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H I G H L I G H T S  

• Ba- and Sr-doped cements belonging to the CaO-Al2O3-ZrO2 system were proposed for heavy concretes. 
• Mechanical, physical and gamma-ray attenuation properties of (CaO,SrO,BaO)-Al2O3-SiO2-ZrO2 concretes are presented. 
• Difference in gamma ray attenuation properties of green and sintered castables was highlighted. 
• Radioactive sources 22Na, 137Cs, 60Co, 133Ba and 152Eu were used in this study. 
• Sr and Ba elements were chemically bonded within both hydrated cement matrix and the ceramic matrix of concrete.  
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A B S T R A C T   

This paper presents an experimental study on the performance of shielding refractory concretes containing new 
types of cements for use in the radiation protection technology. Three concretes with corundum aggregate and 
special refractory inorganic cements belonging to the CaO–Al2O3, SrO–CaO–Al2O3–ZrO2, SrO–Al2O3 and 
BaO–CaO–Al2O3–ZrO2 systems were tested. The products formed in the hydration of these binders were detected 
by SEM-EDS. The linear attenuation coefficients obtained from measurements with γ quanta emitted by the 
following sources: 22Na, 137Cs, 60Co, 133Ba and 152Eu in the range of 80–1408 keV were determined twice, 
firstly after casting and drying (110 ◦C) of concretes, and secondly after sintering at 1400 ◦C. Especially, this 
work fills the gap in the literature providing the gamma rays attenuation properties of cement-containing heat- 
resistant corundum concretes in the energy region between 779 keV and 1112 keV. The experimental setup 
equipped with the ORTEC GMX25P4-70 High Purity Germanium detector (HPGe) cooled with liquid nitrogen 
was used for determination of the gamma-ray linear attenuation coefficients of new materials. The role of the 
cement on the compressive and bending strengths, pore structure (mercury intrusion porosimetry), phase 
composition (XRD, FT-IR) and microstructure (SEM-EDS) of heat-treated concretes was reported. It was found 
that the incorporation of Sr or Ba and Zr elements with cements improved the attenuation properties of 
corundum-based concretes, in comparison to the concretes containing Ca. The doping alkaline earth elements i.e. 
Sr and Ba were chemically bonded within both hydraulic matrix of green concretes and ceramic matrix formed in 
concrete through sintering at 1400 ◦C. Hence, these materials with gamma radiation shielding capacity are 
designed for special construction applications.   

1. Introduction 

Concrete, being a construction material composed of cement, both 
fine and coarse heavy weight aggregates mixed with water which 
hardens with time, has been used in the construction of nuclear facilities 

because of two primary advantages, its structural strength and its ability 
to shield radiation. Several attempts have been made to investigate e.g. 
the effect of cement and aggregate type and water to cement weight 
ratio (w/c) on the physical properties, gamma and neutron shielding 
effectiveness of concretes [1–6]. It has been reported in the recent 

* Corresponding author. 
E-mail address: dmadej@agh.edu.pl (D. Madej).  

Contents lists available at ScienceDirect 

Materials Chemistry and Physics 

journal homepage: www.elsevier.com/locate/matchemphys 

https://doi.org/10.1016/j.matchemphys.2020.124095 
Received 14 July 2020; Received in revised form 19 November 2020; Accepted 23 November 2020   

mailto:dmadej@agh.edu.pl
www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2020.124095
https://doi.org/10.1016/j.matchemphys.2020.124095
https://doi.org/10.1016/j.matchemphys.2020.124095
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchemphys.2020.124095&domain=pdf


Materials Chemistry and Physics 260 (2021) 124095

2

literature that, many efforts have been undertaken to find new concrete 
having a high resistance against elevated temperature [7–9]. 

As is well known to those skilled in the concrete technology, the 
binder choice drives the optimization of overall properties of concrete 
including engineering, mechanical, structural, and radiation shielding 
properties. Three well-known strategies for solving these optimization 
problems are the binder design, the choice of aggregates and the con
crete mix design. Portland cements are concerned as the representative 
binder of commonly used binder for shielding concretes together with 
other coarse aggregates. Heavy-weight and nuclear-shielding coarse 

aggregates types are natural mineral and synthetic aggregates. The 
commonly used types of natural mineral aggregates are boron minerals 
(colemanite), barium minerals (barite) and iron minerals and ores (he
matite, magnetite, limonite). The commonly used types of manufactured 
synthetic aggregates are boron frit glasses, ferroboron, boron carbide, 
ferrophosphorus, steel punchings, heavy slags and ferrosilicon [10–11]. 

With regard to the systematic literature review on hydraulic binders 
for shielding concrete, the divalent metal aluminate phases and 
aluminates-containing composite cements seem to have an increasing 
interest, especially due to their excellent refractory properties. Nowa
days, calcium aluminate cements are the only used aluminous cements 
designed for high performance unshaped refractory materials (mono
lithic refractories) [12–14]. However, the doping of the calcium 
aluminate (Ca–Al–O) series with different CaO to Al2O3 proportions 
with Sr2+ or Ba2+ ions can predispose these cements to be used as 
components of radiation shielding ceramic materials [15–18]. It is found 
that the single-phase solid solutions of Ca1-xSrxAl2O4 exist only over a 
very limited range, x < 0.35 and x > 0.85 [19]; x = 1 to x = 0.5 [20] or x 
< 0.25 and x > 0.75 [21]. It was also found that the miscibility between 
two endmembers CaAl2O4 and BaAl2O4 is incomplete [22]. Two binary 
solid solution systems with the general formula (Ca,Ba)Al2O4 exist – one 
on the Ca side yielding Ca rich solid solutions, the other on the Ba side 
giving rise to Ba rich solid solutions. Many interesting applications of the 
Ba-bearing compounds in the ceramic technology can be found in 
[23–26]. These applications include refractory castables based on 
barium aluminate cements [23–24], engineering ceramics or refractory 
components containing barium aluminates [25] or refractory concrete 
containing barium aluminate-barium zirconate cements [26], most of 

Table 1 
Batch compositions of castables (wt.%).  

