrated into a 12.5M NaOH AAS to develop a 
geopolymer binder based on fly ash, intended for use 
in concrete production. 
 
2.2 Mix Design Proportion 

The specific combination of mix percentages 
employed in the study is outlined in Table 2. The 
weight ratio of Na2SiO3 to NaOH, set at 1, aligns with 
the recommended range of (0.25 - 2.5) for fly ash 
geopolymer concrete, aiming to enhance compressive 
strength33. A manual mixing process lasting 10 

Table 1 — Percentage oxide composition (wt. %). 

Chemical composition SiO2 Al2O3 Fe2O3 TiO2 CaO K2O MgO MnO P2O5 Na2O SO3 
Fly Ash (FA) 55.20 28.80 4.75 1.67 1.21 1.14 0.72 - 0.31 0.24 0.20 

Steel Slag (SS) 20.30 5.58 17.70 0.66 43.1 - 7.40 1.74 1.53 0.22 0.26 
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minutes was applied to achieve a homogeneous blend 
of FA, RS, and SS in varying proportions (prepared 
according to the process depicted in Fig. 1). 
Subsequently, 12.5M AAS was incorporated based on 
the specific mix proportions outlined in Table 2. The 
mixture underwent an additional 10-minute mixing 
period at room temperature before being moulded in 
three layers into cube moulds dimensioning 150 x 150 
x 150 mm³, with each layer subjected to 25 times rod 
tamping for compressive strength test34. Electric 
vibrating tables were employed to compact the 
specimens for 30 seconds. Following compaction, 
after 48 hours of curing at 60°C, all specimens were 
stored at ambient temperature until the compressive 
strength testing days.The compressive test of cubes 
was evaluated at 7 and 28 days, following to the 
guidelines specified in IS 516:1959 (Reaffirmed 
2018)34. 
 
2.3 Characterisation of Material  

Particle Size Distribution was analysed using the 
LA-950V2 Scattering Particle Size Distribution 
Analyzer, as depicted in Fig. 2. Rigaku X-ray 

diffractometer was employed for intensity 
measurements via XRD, covering an angular range of 
20-80° and recording Bragg's 2θ. To ascertain the 
specific functional groups, present in the selected raw 
materials, FT-IR analysis within the wavenumber 
range of 400 to 1800 cm⁻¹ was conducted using a 
Bruker spectrometer. SEM micrographs of the 
materials were generated using a Jeol microscope. 
The microstructure analysis of the developed concrete 
was observed using a LEICA DM 2700M optical 
microscope. 
 

3 Results and Discussion 
The study utilized various techniques, including 

XRF, SEM, XRD, FT-IR, and Optical microscopy,  
to analyse and characterize materials like FA and SS. 
These analyses aimed to offer a sound understanding 
of the materials and validate the effectiveness  
of geopolymer-coated BOF steel slag when  
employed as aggregate in a sequence of axial 
compressive strength tests. The ensuing sections 
provide interpretations of the results and discussions 
on these findings. 

Table 2 — Mix proportion of fly ash geopolymer coated BOF steel slag concrete (kg/m3). 

Sample ID Fly Ash Fine Aggregate (River Sand) Coarse aggregate (Steel slag) AAS to FA ratio 
6SSGC 445 742 1280 0.45 

12.5SSGC 445 742 1280 0.45 
16SSGC 445 742 1280 0.45 

 

 
 

Fig. 1 — Fly ash cumulative and volumetric distribution.  
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3.1 Microstructural analysis 
 

3.1.1 X-ray fluorescence (XRF) analysis 
he chemicaloxide composition of FA and SS was 

investigated using XRF, the outcomes are presented 
in Table 1. In fly ash (FA), the predominant oxide 
compositions are SiO2 (55.20%), Al2O3 (28.80%), and 
Fe2O3 (4.75%), while SS is characterized by CaO 
(43.1%), SiO2 (20.30%), and Fe2O3 (17.70%). The 
XRF values of fly ash, as per IS 3812, categorize it as 
class-F [30, 34]. Notably, SS exhibits a calcium oxide 
content of 43.10%, contributing to its expansion 
properties, and an iron oxide content of 17.70%, 
which enhances the density of the aggregate and, 
consequently, the concrete. 
 
