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Radiation Shielding Properties of Spark Plasma Sintered
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In this study gamma and neutron attenuation properties of boron carbide–aluminium (B4C–Al) composites
were investigated. B4C–Al composites were produced by spark plasma sintering method. Aluminum percentages
in the B4C–Al composites were 0%, 10%, 15%, and 20% by volume. The composite materials were performed
against gamma and neutron sources. Cs-137 and Co-60 gamma radioisotopes were used as gamma sources and
Pu–Be neutron howitzer was used for neutron source. Theoretical mass attenuation coefficients were determined by
using XCOM computer code and compared with the experimental results. It has been seen that the experimental
results were close to the theoretical results. Total macroscopic cross-sections of the samples were determined for
Pu–Be neutrons. It is concluded that increasing aluminum ratio in the B4C–Al composites causes higher gamma
attenuation behavior for Cs-137 and Co-60 gamma sources and the total macroscopic cross-sections of the B4C–Al
composites decrease by increasing Al concentration.
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1. Introduction

Boron carbide is one the most important materials for
nuclear applications thanks to its good thermal neutron
capture capability [1]. Some additives including alu-
minium are used to increase densification properties of
boron carbide [2, 3]. The radiation shielding proper-
ties of some boron carbide based composites were fig-
ured out in the literature. Buyuk et al. reported that
the gamma attenuation properties of the boron carbide–
titanium diboride composites were increased when the
average boron carbide particle size was decreased in the
composites [4]. In addition reinforcing titanium diboride
causes higher gamma attenuation properties of boron
carbide–silicon carbide composites [5]. Furthermore, it
has been reported that increasing silicon carbide ratio
in boron carbide–silicon carbide composites increases the
gamma shielding even though thermal neutron shielding
decreases [6].

In this study, boron carbide–aluminium (B4C–Al)
composites were studied against gamma and neutron
sources. The radiation shielding properties of the sam-
ples were carried out. Finally, the effect of aluminium
ratio on the radiation shielding properties of the com-
posites were investigated and evaluated.

2. Experimental procedure

Boron carbide–aluminium composites were produced
by spark plasma sintering technique. The composites
have different aluminium ratios (0%, 10%, 15%, and 20%)
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by volume. Materials were sintered at 1450 ◦C for 4 min
where the densities of the 2.469, 2.484, 2.494, and
2.513 g/cm3, respectively.

Gamma and neutron transmission techniques were
used in the experiments which were based on detection
of incoming radiation from the source. The radiation
source and radiation detector were put on the same axis.
The radiation intensity is measured with/without the
material then results were evaluated and interpreted [1].
The schematic view of the gamma and neutron transmis-
sion techniques was given in Fig. 1.

Fig. 1. Schematic view of gamma and neutron trans-
mission techniques.

Cs-137 and Co-60 gamma radioisotopes were used for
gamma radiation. Cs-137 gamma source has a single
gamma energy peak at 0.662 MeV where Co-60 has two
peaks at 1.17 and 1.33 MeV (mean energy 1.25 MeV).
Cs-137 has 30.2 years half life and 8.59 MCi activity
where Co-60 has 5.27 years half life and 8.23 MCi ac-
tivity [1]. Canberra Model (802-2X2) NaI Scintillation
detector (5.5 cm diameter) was placed 15 cm far from
the source. digiBASE model PMT base with integrated
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bias supply, preamplifier and digital multichannel anal-
yser which was supplied with MAESTRO-32 MCA Em-
ulation software, was used to count gamma radiation.
Both the detector and source were put in the lead houses
(5 cm thick) which have 7 mm hole collimator on the
same axis. The accumulation time was adjusted as 600 s.

A Pu–Be neutron howitzer (NH-3) was used for neu-
tron source. Pu–Be neutron source has 5 Ci activity,
106 n/(cm2 s) neutron flux and 5 MeV average neutron
energy [6]. Paraffin wax (4 cm thick) was used for slowing
down neutron energies to increase interaction neutrons
with materials atoms [7, 8]. PM1401K model He-3 detec-
tor was used for neutron counting. A hand held computer
was used to remote control of the detector. The distance
between detector and souce was 40 cm. Detector was
put in a house which is combined system of boric acid
(5 cm thick), paraffin wax (8 cm thick) and cadmium
plate (0.1 cm thick). The house has a hole in 1.5 cm
diameter to get narrow beam of neutrons. The accumu-
lation time was 240 s for the neutrons.

