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Abstract— The objective of this study is to develop a novel, non-toxic and inexpensive radiation shielding material that 
protects against neutrons, gamma and X-rays. Initially sodium pentaborate and barium sulfate were combined to form a 
novel shielding material. The novel shielding material was characterized by FT-IR, AAS, XRF, XRD techniques. In 
application studies; interior material of shelter, nuclear protective clothing, space shuttle and aircraft radiation shielding 
paints were produced. The neutron, gamma and X-ray attenuation coefficients (µ) of samples increased extremely in 
radiation tests due to novel shielding material’s effect. Eventually, in comparison with current lead shielding material; novel 
radiation shielding material is 136 times less expensive, non-toxic and effective against neutrons, gamma and X-rays. 
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I. INTRODUCTION 
 
Radiation is a fact of our earth. Naturally occurring 
radioactive materials are present in its crust, the 
floors and walls of our homes or schools, in the food 
we eat and drink and even in the air we breathe. All 
living organisms are exposed to ionizing radiation on 
a continuous and daily basis. Therefore, our senses 
cannot detect radiation, this invisible risk seem much 
more insidious. When radiation is absorbed in the 
body; it causes chemical reactions to occur which can 
alter the normal functions of the body to abnormal. 
High doses of ionizing radiation can lead to various 
effects, such as skin burns, hair loss, birth defects, 
illness and even death. If the damage occurs in the 
testes or ovaries, then, hereditary effects in 
descendants may become apparent [1]. Today the use 
of radiation in medicine, agriculture, basic science, 
industry and military field has reached large 
proportions. In a world where more than 3000 
nuclear power plants have been, the use of radiation 
in various shapes for different purposes and the 
growing threat of nuclear terrorism put all organisms 
at biological risk. In this context, in accordance with 
the principle of ALARA (As Low as Reasonably 
Achievable), radiation protection has great 
importance in order to tackle possible serious health 
and environmental problems.  In this article was 
determined as to develop a novel non-toxic, less 
expensive and more effective radiation shielding 
material that protects against neutron, gamma and X-
ray radiation. 
 
II. MATERIALS AND METHODS 
 
2.1Synthesis of the Novel Shielding Material 
During experimental process, the inability of sodium 
pentaborate in gamma and X-ray radiation shielding 
was detected in radiation tests and it motivated us to 
back up it by another compound. Therefore sodium 
pentaborateNa(H4B5O8) and barium sulfate (BaSO4) 
were combined to form a novel shielding material 

which is effective against neutron, gamma and X-ray 
radiation. 
The novel shielding material was synthesized 
according to the following reaction by mixing the 
commercially available barium sulfate and previously 
produced sodium pentaborate in 1.19/1.07 molar 
ratio. 

 
At first, 250 g sodium pentaborate and 250 g barium 
sulfate were transferred to the solid mixing unit 
where they will be transformed into a homogeneous 
mixture. Then the homogeneous mixture was fed into 
water and heated at 21000C for 15 minutes for 
reaction. After this process the solution was housed 
for 40 minutes at the same conditions. At the end of 
this time the solution was taken to the crystallization 
unit wherein macro crystal and granular products 
were obtained. 
 
2.2 Characterization of Novel Radiation Shielding 
Material 
Fourier transform infrared spectroscopy (FT-IR), 
atomic absorption spectroscopy (AAS),  X-ray 
fluorescence spectroscopy (XRF) and X-ray 
diffraction (XRD) analyzes of the novel shielding 
material (sodium pentaborate+barium sulfate) were 
carried out in the laboratories of Dumlupınar 
University Advanced Technology Center 
(Kutahya\Turkey). 
 
