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ARTICLE INFO ABSTRACT

Monte Carlo methods are used for solving difficult stochastic problems in radiation shielding applications. The
aim of this paper is to show the possibility of using the Monte Carlo code (MCBEND®) for evaluation and
optimization of polyethylene with high boron loadings (for up to 40%) to reach better neutron shielding against
fast neutrons (Am-Be neutron source). Boron is incorporated in polyethylene as boron carbide (B,C). MCBEND®
(Monte Carlo code developed by ANSWERS) is used to simulate neutron transport through the developed bo-
rated polyethylene composites. In order to verify the computer simulations, neutron detection and data acqui-
sition systems have been assembled, modified, and thoroughly tested for shielding efficiency. It is shown that
borated composite with 10% of boron content showed the highest experimental mass removal cross section.
Moreover, composite formulation with 10% of boron shows optimum density, morphology, mechanical attri-
butes, and thermal stability than that of the neat polyethylene matrix. A comparison of experimental and si-
mulation mass removal cross sections shows that the geometry and physics models proposed in this work are in
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close agreement, with maximum relative difference of not more than 15%.

1. Introduction

Modern world finds extensive utilization of radiations, radio-
isotopes, and energy-related materials in power generation, medicine,
and aerospace sectors. Neutrons are an important class of nuclear ra-
diations, which do not possess net electric charge; therefore they cannot
be stopped by electric forces. Neutron shielding is based on the prin-
ciple of attenuation, which is an ability to mitigate the radiation effects
by blocking or bouncing through a barrier material. Neutrons can be
rendered less harmful through elastic and inelastic scattering (John and
Lamarsh, 1955; Martin, 2013; Murray, 2014). Fast reactors typically
involve high energy neutrons that must be shielded for efficient op-
eration. Since fast reactors do not require moderation, shield design
must include materials containing high hydrogen content to ensure
thermalization followed by the absorption of fast neutrons. Hydrogen
and hydrogen-based materials are preferred for moderating fast neu-
trons most probably by forming cross-sections that may interact with
these neutrons. Compounds with a higher content of hydrogen, such as
polyethylene (PE), paraffin wax (PW), and water form efficient neutron
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barriers. Moreover, neutron shielding properties may be further im-
proved by incorporating boron salts (Abd and Elkady, 2014; Groves,
2017; Uhlafr et al., 2013).

Monte Carlo methods physically simulate the fate of individual
particle (neutron) and help predict detailed radiation level in a geo-
metrical system. The possible outcome is some form of radiation dose,
radiation damage, or an instrumental response to a particular radiation.
These simulations find diverse applications in reactor operation, nu-
clear fuel management, incident detection systems, and personal dose
uptake. With advances in the field of composites, new materials are
being developed, evaluated, and applied for radiation shielding appli-
cations (Geoff et al., 2017; Kyrieleis, 2014).

Polymer composites have been widely used for radiation shielding
applications because of their light weight, easy process-ability, and
chemical inertness. Moreover, these materials can be easily in-
corporated with boron containing salts to further influence radiation
shielding phenomenon. Consequently, borated polymer composites
possessed good physico-mechanical properties than that of their neat
counterparts and many researchers have investigated the use of such
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Fig. 1. Neat and borated composite formulations.

polymer composites for radiation shielding applications (Akay, 2006;
Shackelford and Alexander, 2000; Sperling, 2006a).

In previous studies, PE composites containing boron carbide (B4C)
showed good neutron and proton shielding properties (Harrison et al.,
2008b). Paraffin with different loadings of oil has also been in-
vestigated as a neutron moderator and shield for Am-Be source (Aygiin
and Budak, 2012). High density polyethylene (HDPE) composites con-
taining B4C were developed for thermal neutron shielding applications.
HDPE/B4C composites with 24 phr (parts per hundred) of B4C showed
excellent shielding against thermal neutrons (Yasin and Khan, 2008).

