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Efficient utilization and recycling of industrial waste along with minimum exploitation of natural resources are major challenge towards the circular economy and sustainability of the planet. Blast furnace slag is a by-product of the iron-making process while producing pig iron.

The present research provides an understanding of the two different types of slags of water quenched granulated slag and air-cooled slag that are generated from iron making process through the blast furnace route. The chemical, mineralogical, physical, thermal and morphological properties of four different slags generated under different cooling condition are evaluated for recycling to cement and aggregate application. Results indicated that the cooling pattern of the slag significantly affects the particle morphology and phase formation, which determines their usage and utilisation. Air-cooled slag contains substantial quantity of crystalline phases (>50%) which prevents the slag to exhibit cementitious properties whereas water-quenched slag mainly contains amorphous phases (>90%). In addition, the applicability in cement and aggregate application of both mentioned types of slags were studied. It is concluded that water quenched slag is closely matching with the properties required to be utilised in Portland slag cement manufacturing process. On the other hand, air-cooled slag is suitable as an aggregate for application in the construction industry.

Introduction

Slags generated from iron making process while manufacturing the pig iron is termed as in a "blast furnace" (BF) slag and generated by smelting of various fluxes along with the gangue minerals during smelting. Iron production in a BF is one of the well-established routes for production of pig iron which produces slag of different qualities and quantities [START_REF] Srivastava | Strategies for processing low-grade iron ore minerals[END_REF]Murakami and Nagata, 2010). The BF slag is also considered to reduce the impacts on the sustainability due to its consideration as a by-product to replace virgin raw material to conserve the natural resource which is also beneficial for the circular economy.

Primarily, the BF slag composed of Ca, Mg, Mn and Al silicates with other oxides at different combinations (Mostafa et al. 2001;[START_REF] Birol | The effect of reduction parameters on iron nugget production from composite pellets[END_REF]. The quality and quantity of the produced slag depends solely on the quality of raw materials along with the design and operation of BF. Typically, for an ore feed containing 60-65% of iron to BF and 0.3-0.5 tonne slag is produced per tonne of pig iron [START_REF] Das | An overview of utilization of slag and sludge from steel industries[END_REF]IMY, 2016;WSA, 2018). Several types of slags are produced based on the cooling method of the molten slag after tapping from BF.

These products are termed as: granulated blast furnace (GBF) slag, air-cooled blast furnace slag (ACBF), expanded or foamed slag, and pelletized slag. In recent years, most of the plants use granulated method for cooling whereas a small number of plants still use air-cooled methods [START_REF] Gan | A differential scanning calorimetry method for construction of continuous cooling transformation diagram of blast furnace slag[END_REF][START_REF] Durinck | Hot stage processing of metallurgical slags[END_REF][START_REF] Geiseler | Use of steelworks slag in Europe[END_REF][START_REF] Das | An overview of utilization of slag and sludge from steel industries[END_REF]WSA, 2018).

In 2016, the production of BF slag in the world was 430 Million tonnes; from that 66% of the total volume was GBF slag whereas 34% accounts for ACBF. The distribution of the production data of BF slag on an area wise is shown in Figure 1. Globally, 32% of the total slag is produced in China (TMR, 2017), which is about 139 million tonnes.

Figure 1: Production of blast furnace slag in the world in year 2016. (TMR, 2017).

As mentioned earlier, granulated and air-cooled methods are the principal methods for slag cooling. The process of production of slag by these two methods are shown in Figure 2. GBF slag is a non-crystalline granular material that varies from the source to source depending on the quality of the raw material smelted as well as the method of production. The liquid slag is cooled and solidified by rapid water quenching to form a glassy state material with minimum probability of crystallisation. This rapid water quenching of slag results in the formation of sand-size fine particles, with a minimum amount of clinker like material. The physical properties and granulometry of GBF slag depend on the elemental composition, cooling kinetics, and the BF operational parameters. The granulation of the slag achieved by pouring the molten BF slag through a high-pressure water jet in a granulation pit, designed near to the BF. The process of granulation is a controlled rapid quenching of the BF slag in cold water with minimum scope for crystal growth. A large volume of water is used (at a ratio of 10:1 of water and molten slag) on to the molten slag to facilitate accelerated cooling under this environment and gets converted into the amorphous particles of sand size [START_REF] Miyamoto | Production and use of blast furnace slag aggregate for concrete[END_REF]Vaclvik, 2012).

Similarly, ACBF slag is produced by pouring liquid slag into beds and then it is cooled slowly under ambient atmospheric condition. During the process of slow cooling, crystalline particles are formed with a hard-lumpy mass and subsequently needs crushing and sizing to handle. The ACBF slag is angular, with cubic shaped with different textural patterns; such as-rough, vesicular (porous) surfaces; glassy smooth morphology; conchoidal fractures. The physical properties of these slags can be considerable vary based on the iron making process through BF [START_REF] Miyamoto | Production and use of blast furnace slag aggregate for concrete[END_REF]Vaclvik, 2012). The different applications based on the property of these two different slags is given in Table 1. The primary utilisation of the ACBF and GBF slags is well accepted in the cement, construction and civil engineering projects [START_REF] Miyamoto | Production and use of blast furnace slag aggregate for concrete[END_REF]. ACBF produces a durable aggregate that performs well in unbound applications as well as in Portland cement due to its composition (crystallized Ca-Al-Mg silicates with abundant of gehlenite and akermanite) and asphalt concretes [START_REF] Sadek | Effect of cooling technique of blast furnace slag on the thermal behavior of solid cement bricks[END_REF][START_REF] Sadek | Development of high-performance green concrete using demolition and industrial wastes for sustainable construction[END_REF][START_REF] Kalalagh | Technical effects of air cooled blast furnace slag on asphalt mixtures[END_REF]. ACBF slag has been used as coarse aggregate in civil construction since the 1930s [START_REF] Smith | Use of Air-cooled Blast Furnace Slag as Coarse Aggregate in Concrete Pavements: a Guide to Best Practice[END_REF]; but the hydraulic properties qualifying for cement manufacturing are limited [START_REF] Yamamoto | Effect of ground granulated blast furnace slag admixture, and granulated or air-cooled blast furnace slag aggregate on alkaliagregate reactions and their mechanisms[END_REF][START_REF] Okumura | Recycling of Iron-and Steelmaking Slags in Japan[END_REF]Mostafa, 2001;Mostafa, 2001a). Also, efforts made to cool the residue with water to manufacture a light weight aggregate for use in masonry blocks as well as on the manufacture of light weight concrete. Due to the slow cooling of the slag, it tends to be hard and dense mass which is useful in different concrete applications along with allied concrete based products.