First of all initial radiation intensity (I0) was mea-
sured. Finally, for each material, the gamma and neu-
tron counts (I) were detected at different material thick-
nesses. To get rational evaluation, relative counts (I/I0)
were calculated and evaluated.

3. Results and discussion

The relative count values were carried out for different
thicknesses of the boron carbide–aluminium composites
and the results were given in as relative count–material
thickness graphs in Fig. 2.

Fig. 2. Attenuation graphs of B4C-Al composites for
Cs-137 (a), Co-60 (b), and Pu–Be (c) sources.

The gamma and neutron attenuation graphs were fit-
ted exponentially according to Beer–Lambert’s law as
I = I0 e−µ(Σt)x where I0 and I are incoming and passed

radiation intensities, respectively. x is the material thick-
ness, µ is linear attenuation coefficient of the sample at
specific gamma energy and Σt is the total macroscopic
cross-section of the sample for thermal neutrons. Lin-
ear attenuation coefficients and total macroscopic cross-
sections were figured out by using Origin 8 program and
given in Table I.

TABLE I

Linear attenuation coefficients and total macroscopic
cross-sections of the materials.

Material
Linear attenuation coefficients µ

[cm−1]

Total macroscopic
cross-sections Σt

[cm−1]
Cs-137 Std. dev. Co-60 Std. dev. Pu–Be Std. dev.

B4C-Al_0 0.157 0.003 0.118 0.003 0.712 0.054
B4C-Al_10 0.168 0.005 0.128 0.001 0.494 0.045
B4C-Al_15 0.174 0.003 0.130 0.001 0.404 0.018
B4C-Al_20 0.180 0.003 0.132 0.002 0.371 0.014

Mass attenuation coefficients were calculated for Cs-
137 and Co-60 gamma sources. On the other hand, the-
oretical mass attenuation coefficients were carried out
by using XCOM computer code [9] and compared with
the experimental results. Theoretical and experimental
mass attenuation coefficients and the difference percent-
ages were given in Table II.

TABLE II

The mass attenuation coefficients of the boron carbide-
aluminum composites.

Materials
Mass attenuation coefficients µm [cm2/g]

Cs-137 XCOM Diff. Co-60 XCOM Diff.
B4C-Al_0 6.359 7.261 12.42 4.779 5.357 10.78
B4C-Al_10 6.763 7.278 7.07 5.153 5.370 4.04
B4C-Al_15 6.977 7.287 4.26 5.213 5.376 3.04
B4C-Al_20 7.163 7.295 1.81 5.253 5.383 2.42

Half value layer (HVL) is the minimum material
thickness to reduce incoming radiation to its half and
shows the material’s radiation shielding property. There-
fore HVLs were calculated for the materials and given
in Table III.

TABLE III

Half value layers of the boron carbide–aluminum
composites.

Material
Half value layers (HVL) [cm]

Cs-137 Std. Dev. Co-60 Std. Dev. Pu-Be Std. Dev.
B4C-Al_0 4.415 0.084 5.874 0.090 0.974 0.074
B4C-Al_10 4.126 0.147 5.415 0.097 1.403 0.128
B4C-Al_15 3.984 0.069 5.332 0.041 1.716 0.076
B4C-Al_20 3.851 0.064 5.251 0.089 1.868 0.071

The linear attenuation coefficients were increased
with raising Al ratio in the boron carbide–aluminium
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composites whereas total macroscopic cross-sections were
decreased (Table III). In addition, from Table II, it could
be seen that the difference percentages between theoret-
ical and experimental mass attenuation coefficients were
decreased with increase of aluminium ratio in the com-
posites. So, increasing aluminium ratio causes less porous
composites and close to ideal material composition. Fi-
nally, from Table III it could be said that increasing alu-
minium ratio increases gamma attenuation capability but
decreases the thermal neutron shielding property for the
boron carbide–aluminium composites.

4. Conclusion

Spark plasma sintered boron carbide composites were
fabricated by adding 0, 10, 15, 20% Al in volume and
investigated against Cs-137 and Co-60 gamma radioiso-
topes and Pu–Be neutron source. Gamma and thermal
neutron shielding properties of the samples were mea-
sured. The results were compatible with the theoretical
values and the results in the literature. Increasing alu-
minium ratio in the composites brings about the higher
gamma shielding property whereas provides lower ther-
mal neutron shielding capability.
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