The aim of this study is to evaluate the effect of higher boron con-
tent (for up to 40%) on the physico-chemical and fast neutron shielding
properties of HDPE composites. Hybrids containing HDPE and PW
served as polymer matrices and B,C acted as reinforcement. PW was
incorporated into polymer blends due to the presence of higher hy-
drogen content to influence neutron shielding. The effects of such high
boron content on physical, thermal, mechanical, and neutron shielding
properties of developed composites were investigated. Experimental
neutron shielding measurements were compared with MCBEND® si-
mulation results.

2. Experimental
2.1. Materials

The main ingredients were soft paraffin wax (product code: 411663,
Sigma Aldrich, USA, m.p~ 65°C), HDPE (product code: M20056,
SABIC, Saudi Arabia, MFI ~20¢.10 min~ %, p = 0.956 gcm™>), B,C

(Dunhua Zhengxing Abrasives Co. Ltd. China, p = 2.52 g cm ™), stearic

Table 1
Composition of five distinct HDPE/B,C composites.
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Fig. 2. Schematic diagram of experimental/simulation setup used for neutron
shielding measurements.
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Fig. 3. FTIR spectra of pure HDPE and HDPE/B,C composite.

acid (Sigma-Aldrich), Irganox 1076 (Ciba Inc.), and irgafos 168 (Ciba
Inc.).

2.2. Fabrication of composites

PW was first blended with B4C at 80 °C in a glass beaker on a hot
plate. It was then mixed with HDPE in an internal mixer (thermo

Formulation Code HDPE (%) PW (%) B,4C (%) Stearic acid (%) Irganox 1076 (%) Irgafos 168 (%) Natural B (g4)
WP-0 49.45 49.45 0.00 0.95 0.10 0.05 0.00
WP-10 43.00 43.00 12.91 0.95 0.10 0.05 10.0
WP-20 36.53 36.53 25.84 0.95 0.10 0.05 20.0
WP-30 30.07 30.07 38.76 0.95 0.10 0.05 30.0
WP-40 23.61 23.61 51.68 0.95 0.10 0.05 40.0




Z. Uddin, et al.

100

0
(=]
1

60

40 -
— WP-0

Transmittance (a.u)

1——wp-10
20d— WP-30
—— WP-40
v T v T v T
4000 3000 2000 1000

Wave number (cm™)

Fig. 4. Theoretical and experimental densities of HDPE/B,C composites.

electron Rheodrive 4, Beverly USA) at 150 °C and 60 rpm for up to
10 min. The admixture was then hot pressed at 145 °C and 10 MPa load
for 1 min (GIBITRE Instruments, Italy). It was then cold pressed to room
temperature at 2 MPa load for 30 min to fabricate thin sheets (thick-
ness, ~0.8 mm). For neutron shielding experiments, same procedure
was followed to obtain a thick slab (thickness, ~25.4 mm). The resulted
sheets/slabs were stored in self-sealing PE bags. Fig. 1 shows photo-
graphs of fabricated composite formulations.

Five distinct PE/B,C composites were developed. Details of for-
mulations are presented in Table 1. Stearic acid (1%) was used as a
lubricant. Irganox-1076 (0.1%) and irgafos-168 (0.05%) were used as
anti-oxidants in every formulation. All percentages are given by mass.

2.3. Characterizations

Density was measured by using a gas pycnometer (Micromeritics
USA, model: AccuPyc-II 1340). Three distinct samples for every for-
mulation were evaluated. Morphology of samples was determined by
using scanning electron microscopy (SEM, JOEL USA, model: JSM-
6490A). X-ray diffraction (XRD) analysis was performed using HR-XRD
(Bruker AXS Germany, model: D8 Discover) with Cu-Ka radiation
(A =1.540 A° 20 = 10°-50°). Thermal analysis was performed using
simultaneous thermal analyzer (Mettler Toledo USA, model: TGA/DSC
1, STARe system) under nitrogen environment (flow
rate = 50mLmin~!, T = 49°C-600 °C). Mechanical characterization
was performed by using universal testing machine (SANS China) ac-
cording to ASTM-D638 standard at a strain rate of 50 mm/min. At least
five samples were tested for every formulation. Fast neutron shielding
was measured against 1 Ci, Am-Be source (NCS-R.S USA).

