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Abstract
Calcination process is a method used for gamma rays mass attenuation coefficient enhancement of natural
bentonite clay nano-particles. This process eliminates water and organic matter from bentonite clay structure which
have low mass attenuation coefficient values. There are two opposite effects on mass attenuation coefficient values;
oxides content increases after calcination process which enhances mass attenuation coefficient values and particle
size of calcinated bentonite increases which decreases mass attenuation coefficient values. In order to enhance mass
attenuation coefficient value for natural bentonite, a physical ball milling must introduced after calcination process
that decreases particle size. Calcination process is done at 700 C
̊ for two hours because dehydration is completed
above 500 ˚C while dehydroxylation observed at 700 ˚C. Mass attenuation coefficients are measured for calcinated
and ball milled bentonite clay at different energies (662, 1173 and 1332 keV) and different pressing pressures (50,
100 and 150 bar). Narrow beam transmission technique and two different sources (Cs-137 and Co-60) are used for
mass attenuation coefficient measurements, also particle size are measured by two different methods dynamic light
scattering and Williamson-Hall size analyses using XRD patterns. All samples are coated by polyvinyl alcohol
polymer.

Keywords: Calcination process; bentonite Nanoparticles; PVA polymer; Mass attenuation coefficient;
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1. Introduction
The workers in the nuclear materials field are exposed to hazards radiation from artificial and natural sources and
this can damage human cell. In order to protect human from radiation, three methods must applied and those are
time, distance and shielding [1]. The last parameter is the important one as it doesn’t make the human leave work so
shielding development are discussed in many studies. The interaction of radiation with matter that gives the fraction
of radiation scattered or absorbed are determined by the calculation of attenuation coefficient parameters [2].
Gamma rays and x-rays attenuation for different materials started from very long time ago [3-4], so various
attenuation calculations techniques came along in many studies [5]. Different attenuation coefficients that calculated
for any shielding material are linear and mass attenuation coefficient. Linear attenuation coefficient is known as the
probability of interaction between gamma rays and shielding material per unit path length and represents the main
characterizing factor for the penetration and diffusion of gamma rays in a shielding medium (µ) [6]. Gamma rays
attenuation depends on many factors like atomic number, photon energy, and density of the shielding material. Mass
attenuation coefficient is defined as the linear attenuation coefficient per unit mass of the shielding material [7].
Linear attenuation can be calculated from Lambert’s law:
𝐼 = 𝐼𝑜 𝑒 −𝜇𝑋
(1)
Where Io intensity of gamma rays without absorber material, I intensity with the absorber thickness X and µ is the
linear attenuation coefficient. Mass attenuation coefficient can be determined by knowing the calculated µ and
density of the material (ρ) which equal to µ/ρ [8].
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Half value layer (HVL) and Tenth value layer (TVL) parameters determine the effectiveness of the shielding
material [9].
Due to various application of shielding materials, it required at a particular weight and volume (lighter and more
