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Study on Composite Material for Shielding
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Abstract—Optimized lightweight, compact and high temper-
ature sustaining shielding materials for neutron and gamma
radiation were developed by genetic algorithms (GA) combined
with the Monte Carlo N-Particle (MCNP) code. A series of samples
were designed according to the method. Deep penetration tests
by the MCNP code were completed. The results show that the
designed samples have more advantages related to the radiation
shielding effects in comparison with PB202 and KRAFTON-XP3,
especially the Cakes with multi-layers structures of the Fe-In-
terlayer-Pb have excellent performance. Taking into account the
ratios designed of components among elements in the material, the
manufacturing process of polymer with nano-TiO2 was studied
experimentally by differential scanning calorimetry (DSC). Sev-
eral samples have been tested. The attenuation experiments on the
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samples were carried out using tandem electrostatic accelerator
neutron source, spontaneous fission neutron source of 252Cf and

-rays source of 60
Co. The experimental results verify the cor-

rectness of optimal design and craft. The Cakes are quite suitable
for applications in the practices of nuclear science and technology.

Index Terms—Composite, gamma rays, genetic algorithms,
Monte Carlo, neutrons, shielding.

I. INTRODUCTION

N UCLEAR radiation shielding material is an important
infrastructure component in nuclear facilities [1]–[3]

such as nuclear reactors and particle accelerators. Especially
in mobile nuclear devices and manned spacecrafts [4], [5],
owing to the limits of space and maneuverability, the weight
and volume of radiation shielding material are restricted. Thus
radiation shielding materials must have high effective shielding
properties. Usually shielding materials have to service for a
long time in quite inclement environment with high temper-
ature, corrosion, and so on. Furthermore, shielding materials
could be damaged by constant radiation due to interaction with
each other [6], [7]. Therefore radiation shielding materials must
have multiple endurances in many environments including radi-
ation effects, heat, etc. Certainly, the cost of material is also an
important requirement to be considered in the project. And then
efforts must be made to reduce the exposure of employees in
nuclear facilities on basis of the as-low-as-reasonably-achiev-
able (ALARA) principle [8].

The polyethylene and polyethylene mixed with boron oxide
are widely used as neutron shielding materials, but they have
poor mechanical strength, poor thermal stability and poor dura-
bility for neutron and gamma irradiation; they can not be in ser-
vice for a long time [9], [10].

The most effective shielding material for nuclear reactors
is obtained by mixed hydrogenous materials, heavy metal
elements, and other neutron absorbers. Inelastic scattering by
heavy elements and elastic scattering by hydrogen are quite
effective to slow down fast and intermediate energy neutrons,
and the absorbers can reduce secondary gamma rays as well
as thermal neutrons. Then the hydrogenous epoxy resin with
excellent radiation resistant ability and high thermal stability
should be selected as the substrate of the composite material
with some reinforced particles such as Fe, Pb, W, and

powder. In addition, a small quantity of nano-
powder could be applied to enhance the thermal stability and
toughness of the composite material [11]–[13].

0018-9499/$25.00 © 2008 IEEE
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The method of fission neutrons removal cross sections to
calculate radiation shielding can be found in some references
[14]–[16]. But there are two problems that have not been solved
thoroughly: attenuation of low energy neutrons (including
thermal and epithermal groups) and inelastic scattering of fast
neutrons (fast group). Therefore, a new method to design the
optimized shielding material for fission neutrons and -rays
mixed radiation fields is proposed by using Genetic Algorithms
(GA) [17] with the MCNP code [18]. This way some new
material can be designed.

Epoxy resin is made by mixing a main agent with the curing
agent. Generally the main agent could be chosen from many
kinds of resins such as epoxy, polyimide and bismaleimide
(BMI). In spite of the best heat resistance of BMI, bisphenol
A should be selected because of its high content of hydrogen
elements for intermediate energy neutrons moderation. In this
project, the E-51 bisphenol A, a waterborne epoxy resin was
chosen. The curing agent could be chosen from multi-amine
and anhydride. The multi-amine mainly refers to polyamide be-
cause of the low cost and the widespread use. The practical way
of making anhydride is usually to mix varieties of anhydride to
substantially improve the thermal deformation temperature of
compounds.