Raw materials Index Sample code 

A B C 

White tabular alumina 0.2–3 mm 55.05 55.05 55.05 
Electrocorundum 0–0.1 5.77 5.77 5.77 
Reactive aluminas ≥325 mesh 27.18 27.18 27.18 
Microsilica 971U 2.00 2.00 2.00 
Calcium aluminate cement G50+ 10.00 – – 
Calcium aluminate cement G70 – 2.73 2.73 
Sr-doped CaO–Al2O3–ZrO2 

cement 
325 mesh – 5.45 – 

SrAl2O4-based cement 325 mesh – 1.82 – 
Ba-doped CaO–Al2O3–ZrO2 

cement 
325 mesh – – 7.27 

Dispersant M-ADS + M- 
ADW 

1.0 1.0 1.0 

Water Distilled 11.0 11.0 11.0  

Fig. 1. a) Schematic representation of the experimental setup used in the determination of the linear attenuation coefficients for the studied concretes. An elemental 
source of γ radiation (yellow star) was collimated with a lead shielding (in blue). Samples of tested material with different thicknesses were placed in front of the 
ORTEC GMX25P4-70 High Purity Germanium detector (HPGe) [22], integrated with a preamplifier, was recording energies of the γ quanta passing through the 
samples. The Data Acquisition System was composed by the TUKAN multichannel analyzer [23] and a computer (PC). b) Photograph of the experimental setup 
described before. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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which exhibit gamma ray shielding properties. Recent studies from our 
laboratory have shown that the Ba2+-, Cu2+- or Bi3+-doped 
CaO–Al2O3–ZrO2-based cements [27], Sr-doped Ca7ZrAl6O18 cement 
[28–30] and SrAl2O4 [31] cement play a key role in the radiation 
shielding concretes technology. 

With this systematic literature review, we aim to fill gap in providing 
an implementation of new high-alumina refractory cements in the 

technology of radiation shielding concretes. With going into the details 
of this issue, the aim of this work is to assess the gamma radiation 
shielding effectiveness of calcium aluminate cement-containing re
fractory concretes, and concretes which were additionally doped with 
strontium or barium. For this purpose, the high purity corundum 
aggregate was used as a filler together with both commercially available 
calcium aluminate cements and as-synthesized cements both belonging 

Fig. 2. Dependence of the net counts N on the thickness x measured for con
crete B at γ quantum energy of 1408 keV. The red curve represents an expo
nential fit (according to Eq. (1)) allowing estimation of the linear attenuation 
coefficient. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 3. Typical scanning electron microscopy (SEM) images of the microstructure of a 48-h old Ba-doped C7A3Z cement paste (a and c). Fig. 3b. EDS analysis of the 
elongated crystals of B-rich (B,C)-A-H hydrates; B = BaO, C = CaO, A = Al2O3, H = H2O. 

Fig. 4. Typical scanning electron microscopy (SEM) image of the microstructure of a 48-h old Sr-doped C7A3Z cement paste (a). Fig. 4b. EDS analysis of the cubic 
hydrate Sr-rich (C,Sr)3AH6; Sr = SrO, C = CaO, A = Al2O3, H = H2O. 

Fig. 5. Typical scanning electron microscopy (SEM) image of the microstruc
ture of a 48-h old SrAl2O4 cement paste. 
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to the CaO–Al2O3–ZrO2 system doped with divalent cations Sr or Ba and 
strontium monoaluminate (SrO⋅Al2O3) cement. 

2. Materials and methods 

2.1. Synthesis of Ba-/Sr-doped Ca7ZrAl6O18 and SrAl2O4 cements and 
their hydration characteristics 

The preparation of samples with chemical formulas Ca7-xMex
2+Z

rAl6O18 (where Me2+ = Sr2+ or Ba2+ and x = 1.0) and SrAl2O4 was 
performed by standard ceramic method. The molecular concentration x 
is substituted for Sr2+ in the chemical formula, as it was presented before 
[28–30], but x is not substituted for Ba2+ in this chemical formula, as it 
was also presented in Ref. [27]. The oxides Al2O3 and ZrO2 from Acros 
Organics (with 99.0% purity), and carbonates SrCO3 and BaCO3 from 
Avantor Performance Materials Poland (with 99.9% purity) were used as 
starting materials for the synthesis Sr-doped Ca7ZrAl6O18, Ba-doped 
Ca7ZrAl6O18 and SrAl2O4 cements. Within each sample, raw materials 
were calculated and weighted according to the stoichiometric propor
tion of weight oxides. Three batches of dry powders were homogenized 
in a laboratory ball mill for 2 h. Then, the resulting powders were 
pressed at ca. 30 MPa to cylindrical samples of 2 cm in length and 
diameter, and pre-sintered at 1300 ◦C for 10 h to get moisture free, 
homogeneous, calcined samples. The calcined products were 
hand-crushed, milled to fine powders, pressed into cylinders and then 

Fig. 6. The XRD pattern of the concrete materials A-C after sintering at 1400 ◦C.  

Fig. 7. FT-IR spectra of the concrete materials A-C after sintering at 1400 ◦C in 
the range of 400–4000 cm− 1. 

Fig. 8. a–c. An overview of SEM microstructure of concrete material A, B and C.  
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sintered at 1400 ◦C (Sr- or Ba-doped Ca7ZrAl6O18) or at 1550 ◦C 
(SrAl2O4) in air atmosphere for about 10 h and cooled with the furnace 
to room temperature. Cement clinkers, which were in the form of small 
cylinders, were ground to produce finished cements. The commercially 
available calcium aluminate cements Górkal G50+ and 70 was also 
used. 

The dry cement powders were mixed using water-cement ratio of 1.0 
and homogenized cement pastes were casted into polyethylene bags. 
The neat cement paste samples were conditioned at 50 ◦C and 90% 
relative humidity for 48 h. The microstructures of hardened cement 
pastes were evaluated based on the results of microscopy/chemical 
analysis of fracture surfaces using SEM-EDS. The hardened cement 
pastes were pre-treated in an acetone solution to stop the cement hy
dration and they were checked using XRD. 

2.2. Concrete materials 

Concretes with three different non-traditional aluminate binders 
alternative to Portland cement were analyzed in this study. For each 
concrete mixture we used: white tabular alumina (from Almatis) and 
electrocorundum as grains/aggregates; alumina fines (reactive aluminas 
from Almatis), microsilica 971U from Elkem, calcium aluminate cement 
G50+ (Sample A), calcium aluminate cement G70 (Samples B and C) 
from Górka Cement Sp. z o. o., Sr-doped C7A3Z-based and SrAl2O4 
presynthesized cements (Sample B) or Ba-doped C7A3Z-based pre
synthesized cement (Sample C), additives and water (Table 1). After the 
dry- and wet mixing procedures, two cubic (~50 × 50 × 50 mm and 
~70 × 70 × 38 mm) and one prismatic (25 × 25 × 120 mm) samples 
were cast from each batch, cured at room temperature for 24 h under 
relative humidity ~95%, dried at 110 ◦C for another 24 h (green con
cretes) and finally sintered at 1400 ◦C for 5 h. 