efficient). A new matrix of materials are introduced which consist of a polymer based compound material filled with
radiopaque powder. Polymer has a good thermodynamic properties, good radiopaque ability and can easy process in
any shape. It can be filled with nano-materials which have been proved that it characterized by high attenuation
coefficients than micro one [10-11].
Many researchers have reported enhanced attenuation coefficients of nano-materials at very low energy X-ray and
gamma ray having several tens keV [12-16]. Verdipoor [17] doped silicon resin with WO3, PbO, and Bi2O3 Micro
and Nano-particles and calculate shielding parametrs using Monte Carlo (MC) method. He found that shielding
samples made of nano-particles had higher mass attenuation coefficients, up to 17% relative to those made of microparticles. The Performance of nano-particles materials on radiation shielding propertied using Mont Carlo method
are illustrated using Iron, bulk lead and lead nano-particles materials to be used as gamma ray shield. It declared that
the shielding properties of lead nano-particles are more effective than bulk lead and Iron materials [18].
Addition of nano tungsten oxide to concrete increase mass attenuation coefficient than micro tungsten oxide which
simulated and calculated using MCNPX code [19].
Koksal [20] prepared manganese substituted hydroxyapatite nanoparticles by ultrasonic wet chemical method and
measure its mass attenuation coefficient at 59.5 keV using germanium detector and the result is compared with a real
bone. The results provide information on how gamma rays transmit through real bone. Poly (methyl methacrylate)
(PMMA) was reinforced using colemanite Ca2B6O11·5H2O (CMT) to increase the radiation shielding capacity of the
composite and investigated against gamma rays and neutrons. The experimental results are compared with
theoretical one obtained from XCOM and found that the reinforcement increase radiation shielding capacity by 11.1
% for gamma energy emitted from Cs-137 [21].
Raul Florez [22] added magnetite (Fe3O4) nano-particles to Portland cement and study micro structural, mechanical
and gamma attenuation properties of that composite. The addition of magnetite nano-particles improves shielding
capability of Portland cement ranging from 2.6 % to 3.1 %.
The attenuation coefficients are measured for PVA/ Pb(NO3)2 composite using MCNPX5 code and a comparison
between experimental and theoretical values obtained from XCOM are done. The results showed that shielding
properties of polyvinyl alcohol increased by the increment of lead nitrate [23]. PVA polymer due to its properties
such as high optical transmission, water solubility, stable thermal, non-toxic and noncorrosive nature that makes it a
good matrix for optoelectronic and supercapacitors [24-25]. In recent days, many glass composites are used for
gamma rays attenuation like (20+ x)PbO – 10 BaO – 10 Na2O – 10 MgO – (50-x) B2O3 glasses [26], Sm3+ and Gd3+
Co-doped lead phosphate glasses [27] and borate glasses containing heavy metals [28]. Gamma rays shielding of
waste soda-lime glass containing various ratios of Nb2O5 are investigated theoretically using XCOM and MCNP-5
programs in addition to waste soda–lime–silica containing Bi2O3. The result shows that adding high density oxides
to glass improve gamma rays shielding properties [29, 30].
The aim of this work is as follows
a- Investigate the structure of calcinated bentonite clay.
b- Shielding parameters enhancement of natural bentonite nanoparticles/ PVA polymer matrix composite by
using calcination and ball milled processes.
c- Comparison between experimental and theoretical mass attenuation coefficient values.

