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a b s t r a c t

With a highly functional methyl vinyl silicone rubber (VMQ) matrix and filler materials of B4C, PbO, and
benzophenone (BP) and through powder surface modification, silicone rubber mixing, and vulcanized
molding, a flexible radiation shielding and resistant composite was prepared in the study. The dispersion
property of the powder in the matrix filler was improved by powder surface modification. BP was added
into the matrix to enhance the radiation resistance performance of the composites. After irradiation, the
tensile strength, elongation, and tear strength of the composites decreased, while the Shore hardness of
the composites and the crosslinking density of the VMQ matrix increased. Moreover, the composites
with BP showed better mechanical properties and smaller crosslinking density than those without BP
after irradiation. The initial degradation temperatures of the composites containing BP before and after
irradiation were 323.6�C and 335.3�C, respectively. The transmission of neutrons for a 2-mm thick
sample was only 0.12 for an AmeBe neutron source. The transmission of g-rays with energies of 0.662,
1.173, and 1.332 MeV for 2-cm thick samples were 0.7, 0.782, and 0.795, respectively.
© 2018 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

Nuclear technology has been widely used in nuclear power, im-
aging, activation analysis, and radiotherapy [1e3]. As unwanted ra-
diation is harmful to man and the environment, it is necessary to
develop highly reliable neutron and g-ray shielding materials. High-
performance shieldingmaterials are required inmany fields, such as
the safe disposal of nuclear waste, the safe maintenance of nuclear
pipelines, and the safe operation of tokamak fusion devices [4e6].
The service life of partial shielding materials in inclement environ-
ments with high temperature and radiation must be as long as
possible. Polyethylene is the most popular resin for radiation
shielding, but its heatproof temperature is fairly low [7,8]. Concrete
andepoxycan effectively shieldneutronandgamma rays andendure
high temperatures, but it is not suitable for additional shielding in
narrow and restricted spaces [9e14]. Several flexible radiation
shielding materials have been investigated [15e17]. However, these
flexible radiation shieldingmaterials had poor durability for neutron
and gamma irradiation and could not be used over a long period.

In this study, a new flexible neutron and g-ray shielding and
radiation-resistant material was fabricated through powder surface
modification, silicone rubber mixing, and vulcanized molding.
Methyl vinyl silicone rubber (VMQ) material was used as the ma-
trix. Platinum vulcanizing agents (Group A and Group B) were
utilized as the vulcanizing agent. PbO and B4C were used as func-
tional power fillers. Benzophenone (BP) was used as a filler to
improve the radiation resistance performance of composites. This
neutron and g-ray shielding material demonstrate superior flexible
performance, excellent thermal stability, good radiation resistance,
and wide potential applications.

2. Materials and methods

2.1. Materials

Flexible neutron and gamma shielding and radiation-resistant
materials were prepared with the following materials: PbO powder
(>98%, ~10 mm, Sinopharm Reagent, Shanghai, China), B4C powder
(>96%, ~2 mm, Dunhua Zhengxing Abrasive Company Limited, Dun-
hua, China), BP (CP 100G, >99%, Sinopharm Reagent, Shanghai,
China), VMQ(110-3,>95%,Dongjue SiliconeGroupCompanyLimited,
Hongkong, China), platinum vulcanizing agent Group A (3000 ppm,
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Shanghai Farida Chemical Co. Limited, Shanghai, China), platinum
vulcanizing agent Group B (4000 ppm, Shanghai Farida Chemical Co.
Limited, Shanghai, China), silane coupling agent (A-172, >99%,
Chenguang Chemical, Qufu, China), and ammonia (25%e28%,
Shanghai Zhangyun Chemical Company Limited, Shanghai, China).

2.2. VMQ composite fabrication

The composite samples were prepared through powder surface
modification, silicone rubber mixing, and vulcanized molding
processes. The powder surface modification was performed as
follows. First, deionized water and a silane coupling agent (30:1
volume ratio) were added to a 1-L glass beaker reactor. Ammonia
was added to the mixture until the solution pH reached 8, and the
mixture was hydrolyzed at room temperature for 1 h. Then, PbO
and B4C particles were added to the mixture and agitated at 85�C
for 3 h. Finally, the slurry was filtered and dried at 110�C for 3 h to
obtain the surface-treated fillers.

The VMQ matrices and uncured VMQ composites were all
fabricated in a mixing mill. The VMQ matrices were prepared by
two-step mechanical mixing. First, the VMQ and platinum vulca-
nizing agent (Group B)weremixed for 10min according to amixing
weight ratio of 100:2. Then, the mixture and platinum vulcanizing
agent (Group A) were mixed for 10 min with a mixing weight ratio
of 100:1. Then, BP was ground with a mortar and pestle and mixed
with PbO and B4C powders. The uncured VMQ composites were
also prepared by mechanically mixing VMQ matrices and filler
powders for 15 min. The details of the five kinds of prepared
samples are summarized in Table 1.

