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a b s t r a c t

The fast-neutron shielding behaviour (FNSB) of two clay-materials (Ball clay and Kaolin)of Southwestern
Nigeria (7.49�N, 4.55�E) have been investigated using effective removal cross section, SRðcm�1Þ, mass
removal cross section, SR=rðcm2g�1Þ and Mean free path, l (cm). These parameters decide neutron
shielding behaviour of any material. A computer program - WinNC-Toolkit has been used for compu-
tation of these parameters. The toolkit evaluates these parameters by using elemental compositions and
densities of samples. The proficiency of WinNC-Toolkit code was probe by using MCNPX and GEANT4 to
model fast neutron transmission of the samples under narrow beam geometry, intending to represent
the actual experimental setup. Direct calculation of effective removal cross section (cm�1) of the samples
was also carried out. The results from each of the methods for each types of the studied clay-materials
(Ball clay and Kaolin) shows similar trend. The trend might be the fingerprint of water content retained
in each of the samples being baked at different temperature. The compositions of each sample have been
obtained by Particle-Induced X-ray Emission (PIXE) technique (Tandem Pelletron Accelerator: 1.7 MV,
Model 5SDH). The FNSB of the selected clay-materials have been compared with standard concrete. The
cognizance of various factors such as availability, thermo-chemical stability and water retaining ability by
the clay-samples can be analyzed for efficacy of the material for their FNSB.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The nuclear-technology is useful in several fields such as in-
dustry, medicine, agriculture and scientific research. It is a reliable
and clean power-source [1]. Besides numerous advantages of this
technology some precautions should be taken to avoid the expo-
sure to hazardous ionizing-radiations such as neutrons, gamma-
rays, charged-particles and fission-fragments. The risk of
radiation-hazard put major restriction on excessive use nuclear-
technology to fulfill the increasing demand of power.

Various studies have shown that exposure to the ionizing-

radiations can cause havoc to both living and non-living things
[2e4]. This potential radiation risk must be assessed and controlled
to minimize the menace to the public and associated property [3].
During reactor-shielding, the shielding of neutrons and g-rays are
the major concern. Since any material that attenuates neutrons and
g-rays, effectivelyattenuates other type ofnuclear-radiations [4e10].

According to Oak ridge national laboratory [11], origin of radi-
ation shielding research can be intimately tied to the operation of
the world's first self-sustaining chain nuclear reactor during the
year 1943. Several materials have been investigated for the
radiation-shielding purpose. Beside from good radiation-shielding
behaviour of a material, it should possess necessary physi-
ochemical properties such as melting point, corrosion, thermo-
chemical instability etc. Thus, for innovatory applications of the
nuclear-technology in different fields necessitate the continuous
search for better shielding-materials.
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It has been discovered that Clays have all the desired physi-
ochemical properties for good shielding-materials such as high
melting point, good thermo-chemical stability, and higher me-
chanical strength at an elevated temperature, better shock resis-
tance and high resistance to corrosion [12,13]. Interestingly, Clay
constituents low-Z elements and has good capability to retain
water (H2O). These properties make it suitable for neutron-
shielding [6]. On the other hand, Clay-materials are abundantly
available thus proves to be cost-effective and eco-friendly com-
posite-material [14].

In this study fast-neutron-shielding behaviour (FNSB) for clay-
materials found at Ile-Ife (South-western Nigeria has been carried
out. Various shielding parameters such as effective fast-neutrons

removal cross section, SRðcm�1Þ , mass removal cross section,
SR=rðcm2g�1Þ and mean free path, l (cm) have been used to
ascertain FNSB. These parameters have been computed using
WinNC-Toolkit; MCNPX; GEANT4 and direct calculation [15e17].
For neutron energies between 2 and 12 MeV, the effective removal
cross-section is considered to be approximately constant [18].
Various researchers [7e10,19e21] have confirmed that these pa-
rameters provide good information regarding neutron-shielding
behaviour of sample-material.

2. Theoretical method

WinNC-toolkit has been designed to provide theoretical

Fig. 1. Ball clay baked at different temperature.

Fig. 2. Kaolin baked at different temperature.

Table 1
Comparison of WinNC-Toolkit results with literature values for the validation of the code.

