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 i g  h  l  i  g  h  t  s

Sm2O3 is  used  for  neutron  absorber  instead  of  B4C,  and  Sm2O3 has  a good  photon-shielding  effect.
Carbon-fiber  cloth  and  polyimide  were  used  to enhance  shielding  materials’  mechanical  behavior  and  thermal  behavior.
Both  Monte  Carlo  method  and  shielding  test  were  used  to evaluate  shielding  performance  of  the  novel  shielding  material.
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a  b  s  t  r  a  c  t

The  design  and  fabrication  of  shielding  materials  with  good  heat-resistance  and  mechanical  prop-
erties  is  a  major  problem  in the  radiation  shielding  field.  In  this  paper,  based  on  gamma  ray  and
neutron  shielding  theory,  a  continuous  carbon-fiber  reinforced  Sm2O3/polyimide  gamma  ray/neutron
shielding  material  was  fabricated  by  hot-pressing  method.  The  material’s  application  behavior  was subse-
quently  evaluated  using  neutron  shielding,  photon  shielding,  mechanical  tensile,  and  thermogravimetric
analysis–differential  scanning  calorimetry  tests.  The  results  show  that the  tensile  strength  of  the  novel
ontinuous carbon fiber
amarium oxide
olyimide
amma  ray/neutron shielding material

shielding  material  exceeds  200  MPa,  which  makes  it of  similar  strength  to  aluminum  alloy.  The  material
does  not  undergo  crosslinking  and  decomposition  reactions  at 300 ◦C  and  it can  be  used  in such  envi-
ronments  for  long  periods  of  time.  The  continuous  carbon-fiber  reinforced  Sm2O3/polyimide  material
has  a good  shielding  performance  with  respect  to gamma  rays  and  neutrons.  The  material  thus  has  good
prospects  for  use  in  fusion  reactor  system  and  nuclear  waste  disposal  applications.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

As nuclear technology develops, the demand for neutron shiel-
ing materials grows and the types of shielding materials required
eed to be diversified [1,2]. In practice, many situations need the
upport of high-performance shielding materials, e.g. for the safe
isposal of nuclear waste and the safe operation of fusion reac-
ors [3,4]. The domain of application of nuclear technology has
een expanding rapidly. As a result, the environments in which
hielding materials are used are becoming increasingly harsher

5]. The effectiveness of radiation shielding is subject to strict
ules and standards, and there are corresponding requirements
or the mechanical properties and heat resistance of the shielding

∗ Corresponding author at: Department of Nuclear Science and Engineering, Nan-
ing  University of Aeronautics and Astronautics, 29 Yudao St., Nanjing 210016, China.

E-mail address: tangxiaobin@nuaa.edu.cn (X. Tang).

ttp://dx.doi.org/10.1016/j.fusengdes.2015.09.007
920-3796/© 2015 Elsevier B.V. All rights reserved.
material that must be met  [6]. Traditional shielding materials can-
not fulfill current development needs. Research and development
of neutron shielding material (NSM) with high thermal durabil-
ity and excellent mechanical properties is the best solution to this
problem.

In order to satisfy the needs of different tasks, a series of research
investigations on shielding materials were conducted. Pb-B poly-
thene is one of the most widely used shielding materials in the
radiation protection field. The Nuclear Power Institute of China
manufactured various types of Pb-B polythene composites [7].
However, the maximum temperature for the use of polythene is
limited to 100 ◦C. In addition, the tensile strength of Pb-B polythene
composites is relatively low so they cannot satisfy the demands
placed on them for most purposes under high temperature and

pressure conditions. High density polyethylene has been used to
reinforce the mechanical properties and heat resistance of shiel-
ding materials, but the increase in performance was limited and so
it has not been widely adopted [8,9]. A boron–aluminum composite

dx.doi.org/10.1016/j.fusengdes.2015.09.007
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
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as been fabricated using powder metallurgy. The manufacturing
rocess is, however, relatively complicated leading to high produc-
ion costs [10]. In this paper, a novel type of shielding material is
esigned and fabricated for high-temperature and high-pressure
nvironments based on new materials and methods.

During the 1960–1990s of the last century, polymer technology
eveloped rapidly. Continuous carbon-fiber reinforced polyimide
omposites have high specific strength, high specific modulus, and
xcellent high temperature performance and corrosion resistance
11,12]. They are one of several high performance materials that
ave found wide application. In order to make the design method
t the philosophy of combining structure with function, the use of

 continuous carbon-fiber reinforced polyimide resin as the matrix
or the shielding material is the best way to improve the mechanical
nd thermal performance of the material.

