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ARTICLE INFO ABSTRACT

Keywords: The present study aims in developing high density radiation shielding composite using induction furnace (IF)
Induction furnace steel slag steel slag as an aggregate (coarse/fine) in concrete. IF steel slag is incorporated in concrete specimens (Mix a - 0%
Concrete of slag, Mix b - 40% of slag as coarse aggregate, Mix ¢ - 40% of slag as coarse aggregate and 100% as fine
Ezzls;};ssive strength aggregate) of size 150 x 150 x 50 mm were fabricated. The presence of various iron (Fe) phases such as he-
Gamma matite, iscorite and almandine in IF steel slag composite were confirmed by XRD analysis. Presently, these types

of materials are obtained from natural resources are in use for gamma radiation shielding. Density and
compressive strength were studied, further concrete blocks were subjected to irradiation using gamma radiation
sources such as '*’Cs (0.662 MeV) and %0co (1.17 and 1.33 MeV). Concrete specimen morphologies and
structural changes of before and after irradiation have been studied using SEM and XRD analysis. The results
show that replacement of 40% as coarse aggregate and 100% as fine aggregate of slag in concrete increases the
density and compressive strength of conventional concrete from 2.38 g cm™ to 2.85 g cm ™ and 27.20 N mm 2
to 29.38 N mm 2 respectively. Gamma Attenuation Factor (GAF), Linear Attenuation Co-efficient (LAC) and Half
Value Layer (HVL) are better than the conventional concrete. Mix c can be a cost-effective alternate composite for
radiation shielding studies and can reduce the exploitation of natural resources.

Radiation shielding
Half value layer

1. Introduction

Steel slag is an industrial by-product generated during steel pro-
duction. Slag is used as an alternate material, few types of slag ends in
land filling material and poses environmental pollution [1]. Production
of steel is increasing every year due to urbanization and industrialization
and the by-product slag is also generated on a large scale. During the
steel production, 10-15% of slag is generated per tonne of steel pro-
duction which involves the following furnaces: (i) Basic Oxygen Furnace
(BOF), (ii) Electric Arc Furnace (EAF) and (iii) Induction Furnace (IF)
[2]. Application of steel slag includes, dye adsorption [3], CO; seques-
tration [4], agriculture [5], antibacterial activity [6], mitigation of
methane emission [7], acid-resisting bricks [8], Fenton-like catalyst [9],
asphalt mixes [10], binding material [11], mortar [12], concrete [13,
14] and in heavy metal removal [15,16]. BOF and EAF slag is maximum
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used in cement production due to high CaO content, where as IF steel
slag is not used due to less CaO content.

Globally, after water concrete is the most extensively used material.
In modern concrete technology, industrial by-products such as steel slag
[17], fly ash [18], copper slag [19], natural zeolite [20], metakaolin
[21], limestone powder [22] and other materials are used as coarse/fine
aggregate and cementitious material to improve the properties of the
concrete. Steel slag has been utilized as a coarse aggregate in asphalt
concrete and the study exhibited better mechanical properties, resis-
tance against moisture damage and electrical conductivity [23]. The
concrete prepared using EAF slag and ground granulated blast furnace
slag (GGBFS) shows better mechanical properties in which concrete
contains 30% of GBF as a cementing material. The addition of gypsum to
this concrete enhances the compressive strength at 28 days [24]. Con-
crete containing steel slag shows better strength and superior fracture
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Fig. 1. Analysis of Induction furnace steel slag: a) Induction furnace steel slag (10-12.5 mm); b) XRF analysis of induction furnace steel slag; ¢) XRD analysis of
induction furnace steel slag; d) Surface morphology of induction furnace steel slag; e) Elements present in induction furnace steel slag.

properties compared to conventional concrete [25]. EAF steel slag has
been used in concrete as coarse aggregate for the development of radi-
ation shielding concrete and the experimental results reveal that, the
density (2.80 g cm™>) and compressive strength (65 Mpa) has been
higher than that of conventional concrete prepared [26]. Concrete
specimens incorporated with 100% EAF slag as aggregates of diameter
up to 31.5 mm has been investigated and the results are compatible with
the conventional concrete [27].

In radiation shielding application, concrete has been widely used in
nuclear industries of reactors, spent fuel storage areas and other radia-
tion associated structures [28]. Further, it can be casted into various
structures as a potential material to attenuate gamma rays due to its
density and intrinsic water content [29]. Structural integrity of concrete
using various aggregates as replacements, radiation shielding structures
can be designed and implemented in nuclear power plants by consid-
ering the durability of concrete [30,31]. Studies are in progress for
materials such as heavy density aggregates [32], lead slag [33],
lead-zinc slag [34], EAF steel slag [35] and ground granulated

blast-furnace slag (GGBFS) [36] that are compatible in concrete for ra-
diation shielding applications. Incorporation of barite, serpentine and
steel-magnetite in concrete is tested for gamma shielding studies and
among them, the steel-magnetite mix has higher shielding capacity than
the other mixes that were tested [37]. Boron ore szaibelyite incorpo-
rated concrete shows better gamma radiation shielding when compared
with the ludwigite ore of boron [38]. Iron waste fillings (30%) as an
additive increases the bulk density of concrete thus exhibiting better
attenuation property than conventional concrete [39]. Incorporation of
hematite in concrete by 50% of total aggregate has higher gamma ray
attenuation capability than the conventional concrete [40]. Currently,
in nuclear industry the concretes used for construction contains natural
resources such as hematite, magnetite, barite, serpentine and limonite
[41]. To reduce utilization of natural resources and the cost involved,
there is a need for alternate materials towards radiation shielding.

