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Abstract 

This study presents a comparison of the effects of micro-Bi2O3 and nano-Bi2O3 powders on the 

mechanical, microstructural and gamma / neutron shielding properties of Portland cement pastes. 

Cement pastes with various ratios of cement (up to 30 wt.-%) replaced with Bi2O3 micro and 

nanoparticles were prepared. Consistency, compressive strength, water accessible porosity and mercury 

intrusion porosimetry tests were performed, in order to characterize their engineering properties. In 

addition, experimental and theoretical evaluations of -ray and neutron shielding properties were 

performed. The results showed that the incorporation of Bi2O3 powders gradually leads to a decline in 

cement pastes’ compressive strength and an increase in their porosity, as the amount of powder is 

increased. However, the deterioration rate varies depending of type of powder used, in favor of nano-

Bi2O3. Gamma attenuation tests results indicate that the addition of Bi2O3 powders enhances the 

shielding capability of pastes, in the energy range of interest (0.08-2.614 MeV). However, the effects of 

particle size on -ray attenuation are negligible in that energy range. Slow neutron attenuation study 

showed that the addition of nano-Bi2O3 improved the shielding ability of cement pastes, with 

enhancements ranging between 15.3 % and 25.5 % for samples with 5 and 30 wt.-% nano-Bi2O3, 

respectively. In conclusion, this study shows that the addition of nano or micro-Bi2O3 is effective in 

producing lead-free cementitious composites with improved -ray and neutron shielding properties. 
Unlike gamma shielding, nano-sized Bi2O3 has a better ability to attenuate neutrons, in comparison to 
their micro-sized counterparts.  
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1. Introduction 

 

Humans have long recognized the benefits of ionizing radiation, as well as the risks of exposure 

to it, especially in medical applications, where X-rays and high-energy gamma rays have been 

used in radiation therapy to control and treat cancerous tumors [1]. Conventional building 

materials, such as concrete blocks [2] and bricks [3], can be used for a protection purpose from 

ionizing radiation. Materials with high atomic number (High-Z) can be used to manufacture 

conventional blocks and multi-leaf collimators (MLCs) to form better beams and to reduce the 

absorbed dose in normal tissue. To date, lead (Pb) is the most commonly used material, due to 

its high atomic number (Z), low cost and abundance [4-6]. Interest in lead-free radiation shields 

has increased in recent years, since a great deal of concern has been voiced regarding the 

potential toxicity of lead and its compounds, both to humans and the environment as well as 

high costs for dismantling and disposal [7].  

Concrete is one of the most common materials used for radiation protection in radiation therapy 

facilities and nuclear reactors, as well as for preventing radiation leakage from radioactive 

sources. Since one of the main concrete components is aggregate, radiation shielding properties 

of concrete can be controlled by choice of proper normal- or heavy-weight [8-10] aggregate 

type. It is an inexpensive material with a high potential for incorporating a great variety of 

wastes and secondary raw materials [11-13]. In this regard, extensive research is being 

conducted in order to replace potentially harmful lead-incorporated cementitious composites 

with environmentally friendly metal oxides such as Bi2O3 [14-16], Fe2O3/Fe3O4 [17-19] or TiO2 

[20]. Bismuth is a higher Z metal than lead with a lower density. It ultimately produces less 

secondary radiation. Many investigations related to the introduction of micro and nano-sized 

Bi2O3 powders, as environmentally friendly radiopacifiers in the field of polymer [21-22], glass 

systems [23-26] as well as dental cement [27-29] technology have been conducted.  



In contrast, limited knowledge related to the incorporation of Bi2O3 powders as potential 

radiation shielding additives in cement-based composites for construction, is available. As far 

as the authors are aware, only a few publications related to this field are available. However, 

most of this research has focused on aspects of gamma-ray attenuation capabilities, with no 

neutron shielding evaluations being available. For instance, Azimkhani et al. [30] have 

evaluated the effects of 5, 10 and 15 wt.-% replacement of cement in normal-weight and heavy-

weight concrete, showing that the incorporation of Bi2O3 powder has a beneficial effect on the 

gamma-ray shielding of concrete specimens at 662 keV. In addition, the incorporation of 5 and 

10 wt.-% Bi2O3 powder results in slight compressive strength improvements in concretes, 

though higher concentrations result in negligible effect on strength. In works [31] and [32], the 

authors evaluated the effects of low dosages of nano-Bi2O3 (2, 4 and 6 wt.-%) as a cement 

replacement, on the properties of heavy-weight concrete mixes. Improvements in gamma-ray 

radiation shielding, at energy levels of 662, 1173 and 1332 keV, were demonstrated, both in 

ambient as well as in elevated temperature conditions (up to 600 °C). In addition, a slight 

compressive strength improvement in their concrete samples was reported. Yao et al. [33] have 

evaluated the effects of the addition of Bi2O3 powder to cement, in the amount of 5, 10, 15, 20 

and 25 wt.-%, on the shielding and compressive strength of concretes. Their experimental 

results showed that higher compressive strengths and higher linear attenuation coefficients are 

observed in concrete mixtures, in which cement is replaced with Bi2O3 nanoparticles.  

Furthermore, the superior performance of concrete mixtures containing nano and micro Bi2O3 

particles, has also been studied theoretically by Tekin et al. [34] and Verdipoor et al. [35], using 

the Monte Carlo (MC) method. Their results confirm that nano-sized particles have superior 

effects on the gamma-ray shielding ability of concrete in the photon energy ranges, 0.142–1.33 

MeV and 0.356-1.33 MeV, respectively. 



At this point, it is important to mention that the basic assumption of the shielding superiority of 

nano-sized particles, over their micro-sized counterparts, is that the use of the former leads to a 

large surface-area-to-volume ratio, thus resulting in a higher radiation absorption. This is 

because nano-sized particles produce a more uniform distribution, higher particle density and a 

lower grain size inside the matrix, compared to microparticles. However, in many experimental 

studies this assumption has not been observed; i.e. higher attenuation properties, resulting from 

the grain size effect, have not been seen in the case of energies greater than 30 keV, but only at 

low energies (i.e.,  30keV) [36-40]. Consequently, differences between composites containing 

nanoparticles and those containing microparticles, actually become insignificant at higher 

energies. Furthermore, Shik and Gholamzadeh [41] have found that Poly(vinyl chloride) 

composite emulsion composites containing PbO microparticles can better attenuate photons 

with higher energies. However, all the above-mentioned studies were carried out with respect 

to diagnostic X-rays and they are characterized by a lack of experimental data related to higher 

energies. Furthermore, there are also differences between the results of these studies and 

theoretical calculations reported elsewhere [34,35]. This has prompted us to carry out further 

experimental investigations, evaluating the effects of Bi2O3 particle size on radiation shielding 

at higher energies.  

