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a b s t r a c t

The present work was aimed to show the possibility of using hydrogel (acrylic/boric acid) for evaluation
of the neutron radiation shielding. The influence of acrylic acid concentration, different gamma doses
and relative contents of boric acid were studied. The physical properties and the thermomechanical
stability of the studied samples were investigated. The shielding property of the composite for neutron
was tested by PueBe neutron source (5 Ci) under room temperature. The neutron fluence rates and
gamma fluxes were measured using a stilbene organic scintillator. The macroscopic effective removal
cross-section SR (cm�1) of fast neutrons and total attenuation coefficient m (cm�1) of gamma rays has
been studied experimentally. The transmission parameters, the relaxation length (??) and the half-value
layer (HVL) were obtained. The obtained results indicated that the addition of boric acid to acrylic acid
tends to increase the macroscopic effective removal cross-section SR (cm�1) to 0.141 compared to 0.094
of ordinary concrete.
© 2020 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

Neutron sources are utilized in a wide range of many applica-
tions such as reactor startup, oil and gold exploration, boron
neutron capture therapy (BNCT), treatment of cancer and radio-
therapy [1]. Neutrons have a higher radiobiological effect and dose
weighting factor compared to different types of ionizing radiation.
The shield design is the most important aspect of minimizing
external radiation to a safe level [2]. The cross-section and the
energy deposited in the medium play an important role in the
choice of neutron shielding material [3]. The shielding material
should be both a moderator and an absorber to be an effective
neutron shielding material. The hydrogen is the most effective
moderator because it has the same mass as the neutron. The boron
is an effective absorber to minimize the effects of g-rays emission
during the absorption of the thermalized neutron. Distinctly,
Ramadan et al. [4] used hydrogen and boron-rich materials neutron
shielding made from acrylamide reinforced by boric acid.
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Polymer composites characterized by lightweight, chemical
inertness, and easy process-ability. Consequently, polymer com-
posites have been widely used for radiation shielding applications.
For example, Gupta et al. [5] studied the water absorption and
neutron shielding properties of polyvinyl alcohol (PVA) and poly-
vinyl acetate (PVAc) and found that the hydrogels system has an
excellent shielding. Kipcak et al. [6] investigated the usage of boron
carbide as a neutron shielding material by using a Howitzer device.
They conclude that boron carbide is a better shieldingmaterial than
kurnakovite or inderite. Wang et al. [7] fabricated a continuous
carbon-fiber reinforced Sm2O3/polyimide gamma-ray/neutrons
shielding material by the hot-pressing method. They found that
material has a good shielding performance which uses in the fusion
reactor system and nuclear waste disposal applications. Kiani et al.
[8] studied the thermal neutron absorption properties of nano
composites containing 3 wt% of montmorillonite nano clay (closite
30B) experimentally by using an AmeBe (5 Ci) point source. They
concluded that the macroscopic absorption cross-section in a
nonlinear manner increased by increasing the B4C concentration.
Dong et al. [9] prepared Szaibelyite/epoxy resin composites for
neutron shielding. The neutron shielding was tested by the AmeBe
neutron source. They found that the shielding efficiency increases
by adding the mount of Szaibelyite of composites. Recently, Uddin
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Fig. 1. Main reactions occurring during the three stages of water radiolysis.
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et al. [10] investigated polyethylene composites with high boron
content for fast neutron shielding against the AmeBe neutron
source. They concluded that the fast neutron dose rate reduced to
63.6% for polyethylene composites containing 10% of boron content.