However, it becomes difficult to cure when epoxy is mixed
with foreign materials. Advanced technology that controls the
curing heat and post-life (the time from mixing to curing) is re-
quired when making thick epoxy resin for shielding materials.
Moreover, mixing with foreign materials reduces mechanical
strength because mixing foreign materials is equal to resin loss.
Some metal powders with good thermal conductivity could im-
prove the heat resistance of compounds. The best mixing pa-
rameter thus has to be studied. Modification of the epoxy resins
by nano- can be studied systematically through thermal
analysis techniques. Then the forming process craft of the new
composite material can be obtained and a series of radiation
shielding composite material samples is made.

The attenuation experiments were carried out to check neu-
tron and -rays shielding performance of the new shielding
material by using tandem electrostatic accelerator neutron
source, spontaneous fission neutron source of and -rays
source of . The samples of new composites have been
tested. Meanwhile, correctness of optimal design method and
trial-manufacture craft of shielding material has been also
verified.

II. DEVELOPMENT OF THE NEW TYPE OF SHIELDING MATERIAL

A. GA Application in Designing Shielding Material

For the optimal design of shielding material, the dose equiva-
lent corresponding to 2.407 neutrons and 7.77 photons (these
are the average number released per fission event [19], [20])
with fission energy spectra in one fission process penetrating
a specific thickness of the shielding material was selected ap-
plying the optimized objective function [21]

(1)

that subjects to the constraints: equalities, inequalities and do-
main constraints. They depend on the uniformity of the com-
posite material components, the component range of every ele-
ment in composite from minimum to maximum, and the density
of composite materials:

(2)

(3)

(4)

(5)

Where,

the number of components in
composite material

the variable vector, mass
components matrix in composite
material

total dose equivalent of neutrons
and -rays with fission energy
spectra in one time fission process
penetrating a specific thickness of
the shielding material, Sv

dose equivalent of fission neutron,
Sv

dose equivalent of fission -rays,
Sv

components vectors of minimum &
maximum respectively

density of single component and
composite material,

vector of the density ranges.

There are four steps in the GA optimization design program
shown in Fig. 1. Firstly, the raw materials are selected from the
present materials (simple elements or compound materials) in
the world. In the process of selecting, the cost and the radia-
tion shielding capability are mainly concerned. Their physical
and chemical capability, mechanical and thermal properties are
also considered. Secondly, according to a component material
ratio assumed originally, each materials density, and all other
parameters were edited in the proper MCNP input files: “inpn”
and “inpp”. After that, MCNP calculates one fission neutron
dose equivalent Hn (in output file outpn), one fission photon
dose equivalent Hp (in outpp), and the total dose equivalent

of the neutrons and -rays per fis-
sion. Thirdly, the GA program can transfer the MCNP results at
every generation in every count, if so needed. Finally, the object
function for optimizing design is a certain function, based on
constraint conditions confirmed by some calculations.
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TABLE I
SHIELDING MATERIAL ELEMENT CONTENTS OPTIMAL DESIGNED /w%

Fig. 1. Flow chart of material optimal design with GA and MCNP code.

Fig. 2. MCNP simulation model.

The cumulative probability distribution q is selected between
0.15–0.35 according to population size, and higher q values pro-
vide stronger selective pressure [17].

MCNP simulation model (INP files) for neutrons or -rays
emitted from a surface source penetrating a slab material is
shown in Fig. 2. Point flux detectors were used. As to fission

TABLE II
THE PROCESSED MATERIALS USING IN EXPERIMENTS

neutron, Watt energy spectrum and “mode n p” were used, sec-
ondary gamma rays were also be counted. As to fission gamma
rays, “mode p” was used. A prompt -rays spectrum distribu-
tion empirical formula was employed [20]:

(6)

By running the optimal design program, a series of materials
optimized ratios have been obtained. They are listed in Table I.
Jxa1 and Jxa2 are polyamide composites, Pb6 is anhydride com-
posite, Djy is another composite suited to powder forming with
heat isostatic pressing (HIP). Interlayer is also polyamide com-
posite without Fe, W and Pb.

B. Experimental Research on Manufacturing Process

As an example, the manufacturing process experiment of
composite mixing bisphenol A with the mixed curing agent
is introduced below. The experimental samples consist of
the following components: E-51 bisphenol A, waterborne
epoxy resin, the mixed curing agent pyromellitic dianhy-
dride (PMDA), maleic anhydride (MA), the active diluents
(epoxy propane butyl ether), the reinforced material powder
(nano- ), Fe and Pb powder. In the molding-craft of the
polymer, the solidifying process is most important. Table II
lists seven kinds of experimental samples with nano- in
different mass contents.

