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Flexible flame-retardant composites were prepared using high-functional methyl vinyl silicone rubber
matrix with B4C, hollow beads, and zinc borate (ZB) as filler materials. As filler content increased, the ten-
sile strength, elongation, and tear strength of the composites initially increased and then decreased. The
shore hardness of the composites increased with increasing filler content with a maximum value of 30
HA. The heat insulation properties of the composites with hollow beads were higher than that of the ordi-
nary composites with the same filler mass fraction. When ZB content exceeded 12 wt%, the limit of oxy-
gen index of the composites was higher than 27.1%. With Am–Be neutron as the test radiation source, the
transmission of neutron for a 2 cm sample was only 47.8%. Powder surface modification improved the
mechanical properties, thermal conductivity, flame retardancy, and neutron shielding performance of
the composites, but did not affect shore hardness.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Neutron is extensively applied in nuclear power, imaging tech-
nology, activation analysis, and radiotherapy [1–3]. As unwanted
radiation is harmful to man and the environment, the demand
for reliable neutron shielding materials has been increasing.
Polymer composites containing 10B can effectively shield against
neutron radiations; boron compounds are relatively cheap and
exhibit excellent thermal neutron absorption because of the high
thermal neutron absorption cross-section (r = 760 b) of 10B atoms
[4,5]. Many polymer/B4C composites, such as epoxy/B4C [6–9] and
polyethylene/B4C [10–12], are used to fabricate neutron shielding
materials. The resultant materials feature good mechanical proper-
ties, neutron shielding performance, and potential applications.
Nevertheless, these materials are unsuitable for devices, such as
neutron detectors and instruments with structural abnormality,
which require additional shield in narrow spaces and around
curved surfaces. Furthermore, these neutron shielding composites
cannot effectively attached to irregular surfaces because of their
high hardness. Hence, new flexible neutron shielding materials
must be developed.
Several flexible neutron shielding materials have been investi-
gated. Sukegawa et al. [13] fabricated a flexible heat resistant neu-
tron shielding material and applied it around the port of a vacuum
vessel as an additional shield; the developed material could be
used for diagnostics and reduction of the neutron streaming of a
superconducting tokamak device, such as JT-60SA. Sukegawa
et al. [14] also investigated another flexible neutron shielding com-
posite, which could function as an additional shield around the lid
of the future fast reactor system and as a shielding material to pre-
vent neutron streaming around the duct of the facility. A new
SEBS/B4C flexible neutron shielding composite has also been
reported [15]. Nevertheless, these developed flexible neutron
shielding materials have no flame retardant properties. Thus, flex-
ible flame-retardant neutron shielding composites must be devel-
oped to improve the resistance of nuclear equipment to fire risks.

In this study, a new flexible flame-retardant neutron shielding
material was fabricated through powder surface modification, sili-
cone rubber mixing, and vulcanized molding. Methyl vinyl silicone
rubber (VMQ) was used as matrix, 2,5-dimethyl-2,5-di(tert-butyl
peroxy) hexane (DBPH) as vulcanizing agent, B4C as neutron absor-
ber, and zinc borate (ZB) as flame retardant. ZB not only exhibits
good flame retardancy, but also increases B concentration and
improve neutron shielding performance of the composites.
Hollow bead materials (HBMs) were also added into the compos-
ites to enhance the heat insulation property of the product. The
neutron shielding material features good flexible performance,
excellent flame retardancy, and wide potential applications.
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Fig. 1. Flexible VMQ composite samples.
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2. Experimental

2.1. Materials

The following materials were used to prepare a flexible
flame-retardant neutron shielding material: B4C powder (>99%,
�50 lm, Sinopharm Reagent, China), ZB powder (2335, >99%,
�2 lm, Tianjin Guangfu Chemical Research Institute, China),
HBM (SiO2 > 75%, Al2O3 > 12%, �80 lm, Chongqing Aluo
Technology Development Company Limited, China), silane cou-
pling agent (KH-550, >99%, Chenguang Chemical, China), absolute
ethyl alcohol (>99%, Nanjing Chemical Reagent Company Limited,
China), oxalic acid dehydrate (>99.5%, Tianjin Fuchen Chemical
Reagents Factory, China), VMQ (110-3S, Dongjue Silicone Group
Company Limited, China), and DBPH (101, >93%, Shanghai Farida
Chemical Company Limited, China).