2.2.1FTIR (Fourier Transform Infra-Red 
Spectroscopy) 
Infrared spectroscopy finds application in 
determining the site of co-ordination, the nature of 
the metal-ligand bonding as well as for the 
elucidation of structures of co-ordination compounds 
(functional groups) [2]. The FT-IR spectrum of 
Na(H4B5O8)crystal was recorded using ATR pellet 
technique in the range of 450-4000 cm-1 by BRUKER 
Model ALPHA FT-IR spectrometer. 
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2.2.2 AAS (Atomic Absorption Spectroscopy) 
Firstly, standard boron and sodium solutions of five 
different concentrations (0.5 - 1 - 2 - 4 - 8 ppm 
(mg/L)) were prepared. The absorbance of these 
standard boron and sodium solutions was measured at 
the wavelength of 249.7 nm and 589 nm, 
respectively. And calibration curves were prepared 
from the values obtained. The standard solutions 
should produce a straight-line graph. Then the 
absorbance of the test solutions adjusted in 
concentration to a measurable range was measured 
and the concentration of the elements (B% and Na%) 
was determined from the calibration curves by 
making stoichiometric calculations. Absorbance is 
directly proportional to the concentration of the 
analyte. 
 
2.2.3 XRD (X-Ray Diffraction) 
X-ray diffraction measurements were performed on a 
PANalytical Empyrean system. The sodium 
pentaborate samples were placed on the sample 
holder for analysis at first.  Then the XRD data of 
sodium pentaborate was recorded using CuKα 
radiation (45 kV and 40 mA) and incident beam 
optics with a 1/8° fixed divergence and a 1/4° anti 
scatter slit. The diffraction patterns were collected in 
the 2θ range of10°– 80°, the step size was 0.01°, and 
the exposure time was 98 s. 
 
2.2.4 XRF (X-Ray Fluorescence) 
X-ray fluorescence measurements were performed on 
a PANalyticalaxiosMAX instrument.  For X-ray 
fluorescence, the powdered sample was pressed 
under 300 N/cm2pressure to give us disks with 4 cm 
diameter. Then spectrometer was operated at a 
maximum voltage of 40 kV and current of 3.4 uA. 
The spectra were recorded by using a PC-based 
SIRXRF method. The spectral data were analyzed 
using the computer program ARTAX. 
 
2.3 Preparation of the Fabric Samples for Radiation 
Tests 
Fabric samples were prepared to be 10x10 cm in size 
and to have 3 cm thickness. Then, fabrics were 
weighed on precision scales and the tare of samples 
were determined as 4 gram. At the same time, the 
novel shielding materialsolution (liquor) which will 
be impregnated into the fabrics was prepared. Fabric 
samples were passed through the roller mangle whose 
pressure is 3.5 bar and thus prepared liquor was 
impregnated into fabric samples. Finally, solution 
impregnated samples were taken to drying. Fabrics 
were dried in a drying-oven for 145 minutes at 85 0C 
sequentially. The novel shielding 
materialimpregnated fabrics were weighed on 
precision scales after drying. At the end of the 
process, cotton fabrics that are 10x10x3 cm in size 
and contain 100, 200, 300 and 400 g of novel 
shielding materialwere prepared, respectively. A 
fabric which doesn’t have any novel shielding 

materialsolution was also prepared as a control 
sample.  
 
2.4 Radiation Tests of Prepared Samples 
Prepared samples were subjected to radiation tests in 
order to investigate the novel shielding 
material’seffect on linear attenuation coefficients (µ) 
of materials. All of the neutron, gamma and X-ray 
tests were carried out in the laboratories of 
Isparta\SuleymanDemirel University, the Department 
of Nuclear Physics. 
 
2.4.1 Neutron Test 
He-3 tube neutron detector was used to determine the 
neutron absorbing properties of samples. Also 252Cf 
(Californium) was used as a neutron source. 
Necessary measures were taken for work safety 
during experiments. 
Firstly, counts (N0) were taken from the detector 
when there were no samples between the neutron 
source and detector. Then samples whose neutron 
absorption coefficient (µ)  will be calculated were 
placed between the neutron source and detector 
respectively and dose values (N) was obtained with 
the help of He-3 tube neutron detector. 
Measurements were carried out with 2.3 MeV 
neutrons released from 252Cf (Californium) source. 
If N and N0 are the measured count rates in detector 
respectively with and without the absorber of 
thickness x (cm), the neutron absorption coefficients 
(µ) can be extracted by the standard equation. The 
schematic view of the detection system is displayed 
in Fig. 1. 
 

