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Abstract: The issue of crystallization of silicon oxide at low temperatures is a topical issue for the
electronics of the future. Organosilicon oligomers and polymers are “ideal” sources for obtaining
ultrapure silicon ceramics and silicon nanoparticles. This paper presents the results of the synthesis
of highly dispersed silicon-carbon powder from an organohydrosiloxane oligomer and the method
for increasing its crystallinity at low temperatures. The diffraction pattern of the resulting powder
corresponds to the amorphous–crystalline state of the components in this material, as evidenced by
two intense and broadened amorphous halos in the region of Bragg angles 2θ = 7–11◦ and 18–25◦. The
resulting silicon–carbon powder was subjected to electron irradiation (E = 10 MeV; D = 106–107 Gy).
This paper presents the data on the changes in powder properties via IR-Fourier spectroscopy,
X-ray phase analysis, and scanning electron microscopy. Irradiation with fast electrons with an
absorbed dose of 106 Gy leads to a slight crystallization of the amorphous SiO2 phase. An increase
in the absorbed dose of fast electrons from D = 106 to D = 107 Gy leads to the opposite effect. An
amorphization of silica is observed. This study showed the possibility of the crystallization of a silicon–
carbon powder without a significant increase in temperature, acting only with electron irradiation.
It is necessary to continue further research on expanding the boundaries of the optimal doses of
absorbed radiation from fast electrons in order to achieve the maximum effect of the crystallization of
silicon–carbon powder.

Keywords: composite powder; silicon–carbon powder; electron irradiation; crystallization

1. Introduction

In recent years, researchers have paid great attention to obtaining non-oxide and
oxide ceramics from organosilicon oligomers and polymers of various classes, which are
widely used in aviation and cosmic engineering products [1–3]. The traditional methods of
manufacturing Si-based ceramics are built on solid-phase synthesis and are highly energy
intensive. For example, as a result of the solid-phase reaction of SiO2 with carbon, SiC
silicon carbide is obtained at about 2500 ◦C.

Organosilicon polymers already contain Si, O, and C in their molecular chain in the
form of alkyl, allyl, or aryl groups, usually with methyl CH3- and ethyl C2H5- groups.
The structure of linear polyorganosiloxanes contains the ready-made fragments of (≡Si-O-
Si≡)n polymeric chain structures necessary to create nanoscale amorphous silica.

Obtaining silicon-containing RD ceramics is due to the presence of a strong Si-C
chemical bond in the molecules of the corresponding oligomers and polymers, which
prevents the removal of carbon in the form of low molecular weight carbohydrates during
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pyrolysis in an inert environment. However, the final ceramic product is usually obtained
at a temperature of about 1100 ◦C.

Thus, organosilicon oligomers and polymers are “ideal” sources for obtaining ultra-
pure silicon ceramics and silicon nanoparticles [2,4].

In practice, organochlorosilanes of the general formula (RxSiCl4−x), polyorganosi-
lanes whose main chain consists of silicon atoms (≡Si-Si≡) with side organic substituents,
polyorganocarbosilanes (containing Si-C, Si-Si bonds), polyorganosiloxanes of the gen-
eral formula RxSi(OR1)4−x (where R and R1 are organic groups), tetraethoxysilanes of the
general formula Si(OR)4, and others are used as initial silicon compounds for ceramics
production [5].

From the scientific and practical point of view, an important issue is the influence
of the carbon structure on the crystallization ability of amorphous silica produced from
organosilicon oligomers and polymers. Currently, there is no consensus on this issue [6–8].

The widespread use of SiO2-based coatings and highly dispersed powders has deter-
mined a variety of alternative methods for obtaining SiC and SiCO compounds.

There is a variety of methods of synthesis of films and highly dispersed powders based
on SiO2 and carbon-containing mineral phases, as well as methods of amorphous silica
crystallization [4–16]. These include electron-beam, plasma-arc, pulsed photonic methods,
laser annealing, chemical vapor deposition, high-temperature, metal-induced, and sol–gel
methods.

One promising method of creating the system (SiO2|C) is the modification of silica
via a high-energy beam of fast electrons to form Si clusters, which are highly chemically
active. Exposure to fast electrons can lead to the transformation of amorphous silica into a
crystalline phase. The advantage of the electron-beam modification of materials is that the
electron beam can be focused into a spot of less than 10 nm, i.e., it is possible to change the
properties of silica on the nano-scale.

The authors of this work were the first who used a non-polar organosilicon liquid
linear oligomer of polyalkylhydrosiloxane as a precursor, widely used in practice as a
hydrophobizer of glass, metal ceramics, fabrics, and other products.

The solution to the problem of the low-temperature synthesis of crystalline SiO2-based
films and coatings from organosilicon liquid polyalkylhydrosiloxane will make it possible
to create a cheap radiation-resistant ceramic microcomposite in the dielectric-semiconductor
system.

The purpose of this work is to obtain highly dispersed crystalline SiO2 in the presence
of carbon phase from liquid polyalkylhydrosiloxane oligomer under the influence of
thermal pyrolysis and irradiation with fast high-energy electrons.

2. Materials and Methods
2.1. Sample Preparation

Polyalkylhydrosiloxane liquid (Point LLC, St. Petersburg, Russia) was used for the
synthesis of the silicate-carbon (SC) powder. Hydrophilic silicate-carbon (SC) powder was
synthesized via pyrolysis (300 ◦C) of organohydrosiloxane oligomer with high content
of active hydrogen in the siloxane chain (Si-H). SC is a white powder with the following
properties: bulk density 0.45 g/cm3, true density 2.01 g/cm3, and specific surface 3.5 m2/g.
Figure 1 shows the energy spectrum of the SC material. The atomic average composition
determined using energy-dispersive X-ray spectroscopy (EDS) is shown in Table 1.
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Figure 1. Energy spectrum of the SC material according to the results of EDS.