Based on the literature review above, it can be concluded that the state-of-the-art regarding 

the effects of Bi2O3 powders is limited, especially in regard to nano-sized admixtures and their 

shielding properties against  and neutron radiation. This necessitates more research, in order 

to fully understand the effects of Bi2O3 nanoparticle content and size on the structural, physical, 

mechanical and radiation shielding properties of concrete. Nano-sized particles exhibit 

spectacular chemical and physical properties, when compared to their corresponding micro-

sized materials as such, when added to cementitious composites, nanomaterials can effectively 

fill the voids in the cement matrix, acting as nucleating agents as well as exhibiting significant 



pozzolanic activity [42,43]. In addition, nanoparticles seems to be viable solution that can be 

incorporated as additives to cement-based composites and this is due the production costs of 

nanoparticles which has been significantly decreased over years with commercially available 

products dedicated for construction industry [44,45]. 

This study aims to comprehensively evaluate, both experimentally and theoretically, the effects 

of nano-Bi2O3 and micro-Bi2O3 powders on the gamma-ray, fast, slow, as well as thermal 

neutrons on shielding properties of Portland cement composite pastes. In addition, the study 

investigates the mechanical and microstructural properties of cement pastes, for comparison 

and to provide insight into the effects of different sized Bi2O3 particles, on the performance of 

cementitious composites. As an outcome, a lead-free Portland cement-based shielding material 

is proposed.  

  



2. Materials and Methods 

2.1. Materials 

CEM I 42.5 R Portland cement (conforming to EN 197-1) and tap water (conforming to EN 

1008) were used to produce the cement pastes. The chemical composition of the cement is 

presented in Table 1. 

Table 1. Chemical compositions of Portland cement [wt.-%] 

Material CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O 
Loss on 

ignition 

Specific Density 

(g/cm³) 

CEM I 42.5 R 64.2 18.8 5.1 3.3 1.8 0.1 0.9 3.05 3.11 

 

Two types of bismuth (III) oxide particles were used: Bi2O3 microparticles obtained from 

Keten, Poland and Bi2O3 nanoparticles obtained from Sigma-Aldrich, Poland. Scanning 

electron microscope (SEM) micrographs of the micro and nanoparticles are presented in Figure 

1. Clear difference in the morphology of the powders can be distinguished. Primary Bi2O3 

nanoparticles exhibts more spherical and regular shape, while microparticles are more irregular 

with higher size of primary particles when compared to nano-Bi2O3. According to producer 

data the size of primary particle of Bi2O3 nanoparticles is ranging between 90-210 nm which 

was confirmed by our SEM study. Thermogravimetric analysis (Figure 2), performed with the 

use of a G 209 Tarsus F3 (Netzsch) instrument (under a nitrogen atmosphere), confirmed the 

high thermal stability of Bi2O3 nanoparticles up to 800 °C [46], while in the case of Bi2O3 

microparticles, a small loss over the entire temperature range was reported. As reported by Zhu 

et al. [47] this can be attributed to moisture absorption and combined water. 

Figure 3 presents the particle size distribution (PSD) of powders obtained by laser diffraction 

technique. The d50 and d90 of the cement were about 15 µm and 41 µm (respectively). As such, 

the size of the micro-Bi2O3 was within the range of the finer fractions of cement, while the 

Bi2O3 nanoparticles were substantially smaller than the cement particles.  



 

Figure 1. SEM micrographs of Bi2O3 microparticles (left) and Bi2O3 nanoparticles (right). 

 
Figure 2. TG curves of Bi2O3 micro- and nanoparticles. 

 

Figure 3. Particle size distribution (PSD) of dry powders used for cement paste production. 



 

2.2. Mixture compositions 

Cement paste, with a water-to-binder (w/b) fixed ratio of 0.4, was produced. In total, 10 series 

of cement pastes, including a control (plain) paste (designated as CP), were produced. Five 

series of cement pastes containing 5, 10, 15, 20 and 30 wt.-% nano-Bi2O3 as a cement 

replacement, were also produced, as well as four series of cement pastes containing 5, 10, 15 

and 20 wt.-% micro-Bi2O3 as a cement replacement. A specimen containing 30 wt.-% Bi2O3 

microparticles was not produced, due to problems achieving the desired consistency (see 

section 3.2). The series of specimens containing Bi2O3 microparticles was designated as group 

BMP, while the series containing Bi2O3 nanoparticles was designated as BNP. The digit next 

to the letter designates the weight percentage of the number of particles replaced with cement. 

The mixture composition of the cement pastes is summarized in Table 2. 

  



Table 2. Cement paste mix design 

Paste Cement 

[g] 

Water [g] Bi2O3 microparticles 

[g] 

Bi2O3 nanoparticles [g] 

CP 1000 400 0 - 

BMP5 950 400 50 - 

BMP10 900 400 100 - 

BMP15 850 400 150 - 

BMP20 800 400 200 - 

BNP5 950 400 - 50 

BNP10 900 400 - 100 

BNP15 850 400 - 150 

BNP20 800 400 - 200 

BNP30 700 400 - 300 

 

2.3. Mixing procedure and testing methods 

To prepare the cement pastes, a standard mixer complying with EN 196-1 was used. For the 

control mix, cement and water were mixed using the following procedure: (1) slow mixing—

30 s, (2) fast mixing—1 min, (3) pause—1 min, (4) fast mixing—1 min. For other mixes, 

cement and Bi2O3 micro-/nano-particles were dry mixed for 30 seconds to ensure the 

homogeneous distribution of fine particles. Thereafter, the same procedure as the control mix 

was conducted to produce the pastes. Afterwards, the consistency of the pastes was determined 

with the flow table method (EN 1015-3). The spread diameter was measured twice; firstly, after 

removing the cone (no strokes applied) and secondly after 15 strokes of the flow table. 

20×20×20 mm3 specimens were cast for compressive strength and radiation shielding 

evaluations, while 40×40×40 mm3 specimens were produced for determination of water 

accessible porosity. After casting, the specimens were kept in a climate chamber until the day 

of testing, at room temperature (20+1 °C) and at a relative humidity of 95 %. The compressive 

strength of the specimens was determined on 6 specimens of each series after 7 and 28 d of 

curing. After 28 d of curing, mercury intrusion porosimetry (MIP) tests were performed with 

the use of Pascal 140 and 240 series (Thermo Scientific) mercury intrusion porosimeters. 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°. Before testing, small-cored specimens taken from the samples were 



immersed in isopropanol and then freeze-dried, to stop hydration. Water accessible porosity 

was measured after 28 d of curing, merely using the water displacement method on 3 specimens 

from each series. 

2.4. Measurement of gamma-ray and slow neutron attenuation coefficients  

A ''good geometry'' transmission method was used for gamma-ray and slow neutron attenuation 

measurements. When the geometry is good, no scattered photons or neutrons reach the detector, 

and therefore, no correction is needed for build-up.  

For the gamma-ray measurements, a scintillation spectroscopy detection system, consisting of 

a 2″ x 2″ NaI (TI) inorganic crystal with a 12.5 % resolution at 662 keV coupled with a multi-

channel analyzer (MCA), was used to measure and record the gamma-ray spectrum. The 

samples were placed on specimen holder at a distance of 10 cm from source, while the source 

was kept at 19 cm from the detector. Point radioactive sources 133Ba, 60Co, 137Cs, and 232Th with 

activities of 10 mCi were used for irradiation and for energy and efficiency calibration. A lead 

collimator with a diameter of 3-mm was employed in order to achieve narrow-beam geometry. 