 
Fig. 1:The schematic view of the detection system 

 
2.4.2 Gamma and X-Ray Tests 
The measurement has been done at the photon 
energies of 662, 1173 and 1332 keV obtained from 
137Cs and 60Co γ–ray sources respectively. The 
experiment has been performed using a gamma 
spectrometer which consists of a 3 in. X 3 in. NaI(Tl) 
scintillation detector. In the context of job security; 
protective lead apron, goggles and gloves were 
utilized during gamma tests. 
If N and N0 are the measured count rates in detector 
respectively with and without the absorber of 
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thickness x (cm), the linear attenuation coefficients 
(µ) can be extracted by the standard equation. The 
schematic view of the detection system is displayed 
in Fig. 2. 
 

 
Fig. 2: Schematic view of the γ–spectrometry system 

 
2.5 Production and Optimization Studies 
2.5.1Nuclear Protective Clothing 
Production consists mainly of three stages. 
a) The Preparation of the Elastomeric 

Component in Plasticizer 
Plasticizer materials (base oils, DOP etc.) were 

mixed with elastomeric polymer under suitable 
temperature and mixing conditions. This treatment 
was applied in heater at 200 oC for 3 hours. 
Elastomeric polymers in sufficient quantity were 
dissolved in the plasticizer by mixing and an 
elastomeric product which have high ductility was 
obtained finally. This product was divided into small 
parts to make a composite with plastic polymers at a 
later stage. 
b) The Composition of the Mixture and 

Plastomer Components 
Suitable plastic polymers was blended with 

obtained elastomeric mixture in appropriate 
proportions and it was transferred to feed hopper of 
screw. Rotation, temperature and time standards of 
the screw are adjustable. Composite polymer was 
produced by running screw. This process was 
repeated several times for chemical homogeneity of 
the produced polymer composite. Production was 
carried out in the temperature range of about 180°C - 
220°C. Finally, granular polymer composites were 
obtained. 
c) The Combination of Polymer Composites 

with Optimized Inorganic Fillers 
The composite polymer obtained in the second 

process was combined with inorganic temper in 
screw in appropriate rotation, temperature and time 
standards.The mixing process continued until getting 
the best mix. After being sure about the homogeneity, 
composite polymer sheets were produced in desired 
thickness by inserting appropriate screw caps. 
Consequently, a nuclear protective clothing sample 
was produced. The thickness of this sample is 0.25 

mm and it contains 1.4 g of novel shielding 
material(sodium pentaborate + barium sulfate) in 
each square centimeter (cm2). Optimization studies 
continue for further stages.  
2.5.2 The Protection of Space Vehicles and Aircrafts 
from Cosmic Radiation 
Firstly, a homogeneous mixture was provided in 
mixing unit by mixing 70 g of novel shielding 
materialand 100 g of nano-technological coating 
material. After this, dilution process was applied to 
the mixture. Here the important point is that there 
should be 1.4 g of novel shielding material(sodium 
pentaborate + barium sulfate) in a square centimetre 
(cm2) when applying produced composite gel to the 
surface of air and space vehicles. Optimization 
studies continue for further stages.  
The health threat from cosmic rays is the danger 
posed by galactic cosmic rays and solar energetic 
particles to astronauts on interplanetary missions [3, 
4].Galactic cosmic rays (GCRs) consist of high 
energy protons (85%), helium (14%) and other high 
energy nuclei (HZE ions). Solar energetic particles 
consist primarily of protons accelerated by the Sun to 
high energies via proximity to solar flares and 
coronal mass ejections. The health risks to astronauts 
from space radiation are a major problem for space 
exploration, perhaps representing a limiting factor on 
the maximum mission length under current risk 
acceptance levels [3].  Considering those facts, the 
high energy radiation tests of produced composite 
jels will be carried out in the facilities of CERN 
(European Organization for Nuclear Research) by 
using a computer-based program GEANT 4.  
 