2.3. Testing 

X-ray diffraction (XRD) was used to determine the crystalline phases. 
The XRD patterns were recorded using a X’Pert Pro PANalytical 
diffractometer within the range of 2θ values between 5◦ and 90◦ using 
Cu Kα radiation (λ = 1.54060 nm) at 45 kV (step size of 0.008◦). The X- 
ray diffraction patterns were compared with JCPDS database. FT-IR 
spectroscopy was adopted to obtain fundamental information concern
ing the functional groups of the studied hardened cement pastes and 
concrete materials. Fourier BIO-RAD FTS60V spectrometer was used for 
this purpose. Microstructure evaluation of the hardened cement pastes 
and concrete materials was evaluated using SEM-EDS (the NOVA NANO 
SEM 200 from FEI Europe Company and EDAX). Bulk density and open 
porosity of the concrete materials were measured by Archimedes’ 
method according to the polish standard PN-EN 993–1:2019–01. Mer
cury porosimetry (PoreMaster 60 Quantachrome) was used to determine 
the internal structure of porous concrete materials. Mechanical prop
erties both cold modulus of rupture (CMOR) and cold crushing strength 
(CCS) of the sintered concrete materials A, B and C were determined 
according to the PN-EN 1402–6:2005 and PN-EN ISO 1927–6:2013-06 
standards, respectively. 

The attenuation of γ quanta by a given absorber can be characterized 
by a linear or mass attenuation coefficient which in general is dependent 
on the energy of photons. The intensity of γ quanta beam after passing by 
an absorber of thickness x can be expressed as Lamberts law: 

Fig. 9. SEM detailed microstructure of concrete material A. Points 1–3 EDS 
analysis: 1 – Al2O3, 2 – CA6, and 3 – C2AS. 

Fig. 10. a SEM detailed microstructure of concrete material B. Points 1–3 EDS analysis: 1 – Al2O3, 2 – (C,Sr)A6 solid solution and 3 – ZrO2. Fig. 10b. Representative 
EDS spectrum of light grey regions (Point 2 – (C,Sr)A6 solid solution) surrounding coarse alumina grain in Fig. 10a. 
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N(x)=N0e− μx (1)  

where μ is the linear attenuation coefficient and N0 denotes the initial 
intensity of the beam hitting the absorber. Thus, one of the possible way 
to determine the attenuation properties (μ) of a new material are mea
surements of the number of γ quanta passing through the absorber 
without any interactions in a function of its thickness. In such a mea
surements one usually uses elemental sources providing γ quanta with 
well-defined energies (e.g. 22Na or 137Cs). A scheme of the experi
mental setup used in characterization of the materials presented in this 
article is shown in Fig. 1a. 

Since the shielding properties against gamma quanta characterizing 
any material in general depends on energy of the radiation we have 
studied photons of energy in the range of 80–1408 keV. 

For each sample we have investigated attenuation properties using γ 
quanta emitted by the following sources: 22Na, 137Cs, 60Co, 133Ba and 
152Eu. Each source was placed in a led collimator which at the same 

time served as a shielding material against the environmental radiation 
background. For precise determination of the attenuation coefficient we 
have used the ORTEC GMX25P4-70 High Purity Germanium detector 
(HPGe) cooled with liquid nitrogen (see Fig. 1b). It provides excellent 

Fig. 11. a SEM detailed microstructure of concrete material C. Points 1–4 EDS analysis: 1 – Al2O3, 2 – CA6, 3 – Al-rich Ba–Ca–Si–O oxide inclusion, and 4 – ZrO2. 
Fig. 11b. Representative EDS spectrum of light grey regions (Point 3 – Al-rich Ba–Ca–Si–O oxide phase) surrounding needle-shaped crystals of CA6 in Fig. 11a. 

Table 2 
Elemental analysis of concrete materials before sintering.  

Sample Element Total 

Al Ca Ba Sr Fe Si Zr O H 

Component/mass % 

Concrete A 46.84 2.57 – – 0.20 1.06 – 48.75 0.58 100 
Concrete B 46.47 1.59 – 1.18 – 0.89 0.55 48.74 0.58 100 
Concrete C 46.28 2.32 1.04 – – 0.89 0.69 48.20 0.58 100  

Table 3 
Elemental analysis of concrete materials sintered at 1400 ◦C.  

Sample Element Total 

Al Ca Ba Sr Fe Si Zr O 

Component/mass % 

Concrete A 49.41 2.72 – – 0.22 1.12 – 46.53 100 
Concrete B 49.02 2.14 – 1.24 – 0.72 0.58 46.30 100 
Concrete C 48.82 2.44 1.09 – – 0.72 0.73 46.20 100  

Table 4 
Physical and mechanical properties of concrete materials sintered at 1400 ◦C.  

Concrete Density/g cm− 3 Open porosity/% CMOR/MPa CCS/MPa 

A 2.79 24.4 34.8 114.9 
B 2.72 26.4 31.1 89.6 
C 2.64 28.5 25.2 77.8  

Fig. 12. Cumulative pore volume as a function of the pore diameter of the 
concrete materials A-C after sintering at 1400 ◦C. 
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energy resolution, 1.90 keV at 1330 keV line, and peak to Compton ratio 
of 53:1 [32] which are crucial in the precise determination of the 
number of γ quanta passing through the sample without interaction. 
Each studied sample was placed inside the led shield between the sur
face of the detector and collimated source. The detector was registering 
the γ quanta passing through the sample and measuring their energies. 
For each energy line we have determined the net counts by fitting the 
Gaussian function and integrating the peak area within the range of ±3σ 
[33] around the central value. Such measurements were done without 
any sample and for several samples of different thickness for each 
studied concrete within a fixed time interval of 1000 s. An example of 
the net counts dependence on the sample thickness obtained for con
crete B at 152Eu line of energy 1408 keV is shown in Fig. 2. A fit of the 
theoretical curve according to Eq. (1) led to determination of the linear 
attenuation coefficient μ of the studied concretes at 18 γ quanta energies 

up to 1408 keV. Transforming Eq. (1) to the following form: 

ln
(

N(x)
N0

)

= − μx (2)  

results in a linear dependence on the absorber thickness and may be also 
used to determine the value of μ. We have performed an independent 
analysis of the gathered data using Eq. (2) to check a possible bias on the 
obtained linear attenuation coefficient values due to the chosen fitting 
method. The linear attenuation coefficients may be used to determine 
other quantities relevant to the radiation protection, like the Half-Value 
Layer (the average amount of material needed to reduce the radiation 
intensity by 50%): HVL =

ln(2)
μ . Knowing the density of each sample, ρ, 

one can estimate also the mass attenuation coefficient μm = μ/ρ which 
opens possibility to estimate the effective atomic number of the tested 
concretes and the total atomic cross section [34]: 

σa =
μm

Na
∑

iwi/Ai

(3)  

where Na denotes the Avogadro number, wi is the proportion by weight 
of the material’s ith constituent element and Ai stands for its atomic 
weight. 

