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The present study evaluates Mill scale which is a steel industry waste and bismuth trioxide simultaneously as a potential 

radiation shielding material in geopolymer composite. An innovative and first of its kind lead-free design has been developed 

for making radiation shielding materials using mill scale and bismuth trioxide as shielding aggregates and industrial wastes such 

as fly ash and blast furnace slag as precursors for the geopolymer composite. The mill scale and bismuth trioxide based 

composite material are characterized for their radiation shielding characteristics based on shielding parameters commonly 

used in radiation shielding like linear attenuation coefficient (μ), half value thickness (HVT) and Mean Free Path (MVP) for 0.662 

MeV energy. The determined shielding parameters are compared with traditional shielding materials like concrete with heavy 

aggregates. X-Ray diffraction studies have confirmed the presence of Bismuth ferrite as the major shielding phase responsible 

for radiation shielding. The mechanical properties of the prepared composites are determined for their strength in direct 

compression. Depending upon the radiation shielding parameters like linear attenuation coefficient and half value thickness 

an optimum dosage of mill scale and bismuth trioxide as a shielding composite to provide adequate shielding for X-Ray 

diagnostic and medical facilities against X-ray photons of low intensity has been recommended. The highest linear attenuation 

coefficient values of fly ash and slag based geopolymer composites had been observed to be 0.208 and 0.225, respectively.    

1. Introduction  

According to the world nuclear association sixty nuclear reactors are under 

construction across the world and many more are planned (Hosker, 2023; Leon, 

2023), most of these are planned and are under construction in Asia. Overall, 

there are around 450 nuclear power plants around the world which produce 

about 10% of the world’s total electricity. Traditionally lead had been the 

material of choice for radiation shielding. Later cement-based composites with 

hematite, magnetite, barite, lead oxide, spent lead waste etc. have been used 

to make radiation shielding concrete composites (Awadeen et al., 2024; Milasi 

et al., 2023; Gunoglu and Akkurt, 2021; Daungwilailuk et al., 2022a; Mokhtari 

et al., 2021; Khalil et al., 2023). For concrete to perform as an effective 

radiation shielding material, the thickness of concrete blocks needs to be large. 

Also, sometimes concrete offers poor resistance to radiation due to radiolysis 

of water thereby causing a loss of strength and mechanical performance 

(Zatloukalova et al., 2021´ ). As temperature increases, the strength of cement 

based concrete decreases and is not a desirable trait in radiation shielding (Lee 

et al., 2007; Mirhosseini et al., 2014). Therefore, there is a need for radiation 

shielding concrete which can overcome these challenges in an economically 

feasible and sustainable manner.  

The steel industry is one of the most important industries in the world 

today. Steel production is an indication of the level of economic activity of the 

country. The annual global steel production is 1870 MT (Venkataraman et al., 

2022), which results in generation of large quantities of steel industry waste. 

The major waste from the steel industry is red dust, iron ore fines and mill 

scale. Mill scale consists of hematite (Fe2O3), magnetite (Fe3O4) and wustite 

(FeO) phases (Ilutiu-Varvara et al., 2020). Mill scale has been used as a primary 

radiation shielding aggregate for making geopolymer cementitious composites 

for the construction sector (Kumar et al., 2021a). There are many other uses of 

mill scale which makes wide scale utilization of mill scale possible. Mill scale as 
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a potential Electromagnetic interference (EMI) shielding material has also been 

studied in the past (Kumar et al., 2021a; Jakubas et al., 2022; Bantsis et al., 

2011).  

Radiation can be broadly classified into two types, ionizing radiation and 

non-ionizing radiation; ionizing radiation is harmful to the human body. The 

application of radiation technology is increasing day by day in fields such as 

medicine, agriculture, nuclear power plants, space technologies etc. The use 

of radiation is associated with harmful effects of X- ray which can have 

detrimental effect on the tissue and cells of the body (McBride and Schaue, 

2020). The common radiation shielding materials are made using Lead and its 

compounds, which is expensive, heavy, and toxic in nature. According to United 

States Environmental Protection Agency, lead is one of the most toxic materials 

from both production and recycling point of view (Patrick, 2006). Hospitals and 

medical centres still use Lead as a primary material for radiation shielding as 

other radiation shielding materials are not economical and cost effective. 

