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Abstract

Although the various excellent properties and preparation methods of TiB2-based composites have
been extensively studied, their neutron shielding properties have not received as much attention. In this
article, the neutron shielding performance of the previously prepared TiB2-Al composite will be studied. The
photo neutron source device was used to carry out neutron irradiation tests on test samples with a thickness
of 10 mm. The average thermal neutron shielding rate of TiB2-based boron-containing composites is 17.55%,
and the shielding rate increases with the increase of BN content. The macroscopic cross-section of thermal
neutrons of the composites generally shows a stable trend, and when the BN content is 10%, the thermal
neutrons macroscopic cross section reaches the maximum value of 7.58cm-'. With the increase of the BN
content, the thermal neutron fluence rate shows a gradually decreasing trend.
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Introduction

As one of the modern high-tech materials, boride ceramics are used as hard tool materials,
abrasives, alloy additives, and for wear-resistant and corrosion-resistant parts, due to their high
melting point, great hardness, high oxidation resistance and high wear resistance (1-5). This kind
of material has excellent electrical properties and has been highly valued as an inert electrode
material and high temperature electrical material (6-9). The lack of toughness of ceramics is still
an urgent problem that needs to be solved (10, 11). One approach is the addition of metal that can
improve its toughness and greatly increase its application range (12-14). Among other things, the
composite material of boride, combined with plastic or aluminum, produces an effective neutron
shielding material (15-19).

Among them, titanium diboride (TiB2) not only has the properties of high melting point (20,
21), high hardness (22-24), and good high-temperature mechanical properties (25, 26), but it also



has good oxidation resistance (27, 28), strong resistance to chemical corrosion and molten metal
corrosion (29, 30), and can resist the corrosion of non-alkali molten salts (31-34). The boron
content of TiBz is 32.4% . However, to date there has been little research focusing on the use of
TiB2 as an anti-neutron radiation material.

A neutron is a kind of uncharged particle with strong penetrating ability (35, 36). It is one of
the rays to which special attention should be paid in matters related to protection. It cannot ionize
matter but can ionize matter through secondary particles produced through a process of interaction.
Different types of nuclear reactions occur, and the secondary particles produced are also diverse,
including gamma photons, alpha particles and so on. The interaction between neutrons and matter
is closely related to their energy. Generally, neutron energy is divided into thermal neutrons (below
0.5 eV), medium energy neutrons (0.5 eV~1 keV), fast neutrons (1 keV~10 MeV or 15 MeV),
and express neutrons (10 MeV or more than 15 MeV). When a neutron interacts with matter, this
interaction mainly occurs with nuclear force in the nucleus and not with the electrons in the outer
shell. Neutrons have strong penetrating power when passing through materials, and the danger to
the human body is more serious than the same dose of X-rays and y-rays.

This report was the first direct study of the neutron shielding performance of TiB2-Al
composites with BN added.

Materials and Methods

The TiB2-Al composite material with BN added is prepared by vacuum infiltration. The
amount of BN added is 10% (S1), 20% (S2), 30% (S3), and 40% (S4), more details has been used
in previous research (37), and neutron irradiation tests were conducted on test samples with a
thickness of 10 mm.

The photo neutron source device driven by the 15 MeV electron accelerator in the Jiading
Park of the Shanghai Institute of Applied Physics, Chinese Academy of Sciences (as shown in
Figure 1) was used to conduct the thermal neutron irradiation tests on the test samples, and the
thermal neutrons of the test samples were carried out with this data shielding performance research.
The electron energy of the electron linear accelerator in the device, as stated, is 15 MeV, the pulse
width is 3ns-3us, the pulse frequency is adjustable from 1-266 Hz, and the average pulse current
is 0.5mA, and the maximum power is 7.5 kW. The electron beam bombards the tungsten target
(W-Tungsten, cylindrical Form) and Gamma rays are generated by bremsstrahlung. Then neutrons
are generated through (y, n) reactions. The peak energy of primary neutrons and gamma rays is
about 1MeV. After proper slowing down, the thermal neutrons are continuous. The total yield of
neutrons is about 1.2x1011 n-s%, and the neutron flux (neutron flux rate) out of 5 m of the flight
path of the Time of Flight (TOF) can reach 105 n-s*-cm™.

The neutron generation target is a cylindrical, natural tungsten target with a diameter of 60
mm, a thickness of 48 mm, and a purity of 98%. The bottom end is attached to the copper radiator
by a special method, as follows. The shell of the target chamber, with a stainless-steel vacuum pipe
with an inner diameter of 72.8 mm and a thickness of 5mm, is directly connected to the end of the
electron accelerator pipe. The neutron generation target and copper cooling seat are designed and
installed with 13 thermocouple thermometers to measure the neutron generation target, and the
temperature change of the tube base, while monitoring the displacement of the electron beam on
the target. The neutron outlet is equipped with a neutron detector (°Lil crystal), a gamma detector
(Nal (TI)), a liquid scintillation detector (EJ301), a 3He proportional counter and a neutron dose
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detector. At the end of the TOF path, a ®Lil neutron detector with good shielding is put in place
and is used as the TOF neutron time signal termination detector.

Also, MCNP software was used to calculate the thermal neutron energy radiation
performance of materials.

Figure 1: Neutron producing target and photo-neutron facility driven by electron LINAC. (A) Neutron
producing target. (B) Neutron producing target. (C) Photo-neutron facility.