3. Results 

3.1. AS-SYNTHESIZED cement clinkers 

Three aluminate-based cement clinkers Ba-doped Ca7ZrAl6O18, Sr- 
doped Ca7ZrAl6O18 and SrAl2O4 clinkers were successfully synthesized 
via a two-step ceramic route through calcination and sintering. The Ba- 
doped C7A3Z clinker contains one major (Ca7ZrAl6O18) and two minor 
constituents (Ba0.8Ca0.2ZrO3, BaAl2O4) as presented in Ref. [27], 
whereas the (Sr,Ca)7ZrAl6O18 solid solution exists as the main constit
uent of the Sr-doped C7A3Z clinker with some admixture of (Ca,Sr)ZrO3 
phase [28–30]. Going into details, the XRD patterns of as-synthesized 
Ba-doped Ca7ZrAl6O18 and Sr-doped Ca7ZrAl6O18 powders were in 

Fig. 13. Log differential volume − dV/d(log d) versus pore diameter of the 
concrete materials A-C after sintering at 1400 ◦C. 

Fig. 14. Linear attenuation coefficients obtained from measurements with γ quanta in the range of 80–1408 keV for all the concretes presented in this paper before 
(a–c) and after sintering (d–f). The error bars represent both the statistical and systematic uncertainties added in quadrature. For each spectrum the red curve 
represent polynomial fit do the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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agreement with JCPDS Card No. 98-018-2622 with slight peak shifts 
towards lower angles, which is believed to be caused by the presence of 
Ba and Sr doping element in solid solutions in Ca7ZrAl6O18, respectively. 
We also found that strontium ions more readily dissolve into Ca7Z
rAl6O18 crystal lattice than barium ions. With respect to the 
as-synthesized strontium aluminate clinker, the XRD pattern indicates 
an almost single phase sample of SrAl2O4 according to the JCPDS Card 
No. 98-002-6466. 

In commercially available calcium aluminate cements, there were 
many mineralogical phases present in the G50+ cement i.e. calcium 
monoaluminate CA as a main phase (JCPDS Card No. 98-018-0997), 
calcium dialuminate CA2 (JCPDS Card No. 00-046-1475), brownmil
lerite C4AF (JCPDS Card No. 98-002-7112), dodecacalcium hepta- 
aluminate C12A7 (JCPDS Card No. 98-000-6287), gehlenite C2AS 
(JCPDS Card No. 98-016-0331) as secondary phases; in the G70 cement 
i.e. CA, CA2 as main phases, and C12A7, α-Al2O3 (JCPDS Card No. 98- 
009-9783) as secondary phases. 

3.2. Hardened cement pastes 

Three types of as-synthesized aluminate-based cement clinkers were 
ground and finally, the fine powdered cements were mixed with water to 
obtain the neat cement pastes. Morphological features of hydrated 
cement pastes exhibited on carefully fractured and carbon coated frac
ture surfaces have been critically examined using SEM/EDS. The results 
of scanning electron microscopy (SEM) analysis of morphological 
characteristics of the Ba-doped or Sr-doped Ca7ZrAl6O18 and SrAl2O4 
cement pastes prepared at a water-to-solid weight ratio of 1.0 at the age 
of 48 h are presented in Figs. 3–5, respectively. The hydration charac
teristics were observed mainly by changes in the C-(Ba2+ or Sr2+)-A-H 
and Sr-A-H phases (Figs. 3–5). It can be observed, that there is a residual 

core of the unhydrated Ba-doped C7A3Z cement surrounded by the 
elongated crystals of calcium-barium-aluminate hydrates (Fig. 3a–b). 
Fig. 3b shows the EDS spectrum of these elongated crystals containing 
multiple elements including Ca, Ba, Al and O. Moreover, a barium 
analogue of hydrogarnet (Ca3Al12(OH)12) i.e. the equidimensional 
crystals of tribarium aluminate hexahydrate (Ba3AI12(OH)12) or its solid 
solutions were found (Fig. 3c) [35–48]. 

Typical SEM image of the microstructure of a 48-h old Sr-doped 
C7A3Z cement paste is presented in Fig. 4. Most of the Sr-doped C3AH6 
crystals formed at 48-day of hydration attain the shape of cubes, pyr
itohedra or other more complex forms of the isometric system (Fig. 4b), 
which are reinforced with small feather-like crystals of calcium- 
aluminate hydrates, mainly C4AH19 [29]. 

The microstructure of a 48-h old SrAl2O4 cement paste is seen to 
consist of Sr3AH6 hydrates, which are reinforced with Al(OH)3 (Fig. 5). 

3.3. Concrete materials 

3.3.1. XRD, FT-IR and SEM-EDS characterizations of concretes 
Regarding to concrete samples A, B and C after sintering at 1400 ◦C, 

X-ray diffraction was employed to characterize the phase composition. 
FT-IR spectroscopy was used to identify the main functional groups of 
aluminates from concrete samples, whereas SEM-EDS was able to 
characterize the microstructure of concrete specimens containing 
various modifiers. 

The X-ray diffraction patterns of the concrete materials prepared by 
the casting and heat treatment after casting and sintered at 1400 ◦C for 5 
h are shown in Fig. 6. As this class of concrete materials was bonded with 
calcium aluminate cement, the XRD diffraction patterns showed the 
evidence of the presence of majority of crystalline phases of alumina 
(Al2O3; JCPDS Card No. 98-007-5559) and calcium hexaluminate 
(CaAl12O19; JCPDS Card No. 98-020-2616) in all the investigated 

Table 5 
Values of the mass attenuation coefficients and Half-Value Layer (the average 
amount of material needed to reduce the radiation intensity by 50%) as a 
function of gamma quanta energies obtained for concrete materials before 
sintering.  