2. Materials and methods
Natural bentonite samples were brought from El-Mutalla Mountain located in southwestern Sinai, Egypt.
Bentonite clay was crushed by hummer to small pieces and then calcinated at 700 C
̊ in the furnace for two hours
where complete dehydration and dehydroxylation are done at that temperature. The calcinated bentonite samples are
divided into two parts. The first part calcinated bentonite samples are milled in Fritsch pulverisette, model 02.102
for one hour to have smooth powder. The powder are pressed into cylindrical pellets at different thicknesses and
different pressing pressure (50, 100, 150 bar) to produce the first form. The second part of calcinated bentonite
samples must have small particle size than the first form so that it is ball milled with high energy Retsch Planetary
ball mill PM 400 for three hours to get nano particle size. After ball milled, the calcinated powder were pressed into
cylindrical pellets with different thicknesses and different pressing pressure (50, 100, 150 bar) so the second form
are obtained. The two forms are coated with polyvinyl alcohol (PVA). PVA represents 10 % weight from the all
bentonite/PVA matrix weight percentage. The two forms samples are then ready for the measurements (Calcinated
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form and ball mailed form). The density of the samples is calculated by the conventional method for a cylindrical
shape as it has a regular shape. The shielding parameters are calculated using narrow beam transmission geometry
technique in which a collimator with 22 mm diameter and 3 cm height is used. Shielding parameters are calculated
at three different energies 662, 1173 and 1332 keV emitted from Cs-137 and Co-60 sources, respectively. The
distance between source and samples is 1 cm and the distance between the collimator and NaI (Tl) detector is equal
to 1 mm. The cylindrical sample and the gamma ray source are stacked in the lead collimator and in the hole inside
the collimator also the detector lies in the end of that hole to ensure receiving the narrow beam. A well calibrated
gamma ray spectrometer which consists of 3"×3" NaI (Tl) scintillation detector is used. The detector is protected by
0.6 cm thickness of copper against induced X-rays and covered by 5 cm lead while all geometry is protected from
environmental radiation by lead bricks. The detector is connected with Tennelec high voltage power supply with HV
digital display, Nuclear Enterprises main shaping amplifier, PCA- 8000 computer based, 8192 multichannel
analyzer with color graphical display of spectra and high level technical operation features. The measurements of
photons with and without shielding material are done for 30 minutes for all sample thicknesses. The all experimental
setup of the narrow beam geometry is the same as shown in reference [31] and the shape of the different thicknesses
of calcinate bentonite/PVA matrix samples are shown in figure 1.
Fig. 1: Shape of calcinated bentonite/PVA matrix samples with different thicknesses
Gamma transmission factors linear attenuation coefficient, mass attenuation coefficient, half value layer (HVL),
tenth value layer (TVL) and mean free path (mfp) are calculated for calcinated and ball milled bentonite/PVA
polymer mattresses. Linear attenuation coefficient can be determined using Beer-Lambert equation. It describes the
probability of absorption or scattering of incident radiation per unit length.
Mass attenuation coefficient is determined by gamma transmission method and is calculated experimentally
using the calculated value of both linear attenuation coefficients and density of the samples. Mass attenuation
coefficients can measured theoretically for elements, composites and mixtures of elements. Our samples consider as
a mixture of elements and mass attenuation coefficient can determined using the equation:
𝜇𝑚 = ∑(𝜇 𝑚𝑖 . 𝑤𝑖 )