Similarly, the GBF slag is used as a pozzolanic material for manufacturing slag based cement.

The main advantages of such slag based cement over conventional Portland cement are with reduced heat of hydration along with enhanced resistance to the sulphate attack and better alkali-silica reaction. It is also having merit for resistant against chloride penetration, sulphate as well as thaumasite sulphate attack in concrete applications [START_REF] Kim | Influence of air-cooled blast furnace slag aggregate on sulfate attack resistance[END_REF]. Further, it exhibits better resistance to thermal shocks in high-temperature application areas and also exhibits resistance to high electrolytic application sectors [START_REF] Siddique | Properties of concrete containing ground granulated blast furnace slag (GGBFS) at elevated temperatures[END_REF]. The GBF slag can be used as a mineral-based admixture for high strength concrete applications and utilised by ground to ultrafine sizes. Further, these slags are recently used for preparation of alkali based activated binders (El-Didamony et al., 2013;[START_REF] Buchwald | Purdocement: application of alkali-activated slag cement in Belgium in the 1950s[END_REF][START_REF] Zhao | The properties of the self-compacting concrete with fly ash and ground granulated blast furnace slag mineral admixtures[END_REF][START_REF] Rashad | An investigation on blast-furnace stag as fine aggregate in alkali-activated slag mortars subjected to elevated temperatures[END_REF][START_REF] Luukkonen | Comparison of alkali and silica sources in one-part alkali-activated blast furnace slag mortar[END_REF][START_REF] Font | Design and properties of 100% waste-based ternary alkali-activated mortars: Blast furnace slag, olive-stone biomass ash and rice husk ash[END_REF]. However, activation process for ACBF slag is not well reported in the literature. The application and use of these slags mainly depend on the type and characteristics of the cooling method, along with other properties such as composition, physical, and morphological. With this background, it is found that characterisation properties of the BF slag are a vital indicator for the end-user as well as a determination factor towards a circular economy in the iron making industry.

Table 1: Application of blast furnace slags based on their properties With this background described on the utilisation/recycling of BF slags, especially ACBF, are unutilised whereas the GBF slag is in higher demand for the manufacturing of Portland slag cement. The accumulation of ACBF slag and management of this unbalanced scenario causes an adverse impact on the environment on the sustainability front. Although, recycling of these slags is an attractive research topic but the basic understanding on the difference between these two slags are yet to understood. In the current study, a detailed characterisation was carried out for four different slags generated from the BF. Differences between GBF and ACBF slag were also studied to understand their application in different value added products. Moreover, the recycling options of these two different slags were evaluated for cement and aggregate applications. The understanding and in-depth analysis of different types of slags will open avenues for different application domain for sustainability as well as an effective solution for the circular economy of the iron and steel making industry.

Materials and methods

BF Slag

About 500 Kgs sample of each type of slags were collected from four different blast furnaces.

Two different slag samples (Slag-A and Slag-B) were considered from the water quenched GBF slags, and the other two were ACBF (Slag-C and Slag-D) which was a slow cooling by nature. In case of GBF, water was quenched/sprayed over the hot molten slag on the high speed rotating disk and takes minimum time to gain the room temperature. However, the ACBF slag, takes several hours to gain the room temperature. The molten slag was not water quenched after tapping and directed into a ground bay to be air cooled. The collected samples were thoroughly characterised for evaluation of different physical, chemical, and morphological properties to utilise in the cement and aggregate applications.

2.2.Characterisation Studies

2.2.1. Particle size distribution (PSD) and elemental analysis PSD measurement of the slag samples was performed using a standard wet laboratory sieve shaker (Fritsch, Germany) "Analysette3". Elemental analysis of the slag samples were carried out using ICP analyser (Model: Integra XL, I.R. Tech. Pvt. Ltd.). Free lime, which is a critical aspect in slags is measured by Leduc test method [START_REF] Waligora | Chemical and mineralogical characterizations of LD converter steel slags: A multi-analytical techniques approach[END_REF].

Glass content

Glass content is one of the key components for selecting a slag material for cement application.

Glass content of the slag was determined by using an optical microscope according to the Indian Standard (IS:12089-1987). The glass quantity was calculated from the total number of amorphous and crystalline grains. The glass content of these slags were measured and calculated using equation 1:

(%) = 100 * ! " # …………………………(1)

Apparent and bulk density

The apparent density of the slags was calculated using a gas pycnometer (Model No: AccuPyc II 1340, manufactured by Micrometrics Ltd.). Similarly, the bulk density of the slag samples were calculated by Geopyc analyser (Model No: GeoPyc 1360, manufactured by Micrometrics Ltd) via measuring the displacement volume of the sample.

X-ray diffraction (XRD)

The mineralogical phase evaluation of slag samples was carried out using a Philips X-ray diffractometer (supplied by PANanalytical B.V. (Malvern Panalytical, Almelo, The Netherlands)) which operates with Cu-Kα radiation at 40 kV and 30 mA. The slag samples were subjected to the XRD for the identification of the mineral phases. Also, the quantification of the different phases was conducted by the Rietveld method [START_REF] Waligora | Chemical and mineralogical characterizations of LD converter steel slags: A multi-analytical techniques approach[END_REF].

Scanning electron microscopy analysis

The morphology of the blast furnace slags were evaluated using SEM (Scanning Electron Microscopy) with an EDS (Energy Dispersive Spectroscopy) attachment. A Zeiss SEM (supplied by Carl Zeiss, Germany) equipped with a Bruker EDS detector was used for the present study. The analysis was mainly focused to identify the elemental composition of the particles present in the sample through back scattered photomicrographs and microanalysis.