2.3.1. Neutron shielding simulation

MCBEND® is a general purpose radiation transport code that can
calculate charged particle, gamma ray, and neutron transport in sub-
critical systems. Moreover, different radiation types can also be cou-
pled. Flexible geometry and modeling package are used in MCBEND® to
model accurate transport of individual particles employing fine energy
group representations. The code simulates what happens in practice,
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and performs a numerical experiment of the system under study.
MCBEND® has versatile source description options and powerful auto-
matic acceleration options for maximum productivity. Nuclear data li-
braries included in this code are UKNDL, JEFF, ENDF/B-VI and JENDL.
The validation database covers many of the materials and geometries
that are encountered in the nuclear industry and is subject to ongoing
evaluation and improvement (Avery and Locke, 1992; Geoff et al.,
2017; Khan et al., 2017).

Fig. 2 represents schematic diagram used for measuring neutron
dose transmission through developed composites. The same setup was
simulated in MCBEND® software. A solid-state neutron detector
(ATOMTEX, Belarus) with He-3 probe (BDKN-01) was used for the
measurement of neutron dose. Fig. 2 shows geometrical setup employed
for the evaluation of neutron dose transmission. The MCBEND® code
has been used for neutron transport calculation and estimation of the
equivalent dose rate in 0.45 m distance from the Am-Be source. For this
calculation, the source was considered as a pure neutron emitter with 1
Curie strength (4.6 X 10° neutrons/cm®). In order to reduce the sta-
tistical errors, 50 million histories were considered in each simulation.
Results showed a reasonable uncertainty confidence level. ENDF/B-VI
library was referred for neutron cross section data.

3. Results and discussion
3.1. Density

Linear rule of mixture is a simple empirical method permitting to
estimate properties of mixtures composed by two or more than two
different materials with different nature. Upper bound and lower bound
of density are calculated by using equations (1) and (2) respectively
(Callister and Rethwisch, 2010);

pe = wi(p) + we(pp) (¢
o = 100
(ZTI + %) @)

Where, p., p;, and py, are densities of composite formulation, PE
matrix, and B4C respectively. w., w,, and w¢ are weight fractions of
composite, PE matrix, and B4C respectively. Experimental density and
theoretical density values are shown in Fig. 3. WP-10 is 8.69% heavier
than that of neat PE matrix. On the other hand, WP-40 is 43.35%
heavier as compared to the neat PE matrix. High density of WP-40 is
ascribed to the presence of relatively dense B,4C (2.52 g cm™°) filler in
light PE (0.952 g cm ~3) matrix. Heavier B4C occupies the inter-chain
free space of PE matrix, thereby increasing the density of composite
formulation without significantly increasing volume. This increase in
density of PE matrix with the addition of B,C may also result in an
improvement in the crystallinity and stiffness of composite formula-
tions.

3.2. Structural analysis

Fig. 4 shows the representative Fourier Transform Infrared (FTIR)
spectra of neat polyethylene as well as its composites with B4C. As it can
be observed from the spectra, HDPE exhibited its characteristics bands
at 2918cm ™, 2841 cm ™7, 1460cm ™7, and 719 cm ™!, which are as-
cribed to the stretching and bending vibrations of PE (Fig. 4) (Gulmine
et al., 2002; Shafiq and Yasin, 2012). The spectra of composites also
exhibited similar peaks as observed in the PE. In addition, composites
showed a new band at 1523 cm ™!, which is ascribed to the boron
carbide (Fig. 4) (Wang et al., 2018). These results reveal that the
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Fig. 5. SEM images of HDPE/B4C composites.

chemical structure of neat HDPE remained unchanged with the addition
of B4C rendering it as a physical dispersion of the filler into the polymer
matrix.