The VMQ composite samples were fabricated by vulcanized
molding in a plate-vulcanizing machine. First, the uncured VMQ
composites were placed into a mold, which was coated with a

release agent. The mold was pressed under 15 MPa using a
plate vulcanizingmachine after the release clothswere covered. The
VMQcompositeswere cured in thepattern for15minat175�C. Then,
theVMQcomposite sampleswerepostcured in a fan-assisteddrying
cabinet for 4 h at 200�C. The flexible VMQ composite samples
featured two plate-type structures with the dimensions of
100 mm � 100 mm � 2 mm and 100 mm � 100 mm � 5 mm,
respectively. Fig. 1 shows the flexible VMQ composite samples.

The gamma irradiationprocesswas carried out with 60Co sources
at the Space Radiation Center, Nanjing, China. The flexible composite
material samples were placed at the same distance around the ra-
diation source. The radiation dose rate was 0.8 kGy/h. The samples
were irradiated with the gamma radiation dose of 500 kGy in air.
Fig. 1(D) shows the composite sample obtained after irradiation.

2.3. Characterization

To verify the powder surface modification, surface-treated filler
powders and untreated filler powders were examined through
Fourier transform infrared (FTIR) spectrometry (Nicolet NEXUS-
6700).

Fig. 1. Flexible VMQ composite samples. (AeC) Before irradiation. (D) After irradiation.
VMQ, methyl vinyl silicone rubber.

Table 1
Compositions of the samples.

Sample no. VMQ matrices
(wt.%)

B4C powder
(wt.%)

PbO powder
(wt.%)

BP (wt.%)

1 68 5 25 2
2 57 10 30 3
3 46 15 35 4
4 35 20 40 5
5 24 25 45 6

VMQ, methyl vinyl silicone rubber; BP, benzophenone.
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The fracture surface morphologies of the VMQ composite sam-
ples were observed by scanning electron microscopy (SEM; JSM-
7500, JEOL). The fracture surfaces of the VMQ composites after
tensile testing were investigated to assess the dispersion quality of
the filler particles.

A swelling test was carried out in toluene for 24 h according to
ASTMD471-79 [18]. Based on the toluene swelling test, some useful

parameters, namely themolecular weight between cross-links (Mc)
and the degree of crosslinking density (nc), were obtained. Ac-
cording to the theory of FloryeRehner, the molecular weight be-
tween cross-links (Mc) is a function of the volume fraction of silicon
rubber in swollen composites (Vr):

Mc ¼ �
rV0

�
V

1
3
r � Vr

2

�
lnð1� VrÞ þ Vr þ XV2

r
(1)

Vr ¼ ðW � FW0Þ=r
ðW � FW0Þ=rþ ðW �W0Þ=rs

(2)

where r is the density of silicon rubber (1.16 g/cm3); V0 is the molar
volume of the solvent (Vtoluene ¼ 106.35 cm3/mol); X is the Flor-
yeHuggins polymer solvent interaction parameter (for silicone
rubber/toluene system, X ¼ 0.465); W0 and W are respectively the
original weight of samples and the weight of swollen samples; rs is
he density of the solvent (rtoluene ¼ 0.867 g/cm3); F is the weight
fraction of insoluble fillers in the VMQ composites. The degree of
crosslinking density (nc) is expressed as

nc ¼ 1
Mc

(3)

The mechanical properties of VMQ composites were evaluated
at room temperature using a mechanical testing machine (WANCE
ETM-D). Tensile (ASTM D412) and tearing tests (ASTM D624) were

Fig. 2. Schematic diagram of the neutron shielding performance testing device of the VMQ composites.
VMQ, methyl vinyl silicone rubber.

Fig. 3. Schematic diagram of the device used to measure the g-ray shielding performance of the VMQ composites. HV, high voltage; MCA, multi-channel analyzer.
VMQ, methyl vinyl silicone rubber.

Fig. 4. FTIR spectra of surface-treated and untreated fillers.
FTIR, Fourier transform infrared.