2.5.3 Radiation Shielding Portable Shelter 
Firstly, sponge rubbers were produced as interior 
material of portable shelters. In this process, 140 g of 
novel shielding material(sodium pentaborate + 
barium sulfate) was impregnated into sponge rubbers 
and additionally, 200 g of a special nano-
technological coating material was utilized for a 
better chemisorption in the surface. Homogeneity 
should be provided in sponge surfaces and even the 
gravity should be taken into consideration. The 
thickness of sponge rubbers is 3 cm in this study. 
Some factors such as pressure of roller mangle that 
was used for impregnation, fiber type and tissue 
structure of sponge rubber, pretreatments applied to 
sponge rubber, transition speed of sponge rubber, 
liquor temperature and the excipients used in the 
impregnation affect the process. Optimization studies 
continue for further stages.  
The high energy radiation tests of produced portable 
shelters will be carried out in the facilities of CERN 
(European Organization for Nuclear Research) by 
using a computer-based program GEANT 4.  
Considering devastating effects and consequences of 
a nuclear strike; a radiation shielding portable shelter 
will have a great significance for radiation protection 
in 21st century. 
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III. RESULTS 
 
3.1 Synthesis and Characterization of Novel 
Radiation Shielding Material 
During experimental process, the inability of sodium 
pentaborate in gamma and X-ray radiation shielding 
was detected in radiation tests and it motivated us to 
back up it by another compound. Therefore sodium 
pentaborateNa(H4B5O8) and barium sulfate (BaSO4) 
were combined to form a novel shielding 
materialwhich is effective against neutron, gamma 
and X-ray radiation. The synthesized novel shielding 
materialwas characterized by using FT-IR, AAS, 
XRF and XRD analyzes. 
 
3.1.1 FTIR (Fourier Transform Infra-Red 
Spectroscopy) 
In order to identify functional groups and learn about 
the molecular structure of the novel shielding 
material, the infrared spectrum was measured (Fig. 
3). It is well known that the absorption characteristics 
of the crystal largely depend on the molecular 
bonding of the crystal.IR spectra are characteristic for 
each substance. Therefore, the spectrum obtained in 
this study was compared with the existing IR spectra 
in the literature and no match was detected. It proves 
that this obtained shielding materialis novel in the 
literature. 
 

 
Fig. 3: FT-IR spectrum of the novel shielding material 

 
3.1.2 AAS (Atomic Absorption Spectroscopy) 
It was aimed to determine the concentration of the 
elements (B% and Ba %) in novel shielding 
materialby AAS. The calculated R2 values of the 
calibration curves are 0.99. When stoichiometric 
calculations have been made using the calibration 
curves; the concentration of the analyte elements 
have been determined as 22.56933 (%) and 8.319969 
(%) for Ba and B, respectively with 95% reliability 
degree. The chemical formula of novel shielding 
materialwill be determined based on the atomic 
weight and obtained % ratio of elements. 
 
3.1.3 XRF (X-Ray Fluorescence) 
X-ray fluorescence (XRF) is a powerful quantitative 
and qualitative analytical tool for elemental analysis 
of materials. In this study, XRF was used for 
elemental analysis and chemical analysis of the novel 

shielding material. Particularly, it was utilized in the 
investigation of elements in the novel shielding 
material(Table 1). 
 

Table 1: The XRF analysis results 

 
 
3.1.4 XRD (X-Ray Diffraction) 
Each different crystalline solid has a unique X‐ray 
diffraction pattern which acts like a “fingerprint”. 
Therefore X-ray diffraction analysis of the novel 
shielding materialwas carried out to identify it. Fig. 
4shows the observed powder XRD patterns of the 
novel shielding material(sodium pentaborate + 
barium sulfate). In table 2showsthe chemical 
formulas and reference codes of phases which were 
detected in novel shielding material.  
 