. Experimental methods

.1. Design of the shielding material

Neutron shielding theory is different from gamma  shielding the-
ry [13]. The effectiveness of a neutron shield mainly depends
n neutron-nucleus collisions and neutron absorption. As colli-
ion with a light nucleus can decrease the energy of neutrons
etter, resin is generally chosen as the neutron moderator. After
oderation, neutrons are absorbed by nuclei with large neutron

bsorption cross-sections, e.g. 10B and 6Li. In contrast, gamma
adiation shields depend on photon-matter interactions (e.g. the
hotoelectric, Compton, or electron-pair effects). As the cross-
ections of photonic interactions increase with atomic number,
eavy metals (e.g. Pb and Bi) are usually employed as gamma  ray
bsorbers. When neutron and gamma  ray shielding requirements
re considered together, a type of heavy metal with large neutron-
bsorption cross-section clearly needs to be added into the polymer
esin to improve the shielding effect for both neutrons and gamma
ays.

Traditional shielding materials use boron carbide as the neu-
ron absorber. However, the atomic number of boron is low and so
t does not have a good shielding performance in respect of gamma
ays [14]. Some rare earth elements have larger thermal-neutron
bsorption cross-sections and photon-reaction cross-sections than
oron (e.g. Gd, Sm,  Eu, and Er). Therefore, a rare earth element may

e a good neutron absorber to use instead of boron (see, for exam-
le, the absorption cross-section for samarium shown in Fig. 1).
bsorption of X-rays and neutrons by rare earth elements has been
esearched by Beijing University of Chemical Technology [15]. They

Fig. 2. The microstructure
Fig. 1. The neutron absorption cross-sections of samarium and boron.

pointed out that although boron reacts with neutrons to produce
helium bubbles (which rapidly degrade the mechanical properties
of the shielding material), the reaction with rare earth elements
has little impact on the material’s structure. Thus, using samarium
(Sm) as a neutron absorber can ensure that the shielding material
has a stable performance for long periods of time.

2.2. Raw materials

2.2.1. Sm2O3 powder (sub-micron)
Sm2O3 powder would ordinarily sink in the resin and thus be

distributed non-uniformly. In order to avoid deposition of Sm2O3
powder and ensure that the shielding material has good mechan-
ical and shielding properties, sub-micron powder was  chosen to
manufacture the NSM. The microstructure of the Sm2O3 powder is
shown in Fig. 2.

2.2.2. Thermosetting polyimide resin (model: TY005-1)
Polyimide plastics are a kind of engineering plastic with some

special properties. They have excellent thermal-stability, good
chemical corrosion resistance, and great mechanical properties. In
addition, they can prevent burning without the additional use of a

flame retardant. Thermosetting polyimide was thus chosen for the
matrix to effectively improve the heat resistance and mechanical
properties of the shielding material.

 of Sm2O3 powder.
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Table 1
The percentage composition of the polyimide fluid.

Component Content (wt.%)

Polyimide resin 62.5%
Fig. 3. Flow chart showing the method of fabrication of the con

.2.3. Acetone
As the fluidity of polyimide is very poor, a diluent needs to be

dded for dipping treatment. High purity acetone (≥99.9%) was
sed as the diluent for polyimide resin, as the polyimide resin is
ery soluble in this solvent. Provided the performance of the mate-
ial was not affected, the acetone can be removed by evaporation
y heating the material at 90 ◦C.

.2.4. Polyacrylonitrile-based carbon-fiber cloth (0.3 mm thick)
Continuous carbon fiber was chosen to effectively enhance the

echanical properties of the shielding material. Its use also reduces
he material’s density as much as possible. Carbon fibers have good
esistance to irradiation and heat. Their use, therefore, can allow
he NSM to be used in more demanding environments.

.3. Preparation of shielding material

The polyimide resin was too viscous to mix  material. Accord-
ng the manufacturer’s recommend, the proportion of polyimide
esin and acetone was about 4:1. Because the higher volume frac-
ion of the neutron absorbers was better, but the NSM could not
een formed if the mass fraction of Samarium oxide powder was
igher than 21% in the mixing ratio of polyimide fluid. Hence, the
ercentage composition was shown in Table 1.