Softening melting behaviour

The heating as well as melting characteristic of blast furnace slags were carried out using a heating microscope (Hesse Instruments, Model No.: EM III, using Hesse Instruments software Version No.: EMI3.0.6). The objective of the dynamic melting test was to determine the softening temperature, sintering start point, visualising dimensional changes of the sample and flow temperature. The slag powder of a small cylinder shape was used for testing. These cylinders were mounted in the heating microscope and the sample is allowed to heat gradually until the melting. The heating cycle along with the deformation is helpful in describing the flow characteristics of the slag. These tests were carried out with a starting temperature of 25° C with a cycle time of 3s, and the rate of heating was 5° C/min.

2.2.7. Thermo gravimetric analysis and differential thermal analysis (TG/DTA) TG/DTA test for the slag samples were conducted using NETZSCH STA (supplied by NETZSCH-Gerätebau GmbH, Germany), which assists in demonstrating the thermal degradation profile. In this experiment, approximately 20 mg of sample was placed in an alumina crucible and subjected to the TGA analysis. Argon gas was used to purge the sample, and the sample was heated up to 1000°C (at a rate of 5°C/min).

Colour index

The whiteness of the samples was measured by a reflectance meter (model No.: AIM-071114, Aimil Ltd). The whiteness of the slag samples was measured with reference to the white cement sample (calibrated at 100) using the diffuse reflectance.

2.2.9. FTIR spectroscopy analysis FTIR spectroscopy determines the important phases and the changes in both slags. The analysis was conducted in the range from 4000-500 cm -1 (by the spectrum One FTIR Spectrometer, PerkinElmer Spectrum GX). The spectra analysis will identify the presence of reactive phases and the difference between these two slags.

Raman spectroscopy analysis

Raman spectra of the slag samples were recorded in the range from 200 to 3000 cm -1 using dispersive type micro-Raman spectrometer (Renishaw in via spectrometer, UK). In this spectroscopy, the incident radiation induces polarisation of the chemical bonds, and resulted to reemit energy values of a series of vibrational modes. The analysis from Raman spectroscopy will indicate various chemical species involved in the silicate network structure in both the slags by mixing with distilled water (Mohassab-Ahmed and Sohn, 2014).

Grindability studies

The Bond grindability tests were conducted for both the slag samples [START_REF] Bond | Crushing and grinding calculations, Part II[END_REF]Yap et al., 1984;Deister, 1987;Ipek, 2003;[START_REF] Casagrande | Study of iron ore mixtures behavior in the grinding pelletizing process[END_REF] and the work indices were determined for particle size of 106 µm for each slag sample. The work index (Wi) for grinding was then calculated based on equation 2.

Wi = 1.1 * ''.( ) * +.,-. /0 +.1, [3 4+ 56 1+ 7!3 4+ 58 1+ 7] ………………………………………………………..(2)
where 'F' and 'P' indicates the 80% passing size (µm) of the new feed and the last three grinding cycles respectively; 'Pi' indicates the targeted size (i.e. 106 µm) in the circuit, and 'Gbp' is the average quantity of undersize generated per mill revolution (g/rev) during the last three grinding cycles.

Further, the energy required for reducing the particle size was calculated from equation 3. 

Results and discussions

Particle size distribution

The PSDs of the GBF and ACBF slag are presented in Table 2. The PSD curves (Figure 3)

shows that 80% (by weight) of the GBF slag-A and slag-B are less than 3 mm and 0.9 mm, respectively. The ACBF slag collected from the blast furnace slag yard have coarser particle size with 16% of +65 mm, 18% of -65+40 mm, 40% of -40+20 mm, 12% of -20+10 mm and 13% of below 10 mm. The received samples were reduced to particle size below 10 mm and the representative samples were taken for characterisation studies. In crushed ACBF slag sample-C, 80% of the particles are less than 5.6 mm, and for slag-D, 80% of the samples are < 7.6 mm size. The results indicated that GBF slag-B is finer than slag-A and ACBF slag-C is finer than slag-D. The size range of the granulated slags (Slag A and B) are between 0 to 10 mm. It is observed that the PSD of both the slags are suitable for aggregate application however, the fine grinding of the samples are necessary for the cement application. In most of the cases it is also found that the slags can be fine-tuned to the size classes required for the aggregate application (different zones in fine aggregate) according to the Indian Standard: IS 383. A few papers are available about the application of GBF and ACBF slags as aggregates [START_REF] Patra | Influence of incorporation of granulated blast furnace slag as replacement of fine aggregate on properties of concrete[END_REF][START_REF] Singh | Study of granulated blast furnace slag as fine aggregates in concrete for sustainable infrastructure[END_REF]IS 383, 1970;[START_REF] Sadek | Effect of cooling technique of blast furnace slag on the thermal behavior of solid cement bricks[END_REF]. Also, the pre-crushed fractions of ACBF slag can be used as a coarse aggregate in concrete application. 

Elemental analysis

Elemental analysis of both slags are shown in Table 3. It is observed that the BF slag consists of a significant amount of Ca, Si, Al and Mg oxides. Minor elements include S, Fe, Mn, Na, K, and free lime. Similarly, it is also found that the ACBF slag-C has a high amount of iron than GBF slag (Slag A and B).

Table 3: Chemical analysis of blast furnace slags Further, GBF slag-A has a high amount of iron, magnesium, titanium and free lime than slag-B. The elemental analysis of the slag depends on the quality of the raw materials and fluxes used during smelting. In addition, the elemental composition does directly influence the slag viscosity as well as it's flowability. These two parameters of the BF slag influence the rate of crystallisation during the cooling process. In addition, the rate of cooling of slag directly influences the porosity and chemical bonding along with the size of crystals during the solidification process. The amount of CaO, FeO and total sulphur reported for all slags are within the limits as described in IS 383-2016 for the aggregate application (IS 383, 1970). In addition, the elemental composition of both slags are in close agreement with the specifications underlined for the ground granulated blast furnace slag for the cement manufacturing (IS 16714, 2018;[START_REF] Is | Specification for granulated slag for the manufacture portland slag cement, Bureau of Indian Standards[END_REF]. However, the ACBF slag is not mentioned in these standards and may be due to non-compliance of other properties. In addition, there are a number of literatures narrated as binding material/supplementary cementitious materials after granulation as well as activation of both the slags (IS 16714, 2018;[START_REF] Dadsetan | Mechanical and microstructural properties of self compacting concrete blended with metakaolin, ground granulated blast furnace slag and fly ash[END_REF][START_REF] Balczár | Manufacture of air-cooled slagbased alkali-activated cements using mechanochemical activation[END_REF]. It is found that the iron content of the ACBF slags is marginally higher than GBF slags. This is one of the main differences between these two slags and it may be due to the operational issues. Further, the average lime content of the ACBF slag is higher than the GBF slag, which may be a marginal issue in the coarse aggregate application in the construction industry.