Lead’s toxicity after prolonged exposure can impact multiple systems, including 

reproductive, digestive, blood production, nervous, and renal, with the latter 

three being the most impacted (Papanikolaou et al., 2005). The development 

of children exposed the lead is of particular concern since children are more 

sensitive to lead toxicity effect and are more likely to be exposed in the 

environment (Papanikolaou et al., 2005; Hanna-Attisha et al., 2016). Recently, 

lead poisoning through contamination of the water supply in Flint, Michigan 

has brought to the forefront the potential that still exists with continued use of 

lead in certain applications (Hanna-Attisha et al., 2016). This crisis also 

highlights the importance of moving away from utilizing lead, where possible, 

to prevent future environmental exposure crises.  

Apart from lead-based compounds, concrete is also used for radiation 

shielding materials, but are comparatively thicker than lead based materials 

and losses strength upon exposure to gamma radiation. Shielding concrete is 

made from both Ordinary Portland Cement and geopolymer binders with 

special additives like barite (barium sulphate) (Akkurt et al., 2010), hematite 

(Tekin et al., 2018), magnetite (Oto et al., 2016), barium compounds (Seenappa 

et al., 2017), bismuth trioxide (Halimah et al., 2019), tungsten trioxide 

(AbuAlRoos et al., 2020; Hosseini et al., 2022; Molina Higgins et al., 2019), 

nanoparticles of lead, lead oxide (Abu Saleem et al., 2023). Nanoparticles of 

iron and its compounds are also used for radiation shielding (Mkhaiber and 

Majeed, 2020). Titanium dioxide nanoparticles tend to densify the host matrix 

by aggregating all the molecules together and providing compactness to the 

overall structure (Dezhampanah et al., 2021). Boron carbide has been reported 

to have effectively used as a radio opaque filler in concrete (Chidiac et al., 

2021). Barium based compounds have shown good shielding against gamma 

radiation, while also maintaining mechanical strength and not cracking due to 

excessive heat generated during the process (Daungwilailuk et al., 2022b). 

Barium based radiation shielding fillers have also been used as composite 

material for dental applications (Watts, 1987). Gadolinium based glass 

composites have been fabricated for radiation shielding for photon energies 

up to 662 keV (Kaewjang et al., 2014). The use of glass-based radiation 

shielding materials is increasing due to new and challenging demands from the 

defense and space industries (Sayyed and Lakshminarayana, 2018). Barite, 

Hematite and Magnetite based aggregates are most used for making radiation 

shielding concretes in either cement or geopolymer matrix. Red mud-based 

composites have also been prepared for radiation shielding applications which 

are an effective means for shielding but it is an energy intensive process, and 

the raw materials need to be heated in furnace till 1300 ◦C for the formation of 

the radiation shielding phases (Amritphale et al., 2007).  

As the demand for nuclear energy is on rise throughout the world, the need 

for radiation shielding non-toxic composite which can withstand higher 

temperatures, needs very little to no virgin raw materials, can be industrially 

scalable, economically feasible and not energy intensive, is needed. The 

current radiation shielding concretes do not meet the desired needs. To 

overcome these limitations, a new radiation shielding composite that is non-

toxic and has better mechanical performance upon radiation exposure is 

needed. This study tries to address the existing research gaps in the radiation 

shielding composite domain by studying geopolymer based radiation shielding 

concrete. The overall goal of this study is to make a radiation shielding 

composite which is made mostly from industrial wastes, easily available in 

large quantities, the process is industrially scalable that can be used for a broad 

spectrum of radiation shielding applications like X-Ray room shielding, bunkers, 

important buildings, and nuclear power plants.  

While not all alternatives are non-toxic, the relatively lower toxicity or 

nullification of toxicity with certain radiation shielding materials compared to 

lead, can make their application for certain uses more advantageous. Based on 

the composition of the materials and literature studied so far, the authors in 

the present study have identified that the phases responsible for shielding are 

iron and iron oxides like Fe2O3 and Fe3O4 etc. Hence, Mill scale generated in 

millions of tons every year (Jikar and Dhokey, 2021), containing hematite 

(35%), magnetite (30%) phases with density 5.02 g/cc when reduced at 11000C 

and bismuth trioxide with density 8.93 g/cc have been used as a primary 

shielding aggregate in the present study.  