(2)

Where µ mi is the mass attenuation coefficient of the i element and wi is mass percentage of the element i in all
mixture [32]. Experimental values of mass attenuation coefficient are set in comparison with theoretical values that
calculated from XCOM program and the standard deviation between them are determined from equation 3:
𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) =

𝝁𝒎 (𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙) −

𝝁𝑚

(experimental)

𝜇𝑚 (𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙)

× 100

(3)

The effective thickness of the shielding material can be calculated by two factors half value layer and tenth value
layer. HVL is the thickness of the shielding material that reduces initial intensity of gamma rays to its half value
while TVL is the thickness of the shielding material that reduces initial gamma rays intensity to one tenth of its
original value and can be calculated using equations 2 and 3 where µ is linear attenuation coefficient [33].
.
𝐻𝑉𝐿 =

𝑇𝑉𝐿 =

𝐿𝑛 2

(3)

𝐿𝑛 10

(4)

𝜇

𝜇

The mean free path (mfp) is the average distance between two successive interactions of photons in an absorber
material and can be calculated from the equation (5) Where µ is linear attenuation coefficient [31].

𝑚𝑓𝑝 =

1

(5)

𝜇
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3. Results and discussion
3.1 Characteristics of calcinated bentonite clay
Radiation fields become widely used like radiological, diagnostic imaging, radiation therapy, nuclear and
industrial applications thus fields can be harmful to human due to hazards radiation. The choice of shielding material
has gained more attention to reduce biological effects of radition and depend on type of radiation, energy of that
radiation and characteristics of the chosen material [34].
The characteristics of calcinated bentonite clay are illustrated in terms of chemical composition, X-ray patterns,
particle size measurements, density measurements and scanning electron microscope. The mineral content of
bentonite clay (natural and calcinated) is determined by chemical composition analysis as shown in table 1. It
considers a mixture of elements oxides. The two forms of calcinated bentonite clay have nearly the same chemical
composition where the difference between them is the particle size variation due to ball milling process.
Table 1: Chemical composition analysis for natural and calcinated bentonite clay.
Chemical analysis is done in Nuclear Materials Authority laboratories before and after calcination. The
remarkable difference in chemical composition between natural bentonite [31] and calcinated bentonite is the values
of L.O.I (loss of ignition) and CaO. Organic matter and water content have lower values of gamma rays attenuation
so we must eliminate organic matter and water from clay structure by calcination process. Calcination process is
done at 700 ˚C because dehydration is completed above 500 ˚C while dehydroxylation observed at 700 ˚C.
Bentonite samples need to be heated from 100 ˚C to 800 ˚C because mineralogy and pore structure must not be
destroyed by thermal process (complete dehydration and dehydroxylation at 700 ˚C) [35]. Calcinated bentonite
consists of number of mineral oxides so it considers a mixture of element oxides that can be used in gamma rays
attenuation besides PVA polymer (C2H4O) in the composite matrix.
Calcinated bentonite is characterized by XRD analysis. XRD patterns of the calcinated bentonite and ball milled
calcinated bentonite are illustrated in figure 2 (a and b). The two patterns contain the same phases and the peaks are
located in the same positions. The only differences are the intensity and broadening of the peaks because of the
differences in particle size. XRD diffraction pattern revealed two crystalline phases in calcinated and ball milled
bentonite clay, Calcite (CaCO3, JCPDS card number 00-005-0586) and quartz (SiO2, JCPDS card number 898935)
[36, 37] which represent (79.6% and 20.4%) in calcinated bentonite and (91% and 9%) in ball milled bentonite clay,
respectively. The most intense crystalline quartz peak at 2θ = 26.6 ͦ (011) belongs to hexagonal structure and the
most intense crystalline calcite peak at 2θ= 29.7 .ͦ Many methods used XRD diffraction pattern for particle size
measurements. In this work XRD diffraction patterns are used by Williamson - Hall size analysis to determine and
compare particle size of calcinated and ball milled bentonite clay with the help of X-powder program.

Fig. 2: X-ray diffraction pattern for; (a) calcinated bentonite clay and (b) ball milled calcinated bentonite clay

The perfect crystal extends infinitely in all directions but no crystal is perfect due to their finite size. This deviation
leads to a broadening of the diffraction peaks of X-ray patterns. The crystallite size is not generally the same as the
particle size due to the formation of polycrystalline aggregates [38].
The particle size of the calcinated bentonite clay is measured by two methods:
a-

Dynamic light scattering

b- Williamson-Hall size analysis

a- Dynamic light scattering (DLS)
Dynamic light scattering (DLS) is characterizing the size of the colloidal dispersions of the particles or
molecules that undergoing brownian motion using a laser beam for illumination of suspended particles [39]. The
fluctuations in the intensity of scattered light are time dependent and analyzed using an autocorrelator. The
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autocorrelator calculate the autocorrelation function of the signal which decays in exponential rate and depend on
the diffusion of the particles [40].
As shown in figure 3 (a) which describe the particle size of calcinated bentonite, the lowest particle size is 342
nm and the highest percentage 92 % of particle size lies between 342 and 615 nm. The calcinated bentonite has a
particle size bigger than natural bentonite [31] due to temperature rising which is the fundamental for calcination
process. As temperature rises, particle size rises also [39].
In order to decrease the particle size, a physical method is utilized which called ball milling. The calcinated
bentonite was ball milled in high energy Retsch Planetary ball mill PM 400 for three hours to decrease the particle
size (ball milled calcinated bentonite). To ensure that the particle size is decreased, particle size is measured for ball
milled calcinated bentonite and the corresponding result is shown in figure 3 (b).
The figure shows that the lowest size is 105 nm and the most percentage 65 % lies between 105 and 190 nm
which imply that ball milling is an effective method for decreasing particle size. DLS measurements produce a wide
particle size distribution because of agglomeration of nano-particles due to precipitation of bentonite during
suspension in the solution.
Fig. 3: DLS analysis for; (a) calcinated bentonite clay and (b) ball milled calcinated bentonite clay