IF steel slag composite is a mixture of metal oxides consisting of
major elements such as silicon, iron, aluminum, manganese and cal-
cium. In India around 450,000 t of steel slag of is generated through IF
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Fig. 2. Schematic representation of radiation shielding slag concrete (RSSC) preparation.

[42]. Though, IF steel slag is not utilized in cement production, iron
oxide and other iron compounds present in IF steel slag (hematite,
iscorite and almandine phases) makes the material suitable for gamma
radiation shielding. In the present investigation, IF steel slag composite
has been used as a complete replacement of fine and partial replacement
of coarse aggregate in concrete. The casted concrete specimens were
tested for its density and compressive strength. The prepared concrete
specimens were subjected to irradiation using gamma radiation sources
such as '%7Cs (0.662 MeV) and ®°Co (1.17 and 1.33 MeV). Gamma
attenuation factor (GAF), linear attenuation co-efficient (LAC) and Half
Value Layer (HVL) has been studied in detail.

2. Experimental section
2.1. Materials
Concrete specimens were prepared using IF steel slag, natural fine

and coarse aggregate, cement (Zuari, Ordinary Portland Cement - 53G)
and water as raw materials. IF steel slag (Fig. 1a) were obtained from
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Jeppiaar Furnace and Steels, Pvt., Ltd., Kanchipuram, Tamil Nadu, India
and size reduction were carried out using the ball milling process. Slag
materials of size <4.75 mm (fine aggregate) and size between 10 and
12.5 mm (coarse aggregate) were used in the study. Stainless steel
concrete moulds of size 150 x 150 x 50 mm were used to cast concrete
specimens.

2.2. Steel slag characterization

IF steel slag composite is rich in iron oxide (Fe3Os3) and iron com-
pounds. The presence of Fe as Fe;O3 (15.45%) were confirmed using X-
ray Fluorescence analysis (XRF) (Fig. 1b) along with SiO (64.38%),
Al»03 (7.86%), MnO (5.83%), CaO (2.27%) and some trace metal oxides
such as Crp03, TiO2, K20, MgO, Nay0 and BaO. Fig. 1c shows the XRD
analysis of IF steel slag. Silica as quartz (SiO; - 26 value 20.8 and 26.7,
corresponding planes 1 0 0 and 1 0 1, JCPDS 46-1045), iron oxide as
hematite (e-FepO3 - 20 value 36.5 and 40.4, corresponding planes 1 3 1
and 4 2 0, JCPDS 52-1449), iron silicate as iscorite (Fe;SiO1q - 20 value
39.4, 50.2 and 60.0, corresponding planes 410,11 2and 0 5 3, JCPDS

Natural coarse aggregate | | Steel slag | |Mortarpaste ‘ d

Fig. 3. Preparation of concrete specimens: a) Radiation shielding composites with various percentages of induction furnace steel slag replacement; b) Fabricated
gamma radiation shielding concrete specimens; ¢) Dimensions of prepared concrete specimen (150 x 150 x 50 mm).
d) Cross sectional view of prepared concrete block: 1. Steel slag coarse aggregate, 2. Blue metal coarse aggregate, 3. Mortar paste of concrete; e) natural coarse

aggregate (zoom in); f) induction furnace steel slag (zoom in).

*Mix a — Conventional concrete (0% IF steel slag); Mix b — 40% induction furnace steel slag as coarse aggregate; Mix ¢ — 40% induction furnace steel slag as coarse
aggregate and 100% as fine aggregate. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Nal(T1) detector

Fig. 4. Gamma radiation shielding - experimental setup.

22-1118) and iron aluminium silicate (Fe3Al;Si3Oqo - 20 value 22.01,
corresponding plane 2 2 1, JCPDS 41-1423) as almandine were the
compounds and their corresponding phases present in IF steel slag.
Fig. 1d represents surface morphological analysis of IF steel slag using
SEM, it can be observed that the particles/elements present were dis-
similar in size and shape. This enhances the property of binding with
cementing materials in concrete mixture. The major elemental compo-
sition from EDAX analysis is 18.54% Si, 17.25% Fe, 5.8% Al, 1.58% Ca
with 50.72% O and some trace elements such as Ca, Mn, Mg, Cr, Ti, K
and Zn (Fig. le).

2.3. Preparation of concrete specimens

Concrete blocks of M20 grade with the size of 150 x 150 x 50 mm
were prepared as per 1S:10262-2009: guidelines for concrete mix design
[43]. The schematic representation of fabrication of concrete specimen
is shown in Fig. 2. IF steel slag as fine and coarse aggregate has been
replaced in concrete with various proportions. The mix combinations of
the prepared concrete specimens are as follows; Mix a — Conventional
concrete; Mix b — 40% IF steel slag as coarse aggregate; Mix ¢ — 40% steel
slag as coarse aggregate and 100% as fine aggregate (Fig. 3a). The
prepared concrete specimens with steel slag materials and its di-
mensions are shown in Fig. 3b and c respectively. The fabricated con-
crete blocks were subjected to curing at room temperature (28 °C) for 28
days.

2.4. Characterization of concrete specimens

Cross sectional view of the prepared concrete specimen is shown in
Fig. 3d. Density has been measured for all the mixes prepared and the
impact of addition of IF steel slag incorporated in the concrete as fine
aggregate/coarse aggregate were tested. Compressive strength were
performed using digital compression testing machine (CTM- Aimil -
3000 kN capacity) with the compression rate of 0.6 N mm 2 per sec. A
set of five specimens of each mixes were tested for the compressive
strength after 28 days.

