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Abstract

This work examines the influence of iron oxide nanoparticles (Fe;O0, NPs) on neutron and gamma-ray radiation shield-
ing characteristics of Portland cement paste. Experimental evaluations were supplemented with theoretical studies
using NXCom program. Portland cement pastes with 5, 10, 15, 20, and 30 wt% of nanomagnetite cement replace-
ment were produced. Moreover, rheological, early strength development, compressive strength, and mercury intru-
sion porosimetry (MIP) tests were performed. The results showed that increasing the amount of Fe;O, NPs in a mix
leads to a gradual increment in measured viscosity and yield stress. High nano-Fe;O, content substantially impeded
the early strength development process and led to a decrement in the 7- and 28-day compressive strength of cement
paste. The MIP studies exhibited a gradual increment in total porosity, and average pore volume, as nano-Fe;O, con-
tent was increased. All the macroscopic cross-sections of slow, fast and thermal neutrons constantly increased as a
result of the addition of magnetite nanoparticles, with their variations being markedly linear. Similarly, gamma attenu-
ation test results indicated that the addition of Fe;O, powder enhances the shielding capability of paste in the energy
range of interest (0.08-2.614 MeV). In conclusion, Fe;0, nanoparticles can be successfully used in producing lead-free
cementitious composites with improved gamma-ray and neutron shielding properties. However, certain drawbacks
related to an increment in matrix porosity and thus a decrement in mechanical performance should be taken into
account.
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1 Introduction

Concrete is one of the most widely used materials in radi-
ation (biological) shielding. Its popularity can be attrib-
uted to an acceptable price, relative freedom in terms
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of geometry (casting), as well as high material design
versatility, which gives it much potential for incorporat-
ing a great variety of waste and secondary raw materi-
als (Mohamed et al. 2022; Ramadan et al. 2020). It is
used for radiation protection in radiation therapy facili-
ties, nuclear reactors as well as in military applications
(Radziejowska et al. 2021). To date, many approaches
aimed towards improving the radiation shielding proper-
ties of concrete have been proposed; including the selec-
tion of the proper aggregate type (Jozwiak-NiedZwiedzka
et al. 2018), as well as the proper additives and admix-
tures (Piotrowski 2021). In general, materials such as
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lead (Pb), with a high atomic number (high-Z), are pre-
ferred for absorbing ionizing radiation (Saudi 2013).
However, with growing concerns regarding the safety
and potentially hazardous effects of lead, there has been
substantial interest in developing of lead-free radiation
shielding materials (Al-Rajhi et al. 2021). In recent years,
special attention has particularly been paid to nanosized
admixtures, which lead to far greater improvements in
cementitious systems, compared to their micro-sized
counterparts (Ghazanlou et al. 2020; Seifan et al. 2020;
Sikora et al. 2021a). The beneficial effects of nanoparti-
cles (NPs) are attributable to either their chemical activ-
ity, which supports the cement hydration process, or the
filling effect, which improves the packing of the mate-
rial within a matrix as a result of ultra-fine material size
(Amin et al. 2015; El-Gamal et al. 2018; Kropyvnytska
et al. 2019; Maher et al. 2021).

To produce lead-free radiation shielding cement com-
posites, various high-Z NPs are used. These include
Bi, 0, TiO,, Fe,0;, and Fe;O, (Abo-El-Enein et al. 2018;
Dezhampanah et al. 2021; Sikora et al. 2021b). To date,
Fe;O, (nanomagnetite) has been found to be the most
versatile in concrete applications (Horszczaruk 2019;
Mansouri et al. 2019). This is because it can be used to
facilitate the formation of concrete with various proper-
ties, including self-sensing (Piro et al. 2021) and self-heal-
ing (Seifan et al. 2018; Shaheen et al. 2019). Moreover,
due to its highly magnetic properties, when added to
cement-based composites, nano-Fe;O, can be used as an
electromagnetic wave absorber (He et al. 2018; Lesbayev
et al. 2017), or as a rheology controlling agent under a
magnetic field (Jiao et al., 2020, 2021).