3.1.2 Particle size analysis of fly ash (FA) 

A fundamental aspect of evaluating any raw 
material or by product is its particle size. The particle 
size distribution and sieve analysis are depicted in 
Fig. 1, illustrating a range from 1 to 300 µm. The 
distribution reveals significant volume reductions in 
the 7 – 9 µm range, with an effective particle size of 
D10 = 4.085 µm and D90 = 71.923 µm. 
 
3.1.3 Morphology (SEM) analysis 

The scanning electron microscopy examination 
was investigated to evaluate the shape and size, 

angular characteristics, and surface texture of both FA 
and SS raw particles, as illustrated in Fig. 3. The 
examination revealed that FA exhibited a spherical 
shape, with the maximum particle size being 
approximately 10 µm, a characteristic further 
supported by the particle size distribution curve in 
Fig. 4(a). Additionally, Fig. 4(b) displays various 
particle sizes and shapes of SS. It can be asserted that 
the diverse angular shapes of SS particles offer a 
larger surface area, providing more sites for physical 
bonding within the matrix, a characteristic also 
validated by the observed compressive strength. 
 

3.1.4 XRD analysis 
Figure 4 depicts the diffraction peak analysis of 

FA, which validates the presence of prominent peaks 
of silicon dioxide (SiO2), i.e., quartz at 2θ = 26.6°, 
iron oxide (Fe2O3) i.e., haematite at 2θ = 35.2°, 
magnetite peaks at 2θ = 30.9° and 50°, and the 
aluminium silicate (Al2O3. SiO2) at 2θ = 33.2° and 
40.8°35, 36. The presence of elements in the XRD 
minerals phases of FA is also confirmed by the XRF 
oxide composition tabulated in Table 1, which 
confirms the presence of oxides that are required in 
class-F fly ash and essential for geopolymerization. 
Whereas the complex crystalline phases of SS 
confirm the presence of primary main peaks of  

 
 

Fig. 2 — Illustration depicting the process of fly ash geopolymer coated steel slag aggregate production. 
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Fig. 3 — (a) Morphology of fly ash, (b) Morphology of BOF steel slag, (c) SEM image of geopolymer concrete, and (d) SEM-EDS 
elemental analysis of geopolymer concrete.  
 

 
 

Fig. 4 — (a) XRD analysis of fly ash, (b) XRD analysis of BOF steel slag, and (c) XRD analysis of geopolymer paste. 
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(β)-calcium silicate (2CaO.SiO2) at 2θ = 31.2° and 
40.7°, lime (CaO) at 2θ = 47.5°, merwinite at 2θ = 
33.4°, brownmillerite at 2θ = 55.3° and (α) silicon 
dioxide at 2θ = 26.9°36-38. Mineralogical investigation 
of SS revealed phases responsible for the cementitious 
material property, which is deduced in the 
enhancement of compatibility with geopolymerbinder 
and improved performance of concrete39.Peaks at 2θ = 
49.5° and 59.8° confirm the presence of leucite 
(KAlSi2O6), while peaks at 2θ = 23.8°, 29.9°, and 
30.2° indicate the presence of plagioclase 
(NaAlSi3O8-CaAl2SiO8). The broad hump in 
geopolymer paste between 2θ = 25-35° corresponds to 
the geopolymerization level40. 
 
3.1.5 FT-IR analysis 

Figure 5 shows the FT-IR analysis investigated  
on both SS and FA. The spectral band detected at 
1739 cm-1 corresponds to the stretching vibration of 
C-H bonds in both materials, indicating the existence  
of residual hydrocarbons. Additionally, the peak  
at 1470 cm-1 matches O-C-O bending vibration, 
attributed to the carbonate position in SS. In FA, the 
region at 1367 cm-1 is associated with the presence of 
CaO, a finding corroborated by XRF and XRD data. 
The finger region at 1057 cm-1 in FA suggests Si-O-Si 
stretching vibration of SiO2, a result supported by 
XRF and XRD data. The range between 975 to  
925 cm-1 in SS confirms Si-O stretching vibration, 
indicative of the presence of quartz, a fact supported 
by XRF data. At 850 cm-1 in SS, O-C-O asymmetric 
vibration is noted, attributed to the calcite content, 
which was also found in the XRD phase. The finger 
region at 792 cm-1 in FA relates to Si-O-T (T = Si or 
Al) symmetric vibration, while the range between  