SAMPLE A SAMPLE B SAMPLE C 

Energy/ 
keV 

μm/cm2/g  HVL/ 
cm 

μm/cm2/g  HVL/ 
cm 

μm/cm2/g  HVL/ 
cm 

122 0.168 ±
0.046 

1.47 
± 0.19 

– – – – 

245 0.108 ±
0.039 

2.31 
± 0.25 

0.165 ±
0.063 

1.54 
± 0.26 

0.152 ±
0.038 

1.73 
± 0.17 

344 0.089 ±
0.021 

2.80 
± 0.17 

0.107 ±
0.048 

2.39 
± 0.31 

0.110 ±
0.027 

2.39 
± 0.17 

356 0.098 ±
0.030 

2.55 
± 0.21 

0.088 ±
0.015 

2.91 
± 0.12 

0.098 ±
0.006 

2.69 
± 0.04 

511 0.074 ±
0.022 

3.36 
± 0.21 

0.074 ±
0.034 

3.47 
± 0.32 

0.097 ±
0.011 

2.70 
± 0.08 

662 0.063 ±
0.005 

3.92 
± 0.05 

0.084 ±
0.004 

3.02 
± 0.04 

0.087 ±
0.002 

3.02 
± 0.02 

779 0.075 ±
0.013 

3.33 
± 0.12 

0.070 ±
0.007 

3.63 
± 0.07 

0.069 ±
0.002 

3.81 
± 0.02 

867 0.078 ±
0.031 

3.19 
± 0.28 

0.066 ±
0.014 

3.85 
± 0.15 

0.069 ±
0.010 

3.81 
± 0.10 

964 0.076 ±
0.022 

3.26 
± 0.2 

0.066 ±
0.009 

3.86 
± 0.09 

0.059 ±
0.011 

4.49 
± 0.13 

1086 0.055 ±
0.015 

4.55 
± 0.19 

0.058 ±
0.005 

4.38 
± 0.07 

0.065 ±
0.002 

4.02 
± 0.02 

1112 0.055 ±
0.023 

4.48 
± 0.28 

0.055 ±
0.006 

4.61 
± 0.08 

0.061 ±
0.007 

4.30 
± 0.08 

1173 0.045 ±
0.011 

5.48 
± 0.17 

0.052 ±
0.016 

4.90 
± 0.21 

0.068 ±
0.015 

3.87 
± 0.16 

1278 0.054 ±
0.004 

4.63 
± 0.05 

0.055 ±
0.004 

4.60 
± 0.05 

0.059 ±
0.010 

4.42 
± 0.12 

1333 0.042 ±
0.010 

5.96 
± 0.16 

0.052 ±
0.002 

4.94 
± 0.03 

0.056 ±
0.003 

4.65 
± 0.03 

1408 0.047 ±
0.021 

5.31 
± 32 

0.050 ±
0.014 

5.13 
± 0.19 

0.048 ±
0.002 

5.43 
± 0.03  

Table 6 
Values of the total atomic cross sections and effective atomic numbers as a 
function of gamma quanta energies obtained for concrete materials before 
sintering.  

SAMPLE A SAMPLE B SAMPLE C 

Energy/ 
keV 

σa/b/ 
atom 

Zeff σa/b/ 
atom 

Zeff σa/b/ 
atom 

Zeff 

122 5.1 ±
1.4 

10.3 ±
2.5 

– – – – 

245 3.3 ±
1.2 

8.5 ±
3.0 

5.1 ±
1.9 

13.0 ±
4.5 

4.7 ±
1.2 

12.0 ±
2.8 

344 2.69 ±
0.65 

8.0 ±
1.8 

3.3 ±
1.5 

9.6 ±
4.3 

3.37 ±
0.83 

10.0 ±
2.3 

356 2.96 ±
0.92 

8.9 ±
2.6 

2.68 ±
0.46 

8.1 ±
1.5 

3.00 ±
0.18 

9.0 ±
0.6 

511 2.25 ±
0.68 

7.8 ±
2.2 

2.3 ±
1.1 

7.8 ±
3.5 

2.98 ±
0.35 

10.4 ±
1.2 

662 1.93 ±
0.15 

7.5 ±
0.6 

2.57 ±
0.13 

10.0 ±
0.5 

2.67 ±
0.07 

10.4 ±
0.3 

779 2.27 ±
0.40 

9.5 ±
1.6 

2.14 ±
0.22 

9.0 ±
2.4 

2.11 ±
0.06 

8.7 ±
0.6 

867 2.36 ±
0.95 

10.4 ±
4.2 

2.02 ±
0.43 

8.9 ±
1.8 

2.12 ±
0.31 

9.3 ±
1.4 

964 2.31 ±
0.65 

10.7 ±
2.9 

2.01 ±
0.28 

9.4 ±
1.3 

1.80 ±
0.34 

8.4 ±
1.6 

1086 1.66 ±
0.45 

8.2 ±
2.3 

1.78 ±
0.17 

8.8 ±
0.8 

2.01 ±
0.06 

9.9 ±
0.3 

1112 1.68 ±
0.69 

8.4 ±
3.5 

1.69 ±
0.20 

8.4 ±
1.0 

1.87 ±
0.22 

9.3 ±
1.4 

1173 1.38 ±
0.34 

7.0 ±
1.9 

1.59 ±
0.47 

8.1 ±
2.5 

2.08 ±
0.47 

10.6 ±
2.4 

1278 1.63 ±
0.12 

8.7 ±
0.6 

1.69 ±
0.11 

9.0 +
0.6 

1.82 ±
0.32 

9.8 ±
1.6 

1333 1.27 ±
0.30 

6.9 ±
1.5 

1.57 ±
0.07 

8.6 ±
0.4 

1.73 ±
0.08 

9.2 ±
0.2 

1408 1.42 ±
0.65 

8.0 ±
8.0 

1.52 ±
0.41 

8.5 ±
2.3 

1.48 ±
0.06 

8.4 ±
0.4  
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samples. As two concrete materials were additionally bonded with Sr- 
doped Ca7ZrAl6O18 and SrAl2O4 cements (Sample B), or Ba-doped 
Ca7ZrAl6O18 cement (Sample C), many different secondary phases 
were formed. As the Sr-doped Ca7ZrAl6O18 and SrAl2O4 cements were 
added into the concrete material B, calcium and strontium hex
aluminates MAl12O19 (M = Ca, Sr) were observed rather than “pure, 
undoped” CaAl12O19 (Fig. 6b). Thus, as the results in Fig. 6a and 6b–c 
are compared, the reactions between hydrated Ca7ZrAl6O18 and the 
alumina lead to the formation of Zr-containing secondary phases besides 
the hexaluminates in the concrete materials B and C which is in quali
tative agreement with experimental observations of Madej et al. 
[49–50]. Moreover, the reactions between calcia and alumina from ce
ments, and microsilica result in formation of gehlenite (Ca2Al2SiO7; 
JCPDS Card No. 98-002-4588) as a secondary phase (Fig. 6a–c) and the 
reaction between barium, silica and alumina result in formation of 
barium aluminum silicate (BaAl2Si2O8; JCPDS Card No. 01-077-0185) 
(Fig. 6c). 

Absorption spectra in the range from 1300 to 400 cm− 1 of the con
crete materials A, B and C prepared by the casting and heat treatment 
and sintering at 1400 ◦C for 5 h are presented in Fig. 7. Two main ab
sorption ranges: 900-500 cm− 1 and 500-420 cm− 1 can be distinguished 
in the infrared absorption spectra of these systems. The first range 
contains strong absorption band centered at ca. 459 cm− 1 due to isolated 
AlO6 octahedra in alumina [51]. The most characteristic feature of all 

spectra is the occurrence of two strong band near 640 and 605 cm− 1 due 
to condensed AlO6 octahedra in alumina. The bands belonging to hex
aaluminates between ca. 900-700 cm− 1 and 700-400 cm− 1 correspond 
to AlO6 and AlO4 vibrations, respectively [52–54]. The maximum peaks 
were located at ca. 530, 552, 615, 702, 735 and 775 cm− 1, which are in 
very good agreement with the spectra presented elsewhere [49]. The 
peaks at ca. 735 cm− 1 probably also belongs to the m-ZrO2 [55]. 