Finally, Genie 2000 Spectroscopy Software was used for detector calibration, data acquisition, 

determination of region of interest and analysis of gamma–ray spectrum. Figure 4 shows the 

schematic diagram of the experimental setup for the gamma-ray attenuation measurements. 

 

Figure 4. Gamma-ray attenuation measurement experimental setup. 

The attenuation coefficients for the paste samples were obtained for gamma energy lines 80, 

238.63, 662, 911, 1173.23 and 1332.49 keV, emitted from the standard radioactive sources 



131Ba, 137Cs and 60Co. These standard sources were also used for energy and efficiency 

calibration of the detection system.  

To deduce the values of the linear attenuation coefficient, µ, the incident (I0) and transmitted 

(I) intensities of photons were measured and their values used in Beer's law (Eq. 1) [48]: 

𝜇 =
1

𝑥
𝑙𝑛(𝐼0 𝐼⁄ )                                                             (1) 

where 𝑥 is the material thickness (in cm).   

Since µ is dependent upon the attenuating medium density, its value depends on the matter 

phase (solid, liquid, or gas). Therefore, a normalization of the linear attenuation coefficient per 

unit density, 𝜇 𝜌⁄ , is preferred in shielding analysis (Eq. 2).  

𝜇 𝜌⁄ =
1

𝑡
𝑙𝑛(𝐼0 𝐼⁄ )                                              (2) 

where 𝑡 is the sample mass thickness (cm2/g).  

The theoretical values of the mass attenuation coefficients of the paste samples obtained by use 

of the WinXCom program [49], are also given in this study for comparison. 

Regarding slow neutron measurements, an 241Am-Be point neutron source with an activity of 

3.7 GBq and a neutron yield = (1.1-1.4)  107 n/s, as well as a BF3 neutron detector, were used. 

The 241Am-Be point neutron source was enclosed in a metal housing with a shape of hollow 

cylinder with inner and outer diameters of 1.1 cm and 3.9 cm, respectively. The collimated 

neutron beam was slowed down with a fixed-size high-density polyethylene block prior to 

irradiation of the paste samples. The effective thickness of perforated paraffin wax was 11.5 

cm and the natural boron concentration was 30 % by weight in paraffin. The distance between 

the axis of the source and the center of the detector was 73 cm. The source and detector were 

located 168 cm above the ground in a large room to reduce the contributions of reverse 

scattering as much as possible. Measurement time was kept at 400 s, for all samples, which is 

sufficient to achieve an acceptable degree of statistical error. The reported values are the mean 

value of ten measurements. The schematic diagram of the experimental setup is shown in Figure 

5.  



Similarly, the slow neutron macroscopic cross section Slow is given by Eq. 3: 

𝛴𝑆𝑙𝑜𝑤 =
1

𝑥
𝑙𝑛(𝜑0 𝜑⁄ )                                                         (3) 

where 𝜑0and 𝜑 are the incident and transmitted fluxes of slow neutrons, respectively. 

 
Figure 5. Schematic diagram of the experimental setup for neutron detection 

 

Firstly, it is important to ensure that Beer's law is obeyed for the specimen thickness under 

consideration [50]. As such, for a given photon energy 𝑙𝑛(𝐼𝑜 𝐼⁄ ) is plotted as a function of paste 

thickness. All plots were straight lines, indicating the validity of Beer's law. So, the 𝜇 values 

determined from the straight-lines fit at 80, 238.63, 662, 911, 1173.23 and 1332.49 keV. By 

way of example, Figure 6 illustrates the plot of 𝑙𝑛(𝐼𝑜 𝐼⁄ ) against the thickness of BNP15, at 911 

keV. The validly of Beer's law was also tested for a slow neutron, by plotting 𝑙𝑛(𝜑0 𝜑⁄ ) as a 

function of paste thickness. Similarly, all plots were straight lines, hence 𝛴𝑆𝑙𝑜𝑤 for each paste 

is the gradient of its line. By way of example, the case of the BMP15 specimen is presented in 

Figure 6 (right).  

 



 
Figure 6. Variation of 𝑙𝑛(𝐼𝑜 𝐼⁄ ) versus thickness for BNP15 paste sample, irradiated with 0.911 

MeV gamma-ray beam (left). Variation of ln (0/) versus thickness for BMP15 paste 

sample, irradiated with slow neutron beam (right).  

 
Each experiment was repeated three times, with the average value reported. The maximum 

errors in  𝜇 , 𝛴Slow  and the half-value layer (HVL) were estimated using the following 

propagation of error formulas (Eq. 4, Eq. 5) [51]:  

𝛥(𝜇) =
1

𝑥
√(

𝛥𝐼𝑜

𝐼𝑜
)

2
+ (

𝛥𝐼

𝐼
)

2
+ (

∆𝑥

𝑥
)

2
(𝑙𝑛 (

𝐼𝑜

𝐼
))

2

         (4) 

         𝛥(𝛴) =
1

𝑥
√(

𝛥𝜑𝑜

𝜑𝑜
)

2
+ (

𝛥𝜑

𝜑
)

2
+ (

∆𝑥

𝑥
)

2
(𝑙𝑛 (

𝜑𝑜

𝜑
))

2

                                 (5) 

Since 𝐻𝑉𝐿 = 𝑙𝑛 2 𝜇⁄  then (Eq. 6): 

𝛥(𝐻𝑉𝐿) = 𝐻𝑉𝐿√(
𝛥𝛴

𝛴
)

2
(𝑙𝑛2)2    or     𝛥(𝐻𝑉𝐿) = 𝐻𝑉𝐿√(

𝛥𝜇

𝜇
)

2
(𝑙𝑛2)2         (6) 

The estimated errors for all the radiation measurements were less than 5 %. 

In this work, the authors followed the same procedure for measuring and calculating 𝜇𝑚, 

HVL, Zeff, 𝛴Slow and 𝛴𝑅shielding parameters, as used in earlier studies [15,52].  
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3. Results and discussion 

3.1. Consistency 

The results of the consistency tests of the cement pastes are presented in Figure 7. An increment 

in micro-Bi2O3 content resulted in a dramatic decrement in their consistency, especially when 

the dosage was higher than 10 wt.-%. Even after 15 strokes, BMP15 and BMP20 did not reach 

the consistency of the reference paste (CP), in which no strokes were applied. The production 

of specimen BMP30 was difficult due to mixing problems i.e. the mixture was very stiff with a 

consistency of almost zero, making it impossible to pour the paste into molds. As a result, to 

avoid the addition of plasticizers which can affect composites’ radiation properties, specimen 

BMP30 was omitted. In contrast, the addition of nano-Bi2O3 powder resulted in a negligible 

effect on the consistency of the cement pastes; indeed, a slight increment in consistency was 

found in pastes BNP20 and BNP30. Despite the slight increment, no bleeding was reported in 

any of the nano-Bi2O3 incorporated specimens. As can be seen in Figure 3, the size of the Bi2O3 

microparticles was similar to that of the cement particles. Mixtures with higher dosages of 

micro-Bi2O3 had narrow particle size distributions, which resulted in low packing of particles 

with similar sizes. In other words, there was a high volume of pores between particles that 

required more water to fill the pores. Consequently, consistency was dramatically reduced as a 

result of an increase in the replacement level. In contrast, the addition of nano-Bi2O3 did not 

have a negative effect on the consistency. As can be seen in Figure 3, the size of nano-Bi2O3 

was very small compared to the cement particles. The particle size of the mixture widened with 

the addition of the Bi2O3 nanoparticles, resulting in significantly improved packing density. As 

can be seen in Figure 7, as a result, the volume of voids between particles was minimized, and 

excess water was available in the pore solution to improve consistency.  