In the vast majority of the available studies related to
the incorporation of nano-Fe;O, particles into cement-
based composites, the amount of the material is limited
up to 5 wt%, to ensure proper homogenous dispersion
of the material within the matrix and thus facilitate the
hydration process of the cementitious system (Akyildiz
2021; Amin et al. 2013; Bragancga et al. 2016; Othuman
Mydin et al. 2022; Sikora et al. 2018; Slosarczyk et al.
2021). However, higher replacement rates would be
expected to ensure a satisfactory amount of the mate-
rial with a high atomic number to increase the radiation
shielding potential of cementitious composites.

To date, only a limited number of publications related
to the radiation shielding characteristics of cement-based
composites containing nanomagnetite, are available.
Horszczaruk et al. (2017) have experimentally evalu-
ated the effects of adding 5 wt% and 10 wt% nano-Fe;O,
to cement pastes, in relation to gamma-ray against the
monoenergetic photon energy of 0.662 MeV emitted
by Cs-137. Only a slight increment in the linear attenu-
ation coefficient (LAC) of cement paste, in ambient
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conditions and after exposure to elevated temperature
(up to 450 °C), was reported. Florez et al. (2019) have
experimentally evaluated the effects of nanomagnetite,
used as a cement replacement at up to 50 wt% with only
one energy level (0.662 MeV (*Cs)), together with sup-
port from numerical studies (MCNP simulations). They
reported a compressive strength loss in nanomagnetite-
modified specimens when the addition of nano-Fe;O,
exceeded 10 wt%. Similarly, a gradual decrement in
gamma-ray attenuation was reported when the NP con-
tent exceeded 10 wt%. However, it is worth noting that
the authors did not consider NPs to be binder materials
and that the water-to-cement ratio (w/c) was set at a fixed
value of w/c=0.4). This resulted in a substantially lower
amount of water in the specimens containing a high vol-
ume of NPs; therefore, a gradual decrement in specimen
density was reported when the nano-Fe;O, content was
equal to or higher than 10 wt%.

Nevertheless, despite the availability of a few stud-
ies related to the gamma-ray attenuation properties
of cement-based composites, it is clear that the avail-
able experimental data are limited only to one photon
energy level (0.662 MeV), with there being no available
data related to neutron attenuation. Moreover, minimal
knowledge on the effects of high dosages of nano-Fe;O,
on the rheological, physico-mechanical and microstruc-
tural properties of cement pastes is available. Therefore,
it is crucial to understand how high dosages of nano-
Fe;O, affect the engineering properties of cement-based
composites, despite radiation shielding, towards proper
concrete design.

This work aims at filling the gap in the existing knowl-
edge. The proposed comprehensive experimental
plan provides insight into producing a lead-free Portland
cement-based shielding material evaluating the broad
spectra of cement replacement with nano-Fe;O, parti-
cles (from 5 wt% to 30 wt%). Fundamental cement pastes
characteristics were determined (rheological, mechani-
cal, microstructural) along with radiation shielding prop-
erties of Portland cement paste. Both experimental and
theoretical evaluations of gamma-rays, fast and slow
thermal neutrons, on the shielding properties of Portland
cement composite pastes, were undertaken and corre-
lated with other composite properties. As an outcome, a
set of lead-free cement paste formulations are proposed
below.

2 Materials and Mixture Design

2.1 Materials

Portland cement (CEM I 42.5 R), conforming to Euro-
pean standard EN 197-1, was used to produce the
cement pastes in this study. The chemical compositions
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Table 1 Chemical composition and physical properties of cement [wt%]

Material Ca0 Sio, Al, 04 Fe,0, MgO Na,O K,0 SO, Blaine fineness [cm?%/g] Density [g/cm®]
CEM1425R 63.14 20.53 533 2.36 149 0.21 0.72 3.39 5780 3.14

Table 2 Fe;O, nanopowder properties (data provided by
supplier)

Material SEM BET Specific Bulk Color
particle surface gravity [g/ density
size[nm] area cm?] [g/cm?®]
[m?%g]
Fe;0, 50-100nm 6-8 48-5.1 084 g/mL  Black
nanopow-
der

and physical properties of CEM I 42.5 R are summarized
in Table 1.