2.2. VMQ composite fabrication

The surfaces of the fillers were modified to improve the interfa-
cial adhesion between the VMQ matrix and the powder filler.
Absolute ethyl alcohol, deionized water, and silane coupling agent
(16:3:1 volume ratio) were added into a 1 L glass beaker reactor.
Oxalic acid dehydrate was added into the mixture until the solu-
tion reached pH 3–4, and the mixture was hydrolyzed at room
temperature for 1 h. The mixture was then added with filler parti-
cles and agitated at 60 �C for 5 h. Finally, the resulting 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 fabri-
cated in a mixing mill. The VMQ matrices were prepared through
mechanical mixing of VMQ and DBPH for 10 min with a mixing
weight ratio of 100:1. The uncured VMQ composites were also pre-
pared through mechanical mixing of VMQ matrices and filler pow-
ders for 15 min. The filler ingredients of the samples are
summarized in Table 1.

The VMQ composite samples were fabricated through vulcan-
ized molding with a plate vulcanizing machine. The uncured
VMQ composites were placed into a mold coated with a release
agent. The mold was pressed under 15 MPa by using a plate vul-
canizing machine after the release cloths were covered. The VMQ
composites were cured in the mold for 15 min at 170 �C. Finally,
the VMQ composite samples were post-cured in a draught drying
cabinet for 4 h at 200 �C. The flexible VMQ composite samples fea-
tured a plate-type structure with dimensions of 100 mm �
100 mm � 5 mm (Fig. 1). In the figure, the left sample is a neat
VMQ and the right samples represent the VMQ composites with
functional fillers.

2.3. Characterization

Surface-treated filler powders were examined through Fourier
transform infrared (FTIR) spectrometry (Nicolet NEXUS-6700).
The fracture surface morphology of the VMQ composites was
observed through scanning electron microscopy (SEM, JSM-7500,
Table 1
Compositions of different samples.

Sample No. Material

1 Neat VMQ/DBPH
2 VMQ/DBPH (76.8 wt%) B4C (15 wt%) HBM (1.2 wt%) ZB (7 wt%)
3 VMQ/DBPH (61 wt%) B4C (25 wt%) HBM (2 wt%) ZB (12 wt%)
4 VMQ/DBPH (51.2 wt%) B4C (30 wt%) HBM (2.8 wt%) ZB (16 wt%)
5 VMQ/DBPH (41.5 wt%) B4C (35 wt%) HBM (3.5 wt%) ZB (20 wt%)
6 VMQ/DBPH (32.7 wt%) B4C (40 wt%) HBM (5.3 wt%) ZB (22 wt%)
JEOL). The mechanical properties of the VMQ composites were
evaluated at room temperature by using a mechanical testing
machine (WANCE ETM-D). Tensile (ASTM D412) tests were con-
ducted at a strain rate of 500 mm/min, and tearing (ASTM D624)
tests at 50 mm/min. Shore hardness tests were performed using
a shore A durometer according to the ASTM D2240 standard. The
thermal transmission properties of the VMQ composites were
assessed using a thermal conductivity instrument (XIANGKE
DRL-3) according to the ASTM D5470 standard. Flame resistance
was evaluated by measuring the limit oxygen index (LOI) based
on the ASTM D2863 standard. LOI is expressed as follows [16]:

