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Abstract

The proposed solution for the production of new boron-containing radiator materials — composite coatings with neu-
tron conversion material ('°B isotope) — for ionization chambers electrodes is based on the technology of chemical
and structural modification of the surface using heat-resistant oxide materials (silicon and boron oxides). The paper
presents the results of the development of a neutron-sensitive radiator material based on an oxide micro-dimensional
composite coating consisting of an intermediate adhesive layer of silicon dioxide (SiO,) and a neutron-sensitive
functional layer of boric anhydride (B,0,). The technological basis consists of the sequential processes of thermal
destruction of polyorganosiloxane of the PES-5 brand and pyrolytic decomposition of boric acid (H,BO,). Studies
using infrared and fiber-optic interferometric spectroscopy have shown that during the formation of a silicon dioxide
layer, an amorphous silicate of a linear chain structure with a developed surface is formed, which contributes to the
subsequent formation of a functional boric anhydride layer. The specific neutron sensitivity of boron-containing
radiator coatings was measured by alpha spectrometry. It was found that at a surface density of boric anhydride of
2.5 mg/cm?, the specific neutron sensitivity is of the order of 3-10-'®*Coulomb/neutron. It is shown that the boron-con-
taining radiator coating retains its integrity and nuclear physical properties during thermocyclic tests (4 cycles at 600
°C). The boron-containing radiator coating is characterized by high adhesion properties to the metallic surface of the
electrodes (grade 321 steel) of the ionization chamber. The composite coating is resistant to vibration when exposed
to high-frequency (200 Hz) and low-frequency (6—35 Hz) vibration loads.
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Intl'OdllCtIOIl ture of such ICs is 400 °C (Malyshev et al. 1991). The

IC working gas is normally argon. Currently, nuclear
Modern control and protection of systems for neutron plants under design have cores the operating tempera-
diagnostics used in effective reactors include ioniza- ture in which reaches about 600 °C, while vibration
tion chambers (IC) with radiator coatings based on loads reach 200 Hz (Baskov et al. 2022). A topical is-
amorphous boron. The maximum operating tempera- sue nowadays is development of new heat-resistant bo-
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ron-containing IC radiator materials that meet modern
operating requirements.

The proposed solution for obtaining new boron-contain-
ing IC radiator materials is based on a technology for chem-
ically modifying the surface structure (Baskov et al. 2018;
Sakharov et al. 2021a, 2021b) using heat-resistant oxide
materials (silicon and boron oxides). A radiator material is a
composite oxide coating consisting of two layers: an adhesive
layer of silicon dioxide and a functional neutron-sensitive
layer of boron anhydride. The amount of boron anhydride to
be applied is determined based on the path length of products
from the '°B(n, o)’Li nuclear reaction which proceeds with
a probability of 93% for thermal neutrons (Potapov 1961).

The geometrical parameters of the radiator coat-
ing were estimated based on the Bragg-Wulf formula
(Bolozdynya 2017):

Ry Y Ay
Ro p1vV Ao

where R is the alpha particle/lithium path length in air; R,
is the alpha particle/lithium path length in the medium; p,
is the air density; p, is the medium density; 4, is the molar
mass of air; and 4, is the molar mass of the medium.

The alpha particle and lithium that form as a result
of the '°B(n, a))’Li reaction have a boric anhydride path
length of respectively 10.0 and 0.8 pm. As shown by cal-
culations, a layer of boric anhydride with a surface den-
sity of not less than 1.5 mg/cm? requires to be formed to
achieve high neutron sensitivity of the radiator.

The transition to high-temperature compositions of a
composite radiator coating based on silicon and boron ox-

M

ides is defined not only by heat resistance, but also by the
structure amorphism factor, since amorphous and hetero-
geneous materials are more resistant to ionizing radiation
due to annihilation of radiation-induced defects (Shurygi-
na et al. 2012; Sakharov et al. 2016a).