Commercially available magnetite (Fe;O,) nanopow-
der, purchased from Sigma Aldrich (637106), was used
as received. The supplier data are summarized in Table 2.
Scanning electron microscope (SEM, Zeiss Gemin-
iSEM500 NanoVP) analysis confirmed the cubical shape
of the Fe;O, nanopowder, with a primary particle size of

50-100 nm (Fig. la-b). Similar data, obtained with the
laser diffraction technique (Malvern Mastersizer 2000,
UK) confirmed that the particle size distribution of the
material was within that range (Fig. 1c). Powder D50
was found to have a particle size of 69 nm, while that of
powder D90 was 136 nm in size. An X-ray diffraction
study (Fig. 1d), performed with a PRO X-ray diffractom-
eter (X’Pert PRO Philips diffractometer, Co. Ka radiation,
Almelo, Holland), confirmed the presence of magnetite
phase with seven characteristic diffraction peaks, cor-
responding to the standard card—JCPDS 19-629: 30.28
(30.14); 35.70 (35.52); 37.29 (37.0); 43.06 (43.31); 53.49
(53.7); 56.98 (57.28) and 62.75 (62.53). The specific grav-
ity of the nano-Fe;O,, determined with a helium pyc-
nometer, was found to be 5.0193 g/cm?, which is in line
with the range of the supplier’s data. Additional informa-
tion on the materials used can be found in other studies
(Cendrowski et al. 2017; Sikora et al. 2016).
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Fig. 1 SEM micrographs (a-b), particle size distribution obtained by laser diffraction (c) and nanomagnetite powder XRD pattern (d)
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2.2 Mixture Design

Six different cement paste mixtures, with a fixed water-
to-binder (w/b) ratio of 0.4, were produced. This included
a plain control paste designated as NMO. 5 series of
cement pastes, containing 5, 10, 15, 20 and 30 wt% of
nano-Fe;O, as a cement replacement and designated as
NM5, NM10, NM15, NM20 and NM30, respectively,
were produced. Their mixture compositions are summa-
rized in Table 3.

2.3 Specimen Preparation

The cement paste specimens used in this study were
prepared using a standard mixer, complying with EN
196-1. All of them were mixed using the following pro-
cedure: (1) slow mixing—30 s, (2) fast mixing—1 min,
(3) pause—1 min, (4) fast mixing—1 min. The nano-
modified specimens (Fe;O, NPs) were dry mixed for 30 s
to ensure a homogeneous distribution of dry materials.
After mixing, 20 x 20 x 20 mm? cubic specimens were
cast for compressive strength and radiation shielding
evaluations. After casting, they were kept in a climate
chamber, at room temperature (20£1 °C) and at a rela-
tive humidity of 95%, until the day of testing.

3 Methods

Rheological measurement was performed using an MCR
301 (Anton Paar) stress-imposed rheometer, equipped
with calibrated helicoidal geometry (Liard et al. 2015;
Olivas et al. 2017) specially designed for cementitious
materials (Ojeda-Farias et al. 2019). The following proce-
dure was applied: (i) pre-shearing for 10 s at a constant
shear-rate of 100 s™%; (ii) determination of shear stress as
a function of shear rate, from 100 s! to 0.1 s~%, with 30
points distributed evenly along a logarithmic scale, for a
total of 300 s.

The early strength evolution of the cement pastes
was determined based on an ultrasonic wave reflec-
tion method, using a compact 8-cell ultrasonic
device (Sonomed, Poland) containing three ultrasonic
shear wave transducers bonded to one waveguide per
cell (Lootens et al. 2020; Meacci et al. 2016). This device

Table 3 Cement paste mix design

Sample Cement [g] Water [g] Fe;0,

designation nanoparticles
[9]

NMO 1000 400 -

NM5 950 400 50

NM10 900 400 100

NM15 850 400 150

NM20 800 400 200

NM30 700 400 300
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was used to measure the reflection loss coefficient of
a reflected wave, generated at the interface of a wave-
guide and a hydrating cement paste. Afterward, the shear
modulus of the specimen was estimated from this meas-
urement, which is related to the elastic modulus and,
ultimately, compressive strength. The early strength at
selected time intervals can thus be calculated. Strengths
after 24, 48, and 72 h are presented below.

Compressive strength was determined on six speci-
mens of each series, after 7 and 28 days of curing, using
a Toni Technik (Zwick Roell, Germany) testing machine.
The mean value of each of the 6 samples was taken as
representative.