Glass content

Glass content is an essential parameter for using a slag in cement making. The glass content in both blast furnace slags (Table 4) indicates that the GBF slags (A and B) contain almost 90% glass whereas ACBF slags have less than 50% glass. Also, it is evident that the variation in the glass content is very high for the ACBF slags compared to the GBF slags. The images of the glass and opaque particles for both slags are shown in Figure 4 and 5. The amount of glass content or crystallisation depends on the cooling procedure followed by their composition.

Granulated slags (i.e slags which are quenched with a high volume of water) have less time for crystallisation so they result in the formation of higher glassy phase whereas slags which are air cooled have more time for crystallisation (resulting in low glass quantity). In addition, the cooling pattern may differ from a dump to another dump. At a periphery of the bulk mass, it may be a glassy phase but at the core, it may be crystalline. So, the ACBF slags have limited usage in cement making compared to the GBF slags due to it's glass content (higher than 85%) which is one of the parameters for the slag to use in the Portland slag cement or as supplementary cementitious materials (IS 16714, 2018;[START_REF] Is | Specification for granulated slag for the manufacture portland slag cement, Bureau of Indian Standards[END_REF]. The variation in the glass content of the BF slag with different crystallisation process has been explained in the literature, which is in agreement with the current findings [START_REF] Liu | Experimental investigation of glass content of blast furnace slag by dry granulation[END_REF]. Due to this variation in glass content, GBF slag can be ground to different ultrafine sizes and can be used in the manufacturing process of Portland slag cement as well as one of the supplementary cementitious materials in the concrete mixture for high-end applications [START_REF] Siddique | Properties of concrete containing ground granulated blast furnace slag (GGBFS) at elevated temperatures[END_REF].

Table 4: Results of the glass quantity present in the blast furnace slags.

Figure 4: Glass and opaque minerals of GBF slags.

Figure 5: Glass and opaque minerals of ACBF slags.

Density Measurement

The density of both the slags were measured by using a pycnometer, and the results are given in Table 5. It can be found that both density and specific gravity (specific gravity and bulk) of ACBF slags are higher compared to the GBF slags. The lower value of the specific gravity values for the GBF slags may be due to the higher porous content in the particles as well as the lower iron content, which is a denser fraction in the slag. For the application as aggregate in the construction industry, the specific gravity of the slags is within the limit (2.1-3.2) as per the IS 2386, 1963 [START_REF] Siddique | Properties of concrete containing ground granulated blast furnace slag (GGBFS) at elevated temperatures[END_REF].

Table 5: Results of the specific gravity and bulk density of GBF and ACBF slags.

XRD Studies

XRD results of the slag samples are presented in Figure 6 and 7. The XRD of the GBF slag

shows the presence of a considerable quantity of amorphous material. In fact, the crystalline minerals are only about 10% (see 4.3) and because of which the XRD does not show any peaks.

However, the measurement of the crystalline phases from such granulated slag can be carried out by using pulse count and peak area measurement [START_REF] Behera | Quantitative Estimation of Glass Content in Granulated Blast Furnace Slag-A Comparative Analysis[END_REF] which did not consider in the present investigation. However, the Rietveld method confirmed the crystalline phase as only 8%.

From Figure 7, it is found that ACBF slag sample contains Akermanite (2CaO

•Al2O3•SiO2)- Gehlenite (2CaO•MgO•2SiO2
) which is melilite (a solid solution between the isomorphous minerals, viz: gehlenite and akermanite), Belite (2CaO•SiO2) and Spinel (MgO•Al2O3).

However, metallic iron and free lime were not reported in the slag due to the presence of lower content which is below the detection limit. General identified phases in the BF slags are merwinite and melilite; which are well discussed in the literature [START_REF] Liu | Experimental investigation of glass content of blast furnace slag by dry granulation[END_REF]. In addition, several minor peaks are reported against belite, monticellite, rankinite, wollastonite and forsterite, but did not mention as these are below the detection limit (below 15 counts). In the present case, the number of these minor phases may be below the detection level, so these are not featured in the GBF slag samples. and its melting starts immediately after softening (at 1369 °C). In the case of slag-D, softening begins at 1314 °C and melting at 1360.5 °C. It is found that the average value for the softening temperature of ACBF is higher compared to the GBF slags. This may be due to the compositional change and the amount of the crystalline phase present in the sample which is influenced by the used raw material during the smelting process.

Figure 8: Fusion characteristics of blast furnace slags at different temperatures

Scanning Electron Microscopic Studies

The micro-analysis of the GBF slag and ACBF slag samples of different grains was carried out by SEM-EDS. The back scattered micrographs of grains in back scattered along with the elemental analysis are given in Figure 9 and 10. The number on the images indicates the points where point analysis was carried out and the results are reported in Table 7 and 8 for GBF and ACBF slag respectively. The microanalysis of both slags show majorly Ca, Al, Si and Mg minerals and minor amounts of grains with Na, K, Mn, Ti and iron oxides. Most of these minor elements are due to the addition of different raw materials during smelting along with iron ore [START_REF] Kumar | Characterization of properties and reduction behavior of iron ores for application in sponge ironmaking[END_REF]. Back scattered SEM images of GBF slag shows that most of the grains are angular in shape. The principal mineral phases of GBF slag are merwinite and melilite, whereas, melilite, spinel and akermanite with magnesium and sulphur are present for ACBF slag. 