This work aims to obtain a high-quality neutron radiation-
shielding material that has characteristics of lightweight, cheap,
and easy to prepare. For this purpose, composites materials which
are by combining boric acid with acrylic acid and their capability to
attenuate fast neutrons and gamma rays were evaluated
experimentally.
2. Experimental methods

2.1. Materials

The acrylic acid (C3H4O2) is a colorless liquid with a distinctive
acrid odor of molecular weight 72.06 g/mol (Alpha chemica, India)
used for this study as a monomer. Acrylic acid causes corrosive to
Fig. 2. Possible copolymerization mechan
metals and tissue of boiling point 286 �F and freezing point 53 �F
[11]. Boric acid (H3BO3) is a boron compound molecular weight
61.83 g/mol. It is obtained from (El Gomhoria Co, Egypt). It is the
powder form of a density of 1.435 g/mL, the boiling point of 300 �C
and a melting point of 170.9 �C. Boric acid acts as a tribasic acid, as a
chemical compound [12].
2.2. Synthesis of the hydrogel by gamma irradiation

Low atomic number materials for example water can be used
effectively in slowing-down fast neutrons. Water radiolysis is the
dissociation of water molecules by ionizing radiation which has
primary products include several chemical species eaq_ , HO., H., HO2

. ,
H3Oþ, OH�, H2O2, and H2 [13]. There are three main stages taking
place in radiolysis events include; the physical, physico-chemical
and chemical stage as shown in Figure (1). In the presence of
radiolized, chain growth copolymerizations may be done using
various active centers including; free radical, ionic and
ism of acrylic/boric acid composites.



Fig. 3. Linear thermal expansion of samples: (a) acrylic acid ratios at 25 kGy (b) different doses at 0.25 acrylic acid (c) boric acid ratios at 25 kGy.

Table 1
The glass transition temperature of an acrylic acid/distilled water ratio at 25 kGy.

AAc ratios (ml) Glass transition temperature (oC)

5 65.52
10 68.14
15 72.36
20 78.78
25 83.65
30 74.88

Table 2
The glass transition temperature of water at 0.25 acrylic acid of different
doses.

Dose (kGy) Glass transition temperature (oC)

10 82.65
15 89.24
20 91.76
25 83.65
30 73.47
35 70.70
40 67.97

Table 3
The glass transition temperature of water at 0.25 acrylic acid of different boric acid
ratios at 20 kGy.

Boric acid (gm) Glass transition temperature (oC)

1 89.04
2 92.81
3 97.23
4 90.65
5 82.67
6 79.46
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ZieglereNatta processes. The copolymerization is a process
wherein unlike molecules joins together in alternating, random,
block and graft sequences. The copolymerization of acrylic acid and
boric acid was shown in Figure (2).

The 60Co Indian Gamma-cell (Ge 4000A); with a dose rate of
1.75 kGy/h were used to prepare the samples at National Center for
Radiation Research and Technology (NCRRT), Egyptian Atomic En-
ergy Authority (EAEA).
2.3. Fabrication of hydrogel samples

In solution polymerization, acrylic acid at different ratios
(5e30 mL) dissolved in 100 mL of distilled water under stirring. The
solution was prepared at 25 kGy as a preliminary study. The proper
ratio of acrylic acid is prepared and exposed to different doses
(10e40 kGy). A certainweight of boric acid (1e6 gm)was addedwith
stirring. Both mixtures were stirred at room temperature to form a
solution that reacts without any heating or special handling. The
slurry prepared, kept ingamma-cell andadoseof20kGywasgiven to
it. Afterward, samples were washed with ethanol and distilled water
to remove any soluble residuals then dried at room temperature.
2.4. Thermomechanical properties

Thermomechanical analysis (ThemoFisher USA, model Q400)
under the nitrogen atmosphere (rate ¼ 5

�
C/min, from ambient

temperature to 150 �C at constant force 0.0200 N) were used. The
hydrogel samples were prepared after drying in a ventilated oven to
24 h at 50 �C. There are two essential tests must be studied to
achieve the thermal stability of composites hydrogel; (i) Linear
thermal expansion (a), is the fractional increase in length per unit
increase in temperature and (ii) Glass transition (Tg), is the tem-
perature which changes from glass to the rubbery form when an
amorphous polymer is heated. It depends on the molecular weight
of the polymer and the rate of heating.
2.5. Physical properties

Physical properties were performed according to ASTM- D 570-
81 and ASTM- C 848-81 [14,15]. Three samples were tested for
every formulation. Physical properties are characteristically used to
describe matter which includes; density, water absorption, and
porosity which calculated by using equations (1)e(3) respectively.