P. Gong et al. / Nuclear Engineering and Technology 50 (2018) 470e477472



Fig. 5. SEM micrographs of the fractured surfaces of the VMQ composites with untreated/treated filler powders. The fracture surfaces of samples with raw fillers. (A) Sample 1. (C)
Sample 2. (E) Sample 3. (G) Sample 4. (I) Sample 5. The fracture surfaces of samples with surface-modified fillers. (B) Sample 1. (D) Sample 2. (F) Sample 3. (H) Sample 4. (J) Sample 5.
SEM, scanning electron microscopy.
VMQ, methyl vinyl silicone rubber.
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conducted at the displacement rates of 500 mm/min and 50 mm/
min, respectively. Shore hardness tests were performed with a
Shore A durometer according to the ASTM D2240 standard [19].

The thermogravimetric analyses of VMQ composites were per-
formed with a SDT-2960 (TA Instrument, USA) thermogravimetric
analyzer. The tested samples (10 mg) were heated from 25�C to
500�C in air at a heating rate of 10�C/min.

A schematic diagram of the neutron shielding performance
testing device is shown in Fig. 2. An AmeBe neutron source was
settled in a big paraffin box that had a cylindrical opening window
to introduce a collimated neutron beam. A 10-mm thick lead plate
and a 10-mm thick polyethylene plate were placed after the
neutron source to moderate the neutron beam. Testing samples
followed by a He-3 counter (model 25380, LND) were placed in
front of the moderated neutron beam for neutron shielding
counting. The schematic diagram of the g-ray shielding perfor-
mance testing device is shown in Fig. 3. The testing samples were
placed in front of a collimated g source, and the penetrated g-rays
were measured by a NaI(Tl) scintillation detector (model 905-4,
ORTEC) with multi-channel analyzer (digiBASE, ORTEC). Both
137Cs and 60Co were used for each sample testing to get three
different g-ray energies: 0.662 MeV, 1.173 MeV, and 1.332 MeV.
The counts in the peak of full energy absorption of the g-spectra
were accumulated.

3. Results and discussion

3.1. Surface characterization

FTIR spectroscopic measurements were performed to determine
the morphological changes in the filler powders. In this study, the
surface-modified agent was silane coupling agent A-172
(CH2¼CHSi(OC2H4OCH3)3). Fig. 4 shows the FTIR spectra of the
surface-modified and untreated filler powders (PbO and B4C). New
peaks appeared at 488, 838, and 1258 cm�1 after chemical treat-
ment with the silane coupling agent. The peaks at 488, 838, and
1258 cm�1 correspond to the SieOeSi bending vibration, the
SieOeSi stretching vibration, and the CeO bond, respectively. The
new absorption peaks of the surface-modified fillers might be the
inherent characteristic absorption peaks of hydrolysis products of
the silane coupling agent. The new peaks indicated the successful
surface modification of the filler powders.

Table 2
The vc of the VMQ matrix in the composites.

Sample
no.

VMQ
matrices
(wt.%)

vc for composites
with BP before
irradiation
( � 10�4 mol g�1)

vc for composites
with BP after
irradiation
( � 10�4 mol g�1)

vc for composites
without BP after
irradiation
( � 10�4 mol g�1)

1 68 2.23 6.49 7.10
2 57 2.37 5.91 6.98
3 46 2.55 5.48 6.90
4 35 2.72 5.04 7.08
5 24 2.84 4.76 7.02

VMQ, methyl vinyl silicone rubber; BP, benzophenone.

Fig. 6. Mechanical properties of VMQ composites. (A) Tensile strength. (B) Elongation at break. (C) Tear strength. (D) Shore hardness.
BP, benzophenone; VMQ, methyl vinyl silicone rubber.

Fig. 7. TGA plots of the VMQ composite materials in air.
BP, benzophenone; TGA, thermogravimetric analyses; VMQ, methyl vinyl silicone
rubber.
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3.2. Morphology observations

After the tensile tests, we investigated the fracture surfaces of
the VMQ composites to determine the dispersion quality of the
filler particles. Figs. 5A, 5C, 5E, 5G, and 5I show the SEM micro-
graphs of the fracture surfaces of samples 1 to 5 with raw fillers,
respectively. Figs. 5B, 5D, 5F, 5H, and 5J represent the correspond-
ing SEMmicrographs of the fracture surfaces of samples 1 to 5 with
surface-modified fillers, respectively. The filler contents of samples
1 to 5 are summarized in Table 1. The composites with treated fillers
shown in Figs. 5B, 5D, 5F, 5H, and 5J exhibited morphological fea-
tures different from the composites with untreated fillers shown in
Figs. 5A, 5C, 5E, 5G, and 5I. Many agglomerates observed in Figs. 5A,
5C, 5E, 5G, and 5I indicated apparent poor dispersion properties
and interfacial properties of the filler particles in the VMQ matrix.
In Figs. 5B, 5D, 5F, 5H, and 5J, the agglomerates are rarely observed
on the fractured surfaces in the sample composites. These SEM
images suggested that surface modification of the filler powders
improved the dispersion of fillers in the VMQ matrix.