Thermo-gravimetric Analysis

As received BF slag samples were subjected to the TG-DTA, and the results are given in Figure 11 and 12. It is found that the TG-DTA pattern for sample A and B are identical in nature, so only one example as given in Figure 11 is discussed further. TGA of both samples shows mass reduction up to 200°C, which is due to the removal of the moisture from the slag samples.

Further, there is an increase in the weight of the samples until 600°C, as well as in between 700°C-900°C. The residual weight gain of slag-and slag-B is 0.3%. The gain of weight is due to the exothermic reaction prevailing at that temperature zone. The exothermic reaction is due to the crystallisation of a meta-stable phase like merwinite. A similar observation was also reported earlier while heating the BF slag to elevated temperature (Fredericci et al., 2000).

Similarly, the TG-DTA plot for the slag-D is considered for the discussion and given in Figure 12. It is observed that the net residual weigh loss is 1.5%. In both cases, there is a drop in the weight initially at below 2000 C is due to the moisture. The weight loss of the sample after 200 0 C may be due to the decomposition of portlandite and calcite. These two phases may be present due to the presence of free lime in the sample above 1%. 

Colour Index

The colour index of GBF and ACBF slag are given in Table 8. From Table 9, GBF slag-B

shows highest colour index value of 68.9% compared to the other slags. Further, the colour index of sample-A is low compared to sample-B. This may be due to the high amount of iron and magnesium in slag-A compared to sample-B. However, the ACBF slag samples are very poor in whiteness/brightness index compared to the GBF slag due to the major changes in the phases with crystalline and their opacity. So, mixing of these slags will alter the colour of the Portland cement. Further, the poor colour index may be hindered for the application in the construction industry.

Table 9: Colour index of different slags

Raman Spectroscopy Analysis

Fig. 13 shows the micro-Raman spectra of slag samples indicating the spherulitic crystal as well as the layers of crystalline surfaces. The Raman spectrum indicated in Figure 13 is matching against the phase merwinite and also reported in the literature. The bands at 852 and 817 cm -1 in the spectra indicates the symmetric modes of t1 and asymmetric t3 stretching vibrations of the SiO4 tetrahedra of the monticellite, which is very crucial for the hydraulic reaction in the cement application front. The similar observation is also discussed for the slag samples in the literature (Piriou and MacMillan, 1983). This phase is not able to define by the XRD data due to the impurity in the natural merwinite. Further, slag C exhibits melilite phase corresponding to the band 661 cm -1 and this may be due to the strongest Akermanite band of the bond (Si-O-Si). The presence of different phases to the average Raman spectrum of the main phases are in between 527 cm -1 to 1007 cm -1 . These peaks are due to the symmetric stretching of Si-O-Si, ν1, of the mullite phase as well as others (anorthite, melilite, etc.). Also, the Raman bands located at 911 cm -1 attributed to the presence of the crystalline phase akermanite. The Raman bands reported at 348 cm -1 and 527 cm -1 are due to ν2-type internal deformations and ν4-type asymmetric bending vibrations of SiO4 tetrahedra, respectively [START_REF] Ortaboy | Effects of CO2 and temperature on the structure and chemistry of C-(A-) S-H investigated by Raman spectroscopy[END_REF]RRUFF;[START_REF] Bost | Raman spectra of synthetic and natural mullite[END_REF]. The reactivity of these slags can be correlated from these datas while activated with alkalis/chemicals.

Figure 13: Raman spectroscopy results for GBF and ACBF slags.

FTIR spectroscopy Analysis

The FTIR spectrum of slag-A and slag-C is shown in Figure 14. Slags of the same cooling pattern are found to be superimposed to one another due to which identical one is selected from each type for the reference and analysis purpose. The broad bands in the spectrum of GBF slag indicate the amorphous nature of the slag, while the same slag, crystallised in the experimental conditions, shows the presence of melilite. The bands in the spectrum of ACBF slag closely resemble those of melilite. A similar analysis is reported earlier for the granulated blast furnace slag by other investigators [START_REF] Zawrah | Recycling and utilization assessment of waste fired clay bricks (Grog) with granulated blast-furnace slag for geopolymer production[END_REF].

In both slags, the FTIR spectrum shows broadband at 850-1050 cm -1 characteristic of the stretching vibration of silicon and oxygen bonding in a silicate tetrahedron. The vibration band against 472 cm -1 is for the deformation vibrations of silicate tetrahedrons, with a bonding of oxygen and silicon (O-Si-O). The reported bonding between 600-800 cm -1 is for the asymmetric stretching vibration of aluminium and oxygen (Al-O) of AlO4 slag groups. Further, the bands at 1418 cm -1 is against to the asymmetric stretching vibration (CO3 2-) for the partial carbonation reaction of the GBF slag (slag-A) compared to the other one. The spectrum of the GBF slag (Slag A) assigns broadband at 940 cm -1 which is for the vibration bond of Si-O-Si/Al bonds of tetrahedral silicates materials. Further, the bands indicated at 760 cm -1 , 710 cm -1 , and 513 cm -1 due to the bending vibration mode of the Al-O-Si bonds. Another band at 1418 cm -1 corresponding to the asymmetric vibration mode of the O-C-O bonds in carbonates is also reported. This is resembled with the partial carbonation reaction with the used raw material and also may be due to the weathering during handling. The bands reported at 3422 cm -1 and 1639 cm -1 are corresponding to adsorbed moisture (Torres, 2005;Bernal et al., 2011a;b). The FTIR results of the starting raw materials are in agreement with the data obtained from XRD analysis. It is envisaged that GBF slag can be activated easily by different chemicals as well as admixtures, whereas, this is not the case for ACBF slag. In addition, it can be prepared for effective binding material in the construction industry.

Figure 14: FTIR spectra of GBF slag (Slag-A) and ACBF slag (slag-C).