LOI ¼ 100
½O2�

½O2� þ ½N2�
ð1Þ

Radiation shielding characteristic was determined using thermal
neutron transmission tests. Am–Be neutron, which was used as
the test radiation source, was placed at the end of the cylindrical
window-oriented detector side in the paraffin box. The cylindrical
window was 130 mm deep and 110 mm wide. Neutron ray pene-
trated through a 30 mm-thick lead plate, passed through a poly-
ethylene plate (30 mm thick) and VMQ composite samples
(20 mm thick), and finally detected with an He-3 proportional
counter. A schematic diagram of neutron shielding performance test
is shown in Fig. 2.
3. Results and discussion

3.1. Surface characterization

FTIR spectroscopic measurements were performed to deter-
mine changes in the morphology of filler powders. Fig. 3 shows
Fig. 2. Schematic diagram of neutron shielding performance test of the VMQ
composites.
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the FTIR spectra of surface-modified and untreated filler powders.
The three peaks at 472, 804, and 1109 cm�1 changed compared
with the FTIR spectrum of untreated fillers. The new peak appeared
at 1620 cm�1 after chemical treatment with silane coupling agent.
The two peaks at 472 and 804 cm�1 are assigned to the Si–O bond,
whereas the two peaks at 1109 and 1620 cm�1 are assigned to the
Si–O–Si and –NH2 moieties, respectively. The increase in the
absorption peaks of surface-modified fillers could be due to the
superimposing absorption peaks of silane coupling agent and
hydrolysis products on the inherent characteristic absorption
peaks of the fillers. The changes in the peaks and appearance of
new peaks indicate successful surface modification of filler
powders.
3.2. Morphology observations

The fracture surfaces of the VMQ composites after tensile tests
were investigated to determine the effect of surface modification
on the interfacial adhesion and dispersion quality of the filler parti-
cles. Fig. 4(a) and (b) shows the SEM micrographs of the fracture
surfaces of sample 2 with raw and surface-modified fillers, respec-
tively. Fig. 4(c) and (d) represents the corresponding SEM micro-
graphs of the fracture surfaces of sample 3 with raw and
surface-modified fillers, respectively. Fig. 4(e) and (f) shows the
SEM micrographs of the fracture surfaces of sample 4 with raw
and surface-modified fillers, respectively. Fig. 4(g) and (h) shows
the SEM micrographs of the fracture surfaces of sample 5 with
raw and surface-modified fillers, respectively. Fig. 4(i) and (j) shows
the SEM micrographs of the fracture surfaces of sample 6 with raw
and surface-modified fillers, respectively. The filler contents of
samples 2, 3, 4, 5 and 6 are summarized in Table 1. The composites
with treated fillers in Fig. 4(b), (d), (f), (h) and (j) exhibited mor-
phologies distinct from the composites with untreated fillers in
Fig. 4(a), (c), (e), (g) and (i), respectively. Agglomerated fillers, inter-
facial voids and cracks are shown in Fig. 4(a), (c), (e), (g) and (i). This
finding indicates the apparent poor dispersion properties and inter-
facial adhesion of the filler particles in the VMQ matrix. In
Fig. 4(b), (d), (f), (h) and (j), the filler particles strongly adhered onto
the VMQ matrix and the agglomerations are hardly observed on the
fractured surfaces in the composites. From the SEM images, surface
modification of the fillers apparently improved dispersion and
adhesion in the VMQ matrix.
3.3. Mechanical properties