 
Figure 7. Consistency of cement pastes determined with the flow table method. 

 

3.2. Compressive strength 

The compressive strength of specimens after 7 and 28 d of curing is presented in Figure 8. 

Significant differences between the performance of the specimens containing nano and micro-

powders can be distinguished. Incorporation of micro-Bi2O3 resulted in a gradual decrement in 

compressive strength after 7 and 28 d of curing, as the dosage of powder was increased. In 

contrast, the incorporation of a low dosage of nano-Bi2O3 (specimen BNP5) maintained the 

compressive strength of the cement paste. This effect can be attributed to the significantly 

smaller particle size of nano-Bi2O3, compared to that of cement, which results in filling of the 

cement matrix (the so-called nano-filling effect) [53]. This is a common phenomenon which 

occurs when a low dosage of nanoparticles is incorporated in cementitious composites. 

However, although an increment in the nano-Bi2O3 dosage resulted in a gradual strength 

decrement, modification of cement pastes with nano-Bi2O3 resulted in pastes having higher 

compressive strengths compared to pastes containing micro-Bi2O3. Thus, after 28 d of curing, 

specimen BNP30 exhibited comparable strength to that of specimen BMP20.  



     
Figure 8. Compressive strength of cement pastes at 7 d (left) and 28 d (right) 

However, it should be noted that in general, the incorporation of both nano-Bi2O3 and micro-

Bi2O3 powders (especially in amounts > 5 wt.-%) resulted in noticeable strength reductions. 

Therefore, after 28 d of curing, specimens BMP10 and BNP10 exhibited compressive strengths 

only slightly 70% over those of the control specimens. What is more, specimens with the 

highest Bi2O3 powder contents – BMP20 and BNP30 – exhibited only about half of the 

compressive strength of the control specimen.  

The strength loss associated with an increment in Bi2O3 powder dosage is in good agreement 

with the results from Coomaraswamy et al. [27], where Portland cement-based pastes were 

modified with microsized Bi2O3 powder. In general, it has been reported that Bi2O3 powder is 

an inert filler and is not chemically incorporated in hydration products [54,55]. Due to weak 

bonding between Bi2O3 and cement particles, an increment in the Bi2O3 dosage results in 

strength retrogression [30]. However, due to the finer particle size of nano-Bi2O3, compared to 

micro-Bi2O3, the nanosized particles partially filled the voids in the cement paste and somehow 

improved the particle size distribution within the matrix. As a result, the strength loss of 

specimens containing nano-Bi2O3 was lower than that of those containing coarser powder.  

In contrast, studies on the effects of Bi2O3 powders on the performance of concretes [31,32] 

have shown that, up to a certain amount of Bi2O3 addition, compressive strength can be 



improved. Because of the coarse aggregates, the shear during mixing is much higher and this 

could desagglomerate the agglomerates in the powder. Bi2O3 powder can thus act more 

effectively as a filler. In order to understand the mechanism underlying this phenomenon, 

mercury intrusion porosimetry tests were performed, as discussed below. 

3.3. Microstructural characteristics 

The results of the MIP measurements are summarized in Table 3 and depicted in Figure 9. The 

incorporation of micro-Bi2O3 powder resulted in a gradual increment in the total porosity of 

specimens, as well as in an increment in the average and median pore of the specimens. It is 

known that porosity is one of the critical parameters directly affecting the strength and 

durability of cement-based materials [56,57]. Accordingly, it can be seen that in the case of 

BMP15 and BMP20, porosities were over 50 % higher as compared with the CP specimens, 

with the observed results being in good correlation with compressive strength values after 28 d 

of curing. In addition, the porosity curve (Figure 10) is shifted to the region of larger pores 

(BMP15 and BMP20). A similar phenomenon was found in the case of nano-Bi2O3, but its 

deterioration rate was lower when compared to micro-Bi2O3. In general, up to 20 wt.-% of 

relative low increment of total porosity was observed. In the case of specimen BNP5, where 

compressive strength remained comparable to that of the CP specimen, the total porosity of the 

cement paste increased slightly, although the median pore diameter decreased somewhat. 

Therefore, it seems that despite a slight increment in porosity, nanosized particles filled the 

voids in the cement paste and refined its microstructure. In other words, the incorporation of 

nano-Bi2O3 increases the number of small pores and reduces the number of coarse pores. In 

addition, the replacement of cement with a high dosage of inert Bi2O3 powders results in an 

increment in the free water content in cement paste, since less cement is available to react with 

the water; as a result, the porosity of a specimen increases [27,29]. This, in turn, explains the 



significant reduction in the compressive strength of cement pastes when Bi2O3 powders are 

added.  

Table 3. Basic parameters of pore structure measured by MIP and water accessible porosity 

Sample 

designation 
CP BM5 BMP10 BMP15 BMP20 BNP5 BNP10 BNP15 BNP20 BNP30 

Porosity by Hg 

intrusion [%] 
21.09 24.85 28.08 30.72 32.82 23.27 24.34 25.15 25.56 30.99 

Total pore volume 

[mm³/g] 
121.00 147.69 169.22 178.06 203.16 131.15 133.50 135.77 141.61 162.84 

Average pore 

diameter [nm] 
40.12 42.68 45.34 50.92 50.36 41.13 51.68 40.66 40.16 42.46 

Median pore 

diameter [nm] 
85.65 85.78 93.89 113.47 99.65 84.04 103.60 80.56 77.75 81.89 

Water accessible 

porosity [%] 
26.1 28.7 30.3 30.8 32.0 25.8 28.5 29.6 31.2 34.7 

 

 
Figure 9. Cumulative pore volume of cement pastes 

 

3.4. Water accessible porosity 

The results of the water accessible porosity tests, obtained by the water displacement method, 

are presented in Table 3. As expected, the MIP results show that the incorporation of both types 

of Bi2O3 powders increased water accessible porosity, as a result of increased porosity of the 

cementitious skeleton. A similar result can be observed in the case of the water accessible 

porosity results. In all cases, an increased porosity was reported with an increase in the Bi2O3 

powder dosage, though slightly higher porosity values were observed for specimens containing 

micro-Bi2O3. The highest water accessible porosity was reported for the BNP30 specimen, due 

to the highest proportion of cement replacing Bi2O3 powder. A small decrement in water 



accessible porosity was found only in specimen BNP5, which confirms the idea that low 

nanoparticle dosages can contribute to a certain improvement in cement matrix microstructure. 

 

3.5. Gamma-ray attenuation properties 

The elemental concentrations and their densities as they occurred in the paste samples have 

been calculated and listed in Table S1 (Supplementary materials). The concentration values 

were used as input data for the WinXCom program to calculate the mass attenuation coefficients 

of the samples. In addition, the mean atomic number <Z>, mean atomic mass <A>, single-

valued effective atomic number and its variant based on the use of different fractions, such as 

atomic percentage of each element (𝛼𝑖
𝑎𝑡), fractional electronic content (𝑎𝑖

𝑒) and the elemental 

weight fraction (wi) were estimated as shown in below. 