3.3. Morphological analysis

Crystalline polymer regions typically show rough and rugged sur-
face morphology due to the presence of spherulites. PE is a semi-crys-
talline thermoplastic with varying degrees of amorphous and crystalline
regions (Caminiti et al., 2000; Carraher, 2003; Sperling, 2006b). Fig. 5
shows SEM images of the surface of neat and borated composite for-
mulations. The surface morphology of borated composites strongly

depends on the content of boron. WP-0 shows uniform and continuous
PE surface structure. WP-10 retains the uniform and continuous surface
structure of WP-0. However, for WP-20, WP-30 and WP-40 composites,
the surface morphology got rugged and rippled which might be due to
the dispersion of B4C filler into PE matrix. Moreover, this may also
reflect as increase in the degree of crystallinity of composites.

3.4. X-ray diffraction
XRD was performed to investigate the structure of composites and

extent of mixing of individual components of composites. Fig. 6 sum-
marizes XRD spectra and percent crystallinity of all composite
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Fig. 7. Thermo-gram (TG) curves of HDPE/B4C composites.
Table 2
Mechanical properties of HDPE/B,C composites.
Formulation code  Elastic Modulus Strength at break Elongation at
(MPa) (MPa) break (MPa)
WP-0 209.02 + 3 10.90 = 0.05 8.55 + 0.53
WP-10 215.51 = 22 9.63 *= 0.08 7.14 = 0.94
WP-20 261.39 = 31 11.27 = 0.06 7.04 = 0.74
WP-30 462.56 = 21 7.20 *+ 0.06 2.84 + 0.08
WP-40 342.85 = 21 7.24 = 0.33 3.71 = 0.39

formulations. The XRD spectrum of HDPE showed peaks with maximum
intensity appeared at 20 = 21.4° followed by a less intense peak at
20 = 23.8°. Moreover, the amorphous content was represented by a
broad hollow at 26 = 20.8°, which indicated semi-crystalline nature of
PE. The spectra of B4C showed its characteristics peaks at 20 = 16.8°,
19.8°, 22.1°, 23.5°, 31.8°, 34.9°, and 37.7°. Borated composites (WP10,
WP20, WP30, and WP40) showed the characteristics peaks of PE as well
as two additional peaks at 20 = 34.9° and 37.7° indicating the ex-
istence/presence of B4C filler into PE matrix as well as an improvement
in the crystallinity in the composites.

Fig. 6-c represents percent crystallinity of composite formulations.
Percent crystallinity was obtained by integrating peaks at 26 = 20.88°
(amorphous hollow), 21.46°, 23.82°, 34.9° and 37.7° (crystalline peaks)
(Akishino et al., 2016). Addition of 40% of boron increased percent
crystallinity of neat WP-0 formulation by 7.4%. This increase in percent
crystallinity might be attributed to B4C occupying less ordered and less
dense amorphous regions of PE matrix. Ordered B,C might have in-
troduced its crystalline character to these amorphous regions which
was depicted by extra intense peaks in borated formulations. Due to this
increase in the percent crystallinity, borated composite formulations
were denser and expected to be stiffer than that of neat composite
formulation (Carraher, 2003).

3.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) provides a rapid method for the
determination of thermal decomposition and reaction mass change of a
material (Akay, 2006; Biron, 2013). Thermo-grams (TG) of all borated
composite formulations are shown in Fig. 7, which show almost similar
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Table 3

Density and mass fractions of HDPE/B4C composites.
Formulation code Density (g.cm ™) C (%) H (%) B (%)
WP-0 0.9285 85.37 14.61 0
WP-10 1.0348 77.15 12.72 10.1
WP-20 1.0900 68.91 10.83 20.22
WP-30 1.2044 60.67 8.94 30.33
WP-40 1.3647 52.44 7.05 40.45

behavior for up to 200 °C regardless of boron content. TGA curves of
composite formulations show single step degradation profile, which
indicate homogeneity and uniform distribution of B,C in polymer ma-
trix. The position of weight loss curves shifts towards higher tempera-
ture side with an increase in the boron content, which indicates an
improvement in the thermal stability of composites with the addition of
boron carbide. Therefore, the addition of B4C increased the thermal
stability of borated composite formulations.