2.5. Gamma radiation shielding studies

The prepared concrete specimens were studied for its gamma
attenuation at Indira Gandhi Centre for Atomic Research (IGCAR),
Department of Atomic Energy (DAE), Government of India, Kalpakkam,
Tamil Nadu, India. Gamma radiation sources 80Co (1.17 & 1.33 MeV)
and '%Cs (0.662 MeV) were used to emit gamma photons for the study.
The source strength of °°Co source is 1.5 mCi and '*’Cs source is 10 mCi
which is of lower energies has been used in this gamma attenuation
study. Concrete specimens cured for 28 days were tested for gamma
radiation shielding property.

2.6. Gamma shielding - experimental setup

The experimental setup includes gamma source, shielding arrange-
ment around source, collimator and Nal (T1) gamma spectrometer which
is shown in Fig. 4. '3’Cs emits 0.662 MeV with emission probability of
0.85 and %°Co source which generates two photons with energy 1.33
MeV and 1.17 MeV with 100% emission probability. The photons
emitted from the source after collimation were allowed to transmit
through different concrete specimens. The counts were recorded in
spectrometer under the photo peak are measured for each specimen.

The following relationship is used to obtain the attenuation of
gamma radiation.

I'=1, exp (-pmpt)

Where, I, - Dose rate at detector location without concrete specimen.

I - Dose rate at detector location with concrete specimen (15 cm
thickness).

Bm - Mass attenuation coefficient (cmz/g) and

p - Density of the concrete specimen under study

t - Physical thickness of the shielding material (cm).

2.7. Gamma Attenuation Factor (GAF)

To determine the effect of replacement of IF steel slag in concrete on
gamma attenuation characteristics, the following formula has been used
to calculate GAF.

G - G

GAF =
Co

Where, Cy is dose rate observed in the detector without concrete, C; is
the dose rate measured with concrete specimen.

2.8. Linear attenuation coefficient (LAC)

Linear attenuation coefficient (p) is used to study the interaction of
photons with the given material and is described as photon interaction

per unit length. LAC has been measured in cm ™.

2.9. Half Value Layer (HVL)

HVL of any material has been defined as thickness, where the 50% of
the incident energy is reduced and is measured in cm. The following
formula has been used to calculate HVL.

0.693

HVL =——
u

Where, 1 is the linear attenuation co-efficient in cm ™.
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Fig. 5. Density and compressive strength of various concrete mixes prepared.
a) Density; b) Compressive strength.

3. Results and discussion
3.1. Density

The density of concrete specimens prepared with replacement of IF
steel slag of various proportions is shown in Fig. 5a. Hematite aggregate
incorporation in concrete increases the workability of fresh concrete
[44], further drying shrinkage of concrete has decreased on using he-
matite [45]. Density of the conventional concrete specimens prepared
without IF steel slag for 28 days curing were 2.38 g cm ™. The obtained
density for 40% replacement of IF steel slag as coarse aggregate is 2.76 g
cm 3. Concrete specimens prepared with 40% coarse aggregate and
100% fine aggregate of IF steel slag replacement, the obtained density is
2.85 g cm . Concrete specimens replaced with IF steel slag as coarse
aggregate (40%) and fine aggregate (100%) shows increase in density
when compared to other mixes prepared. Hematite aggregate increases
the density of concrete with increasing percentage of hematite [46]. The
presence of hematite and other mineralogical phases of iron in IF steel
slag increase the density of the concrete.

3.2. Compressive strength

The compressive strength of various concrete specimens are shown
in Fig. 5b. Compressive strength of concrete specimens prepared without
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IF steel slag replacement is 27.20 N mm 2 for 28 days curing. In 40% of
IF steel slag replacement of coarse aggregate, the obtained compressive
strength is 28.42 N mm 2. Concrete specimens prepared with 40%
coarse aggregate and 100% fine aggregate by IF steel slag showed the
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Fig. 8. XRD analysis of concrete specimens.
a) Mix a before and after irradiation b) Mix b before and after irradiation; c)
Mix ¢ before and after irradiation.

maximum compressive strength of 29.38 N mm™2. Rough surface of
hematite and other mineralogical phases of iron present in IF steel slag
composite is the rationale for binding with cement paste by causing
adhesion for mechanical interlocking [32]. During the process of con-
crete curing, hydration occurs within the concrete material which leads
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Fig. 9. FE-SEM analysis of concrete specimens.

a) and b) Mix a before and after irradiation respectively; ¢) and d) Mix b before

respectively.

to the formation of hydration products and has large specific volume.
The hydrated products can act as a filler material in voids within the
concrete leading to decrease in porosity and increase in compressive
strength [47]. In concrete, hematite aggregate enhances the formation
of bond in the interfacial transition zone (ITZ) and increases the me-
chanical properties of concrete [48]. Incorporation of hematite aggre-
gate in concrete has positive impact on compressive strength [44] and
hence the presence of iron oxide as hematite and other iron compounds
in IF steel slag increases the compressive strength.

3.3. Gamma radiation shielding studies

Gamma radiation shielding is primarily induced by the interaction
between y-ray and the electrons in the shield material by interaction of
y-ray with an atom of shielding material resulting in the ejection of an
electron [49]. The intensity of y-ray will be decrease during the y-ray
passing through the shielding material.