Mill scale, which is considered a hazardous substance, contains crystalline 

silica, iron and iron oxides. These components can cause acute effects 

(respiratory, eye and skin irritation) and chronic effects to individuals with 

existing respiratory and skin disorders. Bismuth trioxide is not considered a 

hazardous substance or a probable carcinogen, and has low toxicity, but can 

have digestive, renal, oral and other impacts when absorption occurs or there 

is chronic exposure (Halimah et al., 2019; Wang et al., 2019; SDS-Safety Data 

Sheet, 2016). While mill scale and bismuth trioxide alone are consider toxic, 

these two as aggregates in radiation shielding composites in a geopolymer 

matrix might have reduced toxicity or even nullify it owing to the encapsulation 

and immobilization capacity of geopolymerisation process (Vu and 

Gowripalan, 2018; Zheng et al., 2010; Palacios and Palomo, 2004; Phair and 

Van Deventer, 2001). Heavy metals such as Pb, Cu, Cd and Cr that are found in 

Mill scale in less than 1%, have been reported to balance the negative charge 

of tetrahedral aluminium ions in unreactive zeolite and geopolymer structure 

due to their larger mass, smaller radius and higher valence (El-Eswed et al., 

2015; Van Jaarsveld et al., 1998).  

Also, as the temperature of the radiation absorbed composite can rise up 

to 2500C (Fillmore, 2004), even though cement-based radiation shielding 

concretes provide good shielding at low temperatures, because they tend to 

crack up at higher temperatures (Khmurovska et al., 2021), geopolymer has 

been adopted as a shielding matrix for the study so it could sustain high 

temperatures. Mill scale is obtained from heat treatment by reducing hematite 

and magnetite and thereby has better sustenance to high temperatures as 

shielding aggregate in geopolymer (Yukawa et al., 2018; Oyelade et al., 2017). 

The presence of interfacial transition zone in cement concrete and the risk of 

segregation and heterogeneity in the mix due to improper compaction and 

transportation leading to radiation surges (ACI 304.3R-96, 2004; ACI 221R-96, 

2001) makes geopolymer composite ideal for radiation shielding (Chauhan et 

al., 2017). Geopolymer composites are homogeneous in nature as the 

geopolymerization of aggregates with precursor and binder refines the 

interfacial transition zone in geopolymer composites over time (Demie et al., 

2013) as the interfacial transition bonding between aggregate and geopolymer 

matrix is largely dependent on Si/Al ratio, forming Al–O–Si bonds and Na–O 

bonds (Kai and Dai, 2021).  

2. Material properties  

Industrial by-products such as Fly ash (Class F) and Blast furnace slag have 

been used as a basic precursor for the formulation of geopolymer composites. 

The activators used in the study were sodium hydroxide (12.5 M) solution and 

liquid sodium silicate pentahydrate (50% w/w) solution that are inorganic in 

nature and can sustain high temperatures. Mill scale and bismuth trioxide have 

been used as radiation shielding aggregates for the study. The chemical 

composition of the precursors used in the study are tabulated in Table 1.  

The design mix proportions used in the formulation of the geopolymer 

composites is Tabulated in Table 2 along with the curing regime.  

The geopolymer mix formulations have been designed in two-fold, the first 

one was to study the effect of untreated and treated mill scale in radiation 

shielding capacity and the second, to evaluate the dosage of bismuth trioxide 

in effectively shielding the radiation simultaneously with mill scale. Mill scale 



R. Sharma et al.                                                                                                                                                                                                                                 Progress in Nuclear Energy 172 (2024) 105213 

3 

contained oil contamination in its raw form when received and hence was 

processed using various mechanisms to improve its density. Raw mill scale 

(untreated) was adopted in the geopolymer mix RM1. Mill scale used in mixes 

denoted by RM2 and RM3 have been processed and the mill scale used in 

remaining mixes has not been. For mix RM2, the raw mill scale was oven dried 

at 1000C for 24 h and then ball milled for 8 h to micronize the mill scale 

particles. Mill scale used in mix RM3 was heated in presence of its own oil 

content as reducing agent at a temperature of 11000C for 1 h, cooled down to 

room temperature and used in the geopolymer composite. The micronizing 

and reduction of mill scale was performed to decrease the particle size and 

improve the surface area of the mill scale to enhance its shielding efficiency. In 

the subsequent mixes, RF1, RF2, RF3, RB1, RB2 and RB3, the mill scale was 

untreated, and the dosage of bismuth oxide was changed to evaluate the 

radiation shielding capabilities.  

Cylinders of 6-inch diameter and varying thickness from 1 to 6 inch have 

been cast to test for the shielding efficiency and obtain linear attenuation 

curve. The mixes that contained Blast furnace slag in them had been cured at 

ambient room temperature as the presence of high amounts of lime (calcium 

oxide) made it highly reactive and did not need temperature activation. This 

was to enable ambient and in-situ casting of radiation shielding composite in 

the field. All the mixes with fly ash as a precursor had been cured at 700C for 

24 h, demoulded and further cured at ambient room temperature. The fly ash 

based geopolymer mixes had been cast to enable prefabrication of the 

composite in the industry and ready-to-install field applications.  