Dry bulk density
�
gm

.
cm3

�
¼ Md

Mw � M0
(1)

Water absorptionð%Þ¼Mw �Md
Md

x100 (2)

Porosity gm
.
cm3 ð%Þ Mw �Md

Mw � M0
x100 (3)

The initial gel samples are weighed Mo. Then the samples must
be submerged in distilled water for 24 h to saturate and the sample



Table 4
The physical properties of acrylic acid/distilled water ratio at 25 kGy.

AAc ratios (ml) Dry bulk density (gm/cm3) Water absorption (%) Porosity (gm/cm3) (%)

5 1.64 ± 0.003 1586.24 ± 56.25 294.37 ± 23.04
10 1.69 ± 0.005 1372.18 ± 52.19 241.26 ± 16.43
15 1.72 ± 0.005 1109.03 ± 53.76 209.12 ± 13.61
20 1.78 ± 0.004 984.83 ± 48.96 198.38 ± 12.04
25 1.81 ± 0.003 869.57 ± 43.14 161.30 ± 21.76
30 1.86 ± 0.002 732.74 ± 37.26 152.64 ± 16.47

Table 5
The physical properties of acrylic acid/distilled water (0.25) at different doses.

Dose (kGy) Dry bulk density (gm/cm3) Water absorption (%) Porosity (gm/cm3) (%)

10 1.65 ± 0.003 1371.61 ± 40.25 201.24 ± 11.28
15 1.72 ± 0.005 1176.57 ± 37.84 196.63 ± 10.02
20 1.76 ± 0.004 927.65 ± 42.19 184.90 ± 16.27
25 1.81 ± 0.002 869.43 ± 41.74 161.30 ± 21.76
30 1.84 ± 0.004 897.29 ± 36.18 156.23 ± 9.21
35 1.89 ± 0.005 601.78 ± 31.02 145.57 ± 6.24
40 1.91 ± 0.003 489.91 ± 38.61 129.81 ± 11.62

Table 6
The physical properties of acrylic acid/distilled water ratio (0.25) with different weight of boric acid at 20 kGy.

Boric acid (gm) Dry bulk density (gm/cm3) Water absorption (%) Porosity (gm/cm3) (%)

1 1.86 ± 0.003 858.94 ± 19.15 176.82 ± 6.56
2 1.88 ± 0.002 821.83 ± 22.39 189.34 ± 3.62
3 1.91 ± 0.004 807.57 ± 25.37 207.81 ± 5.31
4 1.92 ± 0.003 794.28 ± 21.07 211.37 ± 7.08
5 1.94 ± 0.004 785.60 ± 18.35 223.89 ± 4.38
6 1.95 ± 0.002 761.42 ± 21.47 247.91 ± 6.52
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is weighed Mw (gm). After the samples removed from distilled
water, they are placed in a ventilated oven at 50 �C for at least 24 h
and the sample is weighed Md (gm).
2.6. Neutron shielding tests

The attenuation parameters of composites weremeasured using
a stilbene scintillator (4 � 4 cm crystal). In scintillation counting,
the pulse amplitude discrimination used to distinguish different
types of ionizing particles. Furthermore, the distance between
neutron source and the detector was 30 cm, and the samples of
cylindrical shape (5 cm diameter) with different thicknesses (3e18)
Fig. 4. Measured fast neutron spectra behind different thickness of acrylic acid.
cmwere set in front of the detector at a distance of 5 cm. Firstly, the
initial intensity (I0) was measured without any composite sample.
Then, final intensities (I) were measured with different thicknesses
(x) for all composite sets described by Equation (5);

I ¼ I0 : e�
P

RX (5)

in which; SR is the macroscopic effective removal cross-section
(cm�1).
3. Results and discussion