Generally, it can be stated that all the investigated concretes have a 
heterogenous microstructure, which consists of four main components, 
namely coarse aggregates, ceramic matrix containing binder and fine 
particles, interfacial transition zone between the matrix and aggregates, 
and pore structure (Fig. 8a–c). It can be seen from an overview of SEM 
microstructure of each concrete material presented in Fig. 8a–c, that 
numerous light grey phases are uniformly distributed in the porous 
matrix that surrounds the alumina aggregate particles. At higher 
magnification and after the EDS analysis, as shown in Fig. 9, 10a and 
11a, it is clear that the light grey matrix mainly consists of CA6, Al2O3 
and C2AS (concrete A, Fig. 9); (C,Sr)A6 solid solution, Al2O3 and ZrO2 
(concrete B, Fig. 10a); Al2O3, CA6, ZrO2, C2AS and Ba–Ca–Si–Al–O oxide 
inclusion (concrete C, Fig. 11a). 

3.3.2. Chemical, physical and mechanical properties of concretes 
The chemical composition of concretes before and after sintering at 

1400 ◦C is presented in Table 2 and Table 3, respectively. 
The physical and mechanical properties including density and open 

Table 7 
Values of the mass attenuation coefficients and Half-Value Layer (the average 
amount of material needed to reduce the radiation intensity by 50%) as a 
function of gamma quanta energies obtained for concrete materials after 
sintering.  

SAMPLE A SAMPLE B SAMPLE C 

Energy/ 
keV 

μm/cm2/g  HVL/ 
cm 

μm/cm2/g  HVL/ 
cm 

μm/cm2/g  HVL/ 
cm 

81 0.156 ±
0.001 

1.59 
± 0.01 

0.150 ±
0.022 

1.70 
± 0.1 

– – 

122 0.091 ±
0.068 

2.72 
± 0.52 

0.116 ±
0.028 

2.19 
± 0.17 

0.141 ±
0.032 

1.86 
± 0.16 

245 – – 0.077 ±
0.031 

3.29 
± 0.28 

0.146 ±
0.015 

1.80 
± 0.07 

276 0.077 ±
0.003 

3.23 
± 0.03 

0.114 ±
0.003 

2.24 
± 0.02 

0.109 ±
0.006 

2.40 
± 0.04 

303 0.103 ±
0.003 

2.41 
± 0.02 

0.093 ±
0.003 

2.75 
± 0.02 

0.110 ±
0.002 

2.39 
± 0.01 

344 0.091 ±
0.015 

2.74 
± 0.11 

0.090 ±
0.008 

2.83 
± 0.06 

0.098 ±
0.017 

2.67 
± 0.12 

356 0.102 ±
0.003 

2.44 
± 0.02 

0.094 ±
0.004 

2.71 
± 0.03 

0.106 ±
0.002 

2.48 
± 0.01 

384 0.095 ±
0.004 

2.63 
± 0.03 

– – 0.119 ±
0.003 

2.20 
± 0.01 

511 0.073 ±
0.020 

3.40 
± 0.19 

0.074 ±
0.003 

3.44 
± 0.02 

0.083 ±
0.006 

3.17 
± 0.05 

662 0.052 ±
0.007 

4.77 
± 0.09 

0.064 ±
0.010 

4.00 
± 0.11 

0.051 ±
0.004 

5.18 
± 0.05 

779 0.064 ±
0.009 

3.89 
± 0.10 

0.065 ±
0.002 

3.94 
± 0.02 

0.062 ±
0.003 

4.25 
± 0.03 

867 0.054 ±
0.024 

4.61 
± 0.31 

0.070 ±
0.028 

3.63 
± 0.28 

0.055 ±
0.003 

4.77 
± 0.04 

964 0.057 ±
0.017 

4.34 
± 0.20 

0.061 ±
0.003 

4.16 
± 0.04 

0.063 ±
0.007 

4.14 
± 0.07 

1086 – – 0.058 ±
0.004 

4.42 
± 0.05 

0.055 ±
0.009 

4.79 
± 0.11 

1112 0.048 ±
0.015 

5.15 
± 0.22 

0.059 ±
0.009 

4.35 
± 0.11 

0.058 ±
0.002 

4.55 
± 0.03 

1173 0.039 ±
0.002 

6.30 
± 0.04 

0.049 ±
0.018 

5.19 
± 0.26 

0.037 ±
0.003 

7.13 
± 0.05 

1278 0.049 ±
0.015 

5.04 
± 0.21 

0.051 ±
0.002 

4.98 
± 0.02 

0.051 ±
0.006 

5.13 
± 0.08 

1333 0.033 ±
0.005 

7.42 
± 0.10 

0.048 ±
0.011 

5.34 
± 0.17 

0.036 ±
0.002 

7.21 
± 0.05 

1408 0.047 ±
0.011 

5.23 
± 0.17 

0.054 ±
0.005 

4.72 
± 0.06 

0.049 ±
0.007 

5.37 
± 0.10  

Table 8 
Values of the total atomic cross sections and effective atomic numbers as a 
function of gamma quanta energies obtained for concrete materials after 
sintering.  