b- Williamson-Hall size analysis
Another method is needed for measuring particle size of calcinated bentonite and ball milled bentonite for
specific determination so Williamson-Hall size analysis is applied which uses XRD patterns and X-powder program
software using Gaussian linear fitting method.
X-ray analysis pattern is a powerful tool in the determination of particle size and lattice strain using
Williamson-Hall size analysis. The broadening of the peaks are evidence on grain refinement along with lattice
strain occurred in the sample. The distribution of the lattice constants in the sample structure due to crystal
imperfections like lattice dislocation is called lattice strain [41]. The peaks showed in the x-ray pattern (Figure 2) are
sharp intensities and narrow that indicates high quality with good crystallinity and fine grain size. Figure 4 (a and b)
determine particle size of calcinated bentonite and ball milled calcinatd bentonite by W-H size analysis.
The particle size of the calcinated bentonite is 406.27 nm and the non-uniform lattice strain is 0.518. The particle
size of the calcinated bentonite is higher than that of natural bentonite (59.79 nm) [31]. Particle size increases with
increasing temperature [42].
The calcinated bentonite is high energy ball milled for 3 hours to reduce particle size. Figure 4 declared that
the particle size is reduced from 406 nm to 26.05 nm and lattice strain increased to 0.619 due to size reduction.
The above figures showed that the two forms are in nanometer scale but ball milled bentonite have the lowest
particle size (less than 100 nm) so it can increase shielding properties of bentonite clay where nano materials
increase relative surface area. This makes nano-particles properties differ than other materials [18].
Fig. 4: Particle size for; (a) calcinated bentonite clay and (b) ball milled calcinated bentonite using W-H size
analysis
Density is one of the physical constant which is characteristic of the material. It does not vary with the amount
or the shape and useful in positively identifying unknown material. Since the samples are solid material and have
regular cylindrical shape, it can be calculated from the dimensions (volume) and mass of those samples. The
densities of both calcinated and ball milled bentonite samples at different pressing pressure (50, 100, and 150 bar)
are calculated and graphed in figure 5. As shown in the figure, the density increases as pressing pressure increases
for calcinated and ball milled bentonite clay. For calcinated bentonite, the density increases from 1.35 g/cm3 at 50
bar to 1.49 g/cm3 at 150 bar while for ball milled calcinated bentonite increases from 1.46 g/cm3 at 50 bar to 1.59
g/cm3 at 150 bar.
Consequently, the density of the sample increases with decreasing the grain size. At 50 bar, the density of
calcinated bentonite is about 1.35 g/cm3 while ball milled calcinated bentonite pressed at 50 bar is equal to 1.46
g/cm3 even though they have the same structure (calcinated powder). The residual values of density are the same
behavior as 50 bar. The density increases due to two reasons:
(a) Finer grains formation (nanoparticles) results in a decline in pore size [43].
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(b) More compressibility of the samples produces less volume relative to its mass.
The density measured for natural bentonite is equal to 1.48 g/cm3 [44]. There are three samples bigger in
density than natural bentonite; calcinated bentonite pressed at 150 bar, ball milled calcinated bentonite pressed at
100 bar and ball milled calcinated bentonite pressed at 150 bar. The density increases in the order, natural <
calcinated (150 bar) < ball milled (100 bar) < ball milled (150 bar). The highest density measured is for ball milled
pressed at 150 bar. The attenuation coefficient increases as density increases [45] so we expect that ball milled
bentonite samples have higher mass attenuation coefficient than all studied samples and also higher than natural
bentonite.
Fig. 5: Density measurements of calcinated and ball milled bentonite clay at different pressing pressure
The morphological studies of calcinated and ball milled bentonite samples are done by scanning electron
microscope. It is a surface analysis technique which used to characterize the composition and morphology of any
material. Figure 6 (a and b) shows scanning electron microscope for calcinated and ball milled bentonite clay.
Calcinated bentonite (Figure 6 (a)) has larger grain size than the other samples. As temperature rises, grain size
increases. In case of calcinated bentonite, it has the largest particle size which equal to 406 nm (Figure 4 (a)). As
particle size decreases, more uniform and less particle size distribution observed. Ball milled bentonite clay is the
finest grain size as it is more uniform and less particle size distribution (Figure 4 (b)).
Fig. 6: SEM micrograph for; (a) calcinated bentonite clay and (b) ball milled bentonite clay