3.1. Thermomechanical properties

In this section, there are three steps to achieve the higher
thermal stability of the selected samples; (i) the maximum value of
both linear thermal expansion and glass transition temperature of
different ratios of acrylic acid dissolved in 100 mL of distilled water
at 25 kGy as a preliminary study, (ii) the best ratio of acrylic acid/
water exposed to a dose irradiation and (iii) the convenient weight
of boric acid to add for acrylic acid. In the first step, the different
ratios of acrylic acid from 5 mL up to 30 mL dissolved in 100 mL of
distilled water were investigated by the linear thermal expansion
and the glass transition temperature. Fig. 3a and Table 1 showed
that the best ratio of acrylic acid to water was 25 mL with the
highest values of linear thermal expansion at 83.65 �C and glass
transition temperatures. At very low temperatures, the first tran-
sition occurs when bending, stretching of bonds and side-chain
movements. This is the so-called gamma transition (Tg). As the
temperature increases, the material starts to develop some
toughness. This transition is called the beta transition (Tb). As
heating further continues, an 83.65 �C the glass transition



Fig. 5. Measured fast neutron spectra behind different thickness of acrylic/boric acid
composites. Fig. 7. Measured total attenuation coefficient behind acrylic acidand acrylic/boric acid

composites as a function of thickness.
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temperature (Tg) is reached. At this temperature, large scale coor-
dinated motions of the monomer chains occur and a dramatic
change in properties is observed. Below the glass transition tem-
perature, hydrogels are hard while above it, they are rubbery and
relative brittle.

By increasing the acrylic acid/distilled water ratio of more than
0.25, the values of the linear thermal expansion and the glass
transition temperature started to be reduced. To realize high ther-
mal stability and proper homogenous, the acrylic acid/distilled
water ratio of 0.25 was chosen for all the next experiments.

In the second step, the proper value of the dosewill be identifying
by applying different doses (10,15, 20, 25, 30, 35, 40 kGy). The results
of their linear thermal expansion at 91.76 �C and glass transition
temperaturewere illustrated in Fig. 3b and Table 2. It can be seen that
the hydrogel exhibits a certain uniform and porous three-
dimensional network structure. This may be owing to the effective
cross-linking bond triggered by the proper dose at 91.76 �C glass
transition temperature. The results revealed that the highest value is
20 kGy. Finally, the experiments were going to choose the proper
weight of boric acid with the highest linear thermal expansion and
glass transition temperature. This task achieved by adding (1e6 gm)
boric acid to an acrylic acid/distilledwater ratio of 0.25 at 20 kGy. The
results were shown in Fig. 3c and Table 3. It means that the homo-
geneity in the hydrogel was confirmed by a higher value of glass
transitionTgof97.23 �Cwhich indicatedmiscibilityamongacrylic acid
and boric acid. These results showed that the highest value of linear
Fig. 6. Measured removal cross section behind acrylic acidand acrylic/boric acid
composites as a function of thickness.
thermal expansion at 97.23 �C and glass transition temperature was
recorded with a weight of 3 gm of boric acid. The highest values of
linear thermal expansion revealed the best-selected ratios to prepare
hydrogel samples due to highest degree of curing according to the
TMA results [16]. The gel samples were changed to amorphous state
through the studied temperature range [17].

The highest values of linear thermal expansion revealed the
best-selected ratios of hydrogel samples [18]. The molecular chains
do not have enough energy present to allow them to move around
at temperatures below the Tg. The polymer molecules gain some
energy and they can start to move around when the heat is applied.
At this point, heat energy is enough to change the amorphous rigid
structure to a flexible structure. This transition point is called the
glass transition temperature. By increasing the glass transition
temperature, the rigidity of the polymer chain increased [19].
3.2. Physical properties

The experimental results of the physical properties of different
ratios of acrylic acid at 25 kGy as a preliminary study are listed in
Table 4. The results showed that the dry density increases as
acrylic acid/distilled water increases. This is probably due to the
pore size decrease the cross linking density increase with the
acrylic acid increase in distilled water. At a higher acrylic acid
concentration, the chain length increase and the pore size de-
creases. Consequently, both water absorption and porosity
decrease by decreasing the threshold value as the acrylic acid
concentration increased [20].