A MIP test was performed after 28 days of curing, with
the use of Pascal 140 and 240 series (Thermo Scientific)
mercury intrusion porosimeters. Prior to testing, small-
cored specimens taken from the samples were immersed
in isopropanol and then freeze-dried to stop hydration.
The mercury density was 13.55 g/mL, the surface tension
was taken as 0.48 N/m, while the selected contact angle
was 140°.

The macroscopic cross-section of slow neutrons (Zg),
linear attenuation coefficients (LACs), and kerma coeffi-
cients of the y-ray, were determined experimentally. For
slow neutron transmission measurements, an **! Am-Be
neutron source with an activity of 3.7 GBq and a neutron
yield=(1.1-1.4) 107 n/s was utilized for sample irradia-
tion. The gamma-ray transmission measurements were
performed with three y-ray point sources — *'Ba, '¥’Cs
and ®Co —, which emit six y-ray lines at 80, 238.63, 662,
911, 1173.23 and 1332.49 keV. These energies were used
for sample irradiation and calibration of the detection
system. A 2” x 2" Nal (TI) inorganic crystal, coupled with
a multi-channel analyzer (MCA), was used to record the
incident and transmitted y-ray spectra. The resolution of
the gamma-ray spectrometer was 12.5% at 662 keV. The
neutron and gamma-ray measurements were repeated
three times for each thickness, with the average value
reported. The estimated errors for all the radiation meas-
urements were less than 5%.

Furthermore, theoretical values for the macroscopic
cross-sections of fast and thermal neutrons were calcu-
lated using the NXcom program (El-Khayatt 2011) and of
the online calculator build by (Kienzle 2019), respectively.
The details of measuring technique including description
of experimental set-up can be found in previous work of
authors Sikora et al., (2021b).

4 Results and Discussion

4.1 Rheology

The rheological measurements were performed directly
after mixing. The curves obtained were fitted to a Her-
schel-Bulkley equation 7, which fit the experimental
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data perfectly (Herschel & Bulkley 1926). The evolution
of the shear stress of the different mixes, as a function
of shear rate, can be observed in the left graph of Fig. 2.
All curves displayed a non-zero shear stress value when
the shear rate approached zero. This value, also called
the yield stress, is depicted in the right graph of Fig. 2
as a function of the Fe;O, content. The presence of
yield stress is expected in cement paste without plas-
ticizer because of the attractive interactions between
cement particles (Nédgele 1985).

As can be seen, the higher the Fe;O, content, the higher
the measured viscosity and yield stress. This is an inter-
esting result, as the impact of a particle’s substitution can
be difficult to predict. Indeed, for a hard sphere, combin-
ing particles of different sizes increases the maximum
packing fraction of the total population (Farr & Groot
2009), which leads to better flow properties. Moreover, in
this case, the substitution was done per mass of particles
and therefore, the volume of nano-Fe;O, added was lower
than the substituted volume of cement paste, leading to
a decrease in the volume fraction with the nano-Fe;O,
content. These two findings would predict a decrease in
viscosity with the substitution of cement. Nevertheless,
nano-Fe;O, particles are much smaller than cement par-
ticles, leading to the measured surface area being signifi-
cantly higher than in the case of cement. This substantial
increase in the surface area should induce an increase in
yield stress (Ferraris et al. 2001). The experimental results
showed that viscosity increased with the degree of substi-
tution, proving that surface effects (absorption, interac-
tion, etc.) were predominant.
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4.2 Cement Paste Density

Fig. 3 depicts the influence of nano-Fe;O, on cement
paste density. It is clear that the density increment was
positively proportioned to the nano-Fe;O, powder
content. This was expected, as Fe;O, NPs have a sub-
stantially higher specific gravity than cement. As such,
nanomagnetite-modified pastes exhibited up to 14.8%
higher densities (NM30). Moreover, the ultra-fine size
of the nanomagnetite particles lead them to fill the voids
between the cement particles, thus improving packing
and sample density.