3.2 Shielding parameters calculation
Recently, different materials like clay materials, polymers, ceramics, glasses, alloys and bricks have been
investigated as a suitable gamma rays shielding and compared between each other to determine the best shield.
In this work, gamma transmission factors linear attenuation coefficient, mass attenuation coefficient, half value
layer (HVL), tenth value layer (TVL) and mean free path (mfp) are calculated for calcinated and ball milled
bentonite/PVA polymer mattresses using narrow beam transmission technique in which lead collimator lies above
NaI (Tl) detector is used. These factors are determined at three different energies 662, 1173 and 1332 keV emitted
from Cs-137 and Co-60, respectively.

a- Linear attenuation coefficient
Beer-Lambert equation (1) is used to determine linear attenuation coefficient by plotting Ln(Io/I) and thickness
(X) where Io intensity of gamma rays without sample thickness and I intensity of gamma rays with sample
thickness. The slope of this relation is equal to linear attenuation coefficient. The measured gamma photons with and
without two forms of bentonite clay at different pressing pressure and different energies are shown in Table 2 and
figure 7 (a, b, c, d, e and f). As in figure 7, (a) calcinated bentonite pressed at 50 bar, (b) calcinated bentonite 100
bar, (c) calcinated 150 bar, (d) ball milled pressed at 50 bar, (e) ball milled 100 bar and (f) ball milled bentonite
pressed at 150 bar. It is clear that gamma rays attenuated more through bentonite clay as thickness increase.
The calculated linear attenuation coefficients of the calcinated bentonite (50, 100, and 150 bar) and ball milled
bentonite (50, 100 and 150 bar) at different thicknesses and different energies are listed in Table 3.
The relation between linear attenuation coefficient and both density and various gamma rays energy are
illustrated in figures 8 (a and b) and 9, respectively.
Both calcinated and ball milled bentonite clay exhibit the same behavior. As density increases, linear attenuation
increases for all studied energies and linear attenuation decreases with increasing energy. Ball milled bentonite has
linear attenuation higher than calcinated bentonite because it has lower particle size (26.05 nm) than that for
calcinated bentonite (406.27 nm). It is clear linear attenuation increases with decreasing particle size and increasing
density.
Linear attenuation coefficient decreases with increasing energy for all investigated bentonite clay. This is due to
less gamma ray attenuated through the sample. The transmitted gamma rays increase as energy increase (less
interaction between gamma rays and medium).
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Figure 9 shows also that ball milled bentonite clay pressed at 150 bar has the highest linear attenuation
coefficient because it has the highest density and lowest particle size. Linear attenuation coefficient values decreases
in the order ball milled (150 bar) > ball milled (100 bar) > ball milled (50 bar) > calcinated (150 bar) > calcinated
(100 bar) > calcinated (50 bar).

Table 2: Measured gamma photons with and without calcinated bentonite and ball milled bentonite samples
[Calcinated, ball milled calcinated (50, 100 and 150 bar)] at different thicknesses and different energies.

Fig. 7: Gamma transmission through (a) calcinated bentonite pressed at 50 bar (b) 100 bar, (c) 150 bar, (d) ball
milled calcinated bentonite pressed at 50 bar, (e) presed at 100 bar and (f) pressed at 150 bar at different thicknesses
and different energies
Table 3: Linear attenuation coefficients (cm-1) of all samples at the investigated gamma energies.
Fig. 8: Linear attenuation coefficient versus density for; (a) calcinated bentonite and (b) ball milled calcinated
bentonite at different energies
Fig. 9: Linear attenuation coefficient versus energy for calcinated and ball milled bentonite at different pressing
pressure

