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Study of a High
Temperature-Resistant Shielding
Material for the Shielding Doors of
Nuclear Power Plants

LI Xiao-ling ¥, Wu Rong-jun, Xu Xiao-hui, Zhang Duo-fei and YU Ming

Wuhan Second Ship Design and Research Institute, Wuhan, China

An optimization design and application of high temperature-resistant shielding material
was carried out according to the nuclear power plant source characteristics and special
protection requirements such as loss-of-coolant accident (LOCA). The composition of
lead—boron polyethylene shielding composite was optimized based on the genetic
algorithm and Monte Carlo methods and then realized by blending modification and
graft copolymerization to improve its high temperature-resistant, shielding, and
mechanical properties. Then comprehensive properties such as mechanical, neutron
shielding, damp heat aging, irradiation resistance, and high temperature resistance
were tested. These experiments proved that the high temperature-resistant
lead—boron polyethylene shielding composite has excellent performance; especially, as
itis able to keep a complete structure in a high-temperature environment of up to 190°C for
48 h. Finally, the shielding composite was applied to the shielding door design of a reactor
pit chamber. When the shield thickness is 60 mm, the level of the neutron dose rate was
reduced by 10 times, and that of the y dose rate was reduced by 5 times, which meets all
the requirements of radiation protection safety for nuclear power plants.

Keywords: high temperature resistance, shielding material, optimization design, loss-of-coolant accident, shielding
design

INTRODUCTION

The Hualong One reactor chamber adit requires effective shielding against neutrons and y to reduce
radiation from radiation sources such as reactor pressure vessels and main circuit systems so that the
radiation dose rate of typical positions inside and outside the shielding door meets the requirements of
the radiation zoning to ensure the safety of the staff, equipment, and environment. Commonly used
shielding materials for the shielding doors of nuclear power plants include lead-boron polyethylene,
boron steel, epoxy resin, etc. (Lu and Chen, 1994; Yasin and Khan, 2008; Guo et al., 2010; Li et al., 2015;
Xu et al,, 2017). However, because the shielding door of the reactor chamber adit is installed very close to
the reactor pit, it is subject to a much higher temperature, high humidity level, and more severe
irradiation conditions. Therefore, the shielding material used should not only have good mechanical
properties, shielding performance, and hydrothermal and irradiation aging resistance in the whole 20-
year service life but also be able to withstand the extreme conditions of atmospheric temperatures up to
190°C when a LOCA occurs. After a 48-h simulated LOCA test, the structure of the shielding board
sample inside the shielding door should remain intact without significant deformation, the performance
indicators of all aspects should be within the acceptable range, and it should be easy to repair and replace.
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According to the interaction between neutrons and materials
(Li, 1982), iron, lead, and other materials with high atomic
numbers absorb and scatter y-rays through the photoelectric
effect, Compton effect, electron pair effect, etc., and at the same
time, slow down fast neutrons to intermediate energy neutrons
through inelastic scattering. Polyethylene with high hydrogen
content could further moderate the intermediate energy neutrons
into thermal neutrons through elastic scattering, which are finally
absorbed by '°B of boron carbide. Therefore, to obtain the best
shielding design against neutrons and y, it is generally necessary
to combine or compound the materials mentioned above.
However, whether it is the combination of lead with boron-
containing polyethylene or lead-boron polyethylene shielding
composite, they are all polyethylene-based shielding materials
with a lower heat deformation temperature of 85°C and a lower
melting temperature of 130°C. Therefore, in general, they cannot
work normally in an environment with a temperature above 100°C.
This limits their application in high-temperature environments.
Especially when a LOCA occurs, high temperatures (about 190°C)
will cause problems such as softening, deformation, and splashing
of the shielding materials, leading to a reduction in shielding
effectiveness and risk of radiation exposure. Since they are
effective heat conductors, even when they are fitted with steel
structures or lead plates the temperature transferred to the surface
of the polyethylene-based shielding material is still as high as 140°C
(Nie et al., 2019).

Therefore, in this study, a lead-boron polyethylene shielding
composite was developed to meet the protection requirements of
the reactor pit chamber. The shielding effect and high
temperature resistance of the material are further improved by
means of composition optimization design and raw material
modification. Sample trial production and comprehensive
performance tests were also completed on the shielding door
design. The results show that this design can ensure the radiation
safety of the reactor chamber adit of the Hualong One nuclear
power plant under normal and accident conditions.