3.3. Toluene swelling test

The toluene swelling test is a useful tool to investigate the physi-
cochemical properties of filler/polymer composites. Through the
toluene swelling test, various swelling characteristics, such as the
molecular weight between cross-links (Mc) and the degree of cross-
linking density (vc), were obtained. The degrees of crosslinking density
(vc)of thecompositesamplesare listed inTable2.Thecompositeswith/
without BP had the same mass fraction of VMQ matrices. In addition,
the compositeswith/without BPhad the same ratios of PbOandB4C. In
this study, all the composite samples contained surface-treated filler
powders. The testing results showed that the vc for compositeswithBP
before irradiation was significantly less than that for the composites
with BP and the composites without BP after irradiation and that the
composites without BP exhibited the highest vc after irradiation. In

general, crosslinking and cracking occurred in the polymers under
irradiation. In terms of VQM, themain effect was chain crosslinking at
high absorbed doses. Thus, the vc of the VMQmatrix in the composites
increased after irradiation. BP was a good free-radical acceptor and
inhibited the crosslinking reaction caused by radiation and the pro-
tective function to the silicone rubber. As the filler concentration
increased, the vc of theVMQmatrix in the composites increasedbefore
irradiation, which might have been because of the poor dispersion of
thefillers in theVMQmatrix.We confirmed that BP efficiently reduced
thevcof aVMQmatrix in composites after irradiation,which suggested
that it can be used in radiation-resistant materials.

3.4. Mechanical properties

The mechanical properties of radiation shielding materials
determine their service conditions. The mechanical properties of
neutron and g-ray shieldingmaterials with different filler content at
room temperature are shown in Fig. 6. The composite samples
without BP after irradiation and the composite samples with BP
before and after irradiationwere tested. All VMQ composite samples
were filled with surface-treated powders. The tensile properties of
the composites were characterized by tensile strength and elonga-
tion at break. Figs. 6A and 6B show the tensile strength and elon-
gation of the VMQ composites. With an increase in the filler
concentration, the tensile strength and elongation of both VMQ
composites decreased because more defects were generated in the
matrix and weakened the tensile strength and elongation of the
composites. Fig. 6C shows the tear strength of the VMQ composites
before and after irradiation. With an increasing filler content, the
tear strength of the composites first increased and then decreased
because the interfaces between particles and the capacity of the
VMQ matrix hindered crack extension after the addition of filler
particles. However, the high levels of fillers caused by agglomerates,
interfacial voids, and cracks of the particles in the matrix damaged
the continuous structure, leading to stress accumulation in the

Fig. 8. Neutron and g-ray flux attenuations for the VMQ composites with various thicknesses with different g-ray energies. (A) 241Am-Be neutron source. (B) 137Cs (g-ray energy
0.662 MeV). (C) 60Co (g-ray energy 1.173 MeV). (D) 60Co (g-ray energy 1.332 MeV).
VMQ, methyl vinyl silicone rubber.
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composites and weakened tear strength [20]. The tensile strength,
elongation, and tear strength of the composites before irradiation
were significantly higher than those of the composites after 500 kGy
gamma irradiation. This was because most of the main chains were
broken, and the branch chains were crosslinked to produce stress
concentration after irradiation so the mechanical properties got
worse. The composites with BP exhibited slightly better mechanical
properties than the composites without BP. This was because BP is a
good free-radical acceptor and inhibited the degradation and
crosslinking reaction caused by radiation and the protective func-
tion to the silicone rubber. Because the main effects were chain
branching and crosslinking at high absorbed doses, the crosslinking
density of the VMQ matrix in the composites with BP was lower.
This was the evidence of the free radical absorption effect of BP.
After irradiation, Fig. 6D shows the Shore hardness, which charac-
terizes the flexibility of the composites. The filler content and
hardness are important influencing factors of the Shore hardness of
the composites. In this study, the VMQ material had a low Shore
hardness, while the filler particles exhibited high Shore hardness.
Thus, the Shore hardness of the VMQ composites increased with an
increased filler content. Further, the hardness of the VMQ compos-
ites significantly increased after irradiation because of the increase

in crosslinking density after irradiation and the decrease in the chain
segment movement capability. Because the BP inhibited the radia-
tion crosslinking reaction, the Shore hardness of the composites
with BP was slightly less than that of the composites without BP
after irradiation. Sample 5 showed the maximum Shore hardness of
57 ± 1.5 HA and 81 ± 1.4 HA, respectively, before and after irradia-
tion, but the sample also retained certain flexibility.