Grindability Studies

The work index of the slags are given in Table 10. It can be observed that the ACBF slag is harder than the GBF slag. The energy required to grind the slag samples to various sizes are also plotted in Figure 15. The feed size of the slag is assumed 3 mm, and the energy was estimated for the production of the different mesh size. It is observed that the energy consummation is very high for the air-cooled blast furnace slags compared to the granulated slag. This is due to the crystalline nature of the grains and string bonding of the grains/phases in case of the ACBF sample whereas as an abundance of the glassy phase in other slags which is easier to create the new surface. The mentioned energy demand data can be utilised for comparing with any other size reduction equipment for the generation of finer fraction, which is essential for cement as well as other processes.

Table 10: Grindability results for the GBF and ACBF slags Figure: 15: Estimation of energy consumption for producing ultrafine sizes slag.

Isothermal conduction calorimetry

Figure 16 indicates the heat evolution curve reported by ICC of the BF slag samples at 27 0 C for 24 h. The calorimetric response of both GBF (slag-A and B) as well as ACBF slag (Slag-C and D) is found to be identical and overlap to each other. In all the slag samples, a prominent peak is observed in between 5 to 10 min. The heat released during 10 to 15 min is found to be quick in nature (shown as the initial vertical line) due to the dissolution action of ions and initial exothermic reaction on wetting of the slag in water. The observed peak is generally explains the rapid formation of a Si-Al residual layer with adsorbed Ca 2+ and Mg 2+ ions when the slag is wetted with water. The calcium and magnesium depleted surfaces is formed and a hydrated residual Si-Al rich layer fixes Mg 2+ ions from the solution due to the magnesium content. So, there is a chance of precipitation of amorphous silica in the solution at a saturation point by adsorb by Ca 2+ but the formation of C-S-H gel is limited [START_REF] Rajaokarivony-Andriambololona | Experimental hydration of two synthetic glassy blast furnace slags in water and alkaline solutions (NaOH and KOH 0.1 N) at 40 C: structure, composition and origin of the hydrated layer[END_REF]Shi and Day, 1995). However, the reaction for dissolution and precipitation to form C-S-H gel is prominent while activated with alkalis. This particular gel is commonly reported in most of the BF slags but reported as the main phase in most of the literature while describing the alkali activation mechanism [START_REF] Ozturk | Kinetics of the reaction of SiO (g) with carbon saturated iron[END_REF][START_REF] Ozturk | Kinetics of the reaction of SiO (g) with carbon saturated iron[END_REF][START_REF] Gebregziabiher | Very early-age reaction kinetics and microstructural development in alkali-activated slag[END_REF][START_REF] Luukkonen | Comparison of alkali and silica sources in one-part alkali-activated blast furnace slag mortar[END_REF][START_REF] Majhi | Production of sustainable concrete utilising high-volume blast furnace slag and recycled aggregate with lime activator[END_REF]. Also, there is a trend in the peak formation which envisaged the release of the heat at a much early stage for the granulated slag compared to the ACBF slag. The pattern can be further explained due to two main differences. The basic difference is due to the lower quantity presence of amorphous phase and consequently lower reactivity of ACBF slag. The second reason is due to the presence of iron and other metallic phases along with deviation in C/S ratio. An increase in the glass content in the slag led to a formation of the peak as well as shift in the peak maxima to lower time. The early formation in characteristic peak and the heat of reaction with granulated slag (Slag A and B) indicates enhanced dissolution-precipitation reaction, which is very important for cement and admixture applications.

Figure 16: Heat evolution curve generated from ICC for GBF and ACBF slags

Cementous and aggregate properties

It is visualised that the GBF slag is consists of higher amount glassy phase and it can be suitable for the cementitious material as well as for the preparation of Portland slag cement. Also, it can be used to manufacture the activated binding material by treating with clinker, alkalis, or admixture. Similarly, the ACBF slag is harder and may be ideal for the aggregate usage. In this regard, the evaluation of these slags is subjected to cement property as well as for the aggregate application. The cementous property of the slag-A sample was evaluated and the findings are given in Table 11. The standard specification mentioned is for the Portland slag cement. So, this GBF slag can be utilised for the production of the Portland slag cement as well as it can be added as a performance improver wherever necessary based on the application. Also, the GBF can be used as a binding material after grinding and activation by using suitable reagents for different construction as well as high end strength application. Similarly, the ACBF slag is subjected to aggregate evaluation properties, and the results are given in Table 12. The details of the procedure for the measurement are followed as per the Indian Standard (IS:2386-1963and IS:383-2016). It can be observed that the air-cooled blast furnace slag can be utilised as an aggregate. Most of the parameters mentioned in Table 11 are in agreement with the relevant standards for the aggregates. Also, the ACBF can be mixed proportionately with GBF for achieving the Cementous properties and can be evaluated further.

In addition, the activation by mechanical as well as chemical can enhance the potential to use these slags as binding/supplementary Cementous material for high-end application. Based on the above discussion and results, a SWOT analysis for these slags is presented in Figure 17 for better visualisation and utilisation for the decision makers.

Table 12: Aggregate property results for the air-cooled blast furnace slags (Slag C and D).

Figure 17: SWOT analysis of blast furnace slag

Conclusion

The chemical, mineralogical, physical, thermal and morphological properties of four different slags generated from blast furnace under different cooling condition were evaluated along with cement and aggregate application. The following conclusions are summarised from the investigation.

• Both the BF slag contains a higher amount of CaO (33-43%) with basicity <1 can be a substitute for the essential raw material for cement and aggregate manufacturing process. In addition, the ACBF slag is found to be coarser in particle size range while water quenched GBF slags are finer size with a narrow range.

• The glass content (amorphous phase) in GBF and ACBF slags were found to be 90% and 50%, respectively. The use of ACBF in cement application is limited due to the presence of higher crystalline phases. It is concluded that the dominant phases of GBF slag are merwinite and melilite whereas belite, melilite, spinel and akermanite with Mg and S as the significant compounds for the ACBF slags.

• The higher softening temperature of the ACBF slag can be suitable as aggregate for the high temperature resistance application in the concrete mix whereas GBF slags are at a lower temperature due to the abundance of the amorphous phase.

• Higher reactivity of the GBF slag reported due to the presence of SiO4 tetrahedra of the monticellite which is an impurity in merwinite whereas ACBF slag doesn't exhibit such characteristic peak.