4.3 Mercury Intrusion Porosity (MIP)

The experimental results of MIP measurements, at the
age of 28 days, are presented in Table 4. The replace-
ment of cement with nano-Fe;O, resulted in a gradual
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Table 4 Basic parameters of pore structure measured by MIP

Sample designation R NM5 NM10 NM15 NM20 NM30
Porosity by Hg intrusion [vol%] 21.09 233 26.29 27.09 2646 29.12
Total pore volume [mm3/g] 121.00 135.31 146.21 15847 153.07 166.85
Average pore diameter [nm] 40.12 41.52 46.01 4442 41.29 45.28
Median pore diameter [nm] 85.65 85.99 92.38 95.28 83.64 91.81

increment in the total porosity of the cement matrix, as
well as an increase in average and median pore sizes. The
porosities of NM5, NM10, NM15, NM20, and NM30
were 11%, 25%, 28%, 25%, and 38% higher than the value
reported for the NMO paste, respectively. It is widely
agreed that porosity is a critical cement matrix charac-
teristic affecting the strength and durability of cement-
based materials (Strzalkowski & Garbaliriska 2020).
Therefore, the observed alteration in porosities resulting
from the cement replacement with Fe;O, NPs, is in good
correlation with the compressive strength values (“Com-
pressive strength”). Despite the importance of the total
porosity of a cement matrix concerning the mechanical
and physical properties of cement-based composites, the
principal governing factor here is the volume of pores in
a certain diameter range. Fig. 4 presents the pore size dis-
tribution of the cement pastes used in this experiment.
The present study confirms that specimens with higher
Fe;O, NP contents (NM10, NM15, NM20, NM30) are
characterized by a higher contribution of harmful pores
(>0.2 pm). Therefore, the MIP study proves that both
(1) agglomeration of Fe;O, NPs in the cement matrix
and (2) a higher free water content, resulting from a
lower amount of cement in the Fe;O,-modified pastes,
have negative effects on the porosity characteristics of
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Fig. 4 Cumulative pore volume of cement pastes with pore division

cement pastes, thus resulting in a substantial compres-
sive strength reduction in modified pastes.

4.4 Early Strength Development (Ultrasonic Evaluations)

Fig. 5 depicts pastes’ early strength values, determined
after 24, 48, and 72 h. The early strength development
of cement pastes containing nano-Fe;O, decreased with
an increase in nanoparticle dosage. A gradual decrement
in strength, with an increment of nano-Fe;O, cement
replacement, is visible. After the first 24 h of cement
hydration, the NM30 specimen exhibited 33% lower
compressive strength than pristine NMO paste. The dif-
ference between the compressive strength of pristine
specimens and those containing Fe;O, NPs, increased
with hydration time. The impeded strength develop-
ment of Fe;O,-modified specimens, was a result of the
decreased amount of cementitious material. Accordingly,
after 72 h, NM5, NM10, NM15, NM20, and NM30 exhib-
ited 16%, 30%, 31%, 39%, and 47% lower compressive
strengths, respectively, than the pristine NMO specimen.

4.5 Compressive Strength
Fig. 6 presents the results of compressive strength
tests, undertaken after 7 and 28 days. Similarly to early
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Fig. 5 Compressive strength of cement pastes after 24 h, 48 h and
72 h determined by ultrasound
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compressive strength test results (“Mercury intrusion
porosity (MIP)”), a gradual compressive strength decre-
ment was visible with an increase in nano-Fe;O, content.
After 7 days of curing, the NM5 specimen exhibited a
value comparable to that of NMO, while the incorpora-
tion of higher nano-Fe;O, contents resulted in gradual
strength decrements. The NM30 specimen exhibited 28%
lower compressive strength than NMO, after 7 days of
curing. After 28 days of curing, the discrepancy between
pristine NMO and all nanomagnetite-modified speci-
mens was more noticeable. NM5, NM10, NM15, NM20,
and NM30 exhibited 19%, 26%, 34%, 42%, and 40% lower
compressive strengths than the pristine NMO specimen,
respectively. The replacement of cement with high dos-
ages of Fe;O, NPs therefore had a negative effect on early
strength development, as well as on the 28-day strength
of cement pastes.