b- Mass attenuation coefficient
Mass attenuation coefficient is the fundamental shielding parameter that describes the interaction of gamma
rays with absorber material. It characterizes the penetration and diffusion of gamma rays in the shielding material. It
is considered as a density independent coefficient. Higher mass attenuation means better shielding material [46].
Mass attenuation can be calculated by dividing the calculated linear attenuation on the calculated density of
any material. The calculated mass attenuation coefficients of our samples for the two forms of bentonite clay at
different energies and different pressing pressure are given in figure 10.
Fig. 10: Mass attenuation coefficient versus energy for calcinated and ball milled bentonite clay at different pressing
pressure
Figure 10 shows that when energy increases, mass attenuation decreases for all samples types and it illustrates
that mass attenuation coefficient of the ball mailed calcinated bentonite pressed at 150 bar has the highest value at
any energy because it has the smallest particle size (Figure 4 (a and b)) and density (Figure 5). The mass attenuation
decreases in the order ball milled (150 bar)> ball milled (100 bar)> ball milled (50 bar)> calcinated (150 bar)>
calcinated (100 bar)> calcinated (50 bar).
Mass attenuation coefficients (cm2/g) of calcinated bentonite were theoretically calculated using XCOM
program. The utilization of XCOM computer code [47], enable us to compare between theoretical mass attenuation
coefficient and experimental one. The standard deviation between experimental and theoretical mass attenuation
coefficient of calcinated bentonite is tabulated in Table 4.
Table 4: Experimental and theoretical mass attenuation coefficient at different energies for calcinated bentonite
clay pressed at 100 bar and the corresponding deviation values (%).
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The experimental and theoretical mass attenuation coefficients were found to be in a good agreement. The
discrepancies are considered not very large because the differences are in the range of the reported experimental
errors. The standard deviation is the largest at 662 kev as it equal to 5.4 % while it is the smallest at 1332 kev as it
equal to 0.18 %. The experimental value of the mass attenuation coefficient of natural bentonite [31] is equal to
0.076 cm2/g while the highest mass attenuation coefficient value of ball milled calcinated bentonite pressed at 150
bar is equal to 0.0836 cm2/g, thus impels that there is a significant enhancement in the mass attenuation coefficient.
Not only mass attenuation coefficient of ball milled calcinated bentonite clay pressed at 150 bar has enhanced its
value but also ball milled calcinated pressed at 100 bar is equal to 0.08 cm2/g. It is declared that due to this
enhancement in mass attenuation coefficient values, the calcination process is an effective method to develop natural
bentonite material as a shield for gamma rays by decreasing the particle size below 100 nm by an effective ball
milling or another method. The mass attenuation coefficient of natural bentonite represents 69 % from lead mass
attenuation coefficient [47, 31] while the enhanced mass attenuation coefficient of ball milled calcinated bentonite
(pressed at 150 bar) represents 75.4 %.
The highest mass attenuation coefficient value of the studded samples is ball milled bentonite pressed at 150 bar so
we can compare it with other shielding material as in table 5.
Table 5: Comparison between mass attenuation coefficients of ball milled calcinated bentonite pressed at 150 bar
and other shielding materials.

c- Half value layer (HVL) and tenth value layer (TVL)
It is better to express the attenuation of gamma rays in terms of effective shielding thickness for applications
purpose.
The less HVL and TVL of the shielding material, the better shielding properties it has. Thus the shielding
effectiveness of the calcinated bentonite clay is inversely proportional to its HVL value. The energy dependence of
HVL and TVL values for calcinated bentonite and ball milled bentonite clay at different pressing pressure are
illustrated in figures 11 and 12.
Fig. 11: Variation of HVL with energy for calcinated and ball milled bentonite clay at different pressing pressure
It is obvious from figure 11 that the gradual increase in HVL with photon energy indicates that thicker shields are
needed against high gamma radiation. HVL parameter can be employed to distinguish between samples in terms of
their shielding effectiveness. The lowest value of HVL is for the ball milled calcinated bentonite pressed at 150 bar.
It is the chosen bentonite sample as it is more effective in protection against gamma rays than other samples. It
requires less thickness for gamma rays protection than other samples for all studied energies. The required thickness
from bentonite sample is (5.2 cm) for the protection against 662 keV while the highest thickness value is for the
calcinated bentonite pressed at (50 bar) which equal to 8.45 cm. Tenth value layer (TVL) exhibit the same behavior
as HVL as shown in figure 12.
The ball milled calcinated bentonite pressed at 150 bar has the lowest HVL and TVL values. It has tenth value
layer (17.3 cm) for the protection against 662 keV while the highest TVL (28.08 cm) for the calcinated bentonite
pressed at (50 bar) at the same energy. The ball milled calcinated bentonite pressed at 150 bar has the minimum
thickness value while it has the higher density and lower particle size than other samples (see figures 5 and 4 (b)).
Fig. 12: Variation of TVL with energy for calcinated and ball milled bentonite clay at different pressing pressure