OPTIMIZATION DESIGN SCHEME

Optimization Design of Composition

The composition design of the lead-boron polyethylene shielding
composite is a constrained multi-objective optimization problem.
As an effective random search method, the genetic algorithm
(Holland, 1975) has the characteristics of global optimality, good
consistency, and convergence. It has good adaptability for solving
multi-objective optimization problems with constraints and has
been widely used in many fields and achieved good results. In this
work, GENOCOPIIl (Michalewicz and Nazhiyath, 1995;
Michalewicz and Janikow, 1996) based on the genetic
algorithm and MCNP 5 (X-5 Monte Carlo Team, 2003) and
the Monte Carlo method are applied to the optimization design of
the lead-boron polyethylene shielding composite according to
the radiation field source terms of the Hualong One reactor pit
chamber. The design process is as follows: first, initializing the
material ratio and selecting appropriate genetic parameters, such
as the material density region and the element composition
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TABLE 1 | Optimization design results of the element composition ratio of the
lead-boron polyethylene shielding composite (mass ratio).

Element composition Pb (%) B (%) C (%) H (%) Density (g/cm®)

Optimized results 85 1.57 11.57 1.86 4.50

region, as the constraints and then running the GENOCOPIII|
program. Second, according to the preliminary calculated results
of the composition ratio of the elements, editing and converting
the density, calculation model, and other information into an
MCNP input file which is used to calculate the equivalent dose
rate of neutrons and y passing through the shielding material and
obtaining the total dose equivalent rate. Then, calculating,
combining, and feeding back each sub-target value separately.
If the design target is not satisfied, the proportioning, calculation,
and comparison are redesigned until the results coincide with the
conditions.

Source terms of the reactor pit chamber: the fast neutron
fluence rate is 1.6 x 10°n/cm” s; the thermal neutron fluence rate
is 1.4 x 10°n/cm” s; the y dose rate is 2 Gy/h. Both neutron and y
energy spectra use the >U induced fission energy spectrum
(Jaffey and Lerner, 1970; Schaeffer, 1973); the neutron energy
spectrum distribution is shown in Eq. 1, and the y photon energy
spectrum distribution is in Eq. 2.

N(E,) = 0.770VEe ¥'*° 0.025¢V<E<14MeV (1)

6.6 0.1MeV < E < 0.6MeV
N(E,){ 20.2¢77*  0.6MeV < E<1.5MeV )
7.2¢7"PF  1.5MeV < E <10.5MeV

The composition ratio design of the lead-boron polyethylene
shielding composite has been initially completed, as shown in
Table 1.

Modification of Raw Materials

Modification refers to the use of physical, chemical, and
mechanical methods to improve the original properties of the
material in the present molding process to meet different needs.
The modification of plastics such as polyethylene can be divided
into physical modification and chemical modification. Physical
modification mainly refers to the modification by filling and
blending, and chemical modification includes graft and block
copolymerization. Based on literature on this subject (Huang
etal.,, 2007; Ma and Huang, 2010; Ding et al., 2012; Hao, 2014; Li
et al,, 2020; Ye et al., 2020), blending and graft copolymerization
are widely used methods to improve the high temperature
resistance of polyolefin-based shielding composites.

Blending modification adds one or several polymers to keep
the molecular structure unchanged during the molding process,
providing the raw materials with new properties. To impart no
effect on the neutron shielding property of the lead-boron
polyethylene shielding composite, an ultrahigh-molecular
weight polyethylene with the same hydrogen content as the
ordinary high-density polyethylene is selected. It has high melt
strength and is extremely insensitive to thermal shear. Hence,
this property can be used to modify ordinary polyethylene.
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FIGURE 1 | Samples of the lead—boron polyethylene shielding composite.
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FIGURE 2 | Test scheme flow chart.

During the blending process, the shear force can separate the
macromolecular chains of the material to form free radicals, and
some block and graft copolymerization will occur (Chen and
Peng, 2011) so that the high-density polyethylene is suspended in
the liquid phase of the blended material. This can effectively

improve the material’s ability to withstand high temperatures,
making the melt of the improved lead-boron polyethylene
shielding composite in a gel state at high temperatures and
not producing softening deformation without an external
force. The content ratio of ultrahigh-molecular weight
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TABLE 2 | Comprehensive test results of the lead—-boron polyethylene shielding composite.