Based on the atomic percentage of each element, 𝛼𝑖
𝑎𝑡,  Manninen and Koikkalainen [58], 

calculate the effective atomic number as (Eq. 7): 

𝑍eff = ∑ 𝛼𝑖
𝑎𝑡𝑍𝑖𝑖 .                                                                                                                         (7) 

Where 𝛼𝑖
𝑎𝑡 =

(𝑤𝑖/𝐴𝑖)

∑ (𝑤𝑖/𝐴𝑖)𝑖
.                                                                                                                       

Mayneord [59] evaluated Zeff by another power law, which involves the use of the fractional 

electronic content ( e

ia ) in the following form (Eq. 8): 

     𝑍eff  = (∑ 𝑎𝑖
𝑒𝑍𝑖

2.94
𝑖 )1/2.94                                                                                                           (8) 

Finally,  Murty [60] considered a simple empirical expression based on the elemental weight 

fraction (Eq. 9): 

𝑍eff = (∑ 𝑤𝑖𝑍𝑖
3.1

𝑖 )1/3.1                                                                                                              (9)                                                                                                                                      

Where Z and A are atomic and mass numbers, and the subscript i  refers to the ith constituent 

element. 

In fact, the availability of such the single-valued of Zeff is comparatively limited for low energies 

and is overly simplistic for many applications. Energy-dependent effective atomic numbers, on 



the other hand, provide reliable values. The energy dependence of Zeff for photon interaction 

(ZPI, eff) and photon energy absorption (ZEA, eff) are given by Zayed et al. [61] (Eq. 10): 

𝑍PI, eff =
∑ 𝑓𝑖𝐴𝑖(𝜇𝑚)𝑖𝑖

∑ 𝑓𝑖
𝐴𝑖
𝑍𝑖

(𝜇𝑚)𝑖𝑖

                                                                                 (10) 

Where, if  is the fractional abundance of ith element with respect to the number of atoms (𝑓𝑖 =

𝑛𝑖/ ∑ 𝑛𝑖𝑖 ). To calculate ZEA, eff, Eq. (10) can be used  by replacing µm by the mass-energy 

absorption coefficient, (𝜇𝑒𝑛, 𝑚). Table 4 lists all calculated effective atomic numbers. 

 

Table 4. Mean atomic number, mean atomic mass, single-value of Zeff calculated with different 

empirical expressions, maximum and minimum values of ZPI,eff and ZPE,eff are given for 

different Bi2O3 nanoparticles pastes; similar values were obtained for the microparticle cement 

samples. 

Sample 

name 
<Z> <A> 

Zeff
a 

ZPI,eff ZPE,eff 

(1 keV-100 GeV) (1 keV-20 GeV) 

Eq. (7) Eq. (8) Eq. (9) Min. Max. Min Max. 

CP 6.75 13.12 13.74 14.84 15.17 6.76 17.4 6.73 17.9 

BNP5 6.91 13.54 18.91 25.59 28.77 6.97 23.4 6.95 25.7 

BNP10 7.09 14.00 23.12 31.45 35.32 7.2 29.3 7.18 32.6 

BNP15 7.29 14.51 26.82 35.91 40.12 7.46 34.6 4.75 38.8 

BNP20 7.51 15.08 30.21 39.64 44.05 7.73 39.4 7.73 44.1 

BNP30 8.04 16.42 36.45 45.94 50.49 8.4 47.9 8.39 52.8 

Note:  a Calculated as described by the indicated Equation. 

 

From Table 4, all calculated parameters showed systematic increases with increasing Bi2O3 

content. Accordingly, these preliminary calculations indicate that Bi2O3 addition has a 

significant effect on the -ray shielding performance of cement-Bi2O3 composites.  

The linear attenuation coefficient of the cement paste, modified with the bismuth oxide nano 

and microparticles additions, were measured at 0.08, 0.238, 0.662, 0.911, 1.173, 1.333 and 

2.614 MeV photon energies experimentally and theoretically calculated with WinXCom. The 

m decreased with increasing photon energy for all the samples examined, but it exhibited a 



significant increase with increasing Bi2O3 concentration (Table 5). Specimen BMP30 exhibited 

the highest μ values, while the lowest values were determined in the reference paste sample 

(CP). 

Table 5 reveals that composites loaded with 30 wt.-% nano-Bi2O3 has increments of 363.3 % 

and 145.4 %, for  -ray linear attenuation coefficients at 0.08 and 2.614 MeV, respectively. 

The correlation of m with the type of inclusion particles indicates that there was a slight increase 

in the linear attenuation coefficient when using microparticles, which agrees with the literature 

[41]. However, this shift in values can be considered negligible and within the experimental 

error margin, as shown in Table 5. This result, which is discussed in section 3.5.1 below, is in 

agreement with earlier findings in the literature [39].  

  



Table 5. Experimental linear attenuation coefficients m (cm-1) of -rays of cement pastes having 

Bi2O3 micro- and nanoparticles; experimental error ≤ 5%. 

Paste 
Energy (MeV) 

0.08 0.238 0.662 0.911 1.173 1.333 2.614 

CP 0.865 0.382 0.245 0.211 0.186 0.174 0.125 

BMP5 1.420 0.545 0.292 0.249 0.219 0.204 0.147 

BNP5 1.350 0.550 0.280 0.237 0.211 0.192 0.146 

Diff.% -4.9 0.9 -4.2 -4.6 -3.7 -5.5 -0.7 

% 56.2 44.1 14.1 12.6 13.2 10.3 16.7 

BMP10 1.950 0.680 0.318 0.269 0.233 0.218 0.158 

BNP10 1.910 0.665 0.309 0.262 0.232 0.215 0.157 

Diff.%a -2.1 -2.2 -2.9 -2.4 -0.4 -1.6 -0.6 

%b 120.9 74.2 26.1 24.3 24.6 23.2 25.9 

BMP15 1.975 0.835 0.349 0.290 0.252 0.235 0.170 

BNP15 2.000 0.840 0.335 0.279 0.246 0.227 0.169 

Diff.% 1.3 0.6 -3.9 -3.8 -2.4 -3.6 -0.9 

% 131.3 120.0 36.7 32.5 31.9 30.1 35.3 

BMP20 3.145 1.010 0.377 0.310 0.268 0.250 0.182 

BNP20 3.105 0.960 0.360 0.298 0.255 0.242 0.166 

Diff.% -1.3 -5.0 -4.6 -3.9 -5.0 -3.1 -8.8 

% 259.2 151.5 46.7 41.3 36.6 38.9 33.1 

BNP30 4.005 1.060 0.591 0.370 0.317 0.347 0.306 

% 363.3 177.7 141.2 75.7 70.3 99.1 145.4 
                      aDiff. [%] = 100 × (𝜇BNP 20 − 𝜇BMP) 𝜇BMP⁄  
                     b[%] = 𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 [%] = 100 × (𝜇BNP 20 − 𝜇CP) 𝜇CP⁄  
 
 

For validation of our results, the experimental (m/)exp. and theoretical (m/)theo. mass attenuation 

coefficients for different pastes, modified with Bi2O3 nano and microparticles, are depicted 

simultaneously in Figures 10 and 11, respectively. Given that the determination of m/ 

dependence on photon energy is based on the corresponding dependence of partial photon 

interactions, the energy behavior of the mass attenuation coefficient should be discussed in 

terms of the relative importance of these partial photon processes. For an energy range from 80 

keV to 238 keV high contributions of photoelectric absorption causes a sharp decrease in mass 

attenuation coefficient, as the -ray energy increases. At the same time, Compton scattering 

dominates over the other energy region (0.662-2.614 MeV), which produces a considerable or 

slight decrease in m/ values with increasing photon energy.  