To date, limited knowledge on the effects of high dos-
ages of Fe;O, NPs is available in the literature. Based on
previous research (Ghazanlou et al. 2020; Horszczaruk
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2019; Mansouri et al. 2019; Seifan et al. 2020), substan-
tial improvements in the mechanical strength of cemen-
titious composites can be obtained when the dosage of
nanomagnetite does not exceed 5 wt% of the binder. This
effect is mainly attributable to the seeding effect of dis-
persed Fe;O, NPs, as well as to the so-called nano-filling
effect of dispersed NPs, which refines the cement matrix
and improves its compactness. However, the incorpora-
tion of higher dosages of nano-Fe;O, results in the crea-
tion of particle agglomeration due to strong Van der
Waals forces, which increases with a reduction in parti-
cle size. This, in turn, results in the formation of speci-
men heterogeneity and an increment in matrix porosity
(“Mercury intrusion porosity (MIP)”) and, thus a decre-
ment in mechanical strength. XRD analysis performed by
Florez et al. (2019) confirms that high dosages of nano-
Fe;0, do not affect the main hydration products (i.e., it
does not interact chemically with the cement matrix).
The replacement of cement with nano-Fe;O,, therefore,
impedes the cement hydration process as a result of the
lower cement content in the cement paste.

Florez et al. (2019) have reported an improvement in
cement pastes’ compressive strength with up to 20
wt% Fe;O, NPs. However, they found that the compres-
sive strength of the cement paste was lower than that
of pristine specimens at replacement levels of 40 wt%
and 50 wt%. Nevertheless, these results are not directly
comparable to the present study’s results due to differ-
ences in mixture design. In the study mentioned above,
nano-Fe;O, was not considered as a part of the binder
material, and the water-to-cement (w/c) ratio was set at
a fixed value. Water volume therefore decreased propor-
tionally with cement content, as the nano-Fe;O, dosage
was increased. In Seifan et al. (2020) study, an improve-
ment in the splitting tensile and compressive strength of
cement mortars containing 5 wt%, 10 wt%, and 15 wt%
of nano-Fe;O, replacement, was reported. However,
they found that cement mortars performed best in the

Table 5 Experimental slow neutron macroscopic cross-sections and calculated effective removal cross-section of fast and thermal

neutrons, with their corresponding HVLs

Sample Y em™! HVL (cm) S gem™! HVL (cm) S hem™! HVL (cm)
designation

NMO 0.285340.0143 243+0.09 0.1 427 0.0649 10.68
NM5 0.3656+£0.0183 1.90£0.08 0.1 4.02 0.0750 9.24
NM10 0.3982+0.0199 1.744+0.07 0.1 4.00 0.0831 834
NM15 0.4339+0.0217 1.6040.06 0.1 3.98 0.0910 7.61
NM20 0.4594+£0.0230 1.51+0.06 0.1 397 0.1000 6.93
NM30 0.521940.0261 1.33£0.05 0.1 3.96 0.1131 6.13
Diff.%°? 83.1 — 827 7.8 —78 74.3 — 742

2 Diff.[%] = 100 x (NM30 — NM0)/NM30
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case of 5 wt%, followed by 10 wt%. In the case of 15 wt%,
only minimal compressive strength improvements were
reported, with the splitting tensile strength found to be
lower than that of the pristine specimen.

4.6 Slow, Fast and Thermal Neutron Attenuation
Measurements

Table 5 shows the experimental macroscopic cross-
sections of slow neutrons (in cm™!), as a function of
nanomagnetite content. The sample containing Fe;O,
nanoparticles exhibited a significant increase in slow
neutron macroscopic cross-sections, with a difference up
to 83.1%, compared to plain cement paste NMO. Addi-
tionally, the half-value layer (HVL =1[n2/) ) results
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—— Linear Fit
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2
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R®=0.9992
L

Fig. 8 Variations of A thermal neutron cross-section and B fast
neutron removal cross-section with increasing Fe;O, nanoparticles
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confirmed the positive influence of the Fe;O, NPs on the
reduction of HVL.

The slow neutron attenuation properties are also shown
in Fig. 7, which display a linear relationship between the
Fe;O, wt% and the mass attenuation cross-section of the
slow neutron, Y ¢/p (in cm*/g). Addition of nano-Fe;O,
lead to an increase in the attenuation of slow neutron.

Theoretical fast neutron removal cross-sections ()
for each specimen were determined with the aid of the
program NXCom (El-Khayatt 2011), while the total mac-
roscopic cross-section of the thermal neutron (3,,), at
25 meV, was calculated with the help of “Kienzle” online
calculator (Kienzle 2019). The elemental weight fractions
of the paste mixtures were used as an input data file for
running the NXCom and the Kienzle online calculator.