• The deformation vibrations of silicate tetrahedrons, (O-Si-O), is found to be asymmetric stretching vibration of aluminium and oxygen (Al-O) bonds in both the slags which assists in early hydration. Also, the partial carbonation of the GBF slag is is useful for bonding characteristics.

• It is concluded that ACBF slags are harder compared to the GBF slags. The work index of the GBF and ACBF slags are 13-15 kWh/t and 17-19 kWh/t, respectively for producing 106 µm particles for use in cement manufacture.

• The hydration studies of the BF slags concluded that the hydraulic property of GBF is superior compared to ACBF slag. The rapid formation of a Si-Al residual layer with adsorbed Ca 2+ and Mg 2+ ions when the slag is wetted and the chance of precipitation of amorphous silica in the solution at a saturation point by adsorbing by Ca 2+ but the formation of C-S-H gel is limited. The C-S-H gel formation at an early stage for these slags can be enhanced by activation.

• GBF slags can be utilised for the cement production due to the higher cementous and hydraulic properties whereas ACBF slags can be used as aggregates. It is further concluded that the cooling pattern of the slag plays a vital role in the particle morphology, glass content and phase formation which detects their application. ACBF slags contain substantial quantities of crystalline phases along with lower hydraulic property, which disable to exhibit cementitious properties.

• From the present study, it is concluded that the GBF can be suitable for the manufacturing of Portland slag cement as well as a binder/supplementary cementous material and ACBF can be used as aggregate to replace fine aggregates. Further, the mixing of these two slags at different proportions can be considered to evaluate. So, indepth analysis on characterises of these slags will open up avenues for other application for sustainability as well as an effective solution for the circular economy of the iron making industry.

• The recycling of such slags in the construction industry provides desired strength, environmental benefit by reducing the environmental impacts and minimising the waste disposal problem, economical benefit by reducing the cost of construction, as well as preserving natural resources for future generation with this green and sustainable solution.

• Further investigation may be carried out to study the activation of these slags by mechanical as well as chemical/alkali to enhance the cementous property. Moreover, these slags can be partially replaced in the cement as well as the aggregate industry to enhance the quality as well as replacing the virgin raw material. 
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 2 Figure 2: Schematic diagram of the process flow for different slag generation system during iron making through the blast furnace route.

  12. Isothermal conduction calorimetry studiesIsothermal conduction calorimetry (ICC) was used to monitor the reactivity of both the slags by mixing with distilled water. The rate of heat evolution during the reaction was measured using an eight-channel isothermal conduction calorimeter (TAM AIR, Thermometric AB, Jarafalla, Sweden). The sample holder with a mixture of slag sample and water in Calorimetry measured for 24h at a temperature of 27 0 C. Slag samples were measured two times under same condition and the average values of heat released at different time interval are used for discussion.
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 6 Figure 6: X-ray diffraction patterns of GBF slag-A and slag-B

Figure 6a :

 6a Figure 6a: SEM images of GGBF slagFigure 9: SEM back scattered images of GBF slag

Figure 11 :

 11 Figure 11: TG-DTA graphs of granulated blast furnace slag-A
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 2 Particle size distribution of blast furnace slags.

Table 6 :

 6 Fusion characteristics of Blast furnace slags Results in Table 6 indicate that softening of slag-A and slag-B start almost at the same temperature (i.e. 1309 °C and 1310 °C respectively and their melting temperatures are also 1431.7 °C and 1416.0 °C., respectively. However, ACBF slag-C softening starts at 1352.7 °C
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 7 SEM-EDS analysis of granulated blast furnace slag

	Figure 10: SEM images of ACBF slag

Table 8 :

 8 EDS results from Scanning Electron Microscopy along with identified phases of ACBF Slag.

Table 11 :

 11 Cementous properties results for the granulated blast furnace slag (Slag A)

Table 1 :

 1 TABLES Application of blast furnace slags based on their properties

	Characteristics	Applications
			Air cooled slag	Granulated slag
	Hydraulic property	Road base coarse material, fly	Raw material for Portland blast
			ash brick making.	furnace slag cement, Concrete
				admixtures, Supplementary
				cementous material
	No alkali-aggregate	Coarse aggregate for concrete	Fine aggregate for concrete
	reaction		
	Low Na2O and K2O	Cement clinker raw material	Raw material for cement clinker
			(replacement for clay)	(replacement for clay)
	Thermal insulation and	Raw material for rock wool
	sound	absorption	
	effects when made into	
	a fibre		
	Fertilizer	component	Calcium silicate fertilizer
	(CaO, SiO2)		

Table 2 :

 2 Particle size distribution of blast furnace slags.

			Weight (%) retained	
	Particle size (mm)	Slag-A Slag-B Slag-C Slag-D
	+6	0.19	0.28	18.06	34.22
	-6+3	19.10	1.42	33.77	27.96
	-3+1	32.39	7.07	8.69	7.57
	-1+0.5	26.45	67.99	12.22	10.83
	-0.5+0.250	15.48	19.78	9.72	6.87
	-0.250+0.150	2.59	2.18	6.83	3.62
	-0.150+0.106	1.47	0.65	3.44	0.63
	-0.106+0.075	0.88	0.27	1.65	3.49
	-0.075+0.053	0.23	0.06	1.62	1.34
	-0.053+0.038	0.79	0.21	1.43	1.92
	-0.038+0.025	0.23	0.05	1.11	0.90
	-0.025	0.20	0.03	1.45	0.64

Table 3 :

 3 Chemical analysis of blast furnace slags

	Elements/ Compounds	Assay Value (%) GBF Slag ACBF Slag
		Slag-A Slag-B Slag-C	Slag-D
	Fe(T)	1.1	0.64	2.47	2.07
	FeO	1.03	0.77	2.85	2.58
	CaO	33.59	37.3	33.6	32.02
	SiO2	33.13	34.87	32.54	33.57
	MgO	11.76	8.58	8.73	9.72
	MnO	0.001	0.083	0.17	0.027
	Al2O3	18.41	16.91	17.23	19.31
	TiO2	0.97	0.64	0.82	0.78
	Cr2O3	0.04	0.03	0.14	0.04
	K2O	0.35	0.44	0.53	0.56
	LOI	0	0	1.75	1.01
	Na2O	0.14	0.14	0.14	0.14
	P2O5	0.16	0.19	1.49	0.14
	S	0.76	0.77	0.44	0.37
	CaOf (Free				
	Lime)	0.7	0.4	1.1	1.3