The prepared concrete specimens (Mix a, Mix b, Mix c) were studied
for gamma radiation shielding. The experimental results of gamma

and after irradiation respectively; e) and f) Mix c before and after irradiation

radiation shielding for 60Co source (1.17 & 1.33 MeV) is shown in Fig. 6.
The obtained experimental values of Gamma Attenuation Factor (GAF),
Linear attenuation co-efficient (LAC) and Half Value Layer (HVL) for the
prepared Mix a is 87%, 0.136 cm™! and 5.095 cm respectively. The
resulted experimental values of GAF, LAC and HVL for the prepared Mix
b are 95.1%, 0.2 cm ™! and 3.458 cm respectively. The obtained exper-
imental values of GAF, LAC and HVL for the prepared Mix c are 95.2%,
0.202 cm™! and 3.433 cm respectively. Among the concrete mixes
prepared, with the replacement of IF steel slag as coarse and fine
aggregate, Mix c¢ shows maximum gamma radiation shielding
properties.

The experimental results of gamma radiation shielding for *’Cs
source (0.662 MeV) is shown in Fig. 7. The obtained experimental values
of GAF, LAC and HVL for the prepared Mix a is 94%, 0.188 cm ' and
3.695 cm respectively. The experimental values of GAF, LAC and HVL
for the prepared Mix b are 96.7%, 0.219 cm™' and 3.055 cm respec-
tively. Further, for Mix c the experimental values of GAF, LAC and HVL
are 96.8%, 0.233 cm ! and 3.028 c¢m respectively. From the experi-
mental results, it can be inferred that IF steel slag incorporated concrete
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a) and b) Mix a before and after irradiation respectively; c¢) and d) Mix b before and after irradiation respectively; e) and f) Mix ¢ before and after irradiation

respectively.

specimens showed higher gamma attenuation than conventional con-
crete specimens. Hematite and other mineralogical phases of iron
(iscorite and almandine) present in IF steel slag would have enhanced
the radiation shielding effect of concrete specimens. Also, concrete with
hematite can be used in high temperatures, since hematite is not affected
by heat [40] and hence IF steel slag incorporated concrete specimens
withstand the formation of heat when photons of gamma rays penetrate
into matter. Among the different concrete specimens prepared complete
replacement (100%) of IF steel slag as fine aggregate and 40% as coarse
aggregate shows better gamma attenuation. The source strength of
Co-60 (1.5 mCi) and Cs-137 (10 mCi), which is very low and primarily
used to study the gamma attenuation [50].

3.4. X-ray diffraction studies

XRD analysis of concrete specimens before and after irradiation is
shown in Fig. 8(a—c). The peak intensity of mineralogical phases present
in the concrete decreased significantly or shifted slightly and even dis-
appeared due to the interaction of photon with the concrete matrix. XRD
pattern of conventional concrete specimens (without slag replacement)
before and after irradiation is shown in Fig. 8a. Calcite mineralogical
phase of CaCO3 in rhompohedral shape with plane 1 0 4 corresponding
to the 26 value of 29.4 (JCPDS 05-0586) is shifted to 29.6 with less peak
intensity. Portlandite mineral of Ca(OH), in hexagonal shape with plane
1 0 1 corresponding to the 20 value of 34.02 (JCPDS 04-0733) is dis-
appeared. Quartz mineralogical phase of SiO5 is in hexagonal shape with
plane 1 0 1 corresponding to the 20 value of 26.7 (JCPDS 46-1045) has a

moderate shift to 26.9 with less peak intensity.

XRD analysis of Mix b concrete specimen before and after irradiation
is shown in Fig. 8b. Quartz mineralogical phase of SiO in hexagonal
shape with plane 1 0 1 corresponding to the 26 value of 26.7 (JCPDS 46-
1045) has a shift to 26.9 with less peak intensity. Presence of CaCOs as
calcite mineral with the plane 1 0 4 of 26 value 29.4 (JCPDS 05-0586)
has been disappeared after the irradiation process. Ferroactinolite
mineralogical phase of CapFesSigO22(0OH), is in monoclinic shape with
plane 3 1 0 corresponding to the 26 value of 28.01 (JCPDS 23-0118) has
appeared with the same 20 value and peak intensity after the irradiation.
Portlandite mineralogical phase of Ca(OH) is in hexagonal shape with
plane 1 0 1 corresponding to the 26 value of 34.2 (JCPDS 04-0733) has
been disappeared due to the photon interaction with the concrete
matrix.

XRD pattern of Mix ¢ concrete specimen before and after irradiation
is shown in Fig. 8c. Presence of SiO5 (quartz) is in hexagonal shape with
plane 1 0 1 corresponding to the 26 value of 26.5 (JCPDS 46-1045)
shifted to 26.8 with less peak intensity. Calcite mineralogical phase of
CaCOj3 in rhompohedral shape with plane 1 1 3 corresponding to the 26
value of 39.4 (JCPDS 05-0586) is disappeared due to the strong inter-
action of photon with the concrete matrix. In the XRD pattern, babing-
tonite mineralogical phase of CayFeSisO14(OH) (anorthic) is in lattice-
primitive shape and the 20 values before irradiation are 26.5 and 29.3
is in the plane of 0 0 2 and 2 1 O respectively (JCPDS 45-1387). After
irradiation with gamma rays the 26 values shifted to 26.7 and 30.7
respectively. CagFesSigO22(OH) is in monoclinic shape of ferroactino-
lite mineralogical phase with plane 3 1 0 corresponding to the 20 value
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of 28.2 (JCPDS 23-0118) appeared with the same 20 value and peak
intensity after the irradiation.