First, the polyimide resin was heated by using water bath until
t showed good fluidity. Then, it was poured into a certain quantity
f acetone and gently stirred. After cooling to room temperature,

m2O3 powder was added to the diluted polyimide resin according
o the proportions shown in Table 1. The Sm2O3 powder was  dis-
ersed evenly in the polyimide solution using mechanical stirring.
his prefabrication of the NSM was completed.

Fig. 4. The microstructure
Samarium oxide powder 21%
Acetone 16.5%

After dipping in the polyimide fluid, the carbon fiber cloth
was placed layer upon layer by hand following lay-up tech-
nology. A plate vulcanizing machine was  used to fabricate the
shielding material. First of all, the temperature was set to 90 ◦C
and the pressure 0 MPa  for the acetone removal. Then, the pres-
sure was increased to 3 MPa  and the temperature raised from
90 ◦C to 160 ◦C for pre-curing. Finally, the temperature was set
to 230 ◦C to cure the polyimide (the material preparation process
and conditions used are shown in Fig. 3). After demolding, the
final continuous carbon-fiber reinforced Sm2O3/polyimide gamma
ray/neutron shielding material was  obtained. The microstructure
of surface of NSM was  given in Fig. 4. The SEM images showed
that filler was  uniformly distributed in the resin and had no
reunion.

2.4. Shielding experiments

In order to investigate the shielding ability of the new material,
we undertook shielding experiments using an 241Am-Be neutron
source and 137Cs and 60Co gamma  radiation sources. The neutron

and gamma  transmissivity were used to evaluate the radiation
shielding performance of the novel material.

3He has a large neutron-absorption cross-section and so a 3He
proportional counter was used to detect neutrons. The neutron

 of surface of NSM.
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Fig. 5. The MCNP geometric model and

ield from the Am-Be neutron source was 50 �Ci. The 3He pro-
ortional counter was surrounded with a 1 cm thick layer of pure
oron carbide apart from the direction facing the neutron source. A
.5 cm × 7.5 cm sheet of shielding material was placed between the
m-Be neutron source and 3He proportional counter (as shown in
ig. 4). The thickness of the NSM was gradually increased and the
eutron count recorded at each thickness using a detection time of
00 s.

A scintillator detector (3 × 3 NaI (Tl)) and two different types
f gamma  source (137Cs with a characteristic gamma  energy of
62 keV, and 60Co with gamma  energies of 1170 and 1330 keV)
ere used to test the gamma  shielding performance. The activ-

ties of the two different types of radiation source were 2 �Ci,
he distance between the radiation source and the detector was
6 cm,  and the detection time was 600 s. The full-energy peak
ount was used to evaluate the gamma  ray shielding perfor-
ance.
In addition, as calculations can reveal more detail than experi-
ental data alone, a Monte Carlo method was used to calculate the
hielding performance of the novel gamma  ray/neutron shielding
aterial. The calculation software was MCNP/4C, and the library of

ross-section was ENDF/B-VI. A geometric model was built based

Fig. 6. The MCNP geometric model and a photo
to of the neutron detection equipment.

on the shape and size of the detection equipment, as shown in
Figs. 5 and 6.

2.5. Mechanical experiments

A tensile testing machine was  used to test the tensile prop-
erties of the NSM. Composites with five different numbers of
carbon-fiber cloth layers (1, 2, 4, 6, and 8 layers, respectively)
were tested and the number of each sample was five. The maxi-
mum  tension of electron universal testing machines was 100 kN,
which was much larger than tensile strength of NSM, the speed of
the loading was  2 mm/min  during the tests. The NSMs were cut
into dumbbell-shaped specimens (see Fig. 7), where L0 = 50 mm,
L1 = 55 mm,  L2 = 55 mm,  L3 = 115 mm,  B0 = 10 mm,  and B1 = 20 mm.

2.6. TAG–DSC thermostability experiments

Thermal stability is very important for polymers and is an impor-

tant property to evaluate for applications. Differential scanning
calorimetry was used in this work to investigate the thermal stabil-
ity of the NSM. The experimental parameters were set so that the
heating rate was 10 ◦C/min, the sample quantity was 10 mg,  the

 of the gamma  ray detection equipment.
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Table 2
Macroscopic cross-sections for different energies (based on simulated data).

Neutron energy (keV) Macroscopic cross-section (cm−1)

<0.01 1.86
0.01–1 1.32

F

ig. 7. The geometric size of sample and a photo of the dumbbell-shaped specimens.

tmosphere was air, and the temperature range scanned was from
0 to 450 ◦C.