Test items Technical indexes
Mechanical Tensile >9.0
properties strength (MPa)
Flexural >22.0
strength (MPa)
Impact toughness >10.0
(notch) (kJ/m?)
Shielding Fast neutron shielding  >1.8
performance factor
Thermal neutron >96
shielding rate (%)
y shielding absorption  >2.0

Hydrothermal aging resistance After 80 days at 120°C and with 100% relative humidity, the
appearance of the sample should be intact, without

deformation, and the mass loss should be < 4 wt%

Irradliation aging resistance After receiving radiation with a cumulative neutron fluence of
about 1.75x10"°n/cm? and a cumulative y dose of about 3.5 x
10° Gy, the sample appearance should be intact, without
deformation, cracking, etc., and the mass loss should be <
10 wt%. Changes in mechanical properties are within

acceptable range

High temperature resistance (LOCA test)  The test atmospheric temperature is 40°C-190°C, and the test
time is no less than 48 h. The sample after test should have a
complete structure, without collapse, flow, or spray, and the

mass loss should be < 10 wt%

Heat High Temperature—Resistant Shielding Material

Test results

13.5

24.2

1.91
99.8

2.65

The sample appearance is intact, without deformation or mass
loss

The sample appearance is intact, without deformation or
cracking; no mass loss; tensile strength is 14.3 MPa; flexural
strength is 25.7MPa; impact toughness (notch) is 4.4k J/m?

The sample structure is intact, the surface is smooth, and
there is no obvious visual change, but only a 2- to 3-mm
expansion in the dimension direction; mass loss is about

1.33 wt%
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FIGURE 3 | Environmental condition test parameters of the simulated design basis accident.
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polyethylene added is a key factor. Through sample trial
production with different content ratios and high temperature
tests, it was found that when the proportion is in the range of
30-50%, the lead-boron polyethylene shielding composite
sample has both excellent high temperature resistance and
processing performance.

The graft copolymerization modification is used to improve the
mixing uniformity and the mechanical properties of the shielding

composite. Owing to the non-polar structure of its molecular chain,
polyethylene lacks affinity with inorganic and metal fillers.
Especially, the lead-boron polyethylene, which is designed
through the composition ratio optimization, has a lead and
boron content of more than 80%. The large difference in density
of several elements and the high content of lead and boron makes it
difficult for the shielding composite to mix uniformly, and the
mechanical strengths such as tensile strength and elongation at
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break are greatly reduced. Thus, in this study, maleic anhydride
(MAH) with high reactivity and strong polarity was selected as the
modification molecules, which could be graft copolymerized with
polyethylene chains to improve the processability and increase the
properties of polyethylene. The specific method is as follows: a twin-
screw extruder is used as a continuous reactor, at a certain screw
speed, the mixture of polyethylene, MAH, peroxide, and other
additives is subjected to reactions such as plasticization, melting,
dispersion mixing, grafting, and melt transportation, and finally, the
extrudate is cooled, dried, and then cut into particles. After the
particles are ground into powder, they are used as the base material
for preparing the lead-boron polyethylene shielding composite.
This effectively improves the blending uniformity and bonding
strength of the lead-boron polyethylene shielding composite.

Preparation of the Shielding Material

According to the composition ratio of the lead-boron
polyethylene shielding composite optimized and designed in
Optimization Design of Composition, the modified polyethylene
raw materials, lead powder, and boron carbide powder, are
weighed separately and then put into a high-speed mixer for
full mixing. In order to ensure the uniformity of the mixing of the
raw materials, they are then put into a twin-screw mixer and are
fully heated, squeezed, and sheared to complete the extrusion
granulation. Finally, the lead-boron polyethylene particles are
added to the mold and then hot pressed. Figure 1 is a sample of
prepared lead-boron polyethylene shielding composite.

COMPREHENSIVE TESTS OF THE
SHIELDING MATERIAL

According to the environmental conditions of a nuclear power
plant, comprehensive tests on mechanical properties, neutron

and y shielding performance, hydrothermal and irradiation aging
resistance, and the performance in a LOCA simulation of the
lead-boron polyethylene shielding composite have been
conducted. The specific test process is shown in Figure 2.