 
Figure 10. Experimental and theoretical mass attenuation coefficients of cement pastes: (A) CP, 

(B) BNP5, (C) BNP10, (D) BNP15, (E) BNP20, and (F) BNP30 as a function of photon 

energy. 

 



 
Figure 11. Experimental and theoretical mass attenuation coefficients of BMPs: (A) BMP5, (B) 

BMP10, (C) BMP15 and (D) BMP20 as a function of photon energy. 

 

The experiment results for all samples agree well with the theoretical data (Figs. 10 and 11). 

However, (m/) measured at 0.08 MeV showed a clear deviation from the theoretical model, 

due to the dominance of the photoelectric process, which is highly dependent on the atomic 

number. As a result, measurement is sensitive to sample homogeneity, while the calculation is 

overly sensitive to errors in the elemental analysis. In addition, the experimental and theoretical 

results of samples BNP15 and BMP15, shown in Figures 10(D) and 11(C), respectively, are in 

very close agreement, which can be attributed to the high level of homogeneity at this bismuth 

concentration. 

The normal way to discuss the impact of a certain additive on radiation shielding properties is 

through a comparison of mass attenuation coefficients of a particular material, with and without 



additives. Variation in mass attenuation coefficients between the BNP20, BMP20 and CP 

samples, as a function of photon energy, are given in Figure 12. All three samples had m/ 

values which were systematically higher than those of CP, especially in the low energy range. 

Nevertheless, no significant differences were seen in the gamma-ray attenuation performance 

between the nanoparticle paste series and microparticle paste series, at the same addition rate, 

as shown in Figure 12 (A and B).  

 
Figure 12. Experimental mass attenuation coefficients for (A) CP and BNP20 and (B) CP and 

BMP20, as a function of photon energy. 

 

Another interesting observation, visible in the 80 to 238 keV energy range in Fig. 12, is that the 

m/ of paste with additive declined faster than the control paste sample. This difference is a 

direct result of the fact that heavy addition extended the dominant region of the photoelectric 

effect in the modified paste, to higher photon energies, compared with the reference paste. For 

instance, the percentage probabilities of the photoelectric process in the energy interval 80 - 

238 keV, ranged from 30 % to 2 % and from 69 % to 49 % for CP and BNP30, respectively. 

This means that whilst at 238 keV the photoelectric interaction in the CP sample was a 

negligible process, its effect was still significant in the BNP30 sample. Therefore, the 

contribution of the photoelectric process may show up as an increase in the decline rate of m/ 

in the cement paste modified with bismuth oxide.  
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The half-value layer thickness (HVL) is a parameter associated with the attenuation coefficient. 

It stands for the material thickness that reduces the intensity of radiation by one half. Table 6, 

which lists the measured HVL values, indicates that pastes with higher Bi2O3 content had lower 

HVL, and therefore, those smaller thicknesses were needed. Again, as shown in Table 6, no 

significant difference between nano-and micronized Bi2O3 was observed. Even though there 

was a slight decrement in HVL when microparticles were used, the decrement was often 

insignificant or within experimental error.  

Table 6. Experimental HVL (in cm) of -rays for Bi2O3 micro and nanoparticles cement pastes; 

with experimental errors ≤ 4%. 

Sample 

name 

HVL (cm) 

0.08  

MeV 

0.238 

MeV 

0.662 

MeV 

0.911 

MeV 

1.173 

MeV 

1.333 

MeV 

2.614 

MeV 

CP 0.80 1.82 2.83 3.29 3.72 3.98 5.56 

BMP5 0.49 1.27 2.38 2.79 3.17 3.41 4.73 

BNP5 0.51 1.26 2.48 2.92 3.29 3.61 4.76 

BMP 10 0.36 1.02 2.18 2.58 2.97 3.18 4.39 

BNP 10 0.36 1.04 2.24 2.65 2.99 3.23 4.41 

BMP 15 0.35 0.83 1.99 2.39 2.75 2.95 4.07 

BNP 15 0.35 0.83 2.07 2.48 2.82 3.06 4.11 

BMP 20 0.22 0.69 1.84 2.24 2.59 2.78 3.81 

BNP 20 0.22 0.72 1.93 2.33 2.72 2.86 4.18 

BNP 30 0.17 0.65 1.17 1.87 2.18 2.00 2.27 

 

Part of the experiment was aimed at determining the relationship between the attenuation 

coefficient and the weight fraction of the Bi2O3 addition. The results for the nano- and micro- 

Bi2O3 were similar. Because a simple relationship between the attenuation coefficient and the 

Bi2O3 loading, over the full energy range considered (i.e., 0.8≤ E≤ 2.614 MeV), does not exist, 

the results have been presented for two separate energy regions: (A) over the energy range 0.08-

0.238 MeV, where photon interactions were sheared between photoelectric and Compton 

scattering and (B) over the energy range (0.911-2.614 MeV), in which Compton scattering was 

dominant. For our samples, the relationships over the two energy regions were markedly linear, 



for both nano- and microparticles additions. Only the results for the nano-Bi2O3 cement paste 

series have been presented here (Fig. 13).  

 

 

Figure 13. The linear attenuation coefficient of Bi2O3 nanoparticle cement paste as a function 

of weight percentage of Bi2O3, over two energy regions: (A) (0.08-0.238 MeV) and (B) 

(0.911-2.614 MeV). 

 

3.5.1. Comparison with published studies 

 

The results presented above concern the size and loading effects of Bi2O3 particles on -ray 

absorption, in nano-sized and micro-sized Bi2O3-cement paste composites. The results 

demonstrate that the size effect on -ray attenuation was insignificant at various photon energies 

(i.e., 0.08 –2.614 MeV). Our results are in line with many earlier experimental studies, which 

underline that -ray transmissions in both nano-sized and micro-sized particles are remarkably 

similar at photon energies > 30 keV. For instance, in works [36,39] the authors reported that 

for WO3-epoxy composites, the size effect (nano or micro) becomes insignificant at photon 

energies between 30 to 40 keV. Aghaz et al. [40] have also shown that diagnostic X-rays, 

measured at 80 and 100 kVp tube voltages, lead to an almost unchanged dose after passing 

through both nano- and micro-structured WO3/PVC samples. Künzel and Okuno [37] have 

published comparable results about the effects of the particle sizes of CuO compounds on X-
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ray absorption. These studies support only the superiority of X-ray absorption by 

nanostructured materials, as compared to microstructured ones, at low energy X-ray beams. 