. Experimental results and discussion

According to theory, neutron transmissivity decreases with
aterial thickness (see Fig. 8). The change in neutron transmissivity
ith thickness is described more quantitatively by

 = Ii/I0 = Be−˙di + a, (1)

here � is the transmittance of gamma, Ii, I0 are the count rate of
efore and after shielding, B is cumulative factor, di is the thick-
ess of the shielding material, a is the background count, and  ̇ is
he macroscopic cross-section (representing the neutron shielding
bility for a specific energy range).

In Fig. 8(b), the neutrons were divided into four groups accord-
ng to their energy. The transmissivity of neutrons of all energies
ecreased with the material thickness but the low-energy neu-
rons were absorbed most efficiently. This is because the neutron
bsorption cross-section decreases with increasing neutron energy.
able 2 lists the macroscopic cross-sections of the shielding mate-

ial for neutrons of different energy (from calculated data).

As the average energy of the neutrons emitted by the Am-Be
eutron source was 4.5 MeV, no matter where the 3He proportional
ounter was moved to in the laboratory, some neutrons were still

ig. 8. The neutron shielding properties of continuous carbon-fiber reinforced Sm2O3/po
1–1000 0.21
>1000 0.12

able to enter the detector after being scattered. In the beginning, the
number of background neutrons was detected using a 3He propor-
tional counter, and then we began testing the shielding samples. As
shown in Fig. 8(a), when 3 cm of shielding material was used, the
neutron irradiation level had fallen to the environmental level.

Comparing Fig. 8(a) and (b), it can be seen that the experimen-
tally measured values of neutron transmissivity are different to the
values calculated using the Monte Carlo codes (MCNP/4C). How-
ever, the neutron transmittances whose energy less than 10 eV
were similar with the experimental results. This is because 3He
has larger thermal neutron absorption cross-sections, that is, the
3He proportional counter only reflects the shielding performance
for low-energy neutrons but neutrons of all energy are included in
the calculations.

The macroscopic cross-sections for the experimental and sim-
ulated curves are 0.88 cm−1 and 0.15 cm−1, respectively. This
demonstrates that the 3He proportional counter mainly records the
low-energy neutrons. Generally, the 241Am-Be neutron transmit-
tance of 3 cm of the Pb-B polythene composites is about 60% [16],
that is roughly the same with the neutron shielding ability of NSM.

Overall, the continuous carbon-fiber reinforced Sm2O3/
polyimide neutron/gamma ray shielding material has good ther-
mal  neutron shielding performance. It is also capable of absorbing
some of the higher-energy neutrons. In practical engineering
applications, the designers can obtain radiation fields according
the structure of the fusion reactor [17], and then decided the
thickness of NSM to ensure the health of the operator.

Fig. 9(a) shows the experimental shielding efficiency of the
new shielding material with respect to gamma photons. Clearly,
the transmissivity of the photons declines as the shielding thick-
ness increases. The absorptive capacity of the NSM is greater for
low-energy gamma  radiation compared to high-energy gamma
radiation. When the thickness of the NSM is 5 cm,  57.6%, 65.6%,
and 67.8% of the gamma radiation at 662, 1170, and 1330 keV is
transmitted, respectively.
The experimental and calculated values of gamma  transmit-
tance were accordant basically and also have the same change
tendency as shown in Fig. 9(b). However, the calculated values were
slightly different to the experimental data. The calculation model

lyimide shielding material: (a) experimental values, and (b) calculated values.



P. Wang et al. / Fusion Engineering and Design 101 (2015) 218–225 223

F forced
v

e
r
c
u
e
i
b
a
r

t
d
l
i

d
m
fi
n
s
i
d
r
t
s
c
i

F
m

ig. 9. The gamma  ray shielding performance of the continuous carbon-fiber rein
alues.

stablished was slightly different to the prepared composite mate-
ial. For example, the elements of the material were uniform in the
alculation model, but the prepared composite is not completely
niform (that is, the continuous carbon fiber contains most of the
lemental carbon and the Sm2O3 powder contains all of the samar-
um). This difference is the main source of the variation. As shown
y the results from the calculations and experiments, the NSM has

 good shielding effect for medium-energy and low-energy gamma
ays.

The tensile strength of the material is affected by two  factors:
he presence of defects and stress concentration. The number of
efects increased gradually with the number of carbon-fiber cloth

ays. In Fig. 10(a), the tensile strength of the NSM can be seen to
ncrease with the number of carbon-fiber layers used.