The solidifying temperature and time directly affects the
performances of the composite solidified-form, thus the op-
timization of the solidifying process is extremely necessary.
Especially PMDA and MA are selected as curing agent while
foreign materials (Pb, Fe, etc) are mixed, it is difficult to con-
firm the changes during the solidifying process accurately. This
paper establishes the unstable temperature field and solidifying
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Fig. 3. Tg versus the temperature of isothermally curing of sample 3.

Fig. 4. Tg versus the mass content of the nano-TiO in samples at 343 K.

reaction kinetics model. By using the differential scanning
calorimetry (DSC) of the non-isothermally and isothermally
solidifying, the parameters of solidifying kinetics and the
solidified-form parameters in the model, such as the glassing
temperature, solidifying time and so on have been analyzed
and confirmed. The Q1000 V9.0 Build 275 DSC made in TA
Co. Ltd. of USA (New Castle, Delaware) was employed in
experiments.

Nano- enhances the toughness and increases the thermal
deformation temperature. Besides, it can reduce the solidifica-
tion temperature of epoxy resin. Two experiments were per-
formed under two different conditions. The first using the same
mixture ratio but varying temperatures is shown in Fig. 3. The
second using various mixture ratios and the same temperature
is shown in Fig. 4. At last the optimizing mixture ratio and so-
lidification temperature are confirmed. It shows that nano-
with the mass content about 3g in samples can enhance the glass
transition temperature (Tg) of the epoxy resin about 10K, and
reduce solidification temperature about 10K. That proves that
nano- only reacts on the epoxy resin because they were
fully emulsified.

III. DEEP PENETRATION TESTS BY THE MCNP CODE

The composite material samples designed in Table I have
been made according to the trial-manufacture craft. The radia-
tion shielding performance of the materials in deep penetration
can be tested by MCNP code. Fig. 5 shows the shielding
effects to neutrons and -rays per fission event. Multi-layers
( , thickness ratio) is on service at
some nuclear applications now. The lead-borated polyeth-
ylene was successively developed by the Reactor Experiments
Inc. of American (R/X material # 202) [22] and the Nuclear
Power Institute of China (PB202) [23]. The KRAFTON-XP3
was developed by Sanoya Industry Co. Ltd. of Japan [24].
The Cakes (Cake1 only in Fig. 5) and Djy have excellent
shielding performances:fission neutron [Fig. 5(a)] and -rays
(b) shielding effects are the best of composites, inhibition
effects of secondary -rays of fission neutron (c) are also very
good, comprehensive shielding effect of fission neutrons and

-rays is the most prominent (d). The remaining shielding
materials optimal designed (Jxa1, Jxa2 and Pb6) have also
good performance. Table III lists the Fe-Interlayer-Pb thickness
ratios of Cakes.

The thickness ratio of Cakes was optimized and listed in
Table III. The first layer iron is quite effective to slow down
the fast neutrons to intermediate neutrons by inelastic scat-
tering. The middle layer is the Interlayer which not only slows
down intermediate neutrons to thermal neutrons by elastic
scattering on hydrogen (8.19w%) effectively, but also captures
thermal and intermediate neutrons by boron-10 (0.16w%) and
gadolinium (5.16w%). The last layer, lead, can attenuate the

-rays and the secondary -rays of neutrons. Iron and lead are
the common shielding materials because of theirs low price and
easy machining. But they cannot be used extensively due to the
weight and volume limit. Therefore their thickness component
ratio is optimized. The Cakes shielding capabilities were simu-
lated. MCNP code was edited to calculate the shielding effects
of various materials for fission neutrons gamma spectrum of

. The results are shown in Fig. 5. Cake1 with equivalent
density of has the best shielding performance.

Fig. 6 shows the changes of energy spectrum for fission
neutron penetrating different thickness of Cake1 and PB202
simulated by MCNP. The results indicate that Cake1 is quicker
to slow down the fast neutron than PB202. With thickness
from 5 cm to 50 cm increasing the advantage has become more
obvious.

Table IV lists several common used shielding material per-
formances which relate to total shielding effect such as den-
sity, equivalent shielding thickness, thermal stability and radia-
tion resistance. According to Table IV, the materials (in shading
columns) optimized by GA combined with the MCNP code have
excellent overall performance, especially Cakes have the most
advantages in radiation shielding, heat resistance and radiation
resistance. Though the Djy is also excellent, but its forming craft
is very complicated and a large amount of products are difficulty
to be obtained.

The radiation resistance of materials is a lumped indicator
using to evaluate a variety of material parameters in irradiation
environment. The materials parameters contain various content,
such as mechanical, thermal, chemical and radiation chemical.