The dry density of the hardened geopolymer samples had been measured 

by calculating the ratio of mass of the sample per unit volume. The samples 

after their respective curing durations had been kept in the oven at 1000C for 

24 h to measure the dry weight. The mass of the hardened geopolymer 

cylinder is measured closest to 0.5 gm and the dimensions of the cylinder are 

calculated using vernier callipers. The ratio of mass of the sample to its volume 

is represented by density in gm/ cm3.  

X-ray diffraction (XRD) analysis has been performed on the mixes that 

yielded good shielding parameters to distinguish and identify the essential 

phases for improving radiation shielding efficiency of the composite using a 

Bruker D-8 X-ray diffractometer equipped with a Cu- Kα radiation source 

(1.54060 Å). The X-ray diffraction intensity was recorded as a function of 

Bragg’s 2θ in the angular range of 10⁰-90⁰ optical.  

3. Methodology  

3.1. Gamma radiation testing  

The experimental set-up consists of a Geiger tube, a scaler or electronic 

counter and a radioactive source as shown in Fig. 1 (a). Radioactivity is the 

spontaneous decay of the nuclei of atoms. Alpha, beta, and gamma rays are 

the three distinct types of radiation from radioactive decay. Gamma rays have 

shorter wavelengths and higher energy than visible light. The Geiger Muller 

tube is the most widely used detector for counting radioactivity. It can detect 

the number of radiations emitted by a radioactive source. A Geiger Muller tube 

consists of a central wire in a hollow metal cylinder filled with an inert gas like 

argon at low pressures. A potential difference of about 700–1800 V is applied 

between the central wire and the cylinder so that the tube is just at the point 

of breaking down into an electrical discharge. An incident charged particle or 

gamma ray ionizes some of the gas atoms and starts a discharge. Positive ions 

are accelerated towards the negative cylinder and electrons are accelerated 

towards the central wire. The electrons attain higher velocity due to a lower 

effective mass. These fast-moving electrons collide with the molecules of the 

gas and knock out more electrons and ions, which results in a large pulse of 

electrons. Each pulse of electrons activates a counting circuit in the digital 

counter. Individual photons can be detected even when the incident flux of 

radiation is low. The device pulls current very quickly when it detects a 

radiation like gamma or beta. It makes a very short current pulse and then it 

counts it. A small amount of ionizing radiation can generate a large current due 

to the avalanche of electrons generated in the Geiger tube. The set-up uses a 

nucleus 500 digital counter, the internal circuitry of the Nucleus digital counter 

is shown in Fig. 1 (b) below. The operating potential for each Geiger tube is 

determined to be around 800V and set. The gamma radiation source used in 

the study was Cs-137 (0.662 MeV). Two overlapped Cs-137 sources, each of 5 

μCi, totaling 10 μCi were used for the present study. The effect of scattering 

angle has been taken care of by adjusting the thickness of the sample by 

considering the path of direct passage of radiation in the sample, so it takes 

care of the angle between source and the receiver. The room radiation 

background is measured without the radioactive source and subtracted from 

each sample measurement to get the correct radiation counts. For each 

sample the radiation measurement is performed for 20 min in each Geiger 

tube.  

The radiation attenuation of photons (gamma rays) by the material used 

under ideal conditions is given by the following equation (1).  

I=I0e− μx (1)   

Where I0 is the intensity of the photon before hitting the material.  

I is the photon intensity after the photon has passed through the material 

medium.  

x is the thickness of the material medium in cm and μ is 

linear attenuation coefficient in cm− 1.  

The gamma radiation attenuation parameters like linear attenuation 

coefficient, half-life thickness and tenth value thickness were determined for 

each composition. The thickness or layer of a shield or absorber that reduces 

the intensity of radiation by a factor of one half and one tenth of the initial 

intensity, respectively, is known as the Half-  

Table 1  
Properties of Geopolymer precursor.   

Chemical/Physical Analysis  Fly Ash (Class F)  Blast Furnace Slag  

CaO  2.58%  41.41%  

SiO2  60.70%  34.20%  
Al2O3  23.71%  13.68%  
Fe2O3  4.73%  0.75%  
MgO  1.14%  6.24%  
Specific gravity  2.05  2.93  
Fineness (passing 325 mesh)  78%  98%   

Value Thickness (HVT) and the Tenth Value Thickness (TVT). Mean Free Path (MVP), the inverse of linear attenuation coefficient (cm− 1) is the distance between 

two consecutive gamma-ray collisions that travel through a specific thickness of the shielding material has also been measured for each mix. The equations used 

to determine the value of half value thickness, tenth value thickness and mean free path are given below in Equations (2)–(4), respectively (Singh et al., 2018; 

Mansy et al., 2021; Mann et al., 2016; Mansy and Desoky, 2022).  