When a single carbon-fiber layer is used, stress conduction
oes not occur in the material, so the tensile performance of the
aterial is very poor. However, doubling the number of carbon-

ber layers to two greatly improves the tensile strength. The
umber of carbon-fiber layers continues to increased, the ten-
ile strength of the shielding material increases more slowly. This
s because the conduction ability of the resin is limited and the
efects increases. The carbon-fibers were connected together by
esin as shown in Fig. 11, and the resin could transfer stress effec-

ively. However, some holes could be found in NSM’s fracture
urface. The reason is that many defects in the NSM leaded to some
arbon-fibers were pulled out. The tensile strength of the NSM
s greater than 200 MPa  (roughly equal to the tensile strength of

ig. 10. Curves showing the mechanical performance of the continuous carbon-fiber rei
odulus of elasticity.
 Sm2O3/polyimide shielding material: (a) experimental values, and (b) calculated

traditional aluminum alloy) and so it does meet the demand for
high strength.

The tensile modulus of the NSM is shown in Fig. 10(b). Clearly,
the modulus gradually increases with the number of carbon-fiber
layers. As a result of stress conduction between carbon fibers within
the resin, stress concentration is greatly reduced. However, as the
number of carbon-fiber layers increases, the change in stress trans-
mission range is limited, and the tensile modulus tends to stabilize.
The elastic modulus of the carbon fibers is greater than that of the
resin, and the stiffness of the carbon fibers enhances the stiffness
of the composite material greatly. The shielding material can thus
maintain its shape better and continue to function when used in
demanding applications.

There are two kinds of reaction that polymers may undergo at
high temperature. One of these is crosslinking, and the other is
decomposition. Crosslinking is where the polymer chains link to
one another to form a 3D net structure; decomposition is where
the polymer chains undergo molecular scission. The initial temper-
atures corresponding to crosslinking and decomposition reactions
were observed by recording TGA and DSC curves, and the maximum
service temperature of the NSM was  determined.

As shown in Fig. 12, the quality of the NSM initially decreased
slowly with temperature because volatilization of the acetone used

was not fully complete. However, the quality of the NSM subse-
quently declined rapidly at 330 ◦C due to decomposition of the
polyimide matrix. Heat flow declined with an increase in the tem-
perature in the DSC curve, and there were no obvious endothermic

nforced Sm2O3/polyimide shielding material: (a) the tensile strength, and (b) the
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Fig. 11. The microstructure of
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ig. 12. Results of the TGA–DSC tests on the Sm2O3/polyimide shielding material.

r exothermic peaks. This suggests that the polyimide resin in the
ew shielding material had been completely cured in the process
f fabrication and there were no glass transitions or crosslinking
eactions up to 450 ◦C. Overall, the new material’s heat-resistant
emperature is considered to be 300 ◦C, and so the material is able
o work stably up to 300 ◦C.

. Conclusions

In conclusion, in accordance with the principles underlying
amma  radiation and neutron shielding, the rare earth element
nd heavy metal samarium was adopted during the design of a
SM which was subsequently fabricated using a plate vulcanizing
achine. A variety of tests (gamma  shielding experiments, neutron

hielding experiments, tensile tests, and thermal stability experi-
ents) were used to evaluate the application performance of the

ontinuous carbon-fiber reinforced Sm2O3/polyimide material. The
xperimental results revealed that when the thickness of the shiel-
ing material was 3 cm,  the number of neutrons recorded at the
etector was equal to the environmental level. The continuous
arbon-fiber reinforced Sm2O3/polyimide gamma/neutron shiel-
ing material has a good shielding effect for low-energy gamma
hotons. As expected, gamma  ray transmissivity declined expo-
entially with the thickness of the shielding material. In addition,
s polyimide resin has excellent heat resistance and carbon fiber

as great specific strength, these components greatly improved
he mechanical properties and heat-resisting performance of the
SM. The traditional shielding material such as the Pb-B poly-

hene composites and high density polyethylene composites, their

[

 NSM’s fracture surface.

tensile strength are 10–25 MPa, the using temperature are about
100 ◦C. However, the NSM’s tensile strength is above 200 MPa, that
is about ten times higher than Pb-B polythene composites and high
density polyethylene composites. The maximum service temper-
ature is 300 ◦C, the higher using temperature can largely expand
shielding material application scope. Therefore, the experimental
results indicate the NSM is a good candidate for radiation shielding
of fusion reactor.
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