Calculations showed that the addition of magnetite
increases both Xz and Xy, and consequently fast and
thermal neutron shielding capability, with respect to the
plain cement paste, as shown in Table 5. It can be seen
that sample NM30 exhibited improved X and ¥y, values
by 74.3 and 7.8%, respectively, when compared to NMO.
Similar findings were obtained for the HVL values.

The mass macroscopic cross-section provides a way
to distinguish the contributions from chemical compo-
sition and density effects. ¥p/p and Xy, /p are depicted
in Fig. 8, in which the density effect does not reflect in
the plots since all cross-section values were normalized
relative to sample density. Therefore, the prime effect of
hydrogen on the macroscopic removal cross-section has
been observed as a reduction in the ¥Xz/p of the com-
posites with lower hydrogen contents (Additional file 1:
Table S1).

0.6

s, 0 s B 3,

04

0.2+

0.1}

. -1
Neutron cross-section [cm™]

0.0 T T T T T T
0 5 10 15 20 30

Fe,O, [wt%]

Fig. 9 Fast, slow, and thermal neutron macroscopic cross-sections for
all cementitious matrices
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Fig. 12 The normalized linear attenuation values with respect to the
control paste

An overall view of the incorporation of nano-Fe;O,
into the cementitious matrix for neutron shielding is pre-
sented by the bar chart in Fig. 9. It simultaneously depicts
the macroscopic cross-sections for the three neutron
energy regions: thermal, fast, and slow. As shown in the
figure, the inclusion of Fe;O, nanoparticles in the cemen-
titious matrix enhances neutron shielding ability, espe-
cially for slow neutrons.

4.7 Gamma-ray Linear Attenuation Coefficients
The experimental linear attenuation coefficients pt of the
cement pastes were determined at photon energies of 80,
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238, 662, 911, 1173.2, 1332.5 and 2614 keV. The experi-
mental and theoretical data are depicted in Fig. 10, and
presented in Additional file 1: Table S2. All experimental
and calculated values agree well, even though the attenu-
ation coefficient at 80 keV was not well-predicted. This
was due to the dominance of the photoelectric absorp-
tion process, which is prone to error in elemental analy-
sis and heavily affected by the homogeneity of the sample
under investigation.

The results obtained show that all the samples’ linear
attenuation coefficients displayed the same downward
trend with increasing photon energy, exactly as expected.
Specifically, the y-ray attenuation decreased dramatically
from 80 to 238 keV, which decreased slowly, as shown in
Fig. 10. This observed behavior can be attributed to the
dominance of photoelectric and Compton interactions in
the low and intermediate energies, respectively.

For comparison purposes, the experimental linear
attenuation coefficients of NM30, containing the largest
nanoparticle magnetite content, and the control paste
(NM30), are depicted in Fig. 11.

For the quantitative comparison task, the linear
attenuation coefficient ratio of a given paste material
and that of the control paste, NMO, is given in Fig. 12.
The comparison results reveal that cement pastes with
nanosized magnetite exhibit higher linear attenuation
coefficients than the than plain NMO paste (Fig. 11).
For example, in the case of NM30, at low photon ener-
gies (20 keV) the difference was over 150%, while in
the high photon energies (>100 MeV), it was over
10%, in comparison to NMO. However, Fig. 12 also
shows that there was no significant variation at the
intermediate photon energies (around 1 MeV), due to
the addition of magnetite nanoparticles. This is due
to the dominance of the Compton scattering interac-
tion with slightly dependence on the elemental atomic
number Z.

Fig. 13 shows the variation of the linear attenuation
coefficient of the cement paste as a function of Fe;O,
nanoparticle content for two dominant regions: (A) the
photoelectric region and (B) Compton scattering region.
The relationships are linear, not only for the photoelectric
region but also for the Compton region, with the gradient
of the fitting line decreasing with an increase in photon
energy.

4.8 Gamma-ray Kerma Coefficients

The experimental kerma coefficient, k, of the cement
pastes was determined at the listed energies in Table 6.
Furthermore, the kerma coefficient—photon energy
dependence of the control paste and the paste loaded
with the highest amount of nanomagnetite, NM30, is
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plotted in Fig. 14. As can be seen, very good agreement
between the theoretical results and the experimental data
was achieved.

