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Abstract

Traditional neutron-shielding materials usually have poor mechanical properties and secondary gamma-shielding cap-
ability. The new requirements of modern neutron-shielding materials are difficult to satisfy. A paraffin/nickel foam
neutron-shielding composite was prepared and characterized in this study. Open-cell nickel foams were fabricated
through electrodeposition. Subsequently, the paraffin/nickel foam composite were prepared by filling the open-cell
nickel foams with melted paraffin. The intrinsic parameters of nickel foam and the content of neutron absorber
(boron carbide) were controlled to optimize the composite. The mechanical properties of the composite were studied
through a static compression test. The compressive strength improved to 0.4 times that of the nickel foams. The Am—Be
source transmittance experiment showed that the 8 cm thick PFM presented a neutron transmittance of 56.1%, and the
6 cm thick boron carbide/paraffin/nickel foam (PFM-B) presented a neutron transmittance of 37.6%. The paraffin/nickel
foam and PFM-B had approximately the same shielding efficiency as paraffin and boron carbide/paraffin, respectively.
However, the second gamma ray shielding efficiency of the paraffin/nickel foam and PFM-B was significantly higher than
that of paraffin and boron carbide/paraffin. The mechanical properties and secondary gamma ray-shielding capability of
the composite can be improved by increasing the relative density of nickel foams.
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Introduction

Neutron-related technology processes have great appli-
cations in our modern society, such as medical treat-
ment, advanced materials analysis, neutron imaging
and especially in the nuclear energy industry. It brings
us conspicuous convenience but also puts the public
into the potential threat of the subsequent neutron radi-
ations.!”? Therefore, it is a crucial issue for us to seek
more effective ways to confine the neutron radiation to
specified region in the nuclear facilities and attenuate
the radiation level to a safe range in our daily working
places. The neutron radiation shielding materials play a
vital role in this regard.

Based on knowledge of the interaction between neu-
tron and materials, the ideal neutron-radiation shield-
ing materials should contain both low atomic number
(low-Z) elements (i.e. C, H), high neutron capture
cross-section elements (i.e. B, Gd) and high atomic

number (high-Z) elements (i.e. Pb, W). First, the
energy of neutron radiations drops from dozens of
mega electron-volt (MeV) to several MeV through
inelastic scattering between neutrons and high-
Z-element atoms. Then, the moderated neutrons are
moderated further through elastic scattering with low-
Z-element atoms and absorbed by high neutron capture
cross-section elements. Meanwhile, the secondary
y-rays are attenuated by high-Z-element components.
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Therefore, borated polyethylene, borated paraffin and
mixtures of hydrogenous polymers with heavy metal
powders and boron compounds are commonly used
as neutron radiation-shielding materials.>® However,
since their poor mechanical properties and circum-
scribed thermo-physical characteristics, these trad-
itional polymer composites are unsuitable to be
applied in the advanced nuclear facilities, which require
the neutron radiation-shielding materials to be light-
weight and possess good mechanical properties, long-
term reliability, good integrated shielding capability,
and joining properties with suitable thermo-physical
characteristics.’

Metal foams are known for their low density
and high strength properties.” '* With the view of radi-
ation shielding, it also can be used as the first
order neutron-moderator compound and the secondary
y-rays-absorber, as mentioned above. Meanwhile, the
open-cells formed inside the metal foams provide nat-
ural container for the second-order neutron-moderator
polymer compounds and neutron absorber. Therefore,
the metal foam/polymer composites are supposed to be
a potential advanced neutron radiation-shielding
materials which possess integrated shielding capability
and good mechanical properties. Furthermore, since
the metal foam matrix provides structural support for
the polymer, thermal stability of the composites is
expected to be significantly improved than the trad-
itional polymer composites. In the previous studies,
Chen et al. discussed the feasibility of metal foam com-
posites as neutron-radiation shielding materials.'>'® In
the experiments, the open-cell Al foams were filled with
water, borated water and polyethylene, respectively.
Their thermal neutron (0.025e¢V) and gamma radia-
tion-shielding capabilities were characterized to provide
useful insights into the correlation between neutron-
shielding effectiveness and metal foams.