Investigation of the intermediate
silicon dioxide adhesive layer
formation

The process of the intermediate silicon dioxide layer for-
mation is based on thermal destruction of the PES-5 poly-
organosiloxane. The thermal destruction processes were
investigated by a non-contact non-destructive online meth-
od for determining the optical thickness of layers using a
dedicated test bench for fiber-optic spectrophotometry
(Sakharov et al. 2016b). Plates (grade 321 steel) were used
as the coating substrates, the plate surfaces having been
polished mechanically (the parameters Ra = 0.45 um and
Rz =3.23 pm). The PES-5 polymer structure is a thermally
resistant silica-oxygen linear chain (Si-O-Si), bonded to
organic ethyl radicals (Sobolevsky et al. 1975). The linear
chain siloxane structure is inherited during heating in the
course of thermal treatment. As a result, a coating is formed
with high adhesive properties. The dynamics of the change
in the optical thickness of the PES-5 layer in the process of
thermal destruction with the formation of SiO, (Fig. 1) was
investigated based on the change of interference patterns
in a spectral region of 400 to 1000 nm (Fig. 2).
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Figure 1. Dynamics of the optical thickness change in the course of thermal destruction synthesis of the silicon dioxide coating.
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Figure 2. Change in interference patterns at different stages of the PES-5 thermal destruction process.

No changes occur in the initial heating step with the
PES-5 polymer, and the optical thickness remains con-
stant (7785 nm). As the temperature of about 217 °C is
reached, the thermal destruction stage begins, which is
characterized by an abrupt drop in the optical thickness
value. When the temperature reaches 300 °C, much of
the organic component is removed, and a solid coating
is formed. A further temperature increase to 500 °C leads
to a change in the optical thickness value to 2235 nm,
according to a hyperbolic dependence, due to the consol-
idation of the silicon-oxygen frame.

The optical thickness of the coating as of the end
of the process is still far from reaching the theoretical
value for glassy amorphous silica (1425 nm) and even
more so for crystalline quartz (1240 nm). This is prob-
ably explained by the presence of vacant “free volume
regions” that thread throughout the oxide composition
structure. Gravimetric measurements showed that the
layer mass formed was equivalent to the silicon dioxide
mass the PES-5 contains.

The thermally destroyed coating formed in the course
of “rapid” heating is characterized by a low density
(1.74 g/cm®) compared to the density value (1.76 g/cm?)
of silicalite, a silica modification, the structure of which is
threaded with “free volume nanofields” (Iler 1982). The
density was determined based on gravity measurement
and fiber-optic interferometry data.

As shown by infrared spectroscopy data (Table 1),
the coating obtained by thermal destruction of the PES-5
polyorganosiloxane structurally represents linear siloxane
chains (the absorption band in the region of 1020 cm™)
bound by rectifiable Si-O-Si bridges with a bond angle
of 180° (the absorption band in the vicinity of 1200 cm
1, so the structure is preserved that is close to that of the
original PES-5 polysiloxane precursor (Fig. 3). There are
no impurities of organic components. Sorbed moisture is
present (absorption bands of OH groups in the region of
3400 cm™), which is indicative of a developed surface of
silica synthesized by thermal destruction method.

The so obtained silicon dioxide coating retains a stable
amorphous structure (Fig. 4).

Fig. 5 shows a schematic image of the coating struc-
ture formation in the process of consolidating the siloxane
structural motifs inherited from the PES-5 polymer.

Based on the investigation data, a model is proposed
for consolidating a model of nanodispersed SiO,, which
includes structuring of nanoscale (2.5 to 19 nm) polysi-
loxane fragments (Si-O-Si), remaining in the polyorga-
nosiloxane molecule thermal destruction process. The
polymer backbone, which does not practically contain
hydrocarbon (C,H,) substituents, are found to contain OH
groups which, even in a limited quantity, contribute to lin-
ear structures being cross-linked into siloxane blocks, the
basis of the composite radiator coating intermediate layer.

Table 1. Interpretation of the spectrum absorption basebands in infrared region

Absorption band Interpretation

Source

455 cm™ beta oscillation of Si-O bond (Vlasov et al. 1974; Plyusnina 1977)
803 cm™! v_bonds of SiO (Vlasov et al. 1974; Plyusnina 1977)
1020 cm™! v, oscillation of Si-O bond (1000-1100 ¢cm™" interval) (Chukin 2008)
1200 cm™! Si-O-Si (rectifiable siloxane group, bond angle 180°) (Chukin 2008)
3417 cm™ Hydroxyl groups (OH) (Vlasov et al. 1974; Plyusnina 1977)
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Figure 3. Infrared spectrum of the PES-5 polysiloxane thermal
destruction product.
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Figure 4. X-ray diffraction patterns of the PES-5 polysiloxane
thermal destruction product (amorphous halo).