It can be seen that the energy dependence of & is char-
acterized by two distinct energy regions: the first with
energies below approximately 150 keV, and the second
beyond 150 keV. They seem to form continuation regions,
which have a tendency for rapid decrease, and increase
in the kerma coefficient, respectively. All k-graphs have
a dip around 150 keV and higher additions of nanosized
magnetite enhanced the K- and the L-absorption edges
Table 6.

Normalized kerma coefficients, with respect to the
NMO specimen are presented in Fig. 15. It can be clearly
seen that k increased with increasing Fe;O, content,
with the maximum differences among the various pastes
noticeable at the 50-keV photon energy level. Finally, the
results show that the inclusion of nanosized magnetite

powder produced cement paste with highly improved
gamma shielding performance.

5 Conclusions

This study aimed at developing a lead-free cement paste
material for radiation shielding purposes. The following
conclusions can be put forward:

1) Paste rheology is significantly affected by the addition
of nanomagnetite powder. Thanks to a higher surface
area and the finer particle size of Fe;O, NPs, in com-
parison to cement particles, their yield stress and vis-
cosity increase with nanomagnetite powder content
in the cement paste.

2) Replacement of cement with nano-Fe;O, powder
impedes the early strength development of cement
pastes, as well as their 7- and 28-day compressive
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Fig. 14 Kerma coefficients for NMO (left) and NM30 (right) cement pastes
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Table 6 Measured and theoretical kerma coefficients (k, pGy.cm?/photon) of cement pastes modified with Fe;0, nanoparticles. The

experimental error was less than 5%

Energy (keV) NMO NM5 NM10 NM15 NM20 NM30
Exp Theo Exp Theo Exp Theo Exp Theo Exp Theo Exp Theo
80 1.29 117 1.38 1.26 1.41 137 1.46 147 1.49 1.58 1.57 1.80
238 1.15 117 1.15 117 1.15 1.18 1.15 1.19 1.15 1.20 1.16 1.21
662 3.14 3.22 3.12 3.22 3.13 3.21 312 3.20 3.10 3.19 3.08 3.18
911 4.16 4.28 414 4.27 414 4.26 413 4.24 4.09 423 411 4.21
11733 513 5.26 5.09 524 477 523 5.06 5.22 5.02 5.20 503 517
13325 5.65 5.80 559 5.79 562 5.77 5.58 5.76 554 5.74 5.52 571
2614.0 934 9.51 9.17 9.50 9.28 948 9.26 9.46 9.23 9.44 9.21 9.40
HVLs by 82.7%, 7.8%, and 74.2%, respectively, when
L compared to pristine (NMO) paste. Although all neu-
1.6 tron cross-sections showed an increasing trend with
151 increasing Fe;O,, the ¥ results showed distinct rates
- of increase with magnetite content.
47 5) Gamma-ray linear attenuation and kerma coefficients
s 137 exhibit systematic increases with increasing Fe;O,
< 42 content. Except for the values around 1 MeV, no
e substantial differences were observed between vari-
L ous cement composites. The maximum differences
1.0 between the kerma and linear attenuation curves
0ol were noticed at 50 and 20 keV, respectively. Varia-
ol vl o vl tions in the linear attenuation coefficient of cement

102 10" 10° 10" 10
Photon energy [MeV]

10’

Fig. 15 The normalized kerma coefficient values, with respect to the
control sample

strength. The decrement rate increases gradually
with nano-Fe;O, content within a specimen.

3) The total porosity and pore size distribution of
cement pastes are significantly altered by the addi-
tion of high amounts of nanomagnetite particles.
Higher contents of Fe;O, NPs result in the creation
of agglomeration within the cement matrix, which
results in an undesirable increment of cement matrix
porosity and thus negatively affects the compressive
strength of cement pastes.

4) The dry density of cement pastes increases with an
increment in the replacement level, owing to the
high density of magnetite nanoparticles compared to
cement. All macroscopic cross-sections of slow, fast
and thermal neutrons are constantly increased by the
addition of magnetite nanoparticles, with their vari-
ations being markedly linear. The incorporation of
30 wt% of nano-Fe;O, (NM30 specimen) therefore,
resulted in a decrement in the slow, fast and thermal

paste, as a function of nanosized magnetite loading
for the dominant regions of photoelectric and Comp-
ton interactions, are linear.
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