Authorized licensed use limited to: Xian Jiaotong University. Downloaded on April 04,2021 at 18:01:01 UTC from IEEE Xplore.  Restrictions apply. 



2380 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 4, AUGUST 2008

Fig. 5. Comparison among shielding materials by MCNP simulation to a fissile source. (a) One fission neutron; (b) one fission  photon; (c) secondary -rays of
one fission neutron; (d) total of neutrons and -rays in a fissile source.

TABLE III
Fe-INTERLAYER-Pb THICKNESS RATIOS OF CAKES

In addition, because the shielding materials generally contain
polymer and inorganic (metal and nonmetallic) powders, the
radiation resistance quantitative evaluation is very difficult.
Certainly, the sub-indicators can be expected to achieve quanti-
tative evaluation. In Table IV, we just list qualitative evaluation
but not quantitatively evaluation. In quantitative comparison of
the materials radiation resistance, epoxy resin is an excellent,
polyethylene is much worse than epoxy resin, polyamide is
even worse [25]–[27]. Therefore, when the material mixed

with a large number of polyethylenes, its radiation resistance is
evaluated as “lacking”. If the material is made of epoxy resin
mixed with a small amount of polyamide, its performance has
reduced relative to epoxy resin and is evaluated as “good”.
Epoxy resins cured with the anhydrides, especially the aromatic
types such as PMDA, display high-thermal stabilities, high
heat distortion temperatures, high radiation resistance, etc [28].
Then if the material made of epoxy resin mixed with a small
amount of anhydride is evaluated as “best”. The incorporation
of nano- particles into the epoxy resin improves the
mechanical and thermal properties, and hardly improves the
radiation shielding performance, but may indirectly enhance
the radiation resistance. This needs to be further confirmed
by experiment. Djy is similar to ceramic product and is also
evaluated as “best”. These evaluations are consistent with the
summary by Schönbacher and Tavlet appears in CERN-94-07
[29].
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TABLE IV
PERFORMANCES COMPARISON AMONG SHIELDING MATERIALS

Fig. 6. Comparison on changes of energy spectrum for fission neutron pene-
trating different thickness of Cake1 and PB202 simulated by MCNP.

IV. TRIAL PRODUCTION OF SAMPLES

According to the optimal designed element contents of
shielding material listed in Table I and the manufacturing
process, five kinds of composite shielding materials samples
were trial-produced with 4 of these shown in Fig. 7. These sam-
ples were prepared for checking neutron and -rays shielding
performance and testing the correctness of optimal design
method and trial-manufacture craft of shielding material. The
Djy samples were formed with hydraulic forming method and
not shown here.

V. THE RESULTS OF GAMMA AND NEUTRON EXPERIMENTS

A. Gamma Attenuation Shielding Experiment

The experimental setup, shown in Fig. 8, consists of -rays
source of , collimator and NaI(Tl) -rays spectrom-
eter. The total counts are the total measurement including
background, and net counts are the measurement except back-
ground. X is the thickness of test material slab. When there is
no shielding and X equals to zero, the detector net counts is

Fig. 7. Samples trial produced in project. (a) Jxa1. (b) Jxa2. (c) Pb6.
(d) Interlayer.

Fig. 8. The experimental setup diagram of -rays attenuation.

“1”. The other measurements are relative to that. Because of
measurement cost, only Cake1 and Multilayer samples were
selected and the measurement results are listed in Table V.

In order to check the experimental results, the corresponding
MCNP simulations were done. All the results are shown
in Fig. 9. Cake1 experimental data and simulation data are in
accord until 10 cm thickness. While the thickness of samples
is bigger than 10 cm, before reaching the attenuation one
hundredth of the gamma rays, the experimental data gradually
downwards depart from the simulation data. When the dose
buildup effect in experiment is revised quantitatively, the cor-
rected data (dashed line in Fig. 9) back to the e exponential
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TABLE V
-RAYS OF Co ATTENUATION MEASUREMENT RESULTS IN TWO MATERIAL SAMPLES

Fig. 9. Experiment & MCNP simulations for -rays attenuation of Cake1
samples.

relationship. The revising method is that the counts increment
of Compton scattering plain is accumulated into the net counts
of full energy peak on -rays spectrum of . In fact, an in-
tuitionistic method to observe dose buildup effect is used by
employing the NaI(Tl) crystal -rays spectrometer. However,
the dashed line in Fig. 9 is still below the simulation data. This
cannot be explained as simply -rays dose buildup effect as
shown in Fig. 10. Other different conditions between experi-
ment and simulation, such as the size and uniformity of source,
source detector distance, source material distance, the position
and size of collimator, and the detector size, can also produce
the difference. The samples shielding performance to single en-
ergy -rays of is better than -rays produced by thermal
fission of , which is also shown in Fig. 9. In conclusion, the
experimental results verified the correctness of optimal design
method and reliability of the manufacture technology in -rays
shielding.