SAMPLE A SAMPLE B SAMPLE C 

Energy/ 
keV 

σa/b/ 
atom 

Zeff σa/b/ 
atom 

Zeff σa/b/ 
atom 

Zeff 

81 5.34 ±
0.04 

9.3 ±
0.1 

5.18 ±
0.76 

9.0 ±
1.0 

– – 

122 3.1 ±
2.3 

6.6 ±
4.6 

4.0 ±
1.0 

8.3 ±
1.9 

4.86 ±
1.1 

10.0 ±
2.0 

245 – – 2.7 ±
1.1 

7.0 ±
2.6 

5.04 ±
0.53 

13.0 ±
1.2 

276 2.63 ±
0.11 

7.2 ±
0.3 

3.93 ±
0.11 

10.7 ±
0.3 

3.78 ±
0.22 

10.3 ±
0.6 

303 3.52 ±
0.09 

9.9 +
0.2 

3.20 ±
0.10 

13.0 ±
0.3 

3.80 ±
0.07 

10.7 ±
0.2 

344 3.11 ±
0.50 

10.0 ±
2.0 

3.10 ±
0.30 

10.6 ±
1.1 

3.39 ±
0.57 

10.0 ±
1.7 

356 3.48 ±
0.11 

11.4 ±
0.1 

3.25 ±
0.15 

11.1 ±
0.2 

3.66 ±
0.06 

11.6 ±
0.1 

384 3.24 ±
0.13 

10.0 ±
0.4 

– – 4.12 ±
0.09 

12.7 ±
0.3 

511 2.50 ±
0.68 

8.7 ±
2.3 

2.6 ±
0.1 

8.9 ±
0.3 

2.90 ±
0.20 

9.9 ±
0.6 

662 1.78 ±
0.23 

7.0 ±
0.8 

2.20 ±
0.35 

8.6 ±
1.3 

1.75 ±
0.13 

6.8 ±
0.5 

779 2.19 ±
0.30 

9.2 ±
1.3 

2.23 ±
0.06 

9.4 ±
0.2 

2.13 ±
0.11 

9.0 ±
0.4 

867 1.85 ±
0.84 

8.1 ±
3.8 

2.4 ±
1.0 

10.7 ±
4.2 

1.90 ±
0.12 

8.4 ±
0.5 

964 1.96 ±
0.57 

9.1 ±
2.8 

2.12 ±
0.11 

9.8 ±
0.5 

2.19 ±
0.23 

10.2 ±
1.1 

1086 – – 1.99 ±
0.14 

9.8 ±
0.7 

1.89 ±
0.31 

9.3 ±
1.6 

1112 1.65 ±
0.53 

8.2 ±
2.7 

2.02 ±
0.32 

10.5 ±
1.7 

1.99 ±
0.08 

9.9 ±
0.4 

1173 1.35 ±
0.08 

6.9 ±
0.4 

1.70 ±
0.64 

8.7 ±
3.2 

1.30 ±
0.10 

6.5 ±
0.5 

1278 1.69 ±
0.52 

9.0 ±
3.0 

1.77 ±
0.05 

9.5 ±
0.3 

1.77 ±
0.21 

9.5 ±
1.1 

1333 1.15 ±
0.17 

6.3 ±
1.0 

1.70 ±
040 

9.0 ±
2.3 

1.26 ±
0.08 

6.9 ±
0.4 

1408 1.62 ±
0.39 

9.1 ±
2.3 

1.87 ±
0.17 

10.5 ±
1.0 

1.69 ±
0.24 

9.5 ±
1.3  
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porosity estimated from Archimedes’ method, pore volume and pore 
structure by mercury intrusion porosimetry, mechanical properties both 
cold modulus of rupture (CMOR) and cold crushing strength (CCS) of the 
concrete materials A, B and C were determined for samples sintered at 
1400 ◦C. The results of the physical and mechanical characteristics of 
concretes are summarized in Table 4. These results generally indicate 
that the concrete materials are of acceptable quality for special con
struction applications. 

Mercury porosimetry was found to be useful for characterizing the 
physical structure of porous ceramics [56]. The cumulative pore volume 
in dependence on the pore diameter and log differential volume − dV/d 
(log d) versus pore diameter were taken from mercury porosimetry data 
for each concrete material A-C after sintering at 1400 ◦C and were 
presented in Figs. 12 and 13, respectively. Pore frequency curves were 
derived from Fig. 12. As can be observed from these results, the concrete 
C possessed a slightly higher porosity than concretes A and B (Fig. 12) 
which was in accordance with the low magnification overview of SEM 
microstructure, see Fig. 8. Pore volume frequencies indicated a rather 
narrow range of pore sizes for all concrete samples (Fig. 13). It can be 
noted that for the present concretes A and C, most of the pore diameters 
are near 10 μm (Fig. 13). The concrete B exhibits a monomodal pore size 
distribution with a frequency peak below 10 μm. 

3.3.3. Determination of the γ quanta attenuation properties of the studied 
concretes 

Results of measurements of the linear attenuation coefficients are 
presented for all the three concretes before sintering and after this 

procedure in Fig. 14a–c and Fig. 14d–f, respectively. We have estimated 
both the statistical and systematic uncertainties. The latter ones come 
mainly from the radioactive source positioning (a few mm precision), 
the measurement of the samples thickness (~1 mm precision) and the 
used fitting method. As one can see the linear attenuation coefficients for 
all the concretes studied are systematically higher for materials before 
sintering which was expected since this process removes water while not 
changing significantly the density of the material. Apart from several 
energy ranges for which the attenuation coefficients are noticeably 
different there are no significant variation in the γ radiation attenuation 
between all the studied materials. The energy dependence of the 
attenuation coefficients were fitted using polynomial functions of de
grees 1–3. This very simplified model was motivated taking into account 
the average atomic number of the studied materials and the energy 
range of used γ quanta for which Compton scattering is the dominating 
process of interaction. Although these fits are not describing the 
measured data very well, one can notice that the dependence for con
crete B and C before sintering are very close and they change after 
applying this process. 

For each γ quantum energy we have estimated mass attenuation 
coefficients using the densities of the tested materials presented in 
Table 4. They allowed for further calculation of total atomic cross sec
tions, using Eq. (3), HLV parameters and effective atomic numbers of the 
tested concretes. The latter ones were estimated according to the loga
rithmic interpolation formula described in Ref. [34]: 

Table 9 
Comparison of the mass attenuation coefficients obtained for concrete C after 
sintering with the shielding properties of gas concrete [58], WO3 doped concrete 
[9], Lead-flyash concrete [10] and cement [58].  

μm/cm2/g  

Energy/ 
keV 

Concrete C 
(sintered) 

Gas 
concrete 

WO3 doped 
concrete 

Lead-flyash 
concrete 

Turkey 
Cement 

122 0.141 ±
0.032 

0.180 ±
0.012 

̶ ̶ 0.172 ±
0.011 

245 0.146 ±
0.015 

̶ ̶ ̶ ̶ 

276 0.109 ±
0.006 

0.125 ±
0.009 

0.056 ±
0.003 

̶ 0.112 ±
0.008 

303 0.110 ±
0.002 

0.111 ±
0.007 

0.054 ±
0.003 

̶ 0.106 ±
0.007 

344 0.098 ±
0.017 

̶ ̶ ̶ ̶ 

356 0.106 ±
0.002 

0.098 ±
0.007 

0.049 ±
0.003 

̶ 0.100 ±
0.006 

384 0.119 ±
0.003 

0.098 ±
0.006 

0.044 ±
0.003 

̶ 0.097 ±
0.006 

511 0.083 ±
0.006 

0.082 ±
0.005 

̶ ̶ 0.086 ±
0.006 

662 0.051 ±
0.004 

0.070 ±
0.005 

̶ 0.0840 ±
0.0018 

0.076 ±
0.005 

779 0.062 ±
0.003 

̶ ̶ ̶ ̶ 

867 0.055 ±
0.003 

̶ ̶ ̶ ̶ 

964 0.063 ±
0.007 

̶ ̶ ̶ ̶ 

1086 0.055 ±
0.009 

̶ ̶ ̶ ̶ 

1112 0.058 ±
0.002 

̶ ̶ ̶ ̶ 

1173 0.037 ±
0.003 

0.055 ±
0.004 

̶ 0.0586 ±
0.0011 

0.059 ±
0.004 

1278 0.051 ±
0.006 

0.048 ±
0.003 

̶ ̶ 0.056 ±
0.004 

1333 0.036 ±
0.002 

0.045 ±
0.003 

̶ 0.0553 ±
0.0014 

0.052 ±
0.003 

1408 0.049 ±
0.007 

̶ ̶ ̶ ̶  

Table 10 
Comparison of the total atomic cross sections and effective atomic numbers 
obtained for concrete C after sintering with similar materials studied in 
Ref. [58].  