The mechanical properties of the radiation shielding materials
are important in determining the material service conditions. The
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Fig. 3. FTIR spectra of surface-treated and untreated fillers.
mechanical properties of the VMQ-based neutron shielding mate-
rials with different filler contents at room temperature are shown
in Fig. 5. The tensile properties of the composites were character-
ized by tensile strength and elongation at break. Fig. 5(a) and (b)
shows the tensile strength and elongation of the modified and
unmodified VMQ composites. As the filler concentration increased,
the tensile strengths and elongations of both VMQ composites ini-
tially increased and then decreased. As addition of a small amount
of filler powder in the matrix could reinforce the VMQ matrices,
the tensile strengths and elongations of the VMQ composites
increased. However, more defects in the matrix appeared when
the filler content increased and the tensile strength and elongation
of the composites were weakened by defects. The tensile strengths
and elongations of the modified composites were higher than
those of the unmodified composites because the adhesion and dis-
persion of the particles in the modified composites seemed to be
stronger and more homogeneous. Fig. 5(c) shows the tear strengths
of the modified and unmodified VMQ composites. With increasing
filler content, the tear strengths of the composites initially
increased and then decreased. This phenomenon could be attribu-
ted to the interfaces between particles and the capacity of the VMQ
matrix to hinder creak extension upon addition of filler particles,
thereby increasing the tear strength of the composites. However,
the high levels of fillers caused by agglomerates, interfacial voids
and cracks of the particles in the matrix damaged the continuous
structure and formed stress concentration in the composites,
resulting in weaker tear strength. The modified composites also
enhanced tear strengths because the crack initiation and propaga-
tion along the interface might be inhibited by the enhanced parti-
cle/matrix interfacial adhesion. The modified composites showed a
maximum tear strength of 3.73 ± 0.05 KN/m; this strength which
was higher than the tear strength of the unmodified composites
(�3.51 ± 0.08 KN/m). Fig. 5(d) shows the shore hardness that char-
acterizes the flexibility of the composites. The filler content and
hardness are important factors in the shore hardness of the com-
posites. In this study, the VMQ material displayed low shore hard-
ness but filler particles exhibited high shore hardness. Thus, the
shore hardness of the VMQ composites increased with increasing
filler content and filler surface modification almost did not influ-
ence the shore hardness of the VMQ composites. Sample 6 exhib-
ited a maximum shore hardness of 30 ± 0.7 HA, but the sample
retained its flexibility.

3.4. Thermal conductivity

As radiation shielding materials exhibit excellent heat insulation
performance and protect nuclear instruments against high temper-
ature caused by fires, the thermal conductivity of these materials
must also be evaluated. Fig. 6 shows the thermal conductivity of
the neutron shielding composites. The thermal conductivity of the
polymeric composites is mainly governed by the types and contents
of particulate fillers. The thermal conductivity of the neat VMQ was
0.27 ± 0.01 W m�1 K�1, and the thermal conductivities of the VMQ
composites increased with increasing filler content as B4C and ZB fil-
lers exhibit high thermal conductivities. The composites with HBM
showed lower effective thermal conductivities than those without
HBM at the same filler content. When the HBM content exceeded
3.5 wt%, the thermal conductivities started to decrease. This phe-
nomenon could be due to the lower thermal conductivity of HBM
(0.05 W m�1 K�1) than those of the B4C (17 W m�1 K�1), ZB
(26 W m�1 K�1), and VMQ matrix. Nevertheless, the modified com-
posites showed higher effective thermal conductivity than the
unmodified composites at the same filler content. The surface mod-
ification of the fillers could be due to the alleviated phonon scatter-
ing at the interface of the VMQ matrix and filler particle compared
with that of the unmodified composites. In most cases, the phonon



Fig. 4. SEM micrographs of the fractured surfaces of the VMQ composites: sample 2 with (a) raw and (b) treated filler powders; sample 3 with (c) raw and (d) treated filler
powders; sample 4 with (e) raw and (f) treated filler powders; sample 5 with (g) raw and (h) treated filler powders; and sample 6 with (i) raw and (j) treated filler powders.
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Fig. 5. Mechanical properties of the VMQ composites: (a) tensile strength, (b) elongation at break, (c) tear strength, and (d) shore hardness.
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Table 2
LOIs of different samples.

Sample
no.