HVT =(2)  

Table 2  
Design mix proportions of radiation shielding geopolymer composites (kg/m3).   
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Mix notation  Fly ash  Slag  Mill scale  Bismuth trioxide  Sodium hydroxide  Sodium silicate  Curing regime  

RM1  
RM2  
RM3 RF1  
RF2  
RF3  

1661  
1661  
1661  
1827  
1329 831  

0  
0  
0  
0  
0  
0  

1661  
1661  
1661 997  
997  
997  

0  
0  
0  
498  
997  
1495  

332  
332  
332  
221  
221  
221  

831  
831  
831  
554  
554  
554  

700C 700C  
700C  
700C  
700C  
700C  

RB1  0  1827  997  498  221  554  Ambient  
RB2  0  1329  997  997  221  554  Ambient  
RB3  0  831  997  1495  221  554  Ambient   

 

Fig. 1. (a–b). (a) Setup for gamma radiation measurement along with radiation sources (Cs-137); (b) Internal circuitry of the nucleus 500 digital radiation counter.   

TVT =  (3)   

MFP=  (4)   

3.2. Mechanical testing  

To evaluate the compressive strength of the radiation shielding 

geopolymer composites, 2-inch cubes were prepared and cured at the same 

curing regimes the shielding composites were exposed to as mentioned in 

Table 2. The geopolymer cubes were tested as per ASTM C109 (2020) (ASTM 

C109, 2020) with a loading rate of 50 psi/s. Compressive strength of the cubes 

were also determined after their exposure to elevated temperatures of 1000C 

and 2000C and compared with pre-temperature exposure results.  

4. Results and discussions  

4.1. Radiation testing  

4.1.1. Linear attenuation coefficients  

Fig. 2 shows the plot of normalized counts of radiation at gamma energy 

of 0.662 MeV vs thickness of the radiation shielding geopolymer composite 

of mix RM2 in order to measure the linear attenuation coefficients. The values 

of linear attenuation coefficients of all the other mixes had been found 

similarly. The corresponding density of the composite, its Half Value Thickness 

(HVT), Tenth Value Thickness (TVT) and Mean Free Path (MFP) have also been 

calculated for each mix and tabulated in Table 3 and shown in Fig. 3. From 

Table 3 the minimum value of linear attenuation coefficient was observed for 

the mix RM1 where the shielding aggregate was untreated mill scale. Also, 

this mix had the highest half value thickness and tenth value thickness too. 

These can be attributed to the density of the hardened geopolymer 

composite which is the least amongst all the mixes adopted in the study. From 

Table 3 and it can be observed that the treatment of mill scale, both by ball-

milling and by reducing at 11000C yielded better attenuation  

 

Fig. 2. Normalized counts of radiation at 662.0 keV vs thickness of the radiation shielding 

geopolymer composite of mix RM2.  

towards radiation. This can be ascertained by the increase in the density of the 

geopolymer samples and by the reduction in half value and tenth value 

thicknesses. Ball milling the mill scale for 8 h had densified the material and 

provided better packing to the geopolymer matrix due to micronization of iron 

oxide. Heating the mill scale at 11000C had used the oils as reducing agent and 

enhanced its density. This resulted in the formation of new phases Fig. 3 such 

as Wustite (FeO) and Fe which had more density compared to Magnetite and 

Hematite from untreated mill scale as seen in the XRD results in the proceeding 

section.  

Mixes with bismuth trioxide included in the geopolymer concrete along 

with untreated mill scale showed better resistance to radiation. The value of 

linear attenuation coefficients decreased with the increase in the dosage of 

bismuth trioxide, again attributed to the increase in the density of the 

composite. Slag based geopolymer composites cured at ambient temperature 

performed better than the geopolymer composites based out of fly ash. This is 

due to slag having more specific gravity compared to the fly ash (Hasan et al., 

2021). Also, the formation of calcites and calcium-silicate-hydrates (C–S–H gel) 

densified the slag  
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Table 3  

Linear Attenuation coefficient, half value thickness, tenth value thickness at 662.0 keV 

gamma radiation energy.   
Mix  μ  

(cm− 1)  
HVT (cm)  TVT (cm)  Mean free path (cm)  Density (g/ 

cm3)  

RM1  0.074  9.36  31.11  13.51  1.52  

RM2  0.083  8.35  27.74  12.04  1.80  
RM3  0.085  8.15  27.08  11.76  2.02  
RF1  0.131  5.33  17.71  7.69  2.08  
RF2  0.170  4.07  13.54  5.88  2.26  
RF3  0.213  3.30  10.96  4.76  2.57  
RB1  0.163  4.33  14.39  6.25  2.33  
RB2  0.214  3.30  10.96  4.76  2.64  
RB3  0.231  3.01  10.01  4.34  2.69   

based geopolymer matrix providing slightly more shielding efficiency compared 

to the fly ash based geopolymer composites.  