SAMPLE C (sintered) Turkey Cement Gas Concrete 

Energy/ 
keV 

σa/b/ 
atom 

Zeff σa/b/ 
atom 

Zeff σa/b/ 
atom 

Zeff 

122 4.86 ±
1.1 

10.0 ±
2.0 

6.68 ±
0.43 

12.81 ±
0.86 

6.73 ±
0.44 

12.51 ±
0.90 

245 5.04 ±
0.53 

13.0 ±
1.2 

̶ ̶ ̶ ̶ 

276 3.78 ±
0.22 

10.3 ±
0.6 

4.35 ±
0.33 

11.77 ±
0.75 

4.67 ±
0.33 

12.61 ±
0.93 

303 3.80 ±
0.07 

10.7 ±
0.2 

4.12 ±
0.26 

11.54 ±
0.79 

4.15 ±
0.28 

11.63 ±
0.91 

344 3.39 ±
0.57 

10.0 ±
1.7 

̶ ̶ ̶ ̶ 

356 3.66 ±
0.06 

11.6 ±
0.1 

3.88 ±
0.28 

11.62 ±
0.90 

3.66 ±
0.27 

10.98 ±
0.74 

384 4.12 ±
0.09 

12.7 ±
0.3 

3.77 ±
0.25 

11.61 ±
0.84 

3.66 ±
0.26 

11.29 ±
0.78 

511 2.90 ±
0.20 

9.9 ±
0.6 

3.34 ±
0.26 

11.60 ±
0.75 

3.07 ±
0.20 

10.65 ±
0.74 

662 1.75 ±
0.13 

6.8 ±
0.5 

2.95 ±
0.19 

11.48 ±
0.77 

2.62 ±
0.19 

10.19 ±
0.63 

779 2.13 ±
0.11 

9.0 ±
0.4 

̶ ̶ ̶ ̶ 

867 1.90 ±
0.12 

8.4 ±
0.5 

̶ ̶ ̶ ̶ 

964 2.19 ±
0.23 

10.2 ±
1.1 

̶ ̶ ̶ ̶ 

1086 1.89 ±
0.31 

9.3 ±
1.6 

̶ ̶ ̶ ̶ 

1112 1.99 ±
0.08 

9.9 ±
0.4 

̶ ̶ ̶ ̶ 

1173 1.30 ±
0.10 

6.5 ±
0.5 

2.29 ±
0.16 

11.72 ±
0.81 

2.06 +
0.15 

10.54 ±
0.73 

1278 1.77 ±
0.21 

9.5 ±
1.1 

2.18 ±
0.16 

11.61 ±
0.74 

1.79 +
0.12 

9.56 ±
0.70 

1333 1.26 ±
0.08 

6.9 ±
0.4 

2.02 ±
0.13 

11.01 ±
0.75 

1.68 +
0.12 

9.19 ±
0.67 

1408 1.69 ±
0.24 

9.5 ±
1.3 

̶ ̶ ̶ ̶  
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Zeff =
Z1(log(σ2) − log(σa)) + Z2(− log(σ1))

log
(

σ2
σ1

) (4)  

where σ1 and σ2 denote the maximum and minimum values of elemental 
cross sections for which σ1 < σ < σ2, respectively. Z1 and Z2 are the 
atomic numbers of elements corresponding to σ1 and σ2. The elemental 
cross sections used to estimate Zeff were taken for every γ quantum line 
from the NIST database [57]. All the obtained results are gathered in 
Table 5 and Table 6 for samples before sintering and in Table 7 and 
Table 8 for samples after sintering. For samples before sintering con
cretes B and C exhibit in general better shielding properties than con
crete A. This tendency remain unchanged even for samples examined 
after sintering and appear to be strongest in the low energy range up to 
303 keV. Explanation of this effect may be found taking into account 
elemental composition of the studied materials given in Tables 2 and 3. 
Concretes B and C contain much more elements with high atomic 
number (Ba, Sr, Zr) than the material A. Probability of gamma quantum 
interaction depends strongly on the average atomic number of the 
absorbent, especially for lower energy region where the photoelectric 
effect is dominant. Thus, for materials B and C we observe increased 
shielding properties, especially at lower energies. Comparison of the 
obtained results with values stored in the NIST database [57] reveal a 
small improvement in the γ quanta attenuation for all the studied sample 
with respect to the ordinary concrete. 

Since no data have been found in the literature on the gamma radi
ation shielding properties of concretes resistant to high temperatures, 
we propose new sintered materials in a form with the coarse corundum 
aggregate skeleton and ceramic matrix firmed via reactive sintering of 
fine grained components. Comparison of the gamma rays attenuation 
properties obtained for material C after sintering with other concretes 
studied in the literature is shown in Table 9 and Table 10. As one can see, 
the mass attenuation coefficients of the materials studied in this work 
are at the level of the values for other materials studied before. More
over, we have determined the gamma rays attenuation properties in the 
energy region between 779 keV and 1112 keV which was not explored 
do far. 

4. Conclusions 

Results of the described research can be summarized with the 
following conclusions:  

1. New hydraulic cements belonging to CaO–Al2O3, SrO–Al2O3, 
SrO–CaO–Al2O3–ZrO2 and BaO–CaO–Al2O3–ZrO2 systems designed 
for shielding concretes were developed as an alternative binders to 
ordinary Portland cement (OPC) heavy concretes.  

2. The high purity corundum was used as an aggregate to assess the 
gamma radiation shielding performance of these cements.  

3. The doping alkaline earth elements Sr and Ba were chemically 
bonded within both hydrated cement matrix and the ceramic matrix 
of concrete formed through sintering at 1400 ◦C. It was found that 
the incorporation of Sr or Ba and Zr elements with cements improved 
the attenuation properties of corundum-based concretes, in com
parison to the concretes with the predominance of Ca.  

4. The concrete matrix partly consolidated through sintering varied 
depending on the raw materials used. Strontium was able to substi
tute for calcium in calcium hexaaluminate to form a (C,Sr)A6 solid 
solution. The main feature of barium is that it formed its barium 
aluminum silicate phase BAS2. Since calcium zirconium aluminate 
was used as a binder additive, ZrO2 was formed as a secondary phase 
in the concrete matrix (concretes B and C). Since microsilica was 
used to improve the flowing characteristics, gehlenite C2AS was also 
formed in the sintered concrete matrix. 

5. A better performance in gamma-ray shielding was achieved for un
fired concretes dried at 110 ◦C compared to concretes sintered at 
1400 ◦C.  

6. Gamma-ray-attenuation measurements using 22Na, 137Cs, 60Co, 
133Ba and 152Eu sources gave results which showed that the 
gamma-ray attenuation of the studied concretes was improved as 
compared with ordinary concrete presented in the National Institute 
of Standards and Technology (NIST) database [57]. Our work fills 
the gap in the literature providing the gamma rays attenuation 
properties of new cement-containing heat-resistant corundum con
cretes in the energy region between 779 keV and 1112 keV. These 
concretes have so far not been proposed as shielding materials. 
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