In the present work, we designed and prepared a
novel kind of paraffin/nickel foam (PFM) neutron-
shielding composites. The influence of structural par-
ameters (i.e. pore density, relative density, etc.) of
the multiple PFM and boron carbide/paraffin/nickel
(PFM-B) foams on the radiation-shielding performance
and mechanical properties were studied further. In the
composites, nickel foams have a high Z value and good
secondary y-ray-shielding capability. Paraffin is charac-
terized by low-molecular weight, low melt viscosity,
and good wettability, which is expected to be a suitable
filler for open-cell metal foams. Neutron-absorbing
boron carbide (B4C) powder (30 wt.%) was dispersed
in paraffin. Considering that the neutron-shielding rate
of 0.025eV neutron does not fully represent the neu-
tron-radiation shielding performance, the shielding
experiments were carried out on the Am—Be neutron

source and the Monte Carlo particle transportation
simulation was utilized to compare and verify the
experimental results.

Materials and method
Material and sample preparation

Nickel foam preparation. The main process of producing
nickel foams via the electrodeposition technique
includes conductive treatment, electrodeposition, and
heat treatment of foams.'” Heat treatment removes
polyurethane foams and recrystallizes nickel. In this
work, the heat treatment is ignored to simplify the
preparation procedure. Before the conductive treat-
ment, preprocessing procedures were performed on
polyurethane foams (Daye Tengfei Sponge Factory,
Changzhou, China). Polyurethane foams were cut
into a size of 300mm x 200 mm x 20 mm and placed
in a stainless steel container. Next, the foams were
dipped into a degreasing solution for 30 min of ultra-
sonic treatment and into a roughing solution for 1 min.
The foams were then rinsed with distilled water and
dried. Afterwards, the conductive graphite colloid coat-
ing technique was used for conductive treatment.
Graphite colloid (HX-10, Qindao Heng Xing Co.,
Ltd, China) was impregnated into the polyurethane
foams for 20min of ultrasonic treatment and then
squeezed out and dried. The polyurethane foams were
positioned in the middle of two anodes. Deposition was
conducted at a constant current of 2A dm > by using a
DC power supply. The polyurethane foams had the
thickness and porosity of the final product. Different
deposition times were selected to obtain the corres-
ponding relative density. Further details on the proced-
ures and production conditions applied in this study are
shown in Table 1. All chemicals were from Nanjing
Chemical Reagent Co., Ltd (China).

Preparation of PFM and PFM-B composite. The impregna-
tion treatment for PFM and PFM-B involved melting—
filling and melting—mixing—filling, respectively. For
PFM, first, solid paraffin was cut into a size of
200mm x 200mm x 10mm and placed in a stainless
steel container. Second, the container was heated in a
hot water bath at a constant temperature of 100°C.
When the paraffin completely melted into fluid, a
piece of metal foam was dipped in it. Third, the paraffin
was impregnated into the porous space of the nickel
foams completely, and the heating process lasted for
about 20 min. Fourth, the stainless steel container was
cooled in a cold water at a constant temperature of
25°C for 120min. Finally, the open-cell nickel foams
impregnated with the paraffin were removed, and the
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Table 1. Production procedures and conditions for continuous
nickel foams.

Solution composition and

Procedure operation conditions

Na,CO; 20-30gl™"

Na;PO, 10-30gl™"

NaOH 10-20g!™"

OP-10 0.5ml I

Ultrasonic waves,
frequency =28 kHz

HySO4 13 ml I

KMnO, 7gl™'

NisO,, 6H,0 250-300g!™"

NiCl, 6H,0 30-50gI™"

H3BO; 30-50gI™"

pH 3.5-4.5

T 45-55°C

Ultrasonic waves,
frequency =48 kHz

Degreasing solution

Polyurethane foam
coarsening

Nickel electrodeposition

surplus paraffin captured by the surface of the compos-
ite was carefully removed.'®