The presence of “free volume regions” and hydroxyl
groups makes it possible to add coatings of alloying com-
ponents, e.g. boron oxide, to the silica frame being formed.
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Investigation of the boric anhydride
functional layer formation

To explore the steps of the borosilicate coating formation,
a PES-5 and boric acid solution in isopropanol was used
as the precursor. An oxidizing environment was used for
heating at different temperatures in the interval of 300 to
700 °C. Fig. 6 shows the evolution dynamics of the coat-
ing’s infrared spectra as a function of temperature.

As shown by the spectra, the PES-5 thermal decom-
position is at its early stage at 300 °C. There are intense
bands in the region of 2960 cm! representative of organic
radicals, which belong to PES-5, due to the sufficient-
ly high thermally oxidative stability of the Si-C bond.
The frequency maxima at 1004, 1040 and 1094 cm™' be-
long to the silicon-oxygen frame of the PES-5 molecules.
Representative of boric acid is absorption in the inter-
val of 1355 to 1464 cm™' and the presence of a hydroxyl
groups band of 3200 cm’'.

At a temperature of 400 °C, borosilicate bonds start to
form as absorption bands of 650 and 920 cm™' (Matsuda et
al. 1992). A narrow and intense band with a maximum at
1391 cm! is representative of the B-O bond to the boron
atom in a triple coordination (Vlasov et al. 1972). Instead
of three equally intense bands with maxima at 1095, 1044
and 1004 cm™, an intense band appears, which represents
a doublet with maxima at 1038 and 1158 cm'. The pres-
ence of two bands in the valence region of the Si-O-Si
groups is associated with the presence of two structurally
nonequivalent bonds. There is a sharp decrease observed
in the intensity of the absorption bands for ethyl groups
that surround the PES silicon-oxygen frame.

At 500 °C, the B-O bond band shifts to 1400 cm™!, and
a further decrease in its half-width is observed. There is
a major decrease taking place in the absorption band of
organic radicals, a shift is observed in the silicon-oxygen
bonds into the higher frequencies region (respectively
1051 and 1178 cm™), and there is an increase in the in-
tensity of the doublet’s high-frequency component with
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Figure 5. Diagram of the silica coating formation involving siloxane structural fragments.
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Figure 6. Infrared spectra of the thermally degraded coating at
different temperatures..

respect to the low-frequency component. Absorption
bands of borosilicate bonds are finally formed.

At 700 °C, there are bands present on the spectrum at
652, 920 and 1420 cm™ (Si-O-B, B-0) and at 812, 1059
and 1236 cm™ (Si-O, Si-O-Si), which characterize the
fully formed thermally sealed borosilicate coating. There
is no absorption in the region of hydroxyl groups and
organic radicals.

Vibration resistance testing of
electrodes with a boron-containing
radiator coating

The boron-containing radiator coatings were tested for
resistance to mechanical overloads in a horizontal and a
vertical plane under the action of vibrations at the VEDS-
1500 vibration test bench. For testing, a series of samples
was prepared with the composite coating functional layer
surface density being 1.5 mg/cm?. The samples were suc-
cessively exposed to high-frequency (200 Hz) vibrations
with different acceleration amplitudes (1 to 8 g), the ex-
posure time for each of the modes being 30 min. The sur-
face density of the composite radiator functional coating
is found to be invariable, the coating remaining therefore
intact. The composite coatings were also tested in con-

ditions of exposure to low-frequency resonant vibrations
as specified in GOST 29075-91 (GOST 29075-91 2004).
Test conditions: frequency range 6-8, 8-10, 10-13,
13-16, 16-20, 20-26, 26-35 Hz, acceleration amplitude
1.5 g, vibration impact time 15 min (with each frequency
range). Vibration was changed from the lower frequency
to the upper frequency with exposure to the uppermost
frequency in each range. The vibration resistance test re-
sults show that the boron-containing radiator coating has
high adhesion properties, which are confirmed by gravi-
metric and radiometric measurements.

Radiometric performance of
boron-containing radiator coatings

Samples of electrodes with a composite boron-contain-
ing coating were tested radiometrically in conditions of
exposure to a neutron flux of 10* neutron/(cm?:s) from a
Pu-Be source. The measured spectrum (Fig. 7) was used
to determine the energy yield (XE) from the radiator coat-
ing surface, which was converted to the coating’s specific
sensitivity (1) using the formula:

n= _XEe ©)

by-S-7-¢

where ZE is the total energy yield from the radiator coat-
ing, eV; ¢ is the ionization energy in the IC (argon), 30 eV;
e is the electron charge, C; @, is the neutron flux, neutron/
(s:cm?); S is the electrode area, cm?; T is the spectrum
recording time, s; and n is the specific sensitivity of the
radiator coating, C/neutron.
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Figure 7. Spectrum of output pulses from charged particles
for electrode sample with boron radiator coating (surface
density 2.5 mg/cm?).