3.5. Surface morphology and EDAX analysis

Field Emission Scanning Electron Microscope (FE-SEM) analysis of
concrete specimens before and after gamma irradiation is shown in
Fig. 9. Surface morphology of concrete specimens without steel slag
replacement (Mix a) before and after irradiation is shown in Fig. 9 a and
b respectively. Surface morphology of Mix b concrete specimen before
and after irradiation is shown in Fig. 9 ¢ and d respectively. Fig. 9 e and f
represents the SEM analysis of Mix ¢ concrete specimens before and after
irradiation respectively. Among the three mixes tested for SEM analysis
after gamma irradiation, concrete specimens with IF steel slag 100% as
fine aggregate and 40% as coarse aggregate (Mix c) shows less disrup-
tion in surface morphology (Fig. 9 f) compare to conventional concrete
(Mix a - Fig. 9 b) and concrete specimens with 40% steel slag as coarse
aggregate replacement (Mix b - Fig. 9 d).

Elemental composition of prepared concrete specimens Mix a, Mix b
and Mix c before and after irradiation with gamma rays is shown in
Fig. 10. From the EDAX results silicon (Si), iron (Fe), aluminum (Al),
Calcium (Ca), Manganese (Mn) and Oxygen (O) are the elements
occurred predominantly in the prepared all there mixes along with trace
elements such as Magnesium (Mg), Potassium (K), Sodium (Na) and
Titanium (Ti). Concrete specimens without steel slag replacement (Mix a
- Fig. 10 a) have 5.44% of Fe content which is less compared to the other
two mixes prepared with IF steel slag replacement. Fig. 10 c represents
the EDAX analysis of concrete specimens prepared with 40% steel slag as
coarse aggregate replacement (Mix b), in which the percentage of Fe
content is 25.47% and causes more attenuation towards gamma radia-
tion than conventional concrete. EDAX analysis of concrete specimens
with 100% steel slag as fine aggregate and 40% steel slag as coarse
aggregate (Mix c) is shown in Fig. 10 e, in which the percentage of Fe
content is 45.56% causes maximum gamma ray attenuation compared to
other two mixes prepared (Mix a and b). The presence of hematite,
iscorite and almandine mineralogical phases of iron in IF steel slag
makes the material suitable for gamma radiation shielding. The SEM and
EDAX results infer that, maximum replacement of IF steel slag (100% as
fine aggregate and 40% as coarse aggregate — Mix c) shows better
gamma radiation shielding properties of concrete.

4. Conclusions

The present study highlights the development of radiation shielding
composite by using IF steel slag in concrete as effective radiation
shielding material.

a) Concrete specimens prepared with IF steel slag composite as 100%
fine aggregate and 40% coarse aggregate show better density,
compressive strength and radiation shielding properties. Complete
replacement of fine aggregates without affecting the strength of the
concrete is the major outcome of the study.

b) The gamma radiation shielding factors such as GAF, linear attenua-
tion co-efficient and HVL for ®°Co and '%’Cs gamma source of en-
ergies in this study is better than conventional concrete. The
radiation shielding materials in concrete presently used in nuclear
industries include barite, magnetite, hematite, serpentine, etc. and
are obtained from natural resources.

IF steel slag in concrete can be an alternative and cost effective

material in nuclear industry for spent fuel storage areas and hot cells

application.

C

~

Author contribution

VGK and JB conceived the idea of utilizing IF steel slag in developing
radiation shielding concrete and studied it. BV guided and validated the

Composites Part B 216 (2021) 108885

entire experimental studies. SC and SB carried out the radiation
shielding studies. RP and VKB assisted in mix design & mechanical
properties of concrete. VGK, JB and SC prepared the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We gratefully acknowledge the Atomic Energy Regulatory Board
(Ref: AERB/CSRP/Proj.July 65, 2016/3629), Govt. of India for its
financial assistance for this project. The authors of Sathyabama Institute
of Science and Technology, Chennai thank their management for its
strong support in research studies.

References

[1] Das B, Prakash S, Reddy PSR, Misra VN. An overview of utilization of slag and
sludge from steel industries. Resour Conserv Recycl 2007;50:40-57. https://doi.
org/10.1016/j.resconrec.2006.05.008.

[2] Baalamurugan J, Kumar VG, Govindaraju K, Prasad BSN, Raja VKB, Padmapriya R.

Slag-Based nanomaterial in the removal of hexavalent chromium. Int J Nanosci

2017;16. https://doi.org/10.1142,/50219581X17600134. 1760013-1-6.

Baalamurugan J, Kumar VG, Prasad BSN, Govindaraju K. Removal of cationic

textile dye methylene blue (MB) using steel slag composite. Rasayan J Chem 2020;

13:1014-21.

[4] Baciocchi R, Costa G, Di Gianfilippo M, Polettini A, Pomi R, Stramazzo A. Thin-film
versus slurry-phase carbonation of steel slag: CO2 uptake and effects on
mineralogy. J Hazard Mater 2015;283:302-13. https://doi.org/10.1016/j.
jhazmat.2014.09.016.

[5] Humaria M. Impact of iron and steel slag on crop cultivation: a review. Curr World
Environ J 2014;9:216-9. https://doi.org/10.12944/cwe.9.1.31.

[6] Baalamurugan J, Ganesh Kumar V, Stalin Dhas T, Taran S, Nalini S, Karthick V,
et al. Utilization of induction furnace steel slag based iron oxide nanocomposites
for antibacterial studies. SN Appl Sci 2021;3:295. https://doi.org/10.1007/
s42452-021-04299-9.

[7] Gwon HS, Khan MI, Alam MA, Das S, Kim PJ. Environmental risk assessment of
steel-making slags and the potential use of LD slag in mitigating methane emissions
and the grain arsenic level in rice (Oryza sativa L.). J Hazard Mater 2018;353:
236-43. https://doi.org/10.1016/j.jhazmat.2018.04.023.