3.6. Mechanical properties

Table 2 summarizes average values for tensile elastic modulus,
strength at break, and elongation at break for different composite for-
mulations. Fig. 8 shows the effect of increasing boron content on tensile
elastic modulus, strength at break, and elongation at break values re-
spectively. A gradual increase in the elastic modulus was observed with
an increase in B4C content. At high B4C content, particle-particle in-
teractions govern composite fracture mechanics. These interactions in
turn influence modulus values which increase with an increase in the
filler content (Harrison et al., 2008b). Structure-property relationship
also dictates that, increase in filler content provides resistance to crack
propagation (Carraher, 2003). This trend was obvious in Fig. 8(c).
However, in WP-40, a slight decrease in elastic modulus was observed.
Here, brittle B4,C has gained almost half of relatively ductile matrix.
Fracture mechanics was now governed by brittle B,C which allows less
deformation in the elastic region (Shin et al., 2014).

On the other hand, decrease in the strength at break and elongation
at break was observed with increase in B4C content as shown in
Fig. 8(b) and (c) respectively. This phenomenon can be explained by
filler-matrix de-bonding theory (Biron, 2013; Sperling, 2006a; Yasin
and Khan, 2008). Polymer matrix de-bonds from B,C particles when
adhesive forces at interface are overcome by applied tensile stress. De-
bonded B,4C particles act as stress raisers (holes in matrix) in resin li-
gaments leading to its yielding. Number of stress raiser holes is directly
proportional to B4C content. This results in sequential decrease in yield
strength and elongation with volumetric increase in B,4C.

3.7. Neutron shielding measurements

Neutron shielding mainly involves absorption of high energy neu-
trons. The process requires hydrogenous material for moderating fast
neutrons for subsequent absorption by shielding material. High hy-
drogen content is desirable for moderating fast neutrons through elastic
scattering to effectively reduce the neutron energy down towards
lower-energy regions i.e. slow neutrons (Ancharova et al., 2017;
Granada et al., 1987; Harrison et al., 2008b; Sundar et al., 1996).

The measurement of fast neutron shielding relies on effective re-
moval cross sections (X,). Effective removal cross-section is a measure
of the probability that fast or fission energy neutrons undergo a first
collision, which removes them from the group of the penetrative un-
collided neutrons. This effective cross section is often applicable to
thick sections with multiple elements mixed together. The dose rate for
a neutron beam transmitted through mass thickness is represented by
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Table 4
Neutron shielding properties of HDPE/B,4C composites.
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Boron (%) Mass removal cross section (cm®.g™')

Relative difference (%) HVL (cm)

Experimental data MCBEND® data

Experimental data MCBEND® data

10.50 7.22 = 0.34 6.47 = 0.02
1.31 7.31 = 0.45 7.21 = 0.06
2.66 8.02 = 0.46 8.37 = 0.05
14.43 10.22 = 0.56 11.69 = 0.04
8.64 13.25 = 0.96 12.01 = 0.10

0 0.0960 = 0.0045 0.1071 += 0.0003
10 0.0948 = 0.0059 0.0961 =+ 0.0008
20 0.0864 = 0.0050 0.0828 =+ 0.0005
30 0.0678 + 0.0037 0.0593 = 0.0002
40 0.0523 *= 0.0038 0.0577 =+ 0.0005
a u WP-0
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Fig. 9. Dose transmission data (a) and mass removal cross section (b) of HDPE/

B,4C composites.

equation (4);
Ry
in(5)
b'e ()]

where, Ry is the dose rate when shield of thickness x (units) is present
between source and detector, R, is the dose rate when no shield of

% =

thickness x (units) is present between source and detector. Transmission
ratio is simply a ratio between dose rates with and without composite
shield respectively. Half value layer (HVL) of composite formulations
can be calculated using equation (5) (Zhang et al., 2017).

Z (5)

Table 3 presents the density and weight fractions of different con-
stituents of HDPE/B,C composites used in both experimental and
MCBEND® simulated neutron shielding measurements. Table 4 sum-
marizes the mass removal cross section data of both experimental and
MCBEND® simulated neutron shielding measurements. Fig. 9 represents
neutron dose rate data and mass removal cross section. Relative dif-
ference between experimental data and MCBEND® simulated data is not
more than 15%. From Table 3, it appeared that for every 10% increase
in boron content, there is a consequent decrease of 1.89% in hydrogen
content. Moreover hydrogen content dropped 5.6% from WP-10 to WP-
40. Since hydrogen both scatters and thermalize fast neutrons, it op-
timal weight fraction of both boron and hydrogen is necessary for better
shielding properties (Abd and Elkady, 2014; Elmahroug et al., 2014;
Harrison et al., 2008a; Shin et al., 2014).