The spectrum can be seen to include broad bands with
energies of less than 0.83 MeV (due to Li) and 1.47 MeV
(due to the alpha particle). The peaks are broadly shaped
due to partial energy losses in the radiator material. The
energy yield of the coating when irradiated with thermal
neutrons (measured within 1800 sec) was 5.7-107 keV.
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Table 2. Effects of thermocyclic loads on the energy yield and specific neutron sensitivity values for radiator coating samples with

different surface densities of boric anhydrite

Characteristics Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Functional layer surface density, mg/cm? 0.5 1.0 1.5 2.5 3.0
1 (pre-annealed), 10-'* C/neutron 2.7 3.1 33 3.4 34
1 (annealing 1), 10~'® C/neutron 1.3 2.6 2.8 2.9 32
1 (annealing 2), 10~'® C/neutron 1.1 1.9 2.6 3.1 3.0
7 (annealing 3), 10~'® C/neutron 0.7 0.8 1.6 2.9 32
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Figure 8. Infrared spectra of composite boron-containing coatings: 1 — sample 1 prior to thermocyclic tests; 2 — sample 1 following

thermocyclic tests; 3 — sample 4 prior to thermocyclic tests.

The coating’s specific neutron sensitivity value was
N =3.4-10"8C/neutron. It should be noted that boron with
the natural '°B isotope enrichment (19.6%) was used in
the process of the coating synthesis.

To determine the best possible concentration of boric
anhydride based on the neutron sensitivity performance
of the radiator coating, the effects of thermocyclic tests
in an oxidizing environment on the energy yield were in-
vestigated for a series of samples with a composite bo-
ron-containing coating at different surface densities of the
functional layer (0.5 to 3.0 g/cm?). Annealing conditions
in a single cycle: annealing temperature 600 °C, exposure
time 4 h, heating rate 5°/min, inertial cooldown. The in-
vestigation results are shown in Table 2.

It was found that the best possible value of the func-
tional layer surface density was 2.5 mg/cm?. As the boron
content increases, the specific neutron sensitivity value
does not change, which fits theoretical calculations. A
minor difference in readings following thermal cycles is
caused by external factors, such as external gamma back-
ground and electrical interference. However, samples 1
through 3, in which the content of boric anhydride in the
coating’s functional layer is less than 2.5 mg/cm?, exhibit
a decrease in the specific neutron sensitivity in the course
of the thermocyclic tests, which is possibly explained by
the thermal emission of boric anhydride. This confirms
the change in the nature of the infrared spectra prior to

and after the thermocyclic tests (Fig. 8). A decrease in the
intensity of the band in the region of 1400 cm™ is ob-
served against the silicon-oxygen frame bands (1200 and
1020 cm™), and there are no bands of hydroxyl groups
representative of wet boric anhydride.

At the same time, the coating structure with a surface
density of 2.5 mg/cm? (sample 4) and more remains prac-
tically invariable, which explains the stability of the neu-
tronic properties in the course of the thermocyclic testing.
The radiometric performance of the coatings remains in-
variable in the course of the thermocyclic tests in an argon
environment (pressure 1 atm).

Conclusion

The paper presents the investigation results for a compos-
ite radiator coating consisting of two layers: an interme-
diate adhesive layer of silicon dioxide and a functional
layer of boric anhydride. The investigation results for the
formation of the intermediate adhesive layer of the com-
posite coating by fiber-optic interferometry and infrared
spectroscopy methods showed that the thermal destruction
product of polyorganosiloxane (PES-5) had a linear chain
silicate structure with a developed surface inherited from
the PES-5 precursor. This contributes to the increase in the
adhesive properties to the stainless steel surface and to the
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functional boron-containing layer. A series of the radiator
coating samples was obtained with the boric anhydride
surface density in the functional layer being between 0.5
and 3 mg/cm?. It was found by alpha spectrometry meth-
od in the process of the Pu-Be source irradiation (a flux
of 10* neutron/(cm?s) that the content of '°B atoms in the
functional layer (8-10' atom/cm® = 2.5 mg/cm’ B,0,) is
the best possible one in terms of neutron sensitivity pa-
rameters, and the sensitivity value is n=3.4-10"* C/neu-
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