[8] El-Mahllawy MS. Characteristics of acid resisting bricks made from quarry residues
and waste steel slag. Construct Build Mater 2008;22:1887-96. https://doi.org/
10.1016/j.conbuildmat.2007.04.007.

[9] Matthaiou V, Oulego P, Frontistis Z, Collado S, Hela D, Konstantinou IK, et al.
Valorization of steel slag towards a Fenton-like catalyst for the degradation of
paraben by activated persulfate. Chem Eng J 2019;360:728-39. https://doi.org/
10.1016/j.cej.2018.11.198.

[10] Fakhri M, Ahmadi A. Recycling of RAP and steel slag aggregates into the warm mix
asphalt: a performance evaluation. Construct Build Mater 2017;147:630-8.
https://doi.org/10.1016/j.conbuildmat.2017.04.117.

[11] Xu B, Yi Y. Use of ladle furnace slag containing heavy metals as a binding material
in civil engineering. Sci Total Environ 2020;705. https://doi.org/10.1016/j.
scitotenv.2019.135854.

[12] Palod R, Deo SV, Ramtekkar GD. Utilization of waste from steel and iron industry
as replacement of cement in mortars. J Mater Cycles Waste Manag 2019;21:
1361-75. https://doi.org/10.1007/s10163-019-00889-3.

[13] Guo Y, Xie J, Zheng W, Li J. Effects of steel slag as fine aggregate on static and
impact behaviours of concrete. Construct Build Mater 2018;192:194-201. https://
doi.org/10.1016/j.conbuildmat.2018.10.129.

[14] Barisi¢ I, Dimter S, Rukavina T. Strength properties of steel slag stabilized mixes.
Compos B Eng 2014;58:386-91. https://doi.org/10.1016/].
compositesb.2013.11.002.

[15] Radenovi¢ A, Meduni¢ G, Sofili¢ T. The use of ladle furnace slag for the removal of
hexavalent chromium from an aqueous solution. Metall Res Technol 2016;113:
606. https://doi.org/10.1051/metal/2016040.

[16] Deng M, Wang X, Li Y, Wang F, Jiang Z, Liu Y, et al. Reduction and immobilization
of Cr(VI) in aqueous solutions by blast furnace slag supported sulfidized nanoscale
zerovalent iron. Sci Total Environ 2020;743:140722. https://doi.org/10.1016/j.
scitotenv.2020.140722.

[17] Palankar N, Ravi Shankar AU, Mithun BM. Durability studies on eco-friendly
concrete mixes incorporating steel slag as coarse aggregates. J Clean Prod 2016;
129:437-48. https://doi.org/10.1016/j.jclepro.2016.04.033.

[18] Al-Jabri KS, Al-Saidy AH, Taha R. Effect of copper slag as a fine aggregate on the
properties of cement mortars and concrete. Construct Build Mater 2011;25:933-8.
https://doi.org/10.1016/j.conbuildmat.2010.06.090.

[3

=


https://doi.org/10.1016/j.resconrec.2006.05.008
https://doi.org/10.1016/j.resconrec.2006.05.008
https://doi.org/10.1142/S0219581X17600134
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref3
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref3
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref3
https://doi.org/10.1016/j.jhazmat.2014.09.016
https://doi.org/10.1016/j.jhazmat.2014.09.016
https://doi.org/10.12944/cwe.9.1.31
https://doi.org/10.1007/s42452-021-04299-9
https://doi.org/10.1007/s42452-021-04299-9
https://doi.org/10.1016/j.jhazmat.2018.04.023
https://doi.org/10.1016/j.conbuildmat.2007.04.007
https://doi.org/10.1016/j.conbuildmat.2007.04.007
https://doi.org/10.1016/j.cej.2018.11.198
https://doi.org/10.1016/j.cej.2018.11.198
https://doi.org/10.1016/j.conbuildmat.2017.04.117
https://doi.org/10.1016/j.scitotenv.2019.135854
https://doi.org/10.1016/j.scitotenv.2019.135854
https://doi.org/10.1007/s10163-019-00889-3
https://doi.org/10.1016/j.conbuildmat.2018.10.129
https://doi.org/10.1016/j.conbuildmat.2018.10.129
https://doi.org/10.1016/j.compositesb.2013.11.002
https://doi.org/10.1016/j.compositesb.2013.11.002
https://doi.org/10.1051/metal/2016040
https://doi.org/10.1016/j.scitotenv.2020.140722
https://doi.org/10.1016/j.scitotenv.2020.140722
https://doi.org/10.1016/j.jclepro.2016.04.033
https://doi.org/10.1016/j.conbuildmat.2010.06.090

J. Baalamurugan et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Madheswaran CK, Ambily PS, Dattatreya JK, Rajamane NP. Studies on use of
copper slag as replacement material for river sand in building constructions. J Inst
Eng Ser A 2014;95:169-77. https://doi.org/10.1007/s40030-014-0084-9.

Najimi M, Sobhani J, Pourkhorshidi A. Electrochemical impedance behavior of
concrete containing natural zeolite and copper slag. Asian J Civ Eng 2019;20:
847-55. https://doi.org/10.1007/s42107-019-00149-7.

Padmapriya R, Bupesh Raja VK, Ganesh Kumar V, Baalamurugan J. Effect on
properties of concrete in partial replacement of fine aggregate by steel slag and
cement by metakaolin. Rasayan J Chem 2019;12:1744-51. https://doi.org/
10.31788/RJC.2019.1245211.