Concrete Samples Density (gcm�3) Measured values of SR (cm�1)

WinNC-Toolkit [15] Manual Calculation [15, 43] Experimental Measurement[15, 43]

Ordinary-concrete 2.30 0.0930 0.0937 0.1083
Hematite-serpentine 2.50 0.0978 0.0967 0.1160
Ilmenite-limonite 2.90 0.0943 0.0950 0.1433
Basalt-magnetite 3.05 0.1108 0.1102 0.1270
Ilmenite 3.50 0.1111 0.1121 0.1625
Steel Scrap 4.00 0.1226 0.1247 0.1654
Steel-magnetite 5.11 0.1421 0.1420 0.1680
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information of FNSB using various shielding parameters of the
sample (composite materials). This toolkit has been fabricated
specifically for fast-neutrons in analogy to WinXCom [22]. It is
designed with updated database file of SR=rðcm2g�1Þ and with
some extended capabilities, over the similar existing computer
programs (ParShield, MERCSF-N and NXcom). Themissing values of
SR=rðcm2g�1Þ for nine elements (Tc, Pm, Po, At, Rn, Fr, Ra, Ac and Pa)
in the existing programs have been estimated using bi-quadratic
polynomial fitting interpolation method with the Linest function
of Microsoft-Excel® [15]. The removal cross section, SRðcm�1Þ
provides the information of probability that a fast or fission-energy
neutron undergoes first collision, which removes it from the group
of penetrating uncollided neutrons. While the mean free path l
(cm) is the inverse of SRðcm�1Þ it describes the average distance
travelled by a neutron between two successive interactions. The
mass removal cross section SR=rðcm2g�1Þ provides neutron-
shielding behaviour of sample. For compound or mixture,
SR=rðcm2g�1Þ value is the sum of separate contributions of each of
the elements that constitute the compound or mixture. All these
parameters for each sample have been evaluated with mixture rule
[18,24].
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Where ui and ri are weight fraction and partial density respectively
of the element i.

MCNPX is the Monte Carlo N-Particle eXtended, a version of
MCNP code. MCNP is a general-purpose MonteCarlo N-Particle
code that can be used for neutron, photon, electron, or coupled
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Fig. 3. Flow Chart of WinNC e Toolkit (Mann et al., 2015).
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Fig. 4. (a) Simulation setup (b) 3-D view of set up obtained from MCNPX Visual Editor (Version X_22S).

Fig. 5. The effective removal cross section of the clay-materials and concrete materials.

Fig. 6. The mean free path of the clay-materials and concrete materials.
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neutron/photon/electron transport simulation [16]. Specific areas
of application include, but are not limited to, radiation protection
and dosimetry, radiation shielding, radiography, medical physics,
nuclear criticality safety, detector design and analysis, nuclear oil
well logging, accelerator target design, fission and fusion reactor
design, decontamination and decommissioning [16]. MCNP is
distributed by the Radiation Safety Information Computational
Center website (RSICC), based at the Oak Ridge National Laboratory
in Oak Ridge, Tennessee. MCNPX Code (version 2.6.0) was used to
simulate fast neutron transmission of the clay materials under
narrow beam geometry.

GEANT4 (GEometry ANd Tracking) is another Mente-Carlo code
developed at CERN in Cþþ (an object-oriented programming lan-
guage) for simulating the passage of elementary particles through a
substance. GEANT4 can simulate particles in a very broad energy
from several electronvolts to many gigaelectronvolts. It takes into
account during simulation all secondary particles generated in
nuclear reactions of primary particles with the substance, unlike
MCNP [25].

Direct calculation of effective removal cross section, SRðcm�1Þ
and mean free path l (cm) of compounds and homogeneous mix-
tures is also possible from SR=rðcm2g�1Þ value for various elements
that made up the compounds or mixtures using equations (2)e(4)
[19,20,26,27].

3. Methodology

3.1. Preparation of the clay-materials and elemental analysis

The two common types of clays, Kaolin and Ball clay were
collected from Government Reserve Forest, Ladugbo, Ile e Ife,
Southwest Nigeria (7.49�N, 4.55�E), as-mined in lump form,
crushed to suitable sizes and sun-dried. The samples were pul-
verized, sieved (with sieve of mesh sizes 2 mm), moulded and dried
in accordance to American Society for Testing and Material (ASTM)
standards [12]. Carbolite Muffled Furnace was used to bake the
samples at different temperatures (550 �C and 1000 �C). Fig. 1
shows Ball Clay samples labelled Sample A, B and C for the
unbaked and those that were baked at 550 �C and 1000 �C
respectively. Likewise, Fig. 2 shows Kaolin samples labelled Sample
D, E and F for the unbaked and those that were baked at 550 �C and
1000 �C respectively.

The samples were pelletized. To determine elemental concen-
trations of the samples, Tandem Pelletron Accelerator (1.7 MV,
Model 5SDH) was used for Particle Induced X-ray Emission (PIXE).
The compositions have been listed in Table 2.