Such results confirm that the superiority of nano-sized materials, over their micro-sized 

counterparts, is highly dependent on photon energy and is only seen at lower energies (i.e., 30 

keV). Beyond 60 keV, however, the size effect becomes negligible [62] and as a result, an 

almost -ray like shielding capability, for both nano and micro-structured samples, can be 

expected. Moreover, in a study by Shik and Gholamzadeh [41] it was found that a decrease in 

HVL, with energy for the PbO/EPVC microparticle composites, is not as steep as for their nano-

sized counterparts. As such, they conclude that shields fabricated with microparticles can better 

attenuate photons with higher energies.  

In contrast to experimental results, there have been some theoretical studies based on the Monte 

Carlo (MC) simulation, in which researchers such as Tekin et al. [34] and Verdipoor et al. [35] 

have argued for the superiority of nanostructured materials at higher photon energies. Such 

unexpected simulation results, which contradict experimental data, can be explained by two 

main factors. Firstly, there is the issue of the validity of using the simple mixture rule to predict 

the physical properties of complex, real samples. In other words, the MC or WinXCom program 

does not consider, for example, microstructural defects due to voids or agglomerates. Secondly, 

the cross-sectional library is limited to elements, instead of compound cross-sections. This 

approach treats the specimen as a group of isolated elements, without considering molecular or 

solid-state effects which modify cross-section values in real materials. The results of this 

research thus suggest that careful interpretation must be undertaken for attenuation properties 

obtained theoretically, because theoretical models oversimplify the radiation attenuation 

problem, by neglecting the influence of microstructural effects that occur in real materials [63]. 

 

 



3.6. Neutron attenuation properties 

The macroscopic cross-section of slow neutrons (with energies higer than 0.5 eV), Slow, was 

measured for all paste samples, with the effective removal cross-sections of fast neutrons, 

R,calculated with the NXCom program [64]. Moreover, the associated HVL values were also 

determined, with all the results of neutron shielding property tests presented in Table 7.  

As can be seen in Table 7, no simple relationship exists between slow neutron attenuation and 

Bi2O3 loading, but there were improved values for Slow at specific loading rates (5 % and 10 

%). The composite loaded with 30 wt.-% nano-Bi2O3 shows a distinct increment of 33 % for 

the Slow over the reference paste. Irregularities in the variations of Slow with increases in Bi2O3 

content can be attributed to microstructural effects. This is because the total neutron cross-

section of the Bi-209 nucleus, at slow neutron energies (0.5-10 eV), is not high enough to 

produce a notable change in Slow (see Figure S1 – Supplementary materials). 

The removal cross-section results showed a systematically increasing trend, with an increasing 

additive ratio. This behavior can be explained in terms of chemical composition and the total 

neutron cross-section of Bi-209 due to neutron capture at the resonance region (Figure S1) and 

scattering interactions (Figure S2 – Supplementary materials) at fast energies (10 keV-10 

MeV). Both effects increase the removal cross-section as bismuth content increases. 

Table 7 also shows the correlation between the inclusion particle type and the attenuation 

coefficients for slow and fast neutrons. It can be seen that, except for BNP30, both Slow and  

increased only slightly when nanoparticles were used. The slight differences between the micro-

and nanoparticle additions could have originated from structural or physical properties like 

density or paste porosity. 

 

 



Table 7. Experimental macroscopic cross-sections of slow neutron Slow and the calculated 

removal cross-section of fast neutron R for micro-and nanoparticles cement pastes. The 

corresponding HVLs are listed.  

 

Paste  
 (cm-1) HVL (cm) 

Slow [%]𝑎 R [%] Slow [%]  Fast  [%] 

CP 0.28530.0096   0.162   2.4300.023   4.27   

BMP5 0.28600.0100 0.3 0.185 13.75 2.4240.024 -0.3 3.76 -11.9 

BNP5 0.28980.0104 1.6 0.187 15.29 2.3920.025 -1.6 3.71 -13.1 

BMP 10 0.29400.0109 3.0 0.192 18.62 2.3580.026 -3.0 3.6 -15.7 

BNP 10 0.29770.0113 4.3 0.195 20.41 2.3280.026 -4.2 3.55 -16.9 

BMP 15 0.28530.0111 0.0 0.2 23.18 2.4300.027 0.0 3.47 -18.7 

BNP 15 0.28720.0115 0.7 0.202 24.35 2.4140.027 -0.7 3.44 -19.4 

BMP 20 0.28500.0117 -0.1 0.206 27.19 2.4320.028 0.0 3.36 -21.3 

BNP 20 0.28740.0121 0.7 0.209 28.55 2.4110.029 -0.8 3.32 -22.2 

BNP 30 0.37950.0227 33.0 0.204 25.46 2.4300.035 -24.8 3.41 -20.1 

a[%] = 𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 [%] = 100 × (𝛴BNP − 𝛴CP) 𝛴CP⁄  

 

The correlation between the inclusion particle type and neutron attenuation was in contrast with 

the results of -ray attenuation; i.e., the microparticles caused a slight increase in -ray shielding 

properties, in comparison with the nanoparticles (see Table 5). This difference confirms the 

accuracy of our experiment because gamma and neutron shielding materials tend to have 

opposite requirements concerning their constituents. 

Finally, the fast and slow neutron HVL results showed similar variation trends to Slow and R. 

No simple relation describes the variation of HVL (slow) with the Bi2O3 loading rate. However, 

for the fast neutron, the CP was worse by ~25 % in neutron shielding performance, expressed 

as HVL (fast), in relation to BNP30, as shown in Table 7. 

 

 

 

 



4. Conclusions 

 

In this study, Bi2O3 micro and nanoparticles were evaluated as potential Portland cement 

replacements for producing a lead-free shielding material. A comparative study between these 

pastes was carried out regarding their physical, mechanical and radiation shielding properties. 

The following conclusions can be drawn from the theoretical and experimental findings above: 

1) The particle size distribution of Bi2O3 has a significant influence on water demand as well 

as on cement paste consistency. It affects packing density at the level of fine particles and 

consequently plays an important role in determining paste consistency. Incorporation of 

more than 10 wt.-% of micro-Bi2O3 to the paste resulted in a dramatic decrement in their 

consistency. In contrast, specimens with nano-Bi2O3 exhibited slight consistency 

decrement even when cement was replaced up to 30 wt.-% with nano-Bi2O3.  

2) Replacement of cement with Bi2O3 micro- and nanoparticles results in a gradual decrement 

in the compressive strength of cement pastes. However, the deterioration rate varies, 

depending on the type of powder used, in favor of nano-Bi2O3. Replacement of cement 

with 20 wt.-% of micro-Bi2O3 resulted in decrement of 28 d compressive strength by half. 

Similar strength loss was reported when cement was replaced with 30 wt.-% of nano-Bi2O3. 

In addition, a small dosage (5 wt.-%) of nano-Bi2O3 prevents strength loss, due to the filling 

ability of nanoparticles. 