d- Mean free path
The variation of mean free path (mfp) values with energy of studied samples are shown in figure 13. Mean free path
follows a decreasing order with increasing energy. Low values of mean free path are the indication of the increase of
probability of gamma rays to get attenuated. Figure 13 showed that minimum value of the mean free path is
observed for ball milled calcinated bentonite sample pressed at 150 bar with the highest density (1.59 g/ cm3). Mfp
values increase as gamma ray energy increase for all studied samples where low energy photon can losses its energy
in a short distance while high energy one needs a large distance.
The best shielding characteristics (linear attenuation, mass attenuation, HVL, TVL and mean free path) obtained
is for ball milled calcinated bentonite pressed at 150 bar. Its shielding properties has enhanced in comparison with
natural bentonite because of the influence of calcination process and ball milling.
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Fig. 13: Mean free path versus photon energy for calcinated and ball milled bentonite clay at different pressing
pressure

4. Conclusion
In order to evaluate mass attenuation coefficient for natural bentonite, calcinations process is introduced to get
rid of water and organic matter from the structure. Water has less ability for gamma rays shielding. Mass attenuation
coefficient of calcinated bentonite has been calculated and found that it is less than natural bentonite, this is due to
particle size increases from 59.79 nm for natural to 406.27 nm for calcinated bentonite and lattice strain increased
from 0.168 to 0.518, respectively. The particle size must decreases so a physical ball milled is needed. The particle
size decreases from 406.27 nm to 26.05 nm. Due to that decrease in particle size, mass attenuation increased. Ball
milled calcinated bentonite clay has the higher mass attenuation coefficient (0.0836 g/cm2 at 662 keV) than natural
and ground bentonite. By comparing the value of mass attenuation coefficient of ball milled calcinated bentonite
pressed at 150 bar and lead, it represents 75.5 % from lead value at photon energy 662 keV. The value increases
from 69 % for natural bentonite and 75.3% for ground bentonite to 75.5 % for ball milled calcinated bentonite. The
result of this raising proves the efficiency of calcination process in shielding properties enhancement but it must
accompanied with ball milling process for particle size reduction.
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Figures

Figure 1
Shape of calcinated bentonite/PVA matrix samples with different thicknesses.

Figure 2
X-ray diffraction pattern for; (a) calcinated bentonite clay and (b) ball milled calcinated bentonite clay.

Figure 3
DLS analysis for; (a) calcinated bentonite clay and (b) ball milled calcinated bentonite clay.

Figure 4
Particle size for; (a) calcinated bentonite clay and (b) ball milled calcinated bentonite using W-H size
analysis.

Figure 5
Density measurements of calcinated and ball milled bentonite clay at different pressing pressure.

Figure 6
SEM micrograph for; (a) calcinated bentonite clay and (b) ball milled bentonite clay.

Figure 7
Gamma transmission through (a) calcinated bentonite pressed at 50 bar (b) 100 bar, (c) 150 bar, (d) ball
milled calcinated bentonite pressed at 50 bar, (e) presed at 100 bar and (f) pressed at 150 bar at different
thicknesses and different energies.

Figure 8
Linear attenuation coe cient versus density for; (a) calcinated bentonite at different energies and (b) ball
milled calcinated bentonite at different energies.

Figure 9
Linear attenuation coe cient versus energy for calcinated and ball milled bentonite at different pressing
pressure.

Figure 10
Mass attenuation coe cient versus energy for calcinated and ball milled bentonite clay at different
pressing pressure.

Figure 11
Variation of HVL with energy for calcinated and ball milled bentonite clay at different pressing pressure.

Figure 12
Variation of TVL with energy for calcinated and ball milled bentonite clay at different pressing pressure.

Figure 13
Mean free path versus photon energy for calcinated and ball milled bentonite clay at different pressing
pressure.