The test results show (see Table 2 for details) that the
performance of the lead-boron polyethylene shielding composite
studied meets or exceeds the technical index requirements. In
particular, it has excellent high temperature resistance: the
lead-boron polyethylene shielding composite board is settled in
the LOCA test device for the simulation test with the atmosphere
temperature up to 190°C and the test time longer than 48 h. After the
test, the material maintains a complete shielding structure without
softening, collapse, significant deformation, or weight loss. Although
the size of the board has undergone a certain amount of deformation
due to thermal expansion and contraction, it does not stick to the
structural components or experience other problems, so it is easy to
unload and replace. In contrast, the softening and deformation of
ordinary lead-boron polyethylene are serious, there is a significant
plasticizing flow, and it is stuck to the steel structure and cannot be
taken out. The parameters of the LOCA test are shown in Figure 3,
and the results are shown in Figure 4.

SHIELDING DOOR DESIGN

Calculation Model

The source terms of the reactor chamber adit are as described in
Optimization Design of Composition. The surface source model is
adopted. The ray direction is perpendicular to the reactor chamber
adit along the radial direction of the reactor. A simplified MCNP
calculation geometric model (as shown in Figure 5) is established,
including the main structures such as a reactor chamber adit
shielding wall (composed of concrete and boron-containing
polyethylene shielding composite) and a reactor chamber adit

Frontiers in Energy Research | www.frontiersin.org

November 2021 | Volume 9 | Article 751654


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Xiao-ling et al.

Heat High Temperature-Resistant Shielding Material

Reactor pit chamber
shielding wall

Reactor chamber adit
shielding door

Network
perspective

FIGURE 5 | MCNP calculation simplified model for the shielding door of the reactor pit chamber.

Reactor chamber adit
channel

shielding door (composed of a steel structure and lead-boron
polyethylene shielding composite).

Calculation Results

The mesh tally model is used to evaluate the shielding effect of
each part of the shielding door. Through MCNP simulation
calculation, the labyrinth design of the reactor chamber adit
and the shielding wall effectively blocked and absorbed most
of the neutrons and y-rays. Finally, the maximum dose rate of
neutrons that reach the inner surface of the shielding door is
810 uSv/h, the maximum y dose rate is 265 pSv/h, and the average
total dose rate is about 950 uSv/h. When the 60-mm-thick
lead-boron polyethylene shielding composite developed in this
study is installed inside the shielding door, the maximum neutron
dose rate outside the shielding door of the reactor chamber adit is
75 uSv/h, and the maximum y dose rate is 48 pSv/h. The neutron
dose rate level is reduced by 10 times on average, and the y dose
rate level is reduced by 5 times. The average total dose rate after
shielding is about 92 uSv/h, within the design dose rate limit of
the discontinuous work area, namely, Yellow zone B, which meets
the relevant requirements of the radiation zoning of the Hualong
One nuclear power plant and can guarantee the radiation safety of
radioactive workers.

CONCLUSION

In this study, according to the radiation field source term
characteristics and protection requirements of the reactor
chamber adit shielding door of the Hualong One nuclear power
plant, a lead-boron polyethylene shielding composite with an
optimized composition ratio was designed by using the genetic
algorithm and the Monte Carlo method. The method of blending
modification is adopted to add an ultrahigh-molecular weight
polyethylene, and block and graft copolymerizations that occur

through the mixing process to improve the material’s ability to
withstand high temperatures and ensure the maximum shielding
effect. The method of graft copolymerization is used to graft
polyethylene with MAH to improve the uniformity and
mechanical properties of lead, boron carbide, and other elements
mixed with polyethylene. This research also carries out comprehensive
nuclear power plant environmental tests on the mechanical
properties, neutron shielding performance, hydrothermal and
irradiation aging resistance, and the performance in a LOCA of
the prepared high temperature-resistant lead-boron polyethylene
shielding composite. The results show that the material developed
in this study shows an excellent performance in every aspect.
Especially in the high-temperature environment up to 190°C, it can
maintain the shielding structure integrity and the shielding
effectiveness. Finally, the material is applied to the reactor
chamber adit shielding door. The 60-mm-thick shielding
material can reduce the neutron dose rate level by 10 times and
the y dose rate level by 5 times, which meets the zoning
requirements for the reactor chamber adit shielding door of the
Hualong One nuclear power plant, and can ensure radiation safety
for personnel under normal and accident conditions.
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