For PFM-B, after the paraffin completely melted at
100°C, B4C (30 wt.%) was proportionally added to the
paraffin. Surface treatment of carbide boron and nickel
foams was done at Swt.%. trimethoxyvinylsilane
(A-151, China Huaian heyuan Chemical Co., Ltd).
The container was removed from the water and
stirred at 300n/min for 3min at 60°C. Three small
samples (1 ml) of mixture were taken out from the
container and measured in an analytical balance. This
step was repeated until the density of small samples
remains stable at 1.35 g/cm’. Afterwards, metal foams
and the mixture of paraffin and B4C were immediately
placed in a stainless steel container. The container was
shaken to drive air out of the metal foams. The subse-
quent steps were similar to those for PFM; the only
difference is that the cooling medium was ice water.
B4C exhibits good wettability in paraffin but is
disturbed by subsidence. Thus, the length of the step
involving stirring at 60°C was extended until appropri-
ate viscosity was reached in order to obtain a high
impregnation ratio and homogeneous dispersion of
B4C. The B4C came from China Jilin Dunhua
Zhengxing Abrasive Co., Ltd. The average size of
B4C used in this investigation was 5 um. The concen-
tration of B-10 in B4C is natural abundance.

Characterization. The two main parameters of nickel
foams are pore density and relative density. Pore dens-
ity refers to pores per inch (PPI), and relative density is

defined as the ratio of the mass density of the cellular
material to that of pure nickel.!”

pf =Ll i = 8900 kg/m* (1)
PNi

where ppq,, refers to the ratio of nickel foams’ mass and
volume.

_ Mactual _ me — Mpoam

 Migew (1= p)pjfiter Ve

2

The dimensionless parameter impregnation ratio o
shown in equation (2) was applied to evaluate the com-
patibility between the metal foams and fillers.'® In the
equation, oy, is the density of solid-state paraffin and
boride paraffin, V. is the volume of the composite, and
m,. is the mass of the composite. « reflects the actual
mass of filler impregnated into the porous metal foams
to the ideal mass that can be impregnated.'” The value
is 100% if all the porous spaces are perfectly impreg-
nated with the filler. The picture of samples were
snapped by a mobile phone camera (Vivo 7x).

The mechanical properties of the PFM and PFM-B
composites were characterized through static compres-
sion tests. The samples have been loaded in com-
pression using two flat platens at a strain rate of
1.2mm/min and temperature from about 23 to 26°C
in a mechanical testing machine (WANCE ETM-
105D)."%2° Grease was applied to the compression
platen surface that would press against the specimen.”!
The compression experiment was repeated three times
for each specimen.

The Am—Be neutron source was used for the neutron
transmission tests. The 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 110mm wide. Neutron ray penetrated
through a 30mm thick lead plate, passed through a
polyethylene plate (30 mm thick) and PFM or PFM-B
composite samples, and detected with an He-3 propor-
tional counter.”> A schematic of the neutron shielding
performance test is shown in Figure 1(a).

Neutron shielding is unavoidably accompanied by
photon flux. For example, photon rays are directly cre-
ated by the source or a neutron—-gamma (n, y) reaction
when shielding materials capture thermal neutrons.
Detecting secondary gamma photons directly is difficult
because the neutrons could damage and disturb the
gamma photon detector system. Hence, the secondary
gamma-shielding performances of the PFM and PFM-B
composite samples were measured under different
gamma-ray irradiation point sources (PU-238 (43keV,
99keV, 152keV), Cs-137 (662keV)) by using an HPGe
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Figure 1. Schematic of (a) neutron shielding performance test and (b) photon shielding performance test.
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Figure 2. (a) Model geometries of neutron shielding performance simulation, (b) model geometries of open-cell Ni foams, and

(c) representations of open-cell Ni foams.

detector (ORTEC).?? The thickness of measured sam-
ples was 2cm. A schematic of the experiment device is
shown in Figure 1(b).