3) Similarly, the incorporation of micro-Bi2O3 powder resulted in a gradual increment of the 

total porosity and water accessible porosity of cement paste. The specimens containing 15 

wt.-% and 20 wt.-% of micro-Bi2O3 exhibited over 50 % higher total porosities than control 

specimen. In case of nano-Bi2O3, up to 20 wt.-% relatively low increment of total porosity 

was observed. However, specimen containing 30 wt.-% of nano-Bi2O3 exhibited 47 % 

higher total porosity than control specimen.  



4) All -shielding parameters show systematic increases with increasing Bi2O3 content. 

However, the role of particle size in -ray shielding was insignificant over the energy range 

of interest (i.e. 0.08-2.614MeV). It seems, however, that this finding is in line with the 

findings of many earlier experimental studies. 

5) The experimental and theoretical results of BNP15 and BMP15 sample tests were in 

excellent agreement.  

6) Bi2O3 addition extended the dominant region of the photoelectric process in the modified 

paste to higher photon energies, compared with the reference paste. 

7) No simple relationship exists between the linear attenuation coefficient and Bi2O3 loading, 

over the energy range of interest. However, variations in m for nano and microparticles are 

markedly linear for two energy regions; (0.08-0.238 MeV), and (0.911-2.614 MeV). 

8) Careful interpretation must be undertaken regarding radiation attenuation properties 

obtained theoretically. This is because theoretical models oversimplify the attenuation 

problem, by neglecting the influence of the molecular and microstructural effects that are 

found in real samples.  

9) Due to the presence of microstructural effects, no simple relationship exists between slow 

neutron attenuation and Bi2O3 content. However, improved values for Slow were observed 

at specific loading rates (5 wt.-% and 10 wt.-%). Furthermore, a distinct value was found 

for BNP30. 

10) The R results showed systematic increase with an increasing Bi2O3 ratio.  
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Figure Captions: 

Figure 1. SEM micrographs of Bi2O3 microparticles (left) and Bi2O3 nanoparticles (right). 

Figure 2. TG curves of Bi2O3 micro- and nanoparticles. 

Figure 3. Particle size distribution (PSD) of dry powders used for cement paste production. 

Figure 4. Gamma-ray attenuation measurement experimental setup. 

Figure 5. Schematic diagram of the experimental setup for neutron detection  

Figure 6. Variation of 𝑙𝑛(𝐼𝑜 𝐼⁄ ) versus thickness for BNP15 paste sample, irradiated with 

0.911 MeV gamma-ray beam (left). Variation of ln (0/) versus thickness for BMP15 paste 

sample, irradiated with slow neutron beam (right).  

Figure 7. Consistency of cement pastes determined with the flow table method. 

Figure 8. Compressive strength of cement pastes at 7 d (left) and 28 d (right) 

Figure 9. Cumulative pore volume of cement pastes 

Figure 10. Experimental and theoretical mass attenuation coefficients of cement pastes: (A) 

CP, (B) BNP5, (C) BNP10, (D) BNP15, (E) BNP20, and (F) BNP30 as a function of photon 

energy. 

Figure 11. Experimental and theoretical mass attenuation coefficients of BMPs: (A) BMP5, 

(B) BMP10, (C) BMP15 and (D) BMP20 as a function of photon energy. 

Figure 12. Experimental mass attenuation coefficients for (A) CP and BNP20 and (B) CP and 

BMP20, as a function of photon energy. 

Figure 13. The linear attenuation coefficient of Bi2O3 nanoparticle cement paste as a function 

of weight percentage of Bi2O3, over two energy regions: (A) (0.08-0.238 MeV) and (B) 

(0.911-2.614 MeV). 

 

Table captions: 

Table 1. Chemical compositions of Portland cement [wt.-%] 

Table 2. Cement paste mix design 

Table 3. Basic parameters of pore structure measured by MIP and water accessible porosity 

Table 4. Mean atomic number, mean atomic mass, single-value of Zeff calculated with different 

empirical expressions, maximum and minimum values of ZPI,eff and ZPE,eff are given for 

different Bi2O3 nanoparticles pastes; similar values were obtained for the microparticle cement 

samples. 



Table 5. Experimental linear attenuation coefficients m (cm-1) of -rays of cement pastes having 

Bi2O3 micro- and nanoparticles; experimental error ≤ 5%. 

Table 6. Experimental HVL (in cm) of -rays for Bi2O3 micro and nanoparticles cement pastes; 

with experimental errors ≤ 4%. 

Table 7. Experimental macroscopic cross-sections of slow neutron Slow and the calculated 

removal cross-section of fast neutron R for micro-and nanoparticles cement pastes. The 

corresponding HVLs are listed.  
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Table S1. Elemental weight fraction (w %) and the elemental density (i) as it appears in the paste sample. 

Elem. 

CP Bi2O3 5 % Bi2O3 10 % Bi2O3 15 % Bi2O3 20 % Bi2O3 30 % 

w % i w % 

i 

w % 

i 

w % 

i 

w % 

i 

w % i 

BMP BNP BMP BNP BMP BNP BMP BNP 

H 3.20 0.101 3.08 0.113 0.115 2.96 0.117 0.119 2.84 0.120 0.121 2.71 0.122 0.124 2.45 0.117 

C 0.26 0.008 0.25 0.009 0.009 0.24 0.010 0.010 0.23 0.010 0.010 0.22 0.010 0.010 0.20 0.010 

O 50.76 1.599 49.29 1.814 1.839 47.78 1.887 1.916 46.23 1.955 1.974 44.63 2.013 2.035 41.27 1.973 

Na 0.11 0.004 0.11 0.004 0.004 0.10 0.004 0.004 0.10 0.004 0.004 0.09 0.004 0.004 0.09 0.004 

Mg 0.91 0.029 0.88 0.032 0.033 0.84 0.033 0.034 0.81 0.034 0.034 0.77 0.035 0.035 0.70 0.033 

Al 2.01 0.063 1.94 0.071 0.072 1.87 0.074 0.075 1.79 0.076 0.076 1.71 0.077 0.078 1.54 0.074 

Si 6.85 0.216 6.61 0.243 0.246 6.35 0.251 0.255 6.09 0.257 0.260 5.82 0.262 0.265 5.25 0.251 

S 1.62 0.051 1.56 0.057 0.058 1.50 0.059 0.060 1.43 0.061 0.061 1.37 0.062 0.063 1.24 0.059 

K 0.43 0.013 0.41 0.015 0.015 0.40 0.016 0.016 0.38 0.016 0.016 0.36 0.016 0.017 0.33 0.016 

Ca 32.67 1.029 31.49 1.159 1.175 30.27 1.196 1.214 29.02 1.227 1.239 27.72 1.250 1.264 25.02 1.196 

Fe 1.18 0.037 1.14 0.042 0.042 1.09 0.043 0.044 1.05 0.044 0.045 1.00 0.045 0.046 0.90 0.043 

Bi - - 3.25 0.120 0.121 6.60 0.261 0.264 10.04 0.425 0.429 13.59 0.613 0.620 21.02 1.005 

 



 

Figure S1. Energy dependent of total neutron cross section of Bi-209 nucleus, relatively small 

values are noticed for Slow. Based on [1]. 

 

 

Figure S2. Energy dependent of the inelastic neutron scattering cross section of Bi-209 nucleus, 

the maximum values are recorded in the energy region 4 - 9 MeV. Based on [1].  
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