Table 2: X-ray diffraction analysis of the novel 
compound 

 
 

 
Fig. 4: X-ray diffraction analysis of the novel compound 

 
3.2 Preparation of the Fabric Samples for Radiation 
Tests  
In this study, impregnation method was used for the 
production of samples because it is today one of the 
most widely used method for textile applications and 
also very suitable for application of chemicals used. 
At the end of the process, four cotton fabrics that 
contain100 g, 200 g, 300 g and 400 g of novel 
shielding materialand control sample were prepared. 
Samples are 10x10x3 cm in size.  At this stage, fabric 
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samples were produced by using the novel shielding 
materialin different proportions in order to 
investigate its effect on radiation attenuation 
coefficients (µ) of samples.  
 
3.3 Radiation Tests of Prepared Samples 
Prepared samples were subjected to radiation tests in 
order to investigate the novel shielding 
material’seffect on linear attenuation coefficients (µ) 
of materials.  
 
3.3.1 Neutron Test 
N and N0 are the measured count rates in detector 
respectively with and without the absorber of 
thickness x (cm). And the difference between these 
dose values (N- N0) is the absorption rate 
(%).Furthermore, the neutron absorption coefficient 
(µ) was obtained by Lambert’s law using these dose 
values. Neutron test results of fabrics can be seen in 
Fig 5. 
 

 
Fig. 5: Neutron test results of novel shielding material (sodium 

pentaborate + barium sulfate) 
 
In neutron test, the sample which contains only 140 g 
of novel shielding material absorbed 63% of 
neutrons.  It can be seen that absorption rates and the 
attenuation coefficients of neutrons are linearly 
increased, with increasing the proportion of novel 
shielding material. 
 
3.3.2 Gamma and X-ray Tests 
In gamma and X-ray tests, a film, similar to a 
photographic film, is placed behind the sample being 
rayed.  The gamma and x-ray machines fire a short 
burst of gamma and x-rays through the sample and 
rays hit the film, which is then developed. The more 
rays that hit the film, the blacker it develops.So, 
dense samples that block many of the rays show up 
as white in X-ray images. This method is widely 
used to image the inside of objects in medical 
diagnosis and other applications such as airport 
security.  
In this study, gamma and x-ray images of prepared 
fabric samples were taken to investigate the novel 
shielding material’seffect on radiation attenuation. It 
can be clearly seen that samples which contain the 
novel shielding material(sodium pentaborate + 
barium sulfate) show up as white in images (Fig. 6). 

This is due to the positive effects of the novel 
shielding materialon photon attenuation coefficients 
because it blocks gamma and x-rays. Also as can be 
understood from images and graphs, gamma and x-
ray attenuation of the shielding material is almost 
equivalent to lead, the current shielding material. 
 

 
Fig. 6: The gamma and x-ray images of sodium pentaborate 

(right-above), novel shielding material (sodium pentaborate + 
barium sulfate (right-below) and lead (middle circle) 

 

 
Fig. 7:The “white (W)” and “black (B)” areas in images 

according to attenuation rates of novel shielding material 
(sodium pentaborate + barium sulfate) and sodium 

pentaborate, respectively. 
 