Simulation of shielding performance. A simulation was per-
formed to test the accuracy of the experimental results.
The simulation was conducted with MCNP5, which
was developed by Los Alamos National Laboratory.
The MCNP code is based on the Monte Carlo
method, which can realistically describe random
events and calculate the particle transport problem.
The simulation geometry setup was similar to that in
the experiment. Figure 2(a) shows the cross-section on
the YZ plane of the geometry modeling with the
MCNPS5 code. Tally F4 was used to obtain simulation
data. This tally scores the neutron flux in the detector
cell. Tally FM4 was used to model the He-3 propor-
tional counter. All the data obtained by MCNP5 were
reported with less than 1% error.

Owing to the geometrical complexity and random
orientation of the solid phase of the porous medium,
the real geometry of foams is unpractical for modeling
unless geometric idealization is employed by using a
periodic unit cell."”® Figure 2(b) and (c) shows the sim-
plified model developed in this study. Figure 2(b) shows
an enlarged local section of nickel foams modeled on

the YZ plane in MCNP. Figure 2(c) shows the 3D
microstructure of the open-cell nickel foam model.
The experimental and theoretical results of the simpli-
fied model exhibit reasonable agreement.

Results and discussion
Structural parameters of samples

Figure 3(a) and (b) shows the morphologies of the
nickel foams before impregnation. The distribution
and scatter of pore size of nickel foams are shown
in Figure 4. For 12 PPI nickel foam, 85% of pore
size are distributed in the range 1.8 mm-2.4mm. For
6 PPI nickel foam, 66% of pore size are distributed in
the range 3.5mm-4.1 mm. Thus, the distribution of
pore size is locally non-uniform but homogeneous as
a whole. The average pore size of 6 PPI (pores per
inch) and 12 PPI specimens are about 4 and 2mm,
respectively. Pure paraffin is completely compatible
with the metal foams, as shown in Figure 3(d) and
(). However, a small quantity of unfilled pores
exists in the PFM-B composite, as shown in Figure
3(c). Figure 5 shows the SEM micrographs of B,C
and the fracture surface of B4C/paraffin. The B4C par-
ticles have great surface wettability of paraffin. The
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Figure 3. Images of (a) Ni foams with pore size of 6 PPI, (b) Ni foams with pore size of 12 PPI, (c) PFM-B composite, (d) paraffin/Ni
foam composite with pore size of 6 PP, and (e) paraffin/Ni foam composite with pore size of 12 PPI.

&

Figure 4. SEM micrographs of the fractured surface of boron carbide/paraffin and B4C powders.

powder was embedded in the laminar structure of par-
affin uniformly. There are almost no agglomerate par-
ticles observed in the fracture surface. The
impregnation ratio of B4C/paraffin is much smaller
than that of paraffin because the viscosity and melt

flow resistance of B4C/paraffin higher than that of
paraffin.

The abbreviations of composites are terms in consid-
eration of the following rules: the first number is the
pore density of nickel foams, F stands for nickel foams,
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Table 2. Abbreviations of samples, density, and filling ratio of
materials.

Abbreviations of samples Density Filling ratio
12F-BP-0.045 1.521 0.90
6F-BP-0.045 1.618 0.92
12F-BP-0.065 1.732 0.89
12F-P-0.045 1.251 0.98
6F-P-0.45 1.255 0.99
6F-0.045 0.4 -
12F-0.045 0.4 -

P 0.887 -

BP 1.356 -

followed by the type of fillers. BP means that the filler is
borated paraffin, and P is paraffin. The nomenclature is
completed with another number which represents the
relative density of nickel foams.

The relative density of nickel metal with different
pore sizes and the average values of the impregnation
ratios of the composite calculated with equations (1)
and (2), respectively, are shown in Table 2. The impreg-
nation ratio did not reach 100% because the outer par-
affin was solidified first during the cooling process, and
the inner paraffin was solidified subsequently. Given
that the density of pure paraffin in solid state is larger
than that in liquid state, the inner paraffin was inevit-
ably shrunk slightly during the cooling process, which
led to the formation of a small cavity inside the com-
posite. Hence, the impregnation ratio was less than
100%. "

Five compositions with different parameters were
designed as 12 PPI open-cell Ni foams (relative density
of 0.045) filled with B4C/paraffin, 6 PPI open-cell Ni
foams (relative density of 0.045) filled with B,C/paraf-
fin, 12 PPI open-cell Ni foams (relative density of 0.065)
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Figure 6. Compression strength and plateau stress.

filled with B4C/paraffin, 12 PPI open-cell Ni foams
(relative density of 0.045) filled with paraffin, and 6
PPI open-cell Ni foams (relative density of 0.045)
filled with paraffin.