Li C. Mechanical and transport properties of recycled aggregate concrete modified
with limestone powder. Compos B Eng 2020;197:108189. https://doi.org/
10.1016/j.compositesb.2020.108189.

Ahmedzade P, Sengoz B. Evaluation of steel slag coarse aggregate in hot mix
asphalt concrete. J Hazard Mater 2009;165:300-5. https://doi.org/10.1016/j.
jhazmat.2008.09.105.

Lee J-Y, Choi J-S, Yuan T-F, Yoon Y-S, Mitchell D. Comparing properties of
concrete containing Electric Arc furnace slag and granulated blast furnace slag.
Materials 2019;12:1371. https://doi.org/10.3390/mal2091371.

Brand AS, Roesler JR. Steel furnace slag aggregate expansion and hardened
concrete properties. Cement Concr Compos 2015;60:1-9. https://doi.org/
10.1016/j.cemconcomp.2015.04.006.

Beaucour A-L, Pliya P, Faleschini F, Njinwoua R, Pellegrino C, Noumow¢ A.
Influence of elevated temperature on properties of radiation shielding concrete
with electric arc furnace slag as coarse aggregate. Construct Build Mater 2020;256:
119385. https://doi.org/10.1016/j.conbuildmat.2020.119385.

Rondi L, Bregoli G, Sorlini S, Cominoli L, Collivignarelli C, Plizzari G. Concrete
with EAF steel slag as aggregate: a comprehensive technical and environmental
characterisation. Compos B Eng 2016;90:195-202. https://doi.org/10.1016/j.
compositesb.2015.12.022.

Alwaeli M. The implementation of scale and steel chips waste as a replacement for
raw sand in concrete manufacturing. J Clean Prod 2016;137:1038-44. https://doi.
0rg/10.1016/j.jclepro.2016.07.211.

Pomaro B. A review on radiation damage in concrete for nuclear facilities: from
experiments to modeling. Model Simulat Eng 2016;2016:1-10. https://doi.org/
10.1155/2016/4165746.

Le Pape Y, Sanahuja J, Alsaid MHF. Irradiation-induced damage in concrete-
forming aggregates: revisiting literature data through micromechanics. Springer
Netherlands 2020;53. https://doi.org/10.1617/s11527-020-01489-6.

Ichikawa T, Kimura T. Effect of nuclear radiation on alkali-silica reaction of
concrete. J Nucl Sci Technol 2007;44:1281-4. https://doi.org/10.1080/
18811248.2007.9711372.

Ouda AS, Abdelgader HS. Assessing the physical, mechanical properties, and y-ray
attenuation of heavy density concrete for radiation shielding purposes. Geosystem
Eng 2019;22:72-80. https://doi.org/10.1080/12269328.2018.1469434.

Saca N, Radu L, Fugaru V, Gheorghe M, Petre I. Composite materials with primary
lead slag content: application in gamma radiation shielding and waste
encapsulation fields. J Clean Prod 2018;179:255-65. https://doi.org/10.1016/j.
jclepro.2018.01.045.

Alwaeli M. Investigation of gamma radiation shielding and compressive strength
properties of concrete containing scale and granulated lead-zinc slag wastes.

J Clean Prod 2017;166:157-62. https://doi.org/10.1016/j.jclepro.2017.07.203.

10

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Composites Part B 216 (2021) 108885

Pomaro B, Gramegna F, Cherubini R, De Nadal V, Salomoni V, Faleschini F.
Gamma-ray shielding properties of heavyweight concrete with Electric Arc Furnace
slag as aggregate: an experimental and numerical study. Construct Build Mater
2019;200:188-97. https://doi.org/10.1016/j.conbuildmat.2018.12.098.

Sas Z, Sha W, Soutsos M, Doherty R, Bondar D, Gijbels K, et al. Radiological
characterisation of alkali-activated construction materials containing red mud, fly
ash and ground granulated blast-furnace slag. Sci Total Environ 2019;659:
1496-504. https://doi.org/10.1016/j.scitotenv.2019.01.006.

Sharifi S, Bagheri R, Shirmardi SP. Comparison of shielding properties for ordinary,
barite, serpentine and steel-magnetite concretes using MCNP-4C code and
available experimental results. Ann Nucl Energy 2013;53:529-34. https://doi.org/
10.1016/j.anucene.2012.09.015.

Dong MG, Xue XX, Singh VP, Yang H, Li ZF, Sayyed MI. Shielding effectiveness of
boron-containing ores in Liaoning province of China against gamma rays and
thermal neutrons. Nucl Sci Tech 2018;29:1-8. https://doi.org/10.1007/541365-
018-0397-x.

Azeez AB, Mohammed KS, Abdullah MMAB, Hussin K, Sandu AV, Razak RA. The
effect of various waste materials’ contents on the attenuation level of anti-radiation
shielding concrete. Materials 2013;6:4836-46. https://doi.org/10.3390/
ma6104836.

Gencel O, Bozkurt A, Kam E, Korkut T. Determination and calculation of gamma
and neutron shielding characteristics of concretes containing different hematite
proportions. Ann Nucl Energy 2011;38:2719-23. https://doi.org/10.1016/j.
anucene.2011.08.010.

Ouda AS. Development of high-performance heavy density concrete using different
aggregates for gamma-ray shielding. Adv Mater Res 2015;79:48-55. https://doi.
org/10.1016/j.pnucene.2014.11.009.

Agalit H, Zari N, Maaroufi M. Thermophysical and chemical characterization of
induction furnace slags for high temperature thermal energy storage in solar tower
plants. Sol Energy Mater Sol Cells 2017;172:168-76. https://doi.org/10.1016/j.
solmat.2017.07.035.