3.5. Thermal stability

The thermal stability of composite material is an important
property in engineering applications. Fig. 7 shows the typical
thermogravimetric analyses plots of Sample 1 obtained in air for
the composites without BP after irradiation and the composites
with BP before and after irradiation. The samples were heated from
25�C to 500�C at a heating rate of 10�C/min. The initial degradation
temperature (Ti), cited as the characteristic temperature for
assessing the thermal stability, was also determined as the tem-
perature at which 5% degradation occurred [21]. The Ti values for
the composite materials with BP before and after irradiation were
323.6�C and 335.3�C, respectively, and the Ti value for the com-
posite material without BP after irradiationwas 344.7�C. According

Fig. 9. Part of the g spectra in the g shielding experiments of Sample 5. (A) g-rays from 137Cs without attenuation. (B) g-rays from 60Co without attenuation. (C) g-rays from 137Cs
penetrated through 10 mm of the sample. (D) g-rays from 60Co penetrated through 10 mm of the sample. (E) g-rays from 137Cs penetrated through 20 mm of the sample. (F) g-rays
from 60Co penetrated through 20 mm of the sample.
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to the testing results, the composite materials exhibited better
thermal stability after irradiation, and the composite materials
without BP showed the highest initial degradation temperature
because the compact network structure of silicone rubber was
formed after irradiation and hindered the diffusion of oxygen
molecules. The composites without BP had the maximum cross-
linking density after irradiation and therefore showed the highest
initial degradation temperature.

3.6. Neutron and gamma radiation shielding properties

Finally, the neutron and g-ray shielding performances of the
VMQ composites at various thicknesses were determined. The
neutron and g-ray transmission factor I/I0, where I0 is the beam
intensity without attenuation and I is the beam intensity with
attenuation by the sample composites, was used to assess the
neutron and g-ray shielding properties. During either neutron
shielding or gamma shielding experiments, the I0 was counted long
enough to exceed 10,000 to get adequate statistics, within which
the proportional errors of I/I0 were nearly 1%.

Fig. 8A shows the neutron flux attenuation properties of the
VMQ composites. According to the test results, Sample 5 exhibited
the best neutron shielding. For 2-mm thickness of Sample 5, the I/I0
was 0.12 because it contained the highest B4C content. Figs. 8BeD
show the g-ray attenuation properties of the VMQ composites at
three different g-ray energies: (B) 137Cs (0.662 MeV), (C) 60Co
(1.173 MeV), and (D) 60Co (1.332 MeV). With an increased thickness
of samples, the transmission factor of the composites decreased
and the g-ray shielding properties increased. Sample 5 had the
highest content of PbO and the best g-ray shielding properties
among the samples with the same thickness. Each sample was
measured at g-ray energies of 0.662, 1.173, and 1.332 MeV. For the
20-mm thick Sample 5, the I/I0 values were 0.7, 0.782, and 0.795 for
0.662, 1.173, and 1.332 MeV gamma rays, respectively. Part of the g-
spectra in the g-shielding experiments of Sample 5 are shown in
Fig. 9. Both the neutron and g-shielding experimental results
indicated that the prepared composites exhibited good neutron and
g-ray shielding properties.

4. Conclusions

We fabricated a new VMQ-based neutron and g-ray shielding
and radiation-resistant compositematerial through powder surface
modification, silicone rubber mixing, vulcanized molding, and
gamma irradiation. Our study investigated the morphological ob-
servations, crosslinking density, mechanical properties, thermal
stability, and neutron and g-ray shielding performance of the
composites. Filler powder surface modification effectively
improved the dispersion of the powder in the matrix. After irra-
diation, the tensile strength, elongation, and tear strength of the
composites decreased, but the Shore hardness of composites and
the crosslinking density of the VMQ matrix increased. After irra-
diation, the composites with BP demonstrated better mechanical
properties and a smaller crosslinking density than those without
BP. Thus, BP enhanced the radiation resistance performance of the
composites. The initial degradation temperatures of the composites
containing BP before and after irradiation were 323.6�C and
335.3�C, respectively. With AmeBe neutron as the tested radiation
source, the transmission of neutron in a 2-mm thick sample was
only 0.12. The g-ray shielding properties of these materials were
determined with 137Cs and 60Co g-ray sources. The transmission of
g-rays with the energies of 0.662, 1.173, and 1.332 MeV for 2-cm
thick samples were 0.7, 0.782, and 0.795, respectively.

Thus, the developed neutron and g-ray shielding material dis-
played excellent flexibility, radiation resistance, thermal stability,

neutron and g-ray shielding performance, and extensive potential
for applications.
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