Compression properties

Figure 6 shows the compressive strength, o, and plat-
eau stress, G, of the samples. Plateau stress, which is
the average of two distinguished strain ratios (10% and
40%), was selected as the limit.”> The compressive
strength of the composite increased 0.4 times that of
nickel foams because of the synergistic reinforcement
of paraffin and nickel foams.”* A small difference in Gpi
between samples 12F-P-0.045 and 6F-P-0.045 was
observed, whereas sample 12F-P-0.045 had twice the
pore density of 6F-P-0.045. The difference in pore dens-
ity did not exert a major effect on shielding behavior
under the condition of similar relative density. Sample
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Figure 7. Compression tests on |2 PPl nickel foams with and
without the different fillers.

12F-BP-0.065 had the highest ¢ and o, values.
A high relative density means thick nickel coating.
Therefore, a thicker nickel coating of nickel foams
result in better mechanical property of composite.

The engineering stress—engineering strain curves of
the nickel foams (6 PPI), PFM (6 PPI), PEFM-B (6 PPI),
and paraffin are shown in Figure 7. The compressive
curves of nickel foams (12 PPI), PFM (12 PPI), PFM-B
(12 PPI), and paraffin are shown in Figure 8.
The stress—strain curves can be divided into three
regions, namely the initial linear elasticity, plateau
and densification regions.”*?>* All the specimens
appeared to undergo the initial linear elasticity region
of their stress—strain curves.”' Just after the elastic
region, most of the curves show fluctuation in stress,
the fluctuation of stress—strain curves represent loca-
lized crush and deformation spread to the rest of
specimen as the compression test progressed.”’*® The
curves of composite samples show different shape in
this regions, because of the heterogeneity of the
composites.®

In Figures 7 and 8, except for the curves of
6F-P-0.045, no obvious densification regions appear
until the stress reaches to 0.5. It is reasonable because
the typical densification regions begin at strain up to
0.5-0.6.27% Given that the curves of 6F-P-0.045 and
6F-BP-0.045 are almost similar, the addition of B4C
exerted a limited effect on mechanical behavior.
Meanwhile, the fillers caused a sharp increase in yield
strength, but the stress of composites decreased
faster than that of nickel foams after the yield point.
This result is due to the condition that fillers are sup-
posed to decrease the stress concentration of nickel
foams in the compressive test, but the failure of the
interface bonding between the nickel and paraffin des-
troyed the stress transfer at the interface after the yield
point.

03}

—-—- 6F-BP-0.045
—— 6F-0.045 ,
Y ----6F-P-0.045  /

0.2}

0.1}

Compression Stress (MPa)

0.0

0.0 0.1 0.2 0.3 0.4 0.5
Compression Strain

Figure 8. Compression tests on 6 PPl nickel foams with and
without the different fillers.

Table 3. Neutron transmittance.

Material (20 mm) Transmittance Error

P 0.9360 0.00909
BP 0.7770 0.04205
6F-P-0.045 0.9106 0.02410
6F-BP-0.045 0.7163 0.06545
I2F-BP-0.045 0.7216 0.04512
I2F-P-0.045 0.9425 0.01761
I2F-BP-0.065 0.7509 0.06545

Test and simulation of neutron
radiation-shielding properties

The neutron transmission factor, I/I;, was used to
assess neutron-shielding properties through an experi-
ment and simulation. Iy and I are the intensities of the
incident neutron beam and neutron beam transmitted
through the thickness direction of the sample compos-
ites, respectively. Table 3 presents the neutron flux
attenuation properties of the 20 mm-thick PFM-B and
PFM composites. A small difference was observed
between the paraffin and PFM or between PFM-B
and B4C/paraffin. The neutron-shielding capability of
the composite approximated that of the fillers because
the mass fraction of nickel in the composite is much less
than that of the fillers, as indicated in simulation neu-
tron spectrums of Figure 9.