3.2. Computation of mass removal cross section, effective removal
cross-section and mean free path

All the parameters required for the analysis of FNSB of the
samples have been evaluated with the WinNC-Toolkit. The input
elemental compositions (PIXE results) of clay-samples have been
used. Computation of the toolkit is based on the Eqs. (1)e(4). The
computational procedure is described in the flow chart shown
below (Fig. 3).

3.3. Simulation of fast neutron transport of clay-materials using
MCNPX and GEANT4 codes respectively

A simulation is an imitation of the operation of a real-world
process or system [27]. In recent years, dexterities of the personal
computers, as well as work-stations, authorize the application of
Monte Carlo method to simulate and solve highly complex physical
problems that involve the transport of different types of radiation Ta
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such as gamma and neutron through matter. The codes simulate
the interaction of elementary particles (such as neutrons, photons,
electrons, etc) with the substance of the system. MCNPX and
GEANT4 are well-known Monte Carlo codes utilized in nuclear
physics, nuclear engineering and medical physics [28e38].

Fig. 4 shows the simulation set up, paraffin box as neutron
source housing with a cylinder collimator. The detector was putted
on the same line at a distance 70 cm from neutron source. The
investigated clay materials were located between the source and
the detector at a distance 50 cm from the source.

3.4. Calculation of effective removal cross-section and mean free
path

From the value of mass removal cross section SR=rðcm2g�1Þ for
each elements that constituent the clay materials and the
elemental compositions (PIXE results) of the samples, the effective
removal cross section, SRðcm�1Þ, and mean free path l (cm) of the
samples were calculated using equations (2)e(4).

4. Results and discussion

4.1. Elemental analysis

The PIXE results for ball clay (Sample A, B and C) and kaolin
(Sample D, E and F) have been listed in Table 2. The results show
that the clay-materials are majorly made up of silica, alumina and
appreciable concentration of iron, alkali and alkaline earth min-
erals. The results show that the concentration of Aluminum in
Kaolin is approximately twice than that in Ball clay, while there is
about 9% of iron in Ball clay but iron concentration is almost
insignificant in Kaolin. However, there is average 7% of Calcium in
Kaolin and it is missing in Ball clay. The measured elemental-
compositions of samples show good agreement with literature
values [13,39]. It has been found that the effect of temperature is
negligible on the sample's chemical compositions. This is again in
good agreement with literature [12,13]. This supports the good
refractoriness property of a clay material [40]. That is, a refractory
material is one which has the ability tomaintain its mechanical and
chemical integrity at different temperatures.

4.2. WinNC-toolkit output

Firstly, the correctness of the WinNC-Toolkit code has been
validated. This validation has been made by comparing the
computed, manually calculated and experimentally measured
values of effective removal cross-sections for different concrete
samples [15]. These values are listed in Table 1. The mass removal
cross section, effective removal cross-section and mean free path l
for Ball clay (Sample A, B, and C) and Kaolin (Sample D, E and F)
have been obtained and listed in Table 2. These parameters are
more or less the same for the two clay-materials baked at different
temperatures. Thus supports the refractory nature of clay material

as pointed out by elemental concentration results. The effective
removal cross-section and mean free path for each of the samples
obtained have been compared with standard concrete materials [7]
as shown in Figs. 5 and 6 respectively.

4.3. Calculated effective removal cross section, SRðcm�1Þ and mean
free path l (cm)

The elemental composition, its fraction weight, mass removal
cross-section SR=rðcm2g�1Þ, partial density ri , macroscopic effec-
tive removal cross-section, SRðcm�1Þ, and mean free path l (cm) of
fast neutrons for the samples are listed in Table 3. It is obvious that
the macroscopic effective removal cross-section, SRðcm�1Þ , and
the mean free path l (cm) for all the samples are apparently the
same. The contribution of the light elements to the parameters is
more important compare with the heavy elements.

4.4. The WinNC-Toolkit, MCNPX, GEANT4 and calculated effective
removal cross section, SRðcm�1Þ compared

The comparison of the calculated macroscopic effective removal
cross section values, the WinNc-Toolkit results, as well as the
MCNPX and GEANT4 simulation results are shown on Table 4. The
results have similar trend. The little discrepancies between MCNPX
and GEANT4 values is not new, some research works have affirmed
possibility of this happening [41,42].

5. Conclusions

It has been concluded from the relative comparisons of
SRðcm�1Þ and l values for the samples and standard concrete
materials that the clay-materials have relatively fair FNSB. Thus
taking cognizance of some factors such as availability, cost, thermo-
chemical stability and good physiochemical properties of clay-
materials, clay can be used for cost-effective neutron-shielding
purpose at nuclear facilities.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.03.019.
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