ZB content
(wt%)

LOIs for unmodified
composites (%)

LOIs for modified
composites (%)
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scattering at the interface of the matrix/filler restricts heat transfer
and the poor interfacial adhesion between the matrix and the filler
leads to large phonon scattering [17]. In this work, we confirmed
that HBM can efficiently reduce the thermal conductivity of the
composites and provide applications for preparing heat-resistant
materials.
1 0 23.0 23.0
2 7 24.3 24.6
3 12 26.5 27.1
4 16 29.4 29.9
5 20 32.2 32.8
6 22 34.1 34.8
3.5. Flame retardancy

Flame retardancy is an indispensable property of radiation
materials and important in improving the fire resistance of nuclear
instruments and equipment. Metal hydroxide flame retardants are
used to prepare flame-resistant materials because these retardants
can release water vapor to remove heat from the flame and thus
reduce the formation of combustible gases. In this study, the
effects of 7 wt%, 12 wt%, 16 wt%, 20 wt%, and 22 wt% of ZB on flame
retardant performance were investigated. ZB not only exhibits
good flame retardancy, but can also increase B concentration and
improve neutron shielding performance of the composites. The
flame resistance of the composites was evaluated by measuring
LOIs, and the results are shown in Table 2. The LOI for the neat
VMQ material was 23%, which characterizes a combustible mate-
rial. With increasing ZB content, the flame retardancies of the com-
posites increased. The experimental results showed that the
modified VMQ composites exhibited improved flame retardancy.
The dispersion of the surface-modified ZB was homogeneous, thus
improving the LOI for the composites by releasing water vapor
evenly to dilute the air. When ZB content was higher than
12 wt%, the LOI of the composites was higher than 27.1% and
reached the hardly flammable material grade. However, in most
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cases, a high loading of inorganic fillers, such as ZB, may adversely
affect the mechanical strength of the composites [18].

3.6. Neutron radiation shielding properties

Finally, the neutron shielding characteristics of the modified
and unmodified VMQ composites at various B contents were deter-
mined. The neutron transmission factor I/I0 was used to assess the
neutron shielding properties, where I0 and I are the intensities of
the incident neutron beam and neutron beam transmitted through
the thickness direction of the sample composites, respectively.
Fig. 7 shows the neutron flux attenuation properties of the
20 mm-thick VMQ composites. The neat VMQ material revealed
an I/I0 value of 74%. With increasing B content, the transmission
factor decreased. The modified composites exhibited enhanced
neutron radiation shielding efficiency than the unmodified com-
posites. The surface functionalization of B4C and ZB strengthened
the interfacial property of matrix/B4C and matrix/ZB, and improved
B4C and ZB dispersion in the matrix, thereby effectively enhancing
the neutron shielding ability. Consequently, high-performance
neutron shielding composite materials need not only an excellent
matrix and a neutron absorber, but also appropriate interfacial
and dispersion properties between the components.

4. Conclusion

A new VMQ-based flexible-flame retardant neutron shielding
composite was fabricated through powder surface modification,
silicone rubber mixing, and vulcanized molding. Filler content
and particle surface modification were evaluated to investigate
the mechanical properties, thermal conductivity, flame retardancy,
and neutron shielding performance of the composites. With
increasing filler content, the tensile strength, elongation, and tear
strength of the composites initially increased and then decreased.
The shore hardness of the VMQ composites increased with increas-
ing filler content with a maximum value of 30 HA, which was still
very flexible. The thermal conductivities of the VMQ composites
also increased with increasing filler content. Addition of hollow
beads (�5.3 wt%) resulted in 25.6% higher heat insulation proper-
ties of the composites than that of the ordinary composites with
the same filler mass fraction. The flame retardancy of the VMQ
composites was enhanced with increasing ZB content. When ZB
content exceeded 12 wt%, the LOI of the composites was higher
than 27.1% and reached the hardly flammable material grade.
Am–Be neutron was used as the test radiation source, and the
transmission of neutron for a 2 cm sample was only 47.8%.
Particle surface modification improved the mechanical properties,
thermal conductivity, flame retardancy, and neutron shielding
properties of the composites, but shore hardness was not affected.

Therefore, the developed neutron shielding material features
excellent flexibility, flame retardancy, heat insulation, neutron
shielding performance, and extensive potential applications.
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