The experimental and simulation results on neutron
transmittance as a function of thickness under the
condition of Am-Be neutron source are plotted in
Figures 10 and 11. Neutron transmittance approxi-
mately and linearly decreased with increasing thickness
of PFM-B or PFM. The PFM composite with a
thickness of 8 cm had an I/I, value of 54.1%, and the
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Figure 10. Comparison of experimental and theoretical
transmission curves for PFM-B and boron carbide/paraffin.

PFM-B composite with a thickness of 6 cm had an I/I,
value of 37.6%. The experimental results are in good
agreement with the simulation ones, and the difference
was within the margin of error. In Figure 11, neutron
transmission for experimental-F-BP is lower than those
for the simulation. The viscosity of the melt paraffin
was very low, B4C particle falls unavoidably at filling
and cooling process. The concentration of B4C was
slightly increased in the direction of gravity. The over-
flowed top layer filler with lower B4C concentration
was chip off in the last step of preparation, thus the
concentration of B4C was slightly higher than 30%.
Furthermore, if the filling rate is not 100%, then the
real concentration of B4C cannot be calculated exactly.
In the simulation model, the concentration of B,C was
set to 30%, and the density and filling rate of fillers
were set according to test result (as shown in Table
2). That is the reason why the neutron transmission
experimental-F-BP is lower than those of simulation.

Figure 12. Shielding rates of gamma rays.

Shielding effect of secondary gamma rays

Considering the experiment condition and the destruc-
tion to the gamma ray detector by neutron, the second-
ary gamma ray-shielding effect was measured by a
gamma photon transmission experiment at energies of
43,99, 152, and 662 keV. Figure 12 presents the gamma
ray shielding rates for all samples at a thickness of
20mm. The shielding rates for PFM and PFM-B are
significantly higher than those of paraffin and B4C/par-
affin, respectively. Nickel foams showed a large differ-
ence in gamma shielding rate compared with pure
paraffin and B4C/paraffin. Sample 6F-BP-0.045 had
almost the same shielding rate as sample 12F-BP-
0.045, so pore density exerted no obvious influence on
gamma ray in the condition of similar relative density.
Sample 12F-BP-0.065 had a higher shielding rate than
sample 12F-BP-0.045 at large relative density.
Secondary gamma ray attenuation can be increased
by improving the relative density of the composite of
nickel foams.



Zhang et al.

961

Conclusions

PFM and PFM-B neutron-shielding composites with
different structural parameters were fabricated through
electrodeposited nickel coating and impregnation treat-
ment. PFM and PFM-B obtained 40% higher mechan-
ical property than nickel foams. The Am-Be source
neutron transmittance experiment and gamma photon
transmittance test indicated that PFM and PFM-B had
a similar neutron shielding rate as their fillers.
However, PFM and PFM-B had a significantly higher
secondary gamma shielding rate compared with paraf-
fin and B4C/paraffin. Enhancing the structural relative
density can improve the mechanical property and sec-
ondary gamma ray shielding capability. A successful
model that links the observed material properties and
microstructure was developed to predict the neutron-
shielding efficiency of open-cell Ni foams with filler.
Compounding of open-cell Ni foams with paraffin
resulted in a remarkable improvement in the reliability
of shielding materials and expanded the application
range. Paraffin is mostly used as neutron-shielding
material at room temperature. But paraffin nickel
foams’ composite material can retain the mechanical
strength after softening point of paraffin. This research
provides valuable information on optimizing the com-
bination of open-cell foams and high-hydrogen
materials as well as developing multilayer radiation
protective structures to achieve ideal performance
with minimum density and thickness. The fillers with
high melting point such as epoxy resin and polyethylene
could be studied for higher temperature work condition
in the future.
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