B. Neutron Shielding Characteristics

Tandem electrostatic accelerator system and spontaneous
fission neutron source of in China Institute of Atomic
Energy (CIAE) were selected as neutron sources for neutron
attenuation experiment. The Tandem electrostatic accelerator

Fig. 10. Comparison of -rays dose enhancing effects between experiment and
MCNP simulation. The sizes of material samples: dashed line pane-simulation;
real line pane-experiment.

Fig. 11. The experimental setup diagram of neutron attenuation.

neutron source produces neutrons from the following nuclear
reaction equations:

(7)

(8)

The neutron beam is exported by neutron collimator. The
neutron attenuation experiment method and idea are the same
as that of the gamma above. The experiment setup is shown
in Fig. 11. All the results are shown in Fig. 12. At the top
right corner in Fig. 12: (1) is Cake1 sample, (2) is multi-layers
sample on service. Attenuation experiments for Cake1 samples
were carried out at three neutron energy points of Tandem
electrostatic accelerator: 0.479 MeV, 1.54 MeV, and 2.40 MeV
and continuous energy spectrum of spontaneous fission neutron
source of . The multi-layers samples were just carried
out at 2.4 MeV. MCNP simulation for Cake1 to fission energy
spectrum of neutron source was tested. The experimental
data agree well with the simulation curve before neutron
beam attenuated one thousandth at about 35 cm thickness. In
particular, the Cake1 simulation of the transmission curve of
neutrons produced by thermal fission of can fit with two
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Fig. 12. Experimental test on neutron shielding performance of Cake1 and
comparison to Fe=CH =Pb multi-layers.

experimental data of Cake1 samples irradiated by spontaneous
fission neutrons of .

VI. APPLICATIONS

The collimators in nuclear radiation measurement system
were designed using the cakes to obtain favorable collimated
beams requested by experimental physical scientists.

The trial production of the thick pinhole for fusion neutron
penumbra imaging has been carried out according to the manu-
facturing process of shielding material.

VII. DISCUSSION

In GA optimal design and shielding experiments, the selected
material geometry model and experimental material samples
were just slabs. If cylindrical and spherical geometry model and
relative material samples were selected, actual shielding per-
formance could be obtained. In other words, the shielding per-
formance of the materials is better in applications than that in
experiments because actual shields mostly have cylindrical or
spherical geometry structure.

Due to lower intensities of radiation sources, the material
samples are all too thin to test shielding effects perfectly in deep
penetration situations in our experiments. The heat and radiation
resistance of materials should be studied quantitatively in exper-
iments. Therefore the related experiments should be carried out
in the near future.

For the heavy metal powders, such as Fe, Pb and W, mixing
with polymer, several precipitation phenomena appeared in the
forming process when the mixture consists of high component
of polymer, for example, more than 30%. In our study, the efforts
to manufacture a new kind of special gradient material (SGM)
by virtue of the precipitation phenomena are still under way.
A permanent magnet is used to attract Fe powders from the
polymer mixture, thus Pb and W powders remain precipitated
in the mixture. Then the SGM with “middle heavy-light-heavy”

density distribution could be produced. This kind of material is
very suitable for the nuclear radiation shielding material.

Because Fe, Pb and W are separated completely to be inde-
pendent parts of shield, the Cakes are the extreme product of the
SGM. Furthermore, because Fe, Pb and W are ordinary mate-
rials, the production of Cakes could focus on just the Interlayer.

Fusion neutrons and -rays mixed radiation shielding mate-
rial could be designed applying our GA optimal design method.
It could design not only the shielding material component
but also the thickness ratio of shield based on the interlayer
products.

The tanks for nuclear fission waste and isotope transporta-
tion could be made adopting our interlayer forming technique
partially.

VIII. CONCLUSIONS

The method to optimize in lightweight, compactness and
high temperature sustaining for the neutrons and -rays mixed
field shielding materials was established by genetic algorithms
combined with the MCNP code. Several trial-manufacture
samples were produced using the related manufacture tech-
nology. Shielding tests of samples verified that the correctness
of optimal design method and reliability of the manufacturing
process. The results of research can be wide applied to the
practices of nuclear science and technology.
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