4.1.2. Validation of radiological parameters using Phy-X-PSD  

A user-friendly online software for predicting radiation shielding 

parameters and dosimetry has been used to validate the results obtained 

through experimental analysis (S¸akar et al., 2020). The details of molar 

fractions and density of the hardened geopolymer samples had been used as 

input parameters to predict the values of linear attenuation coefficient, half 

value thickness and mean free path. The software could also generate data on 

shielding parameters in the continuous energy range from 1 keV to 100 GeV 

(Desoky et al., 2023). Table 4 shows the comparison of experimental and 

predicted radiological parameters.  

4.1.3. Transmittance of geopolymer composites  

The values of Transmittance (%) in accordance with thickness of 

geopolymer composite obtained from the Linear Attenuation data is plotted in 

Fig. 4. From the curve it is seen that the density of composite is inversely 

proportional to the radiation energy received by the sample. As the thickness 

increased, the transmittance had decreased exponentially. The exponential 

decrease in the plot of the mixes with bismuth trioxide (RF1, RF2, RF3, RB1, 

RB2 and RB3) is more significant than the mixes without bismuth trioxide (RM1, 

RM2 and RM3). The higher the gradient of the plot (Linear Attenuation 

Coefficient), deeper is the curve as seen for mix RB3 indicating the best 

radiation resistance for this sample.  

4.1.4. Density of the composites  

The density of the composites is greatly dependent on the relative density 

of the shielding aggregates and the dosage of the aggregates in making the 

composite. A linear proportionality has been observed between the density of 

the composite and the linear attenuation coefficient values. Fig. 5 shows the 

correlation between density and linear attenuation of coefficient of the 

geopolymer composites from various literature (Hasan et al., 2021; Tahir et al., 

2019; Kumar et al., 2021b; Khater et al., 2021; Ouda, 2021) and compared with 

the present study. The source of energy for all the values plotted in the curve 

in Fig. 5 is from Cs-137 source with photon energy of 0.662 MeV. Tahir et al. 

(2019) (Tahir et al., 2019) formulated a fly ash based geopolymer with graphite 

and iron oxide as shielding aggregates to study the radiation attenuation of the 

composite. Hasan et al. (2021) (Hasan et al., 2021) in their study based on nickel 

slag and fly ash geopolymer deduced that slag based  

 

Fig. 3. Plot of Linear Attenuation Coefficient, Mean Free Path, and Half Value Thickness of the mixes.   
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scale, showed the best resistance to radiation.  

 

Fig. 4. Correlation between Thickness of Geopolymer composite vs Transmittance.  

 

Fig. 5. Correlation between density of geopolymer composite and its linear  

geopolymer composites without any additional shielding aggregates had better 

shielding capacity due to the high specific gravity of nickel slag compared to fly 

ash. In a similar study, Kumar et al. (2021) (Kumar et al., 2021b) concluded that 

the slag-based hybrid geopolymer with bismuth trioxide as aggregate and slag 

partially replacing cement had more density and shielding capacity compared 

to cement concrete and lead based fly ash concrete. Electric Arc Furnace Slag 

(EAFS) is also observed to have been enhanced the density and thereby the 

shielding capacity of the geopolymer composites (Khater et al., 2021). A blend 

of EAFS and blast furnace slag with lead slag as aggregate gave the most 

efficient geopolymer composite in a study conducted by Khater et al. (2021) 

(Khater et al., 2021). Concrete waste containing dolomite ore with fly ash as a 

precursor also yielded a high density geopolymer composite with radiation 

shielding capabilities (Ouda, 2021).  

Of all the studies mentioned in Fig. 5, the slope of values from the present 

study based out of ternary blend of bismuth trioxide and mill scale geopolymer 

had yielded better attenuation as bismuth has larger nuclear size, higher atomic 

number and electron density providing for increased interaction between 

radiation and shielding matrix delivering better shield against gamma radiation.  