For this study, WP-10 showed an effective balance between boron
and hydrogen to achieve highest mass removal cross section and half
value layer (HVL) at the given experimental and simulation parameters.
For WP-10, fast neutron shielding increased by ~40% than WP-40 on
equivalent density basis. Therefore, WP-10 is the best fast neutron
shielding material among all HDPE/B,C developed for this study.
Moreover, WP-10 is ~1.5 times lighter than WP-40.

Table 5 shows a brief comparison of this study with the previous
research work. Abd Elwahab et al., 2019 developed HDPE/borax sand/
cement composite pastes with varying weight percentages of boron.
Samples were evaluated for neutron and gamma shielding. The removal
cross section values for the composites containing 1.24% and 7.72%
boron were found to be 0.1000 cm ™! and 0.1570 cm ™!, respectively.
However, these composites were considerably heavier than that of the
WP-10 composite as fabricated in this study (B content 1.24%, 17%
heavier than that of WP-10; B content 7.72%, 50% heavier than that of
WP-10). Moreover, WP-10 composite possessed better mass removal
cross section. Similarly, other researchers have theoretically calculated
the fast neutron removal cross sections of neat PE as well as its hybrids
containing 1.0% and 8.97% of boron (Table 5) (Abd and Elkady, 2014;
El-Khayatt, 2010; Elmahroug et al., 2014). In our study, the removal
cross sections are obtained both by MCBEND® simulation and experi-
mental measurements. WP-10 showed reasonable mass removal cross-
section as well as exhibited less density than that of the composites
developed in the previous studies; thus making it a suitable candidate
for neutron shielding. Similarly, the values obtained from the simula-
tion were in close agreement with the experimental values.

4. Conclusions
In this study, PE composites with high boron content were in-

vestigated for fast neutron shielding against Am-Be neutron source. All
borated composites were denser, more crystalline, mechanically stiffer,
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Table 5
Comparison of borated polymer composites for fast neutron shielding applications.
Sr. No. Composition B(%) p (g.cm™3) TS (MPa) S, (em™h) =./plem?.g™ 1) Ref
1. HDPE 0 0.9285 10.90 0.0891 0.0960 Current study
HDPE + B 10.0 1.0348 9.63 0.0981 0.0948
2. HDPE + Borax 1.24 1.78 n.d 0.1000 0.0562 (Abd Elwahab et al., 2019)
7.72 2.08 n.d 0.1570 0.0754
3. PE 0 0.9200 n.d 0.1186 0.1289 (El-Khayatt, 2010)
PE + B 1.0 1.700 n.d 0.1221 0.0718
PE + B 8.97 1.600 n.d 0.0953 0.0596
4. PE 0 0.9200 n.d 0.1870 0.2032 (Elmahroug et al., 2014; Abd and Elkady, 2014)
PE + B 1.0 1.700 n.d 0.1182 0.0738
PE + B 8.97 1.600 n.d 0.0926 0.0578

p, density; TS, tensile strength; X, removal crosssection; and X,/p, mass removal cross-section; n.d, not determined.

and thermally more stable than that of neat composite formulation.
These enhancements in physico-chemical properties can be attributed
to higher boron content in borated formulations than neat PE.
Composite formulation containing 10% of boron content reduced fast
neutron dose rate by 63.6% and achieved highest mass removal cross
section due to optimal balance of hydrogen and boron contents.
Moreover, WP-10 is superior to all borated composite formulations
developed for this study w.r.t. neutron shielding, mechanical durability,
thermal stability, weight and density. Owing to these attributes, it may
be worthy for fast neutron shielding applications in the range of neu-
tron energies of ~4.5 MeV.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.radphyschem.2019.108450.
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