On the other hand, the physical properties of different doses (10,
15, 20, 25, 30, 35, 40 kGy) were investigated as shown in Table 5. As
the doses increase the dry density values exhibited a slight in-
crease. Furthermore, the cross linking density rises by the increase
of irradiation doses. The variation in water absorption and porosity
is a much decrease variance with increasing the dose [21].

Similar physical properties of the different weights of boric acid
(1e6 gm) were investigated as shown in Table 6. The density values
revealed a slight increase by increasing the boric acid ratios. It was
found that the chain length increases by increasing the boric acid,
which may be chain masking the pore size to absorb water. Ac-
cording to the formation of a new network that gives change for
disorders chain, the pore size increase with the boric acid ratio
increase. Consequently, water absorption decreased as boric acid
increased [22]. However, the hydrogel revealed a little higher
porosity by increasing the boric acid ratio.



Table 7
Results of shielding parameters for acrylic acid and acrylic/boric acid composites.

Fast neutrons Gamma rays

Parameters Acrylic acid Acrylic acid/Boric acid Parameters Acrylic acid Acrylic acid/Boric acid

SR (cm¡1) 0.135 0.141 m (cm¡1) 0.065 0.069
?? (cm) 7.407 7.092 ?? (cm) 15.385 14.493
HVL (cm) 5.133 4.915 HVL (cm) 10.662 10.043
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3.3. Neutron shielding measurements

Evaluated shielding performances for fast neutron spectra from
Pu-Beof acrylic acid samples and acrylic/boric acid composites are
displayed in Fig. 4 and Fig. 5. The spectra are plotted as neutrons flux
(n/cm2.s.MeV) versus neutron energy (MeV) of the sample thickness
effect. It was found that the neutron flux intensity distribution
decreased by increasing both the sample thickness and the neutron
energy. The displayed spectra have roughly the same profile and
shape for all tested samples of different thicknesses. The attenuation
relations were used to calculate the fast neutron macroscopic
effective removal cross-section SR (cm�1) for all investigated sam-
ples and were illustrated in Fig. 6. The results showed that the value
of removal cross-section displays a higher value for acrylic/boric acid
composites than acrylic acid samples. This could be attributed to the
fact that the result of removal cross-section SR (cm�1) matches ob-
tained by €Ozdemir et al. [23] and Ramadan et al. [4].

The flux intensity (photons/cm2s) of gamma spectra behind the
concerned acrylic acid samples and acrylic/boric acid composites
has been measured. The flux intensity decreases with increasing
thickness of tested samples and photon energy. Fig. 7 presents the
total attenuation coefficients (m) of gamma rays measured behind
the different thicknesses of all investigated samples. It was noticed
that the total attenuation coefficient displays a lower value for
acrylic acid samples than acrylic/boric acid composites.

In fact, there are two essential parameters in radiation protec-
tion should be deduced; the first parameter is the relaxation length
(??), which represents the average distance of the neutron which
travels between collisions with the atom of the tested material. The
other parameter is the half-value layer (HVL) which represents the
thickness of a shielding performance to reduce the intensity flux by
half. From the experimentally measured attenuation relations;
effective removal cross-section SR for fast neutrons, total attenua-
tion coefficient m for gamma rays, relaxation length (??), and half-
value layer (HVL) are listed in Table 7. .

4. Conclusions

Boric acid incorporated within acrylic acid is an effective
neutron moderating material and effective removal cross-section
SR was calculated as 0.141 cm�1 compared to 0.094 cm�1 of ordi-
nary concrete [24]. The transmitted flux value of fast neutrons and
total gamma-rays decreases as the sample thickness increases. The
physical and thermal such as linear thermal expansion and glass
transition test results are reasonable in the practical applications.
The present study with the obtained results showed that the
created composites have reasonable thermal, physical and attenu-
ation terms for practical applications.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.net.2020.04.014.
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