IV. DISCUSSION 
 
Since the nuclear technology has been started to be 
used in a variety of different fields such as medicine, 
agriculture, basic science, industry and military field; 
radiation protection becomes one of the most 
significant and popular subject for scientists and 
public. The tragic death of Marie Curie who 
conducted pioneering researches on radioactivity due 
to high levels of radiation exposure; the radiological, 
social, psychological and economic consequences of 
the Chernobyl Accident and serious findings in 
individuals from Hiroshima and Nagasaki are all 
remarkable in terms of showing the size of the 
potential danger of radiation. 
Today many medical and industrial applications such 
as bore hole logging and neutron radiography, the 
construction of nuclear power plants and accelerator 
systems and the growing threat of nuclear terrorism 
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has highlighted the need for development of a 
shielding material against mixed neutron and gamma-
rays. Although heavy elements such as lead are 
known ideal shielding material in radiation shielding, 
the difficulties and inability of their usage for this 
purposes direct researchers to develop new materials. 
In this study, a great effort has been exerted to 
develop a new radiation shielding material that is 
effective against neutron and gamma-rays as well as 
being non-toxic and inexpensive.  
Fabric production was carried out within the scope of 
application studies by using sodium pentaborate in 
different proportions.  It has been predicted that if 
radiation test results are succesful, these fabrics will 
have a very wide area of usage such as protective 
clothing for staff, cover and in the construction of a 
portable protective tent. Also it is a product that 
appeals to all mankind.  
In this study, sodium pentaborateNa(H4B5O8) and 
barium sulfate (BaSO4) have been combined to form 
a novel shielding materialwhich is effective against 
both neutron and gamma-rays. Barium sulfate is an 
inorganic compound and it is frequently used as a 
radiocontrast agent in computed tomography (CT) to 
absorb X-rays and give a “picture” of the intestines 
[23]. In general, it is administered orally in CT due to 
its insolubility in water and nontoxicity [24]. Also the 
presence of heavy atoms (Ba) in barium sulfate, 
BaSO4, is important in terms of gamma-ray shielding. 
The use of barium sulfate in this study can be 
attributed to those facts as a result.   
Then the synthesized novel shielding materialhas 
been characterized by FT-IR, AAS, XRF and XRD 
analyses. The presence of functional groups was 
identified by FT-IR measurement and the 
concentration of the elements (B% and Ba%) in 
novel shielding materialwas determined by atomic 
absorption spectroscopy. Also X-ray fluorescence 
spectrometer was used to identify and measure the 
elemental composition of shielding material. And X-
ray diffraction was applied to identify atomic and 
molecular structure of the novel shielding material. 
The spectra and analysis results obtained in this study 
were compared with the existing IR spectra and XRD 
catalogues in the literature and no match was 
detected. It proved that this synthesized shielding 
materialis novel in the literature. 
In the next step, fabric samples were produced by 
using the novel shielding materialin different 
proportions in order to investigate its effect on 
radiation attenuation coefficients (µ) of samples. 
Then radiation shielding properties of prepared 
samples were tested against neutrons, γ-rays and X-
rays.  
It can be seen that sample which contains the novel 
shielding materialshows up as white in image 
contrary to sodium pentaborate. This is due to the 
positive effects of the novel shielding materialon 
photon attenuation because it blocks gamma and x-
rays. Also as can be understood from graphs, gamma 

and x-ray attenuation rate of the shielding material is 
equivalent to lead, the current shielding material.  
In neutron test, the sample which contains only (one 
hundred forty) 140 g of novel shielding material 
absorbed (sixty-three percent) 63% of neutrons.  It 
can be seen that absorption rates and the attenuation 
coefficients of neutrons are linearly increased, with 
increasing the proportion of novel shielding material. 
Consequently, a new radiation shielding material was 
developed by combining sodium pentaborate and 
barium sulfate for the first time in the world to the 
best of my literature knowledge.  
Although lead is effective against gamma and X-rays, 
it is unable to shield neutrons. Also while sodium 
pentaborate is effective for blocking neutrons, it is 
not an ideal shielding material against gamma and x-
rays. 
In this work, the novel shielding material is proposed 
to be the best candidate for radiation protection. The 
novel radiation shielding material is effective against 
neutron, gamma and X-ray radiations.  In comparison 
with lead, the current shielding material; it is 136 
times cheaper, more effective and non-toxic.   
The novel shielding material can be used in many 
fields such as medicine, industry, agriculture, even 
space exploration and aviation for radiation 
protection. 
 
CONCLUSION 
 
A new radiation shielding material was developed by 
combining sodium pentaborate and barium sulfate for 
the first time in the world to the best of my literature 
knowledge. This novel shielding material comprises 
heavy atoms and light atoms mixed in the proper 
ratio and this ratio may be varied depending on the 
field of use and the type of radiation. In comparison 
with current lead shielding material; the novel 
radiation shielding material is 10 times lighter, 136 
times less expensive and non-toxic. It is effective 
against neutron, gamma and X-ray radiation. Also it 
can be used in many fields such as medicine, 
industry, military even space exploration and aviation 
for radiation protection 
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