Results and Discussion

The attenuation equation of neutrons after passing through the shielding material under
collimated narrow beam conditions is:

| =1, " 1)

Among them, lo is the intensity of neutrons without shielding material, and I is the intensity
of neutrons passing through the shielding material.

The calculation equation of neutron transmittance R, is:

R,=1171, 2)
The calculation equation of the neutron shielding rate R is:
R, =C,-D/1, 3)

The neutron macroscopic cross section of the composite material satisfies the following
relationship:
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in which Na is the Avogadro constant, p is the density of the composite material, Wiis the mass of
the i-th component in the mixture, W is the mass of the mixture, Miis the molar mass of the i-th
element, and o; is the i-th component. The neutron microscopic cross-section of each element is the
neutron macroscopic cross-section of the composite material (cm™).

The effect of the BN content in TiB2-based composites on thermal neutron transmission and
shielding efficiency is shown in Figure 2. Note, with the increase of BN content, the thermal
neutron transmittance gradually decreases, and in contrast, the shielding rate of thermal neutrons
gradually increases. Calculations indicate the average thermal neutron shielding rate of TiB2-based
composites is 17.55 %. When the BN content is 40%, the shielding effect is at its best, 22.3%.

Figure 2 also demonstrates that when the BN content is between 20% and 30%, the
transmittance and shielding rate undergo obvious changes, the transmittance decreases
significantly, and the shielding rate increases significantly. When the BN content increases from
30% to 40%, the shielding rate changes very little, with basically no significant increase. This
shows that when the BN content of TiB2 composite material increases to 30%, the shielding rate
basically no longer increases, and the shielding effect tends to remain stable.
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Figure 2 Effect of BN content on the beam ratio I/lo and the shield ratio(lo-1)/lo of TiB2 matrix composites.

Figure 3 shows the neutron macroscopic cross-sectional curves of TiBz-based composites
with different BN content drawn according to the calculated results of equation (4). When the BN
content increases from 10% to 40%, the neutron macroscopic cross-section of the composite
material decreases slightly, but the change range is small, and the overall trend is stable. When the
BN content is 10%, the medium of the sub-macroscopic cross-section reaches the maximum value
of 7.58 cm™. It can be seen from equation (4) that the element, element content, and density of the
sample have a greater impact on the neutron macroscopic cross-section.
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Figure 3 Neutron macroscopic cross sections of TiB2 matrix composites with different BN content.

Table 1 shows the element content and density of TiB2-based boron-containing composite
materials. The thermal neutron absorption cross-section of boron (B) is 759 barn, while the other
elements are much lower than boron (Ti: 6.1 barn, N: 1.85 barn, Al: 0.23 barn). This shows that
the main effect of the macroscopic cross-section is boron. The boron content in the four samples
does not change much, and the density change is also very small. This shows that the thermal
neutron macroscopic cross-section of the TiB2-based boron-containing composite material
changes, and this change is affected by the combination of the element content and density.

Table 1 Element content and density of TiB2 matrix composites materials

Samples  Ti (%) B (%) N (%) Al (%) Density (g-cm)

S1 37.66 22.34 6.57 33.44 3.69
S2 31.24 21.57 9.31 37.88 3.57
S3 25.17 20.52 1151 42.80 3.59
S4 21.44 21.06 14.35 43.15 3.44

Figure 4 is a macroscopic cross-sectional view of thermal neutrons of TiB2-based composite
materials irradiated with different thermal neutron energies drawn according to the calculated
results of MCNP software. The macroscopic cross-sectional change trends of thermal neutrons of
S1~S4 are almost the same, with little difference. With the increase of radiation intensity, the
macroscopic cross-sections of thermal neutrons of S1~S4 gradually decrease, with obvious
fluctuations in the range of 0.1~0.5MeV.
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Figure 4 Neutron macroscopic cross sections of TiB2 matrix composites.

The neutron fluence rate refers to the quotient obtained by dividing the number of neutrons
received in a unit of time into a small sphere, centered at that point in any direction at a certain
point in space, by the maximum cross-sectional area of the sphere. In other words, it is the number
of neutrons entering or passing through a unit cross-sectional area of a sphere with a unit surface
area in a unit of time. The neutron fluence rate is also called neutron flux. The measurement of
neutron fluence rate is an inevitable link in the research and application of neutron physics. Figure
5 shows the relationship between the content of each element in the composite material and the
neutron fluence rate.
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Figure 5 The relationship between thermal neutron flux rate and content variations of the main elements in
the composites.

It can be observed from Figure 5 that with the increase of BN content, the thermal neutron
fluence rate decreases from 1.43 to 1.25 n-st-cm™. This decrease shows that under the same
neutron source irradiation, with the increase of BN content, the thermal neutron fluence rate
gradually decreases, meaning, the neutron transmittance per unit area gradually decreases. Table
2 lists the BN content in TiB2-based composites and its corresponding thermal neutron fluence
rate.

Table 2 BN content and thermal neutron flux rate (n-s-'-cm-2) of composites

Content of BN 10% 20% 30% 40%

Thermal neutron fluence rate 1.43 1.39 1.26 1.25

Summary

The average thermal neutron shielding rate of the TiB2-based boron-containing, composite
material with a thickness of 10mm is 17.55 percent, and the shielding rate increases with the
increase of the BN content. The thermal neutron cross section of the composite material generally
remains stable. When the BN content is 10%, the thermal neutron macroscopic cross-section
reaches its maximum value of 7.58cm™. With the increase of BN content, the thermal neutron
fluence rate tends to gradually decrease.
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