4.2. Compressive strength  

The compressive strength of the geopolymer composites have been 

measured using cubes of 2 inch. The geopolymer cubes have been cured under 

the same conditions as that of samples used to radiation testing. In addition, 

geopolymer cubes have been exposed to an elevated temperature of 1000C and 

2000C at a rate of 50C/min for an hour and cooled down to room temperature, 

prior to their test in compression. The results of compression test and the plot 

for all the mixes are shown in Fig. 6.  

Table 4  
Comparison of radiological parameters from experimental and software analysis at 662.0 keV gamma radiation energy.   

 
 Experimental  Phy-X-PSD  Experimental  Phy-X-PSD  Experimental  Phy-X-PSD  

RM1  0.074  0.091  9.36  7.60  13.51  11.01  

RM2  0.083  0.095  8.35  7.32  12.04  10.55  
RM3  0.085  0.099  8.15  7.10  11.76  10.15  
RF1  0.131  0.167  5.33  4.14  7.69  5.98  
RF2  0.170  0.191  4.07  3.62  5.88  5.23  
RF3  0.213  0.228  3.30  3.03  4.76  4.39  
RB1  0.163  0.188  4.33  3.70  6.25  5.33  
RB2  0.214  0.224  3.30  3.10  4.76  4.45  
RB3  0.231  0.239  3.01  2.90  4.34  4.20  

The trend in the variations in all three parameters, linear attenuation coefficient, half value thickness, and mean free path, agrees between experimental and Phy-X-PSD software analysis 

with Phy-X-PSD slightly overestimating the linear attenuation coefficient and underestimating the half value thickness and mean free path for all sample. Both experimental and Phy-X-

PSD software analysis showed RB3, mix with bismuth trioxide included in the geopolymer concrete along with untreated mill  

attenuation coefficient.  
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The geopolymer mixes that are fly ash based (RM1, RM2, RM3, RF1, RF2 

and RF3) displayed an increase in the compressive strength when subjected to 

elevated temperatures due to the additional geopolymerization process. 

Autoclaving conditions and gas pore pressure may arise due to the conversion 

of moisture into vapor triggering an additional geopolymerization. The fly-ash 

based samples are more porous in structure and thereby can effectively resist 

vapor pressure build-up (Pan et al., 2009). Samples of mix with blast furnace 

slag as a precursor displayed an early increase in the compressive strength due 

to the formation of calcium based geopolymer products such as calcium silicate 

hydrates and calcium alumino-silicate hydrates. At elevated temperatures, due 

to dehydration and decomposition of calcium carbonates these bonds are 

broken resulting in crack propagation and eventual decrease in compressive 

strength (Pan et al., 2018).  
Fig. 6. Compressive strength of geopolymer samples at curing temperature, 1000C and 

2000C.  

4.3. Microstructural analysis  

The X-Ray diffraction results of raw mill scale (unprocessed) as received was 

studied and the phase changes have been compared with the geopolymer 

composite with reduced (heated at 11000C) mill scale. Fig. 7 shows the XRD plot 

of raw mill scale with presence of Magnetite (Fe3O4) and Hematite (Fe2O3) as 

major phases. When the mill scale was reduced at 11000C and used in the 

geopolymer formulation, the dominant phases were Wustite (FeO) and Fe as 

seen in Fig. 8. The density of Magnetite and Hematite were 5.17 g/cc and 5.24 

g/cc, respectively; whereas the density of Wustite and Fe were 5.74 g/cc and 

7.87 g/cc, respectively. This explains the increase in the density and shielding 

efficiency of RM3 composite when compared to RM1 and RM2.  

The XRD plots of geopolymer samples of mixes RF3 and RB3 are shown in 

Figs. 9 and 10, respectively. From both the XRD plots, Bismuth Ferrite (BiFeO3) 

has been observed as one of the phases apart from Bi25FeO40 and Bi2Fe4O9. The 

density of Bismuth Ferrite is 8.22 g/cc and that of Bi2Fe4O9 is 6.51 g/cc and are 

collectively responsible for the increase in the density of composite and its 

shielding efficiency, although, the sample containing blast furnace slag as a 

precursor had other phases such as calcite that are responsible for the matrix 

densification. Traces of Bi–SiO2 have also been observed in both the samples.  

Fig. 7. XRD spectra of Raw Mill Scale.   

Fig. 8. XRD spectra of Reduced mill scale geopolymer composite (RM3).   

 

Fig. 9. XRD spectra of sample from Mix RF3.   

Fig. 10. XRD spectra of sample from Mix RB3.   