Indian standard CONCRETE MIX PROPORTIONING - GUIDELINES (first revision),
IS 10262 : 2009. Bur. INDIAN Stand.; 2009. p. 1-15.

Gencel O. Effect of elevated temperatures on mechanical properties of high-
strength concrete containing varying proportions of hematite. Fire Mater 2012;36:
217-30. https://doi.org/10.1002/fam.1102.

Shams T, Eftekhar M, Shirani A. Investigation of gamma radiation attenuation in
heavy concrete shields containing hematite and barite aggregates in multi-layered
and mixed forms. Construct Build Mater 2018;182:35-42. https://doi.org/
10.1016/j.conbuildmat.2018.06.032.

Gencel O, Brostow W, Ozel C, Filiz M. Concretes containing hematite for use as
shielding barriers. Medziagotyra 2010;16:249-56.

El-Didamony H, Heikal M, Moselhy H, Ali MA. Utilization of an Industrial Product
in the preparation of low cost cement. J Am Sci 2011;7:527-33. https://doi.org/
10.21608/ejchem.2016.1439.

Aslani F, Hamidi F, Ma Q. Fire performance of heavyweight self-compacting
concrete and heavyweight high strength concrete. Materials 2019;12:1-24.
https://doi.org/10.3390/MA12050822.

Ehmann William D, Vance D. Radiochemistry and nuclear methods of analysis.
https://doi.org/10.1016/0003-2670(94)80142-8; 1993.

Hilsdorf HK, Kropp J, Koch HJ. The effects of nuclear radiation on the mechanical
properties of concrete. In: Douglas McHenry int. Symp. Concr. Concr. Struct.,
Mexico. Mexico City, Mexico: American Concrete Institute; 1978. p. 223-51.


https://doi.org/10.1007/s40030-014-0084-9
https://doi.org/10.1007/s42107-019-00149-7
https://doi.org/10.31788/RJC.2019.1245211
https://doi.org/10.31788/RJC.2019.1245211
https://doi.org/10.1016/j.compositesb.2020.108189
https://doi.org/10.1016/j.compositesb.2020.108189
https://doi.org/10.1016/j.jhazmat.2008.09.105
https://doi.org/10.1016/j.jhazmat.2008.09.105
https://doi.org/10.3390/ma12091371
https://doi.org/10.1016/j.cemconcomp.2015.04.006
https://doi.org/10.1016/j.cemconcomp.2015.04.006
https://doi.org/10.1016/j.conbuildmat.2020.119385
https://doi.org/10.1016/j.compositesb.2015.12.022
https://doi.org/10.1016/j.compositesb.2015.12.022
https://doi.org/10.1016/j.jclepro.2016.07.211
https://doi.org/10.1016/j.jclepro.2016.07.211
https://doi.org/10.1155/2016/4165746
https://doi.org/10.1155/2016/4165746
https://doi.org/10.1617/s11527-020-01489-6
https://doi.org/10.1080/18811248.2007.9711372
https://doi.org/10.1080/18811248.2007.9711372
https://doi.org/10.1080/12269328.2018.1469434
https://doi.org/10.1016/j.jclepro.2018.01.045
https://doi.org/10.1016/j.jclepro.2018.01.045
https://doi.org/10.1016/j.jclepro.2017.07.203
https://doi.org/10.1016/j.conbuildmat.2018.12.098
https://doi.org/10.1016/j.scitotenv.2019.01.006
https://doi.org/10.1016/j.anucene.2012.09.015
https://doi.org/10.1016/j.anucene.2012.09.015
https://doi.org/10.1007/s41365-018-0397-x
https://doi.org/10.1007/s41365-018-0397-x
https://doi.org/10.3390/ma6104836
https://doi.org/10.3390/ma6104836
https://doi.org/10.1016/j.anucene.2011.08.010
https://doi.org/10.1016/j.anucene.2011.08.010
https://doi.org/10.1016/j.pnucene.2014.11.009
https://doi.org/10.1016/j.pnucene.2014.11.009
https://doi.org/10.1016/j.solmat.2017.07.035
https://doi.org/10.1016/j.solmat.2017.07.035
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref43
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref43
https://doi.org/10.1002/fam.1102
https://doi.org/10.1016/j.conbuildmat.2018.06.032
https://doi.org/10.1016/j.conbuildmat.2018.06.032
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref46
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref46
https://doi.org/10.21608/ejchem.2016.1439
https://doi.org/10.21608/ejchem.2016.1439
https://doi.org/10.3390/MA12050822
https://doi.org/10.1016/0003-2670(94)80142-8
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref50
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref50
http://refhub.elsevier.com/S1359-8368(21)00276-6/sref50

	Recycling of steel slag aggregates for the development of high density concrete: Alternative & environment-friendly radiati ...
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Steel slag characterization
	2.3 Preparation of concrete specimens
	2.4 Characterization of concrete specimens
	2.5 Gamma radiation shielding studies
	2.6 Gamma shielding - experimental setup
	2.7 Gamma Attenuation Factor (GAF)
	2.8 Linear attenuation coefficient (LAC)
	2.9 Half Value Layer (HVL)

	3 Results and discussion
	3.1 Density
	3.2 Compressive strength
	3.3 Gamma radiation shielding studies
	3.4 X-ray diffraction studies
	3.5 Surface morphology and EDAX analysis

	4 Conclusions
	Author contribution
	Declaration of competing interest
	Acknowledgements
	References