Table 4 :

 4 Results of the glass quantity present in the blast furnace slags.

	Description	Glass content (%)
	GBF Slag	Slag-A	89.68
		Slag-B	89.63
	ACBF Slag	Slag-C	40.61
		Slag-D	46.14

Table 5 :

 5 Results of the specific gravity and bulk density of GBF and ACBF slags.

	Sample details	Specific Gravity	Bulk Density (g/cc)
	GBF Slag	Slag-A	2.61	1.13
		Slag-B	2.80	1.12
	ACBF Slag	Slag-C	2.99	1.37
		Slag-D	3.12	1.42

Table 6 :

 6 Fusion characteristics of Blast furnace slags

	Description		GBF Slags	ACBF Slags
		Slag-A	Slag-B	Slag-C	Slag-D
	Softening	1309	1310	1352.7	1314
	temperature(°C)				
	Spherical	1353	1372	1358.5	1327
	temperature(°C)				
	Hemispherical	1367	1380	1362	1332
	temperature(°C)				
	Flow temperature(°C)	1431.7	1416	1369	1360.5

Table 7 :

 7 SEM-EDS analysis of granulated blast furnace slag

	Point	O	Na Mg	Al	Si	K	Ca	Ti	Fe
	No								
	SLAG-A							
	1	52.67	6.41 7.20 20.73		12.98		
	2	68.10	2.90 4.26 17.71		7.03		
	3	39.48	5.68 9.51 14.07 0.32 30.24 0.71	
	4	39.50	6.58 9.31 14.91 0.42 28.58 0.70	
	5	46.65	6.57 4.93 15.04		10.78		16.04
	6	57.90	5.01 7.24 10.98		18.87		
	7	38.99 0.15 6.01 9.98 14.77 0.46 28.99 0.65	
	8	42.87	5.45 9.44 16.69		25.56		
	SLAG-B							
	1	39.24	5.08 9.11 16.07 0.54 29.59 0.38	
	2	40.29	4.61 8.23 20.95 0.46 24.86 0.59	
	3	57.54	6.97 6.87 16.85		11.77		
	4	38.95 0.22 4.92 8.75 15.74 0.58 30.42 0.41	
	5	38.93	4.49 8.32 15.35 0.60 31.76 0.55	
	6	39.32	4.65 8.11 14.98 0.68 31.80 0.47	

Table 8 :

 8 EDS results from Scanning Electron Microscopy along with identified phases of ACBF Slag.

	POINT												
	No	O	Na	Mg Al	Si	P	S	K	Ca	Ti	Mn Fe	Zn	Phase
	SLAG-C												
	1 19.14								0.23		0.43	80.2	Iron Metal
	2	40		6.45 11.72	16.1		1.43 1.22 21.59 1.49			Anorthite with Mg & S
	3 38.17		4.41 10.51 14.04				32.87				Anorthite with Mg
	4	37.8		4.52	8.77 13.99				34.92				Anorthite with Mg
	5 41.02		8.69 11.43 16.88		1.03 0.76 19.25 0.93			Anorthite with Mg & S
	6 38.28		4.9	8.54 14.77			0.24 33.28				Anorthite with Mg
	7 40.57		8.77 10.76 16.31		1.06 1.47 19.71 1.35			Anorthite with Mg & S
	8 37.81 0.26 5.15	7.18 14.13			0.37 35.09				Anorthite with Mg
	9 26.27			1.23	1.16				38.38 2.83		30.13	Srebrodolskite with Al & Si
	10 31.85		0.79	0.3	5.29 3.49			36.33		0.4 21.55
	11 38.47		0.14	0.14	7.34 3.01			47.45 0.86		2.58
	12 39.88 0.14 9.84 10.97 16.21		1.21 2.22 15.96	2.5			Melilite
	13 40.29		8.89 10.81 16.35		1.07	1.5 19.59 1.51			Melilite
	SLAG-D												
	1	3.4		0.8	1	1.3	0.9			1.3			91.3	Iron metal
	2	42.8	0.2	6	9.6	15.3			0.4	23.7	0.6		0.7	Melilite
	3	43.8		8	9.4	18.5		0.4	0.2	16.9	2.1		0.6	Melilite
	4	42.1		3.6	11.8	13.7		0.1		26.9			1.9	Melilite
	5	40.5		7.5	8.6	18		2		18.5	2.1	0.2	2.7	Melilite
	6	44.8		15.5	31.6	3.2		0.2		3.5	0.3		0.8	Spinel
	7	41.8	0.2	6.7	5.2	17.9		0.1	0.3	27.3			0.5	Melilite
	8	44		7.9	10	18.6		0.2		16	2.4		1	Melilite
	9	42.9	0.1	4.2	10.6	14.6		0.1		26.5			0.9	Melilite
	10	3.2		0.7	0.8	1.2				1.1			93	Iron metal
	11	3.2			0.9	0.9	0.2			0.9			93.9	Iron metal
	12	39.8	0.2	4.6		14.7	0.1	0.1		23.4			8.2	Merwinite
	13	43.6		7.5	9.9	17.1		1.9	0.3	17.4	1.5		0.9	Melilite
	14	43.5	0.2	4.7	9.2	15.5		0.1		26.2			0.7	Melilite
	15	30.3		0.8	0.9	1.8			0.2	1.7			59.6	3.3 Iron metal
	16	3.4		0.5	0.7	1.1	0.1			1			93.2	Iron metal
	17	4.8		0.4	0.5	0.8	0.2	28		0.9			63.6	0.4 Iron metal
	18	43.5		16.6	34.7	1.6				1.8	0.2		1.5	Spinel
	19	44.7		6.7	10.2	17.7		0.1	0.3	16.2	2		2.1	Melilite
	20	42.5	0.2	4.7	9	15.2		0.1	0.1	26.2			0.7	Melilite