4.4. Comparison with radiation shielding concrete  

Compared to the previous studies conducted in this field, the present study 

uses lead free materials from industrial waste ensuring constant availability of 

raw materials for commercial production of radiation shielding composites. 

Most of the raw materials used in this study are easily available in large 

quantities hence suitable for commercial production. It is not an energy 

intensive process unlike red mud-based radiation shielding composites where 

the raw materials need a heating up to 1300 ◦C to achieve radiation shielding 
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phases (Amritphale et al., 2007). Compared to the cement-based radiation 

shielding composites, geopolymer based radiation shielding composites can 

withstand higher temperatures, are non-toxic, corrosion resistant, industrially 

scalable, higher linear attenuation coefficient, and less thickness needed for 

shielding the radiation.  

The relation between density and the linear attenuation coefficient for 

concrete follows a similar linear relation as that of geopolymer composites. For 

the photon energy used in the present study, 0.662 MeV, the comparisons of 

linear attenuation coefficients for various grades of concrete with slag-based 

mill scale & bismuth trioxide geopolymer composite used in the present study 

are listed in Table 5. It can be seen in the comparison that the geopolymer 

composite formulated in the present study performed better in terms of 

radiation shielding when compared to concrete with heavy aggregates such as 

barite, hematite.  

The linear attenuation coefficient values of the bismuth trioxide-mill scale 

geopolymer developed in the present study are better (0.23 cm-1) compared 

to highly used, toxic lead-based radiation shielding concrete as can be seen 

from Tables 4 and 5 This is due to the addition of bismuth trioxide in silicate-

based glass giving Bi–SiO2 phases as observed in Figs. 9 and 10, which gives a 

higher density matrix and shows better shielding properties when compared to 

lead-silicate-based glass (Chandraboss et al., 2015).  

5. Conclusion  

The current paper presented a fly ash and slag based geopolymer 

composites with Mill-scale and bismuth trioxide as shielding aggregates. The 

radiation shielding capabilities of the composites and their compressive 

strength have been measured. Following conclusions have been drawn from 

the study.   

i. Among geopolymer composites which had only mill scale as aggregate, 

the sample where mill scale has been reduced using its own oil 

contaminant at 11000C (Mix RM3) performed best in terms of radiation 

shieling efficiency and its transmittance.   

ii. Although the radiation shielding of the mix RM3 was best among only 

mill scale as aggregate, the compressive strength of the mix RM2 was 

highest at curing temperature and at elevated temperatures. Ball 

milling the mill scale reduced the particle size of the mill scale to nano 

size and hence provided better particle packing for resistance in 

compression.   

iii. Fly ash based geopolymer with both mill scale and bismuth trioxide 

yielded better compressive strength upon heating at elevated 

temperatures. The increase in the strength was around 36% and 53% at 

1000Cand 2000C, respectively for mix RF3. The radiation shielding 

properties of these mixes were relatively less efficient compared to the 

slag based geopolymer counterpart.  iv. Slag based geopolymer 

composite with mill scale and bismuth trioxide where the percentage 

weight of bismuth trioxide was highest (mix RB3) gave the best radiation 

shielding efficiency due to highest density and formation of bismuth 

ferrite phase. The specific gravity of slag compared to fly ash is more 

and therefore has also played a key role in enhancing the density of this 

mix.   

v. Slag based geopolymer composite has slightly decreased compressive 

strength at elevated temperatures, 5.5% decrease at 1000C and 16% 

decrease at 2000C, although the decreased  
Table 5  
Linear Attenuation Coefficient values of Radiation Shielding Concrete at 662.0 keV 

gamma radiation energy.   
S/ 

No  
Authors  Type of Concrete  Linear Attenuation 

Coefficient (cm− 1)  

1  Singh et al. (2015) ( 

Singh et al., 2015a)  
Fly ash Portland  
Pozzolana concrete  

0.167  

2  Singh et al. (2015) ( 

Singh et al., 2015b)  
Fly ash concrete with Lead  0.201  

3  Singh et al. (2015) ( 

Singh et al., 2015b)  
Diaspore fly ash concrete  0.127  

4  Azreen et al. (2020) ( 

Azreen et al., 2020)  
Barite based Ultra-high- 

performance concrete  
0.208  

5  Gencel et al. (2021) ( 

Gencel et al., 2011)  
Hematite loaded concrete  0.219   

strength is still well high above the required strength of mortar as per 

standards.  vi. The initial strength of slag based geopolymer composite prior 

to exposure to elevated temperature was still significantly more (2.14–2.4 

times) than that fly ash based geopolymer composite prior to its exposure 

to elevated temperature.  
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