500 to 430 cm-1 in SS signifies the iron oxide group, 
and the range between 550 to 430 cm-1 confirms the 
presence of Si-O-T (T = Si or Al) of the hematite 
group. Fig. 5 depicts the FT-IR analysis of 
geopolymer paste. The presence of carbonate, 
indicated by the C-O stretching vibration at 1456 cm-1 
in the finger region, confirms carbonization. The 
spectral band observed at 1007 cm-1 is indicative of 
the asymmetric vibration of Si-O-Si bonds, suggesting 
the formation of N-A-S-H gel and/or C-A-S-H gel 
during the geopolymerization process41, 42. Moreover, 
the presence of a peak at 776 cm-1 signifies the 
symmetric vibration of Si-O-T (where T = Si or Al), 
whereas the peak at 691 cm-1 corresponds to the 
bending vibration of Si-O-Si in quartz (SiO2). 
Additionally, the spectral range between 575 to  
450 cm-1 confirms the stretching vibration of Si-O-T 
(where T = Si or Al)43. 
 
3.2 Compressive strength 

Figure 6 illustrates the changes in the compressive 
strength capacity with varying molarities of 
geopolymer coating. The compressive strength of 
6SSGC is the least among the three samples, 
measuring 15 MPa and 22 MPa at 7 and 28 days, 
respectively. In contrast, the 16SSGC sample exhibits 
the highest compressive strength at both time points, 
recording 22 MPa and 32 MPa at 7 and 28 days, 
respectively. This translates to a 46.67% and 22.22% 
higher compressive strength at 7 days compared to  
the 6SSGC and 12.5SSGC samples, respectively. 
Similarly, at 28 days, the 16SSGC sample 
demonstrates a 45.45% and 23.07% higher 
compressive strength than the 6SSGC and 12.5SSGC 
samples, respectively. The results indicate a direct 

 
 

Fig. 5 — (a) FT-IR analysis of BOF steel slag and fly ash, and (b) FT-IR analysis of geopolymer paste. 
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correlation between molarity and geopolymerization, 
highlighting enhanced binding properties between the 
geopolymer matrix and SS coarse aggregate, showing 
improved compressive strength. Fig. 6 visually 
captures the dense microstructure of geopolymer 
concrete, showcasing the superior performance of 
geopolymer-coated BOF steel slag as aggregate 
within geopolymer concrete. Additionally, Fig. 7 
illustrates the mechanism of crack mitigation, 
revealing a stable concrete volume without any 
cracks. This observation confirms the feasibility of 
utilizing geopolymer-coated BOF steel slag aggregate 
in geopolymer concrete. 

4 Conclusion 
The current study explored the mechanism for 

mitigating expansion in BOF SS by employing three 
distinct sodium hydroxide (NaOH) molarities in an 
alkaline activator solution. The study also assessed 
the potential of employing treated BOF SS as a 
substitute of natural coarse aggregate in fly ash 
geopolymer concrete. An elevated molarities of 
sodium hydroxide in the alkaline activator solution 
leads to a denser geopolymer paste, which effectively 
restrains f-CaO hydration and enhances volumetric 
stability in both the BOF SS aggregate and the 
resulting concrete matrix. With the rise in sodium 

 
 
Fig. 6 — (a) Geopolymer concrete microstructure analysis using an optical microscope, and (b) Comparative compressive strength versus
Molarity plot. 
 

 
 

Fig. 7 — (a) Steel slag expansion mechanism, and (b) Steel slag expansion mitigation mechanism. 
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hydroxide molarity within the alkaline activator 
solution, geopolymerization amplifies, facilitating 
enhanced bonding between the aggregate and 
geopolymeric paste, resulting in enhanced mechanical 
characteristics. At 28 days, concrete containing 
geopolymer-coated BOF steel slag aggregate with a 
sodium hydroxide molarity of 16 exhibited the 
maximum compressive strength of 32 MPa, while 
concrete with a sodium hydroxide molarity of 6 
showed the lowest compressive strength of 22 MPa. 
In summary, the geopolymer coating mechanism 
eliminates the need for aging or weathering of BOF 
steel slag. This experimental research demonstrates 
the effective utilization of geopolymer-coated BOF 
SS as coarse aggregate in a fly ash geopolymer binder 
medium for unreinforced concrete products. This 
method aids in minimizing and managing waste, 
improving the handling of materials, and preventing 
soil contamination and pollution. 
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