Table 1. Atomic composition of the SC material, % wt.

Si O C

42.8 41.7 15.6

Ready SC-material (hereinafter referred to as material) was subjected to ultrasonic
treatment in aqueous-alcohol solution using ultrasonic generator U-840 (frequency 35 kHz,
N = 0.95 kW) with the subsequent drying.

2.2. Research Methods
2.2.1. Electron Irradiation

Irradiation of compressed material samples in the form of a cylindrical tablet (diameter
23 mm, height 5 mm) was carried out using an industrial unit of a high-frequency electron
linear accelerator UELR-10-15S1. Pulsed electron beam power is 15 kW, operating frequency
is 2856 MHz, scanning bandwidth is 400 mm, electron fluence is 3.5 × 1015 electron/cm2·s),
single absorbed dose is 10–20 kGy (1 Gy = 1 J/kg) depending on the time (1–2 s) the
material was in the chamber. The value of absorbed doses in the studied material was 105,
106, and 107 Gy. The calculated heat flux density on the surface of the material was about
100 W/mm2. The calculated surface heating of the target was ~1250 ◦C. The temperature
of the irradiated material samples did not exceed 150 ◦C. The temperature was controlled
using a MEGEON 16450 (ARCO Electronics Ltd., DongGuan City Guangdong Province,
China) infrared thermometer (pyrometer). The irradiated samples were annealed at the
temperature of 300 ◦C.

2.2.2. X-ray Phase Analysis

X-ray phase analysis was carried out on a DRON-3 X-ray diffractometer with a CuKα-
anode (λ = 1.5418 Å) and Ni-filter using the powder method (Debye-Scherrer polycrystal).
The spectrum was recorded with an ionization counter MSTR-4 at angles 4–64◦. Radio-
graphs were processed using the software Crystallographica Search-Match Version 2.0.3.1
using the card index data (PDF-4+) of the International Centre for Diffraction Data JCPDS.
The phase composition was determined by analyzing the interplanar distance (d) and the
intensity of the spectral reference lines.

2.2.3. Electron Microscopy

The microstructure of materials was studied via scanning electron microscopy (SEM)
on a high-resolution scanning electron microscope TESCAN MIRA 3 LMU (Tescan, Brno,
Czech Republic) in secondary electron modes (SE) and backscattering of electrons (BSE).



J. Compos. Sci. 2023, 7, 340 4 of 15

Magnification was up to 1 million times. The microscope was equipped with an Energy-
dispersive X-ray spectrometer (EDX)- spectrometer Ultim Max 63.

2.2.4. IR Spectroscopy

IR spectra of light absorption by materials were obtained on a Bruker Optics GmbH
FTIR spectrometer in the frequency range 4000–400 cm−1 (accuracy 0.1 cm−1). The samples
were taken in transparent tablets with KBr.

3. Results and Discussion
3.1. Simulation of Fast Electron Passage

The scattering of the fast electrons inside a solid body is calculated using the Rao-
Sahib-Whitry model [17], which is a modification of the classical theory of charged particle
scattering in matter (the Bethe–Bloch model) [18]. Electrons moving in the material experi-
ence primarily ionization and radiation losses [19].

Figure 2 shows the calculations of the dependence of specific ionization and radiation
losses of fast electrons in the SC material on the kinetic energy of the electron in the
range of 0.1–10.0 MeV, as well as the contribution of each element to the ionization and
radiation losses. The calculated ionization and radiation losses of electron energy are(
− dE

dx

)10MeV

col
= 4.3 and

(
− dE

dx

)10MeV

rad
= 0.57, respectively.
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Figure 2. Dependence of specific ionization losses (a) and specific radiation losses (b) of fast electrons
in SC-material on electron kinetic energy (upper curve—total contribution of elements).

It can be seen that silicon and oxygen in ionization and radiation losses make up the
main contribution, with oxygen making a greater contribution in ionization losses and
silicon making a greater contribution in radiation losses.

Thus, at energies of fast electrons E = 10 MeV and lower, the main contribution to the
total energy losses of electrons is made with ionization losses, which are 7.5 times greater
than radiation losses.

The total energy losses in the material under study are defined according to Equation (1)
and shown in Figure 3. (

−dE
dx

)
=

(
−dE

dx

)
col

+

(
−dE

dx

)
rad

(1)
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kinetic energy of electrons.

Since the loss of energy of the electron in the material leads to its deceleration, we
determined the effective range that the particle would pass during deceleration in an
unbounded and homogeneous medium, assuming that it continuously lost energy along
the whole path according to the stopping power (−dE/dx). The true paths are random
and distributed around the effective range, which is calculated using Equation (2) as
follows [17]:

R(E0) =

E0∫
0

dEk(
− dE

dx

) (2)

With an initial electron energy of 10 MeV, the average range in the studied composite
is R (10 MeV) = 23 mm (Figure 4). The spatial distribution of primary and secondary
electrons with energies of 10 MeV via the SC material was simulated using the Monte Carlo
method [19]. The simulation was performed for 10,000 primary electrons (Figure 5).
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The curves that describe the transmittance factors by the number and the energy of
electrons (E = 10 MeV) for normal electron incidence on the surface (ϕ = 0) are shown in
Figure 6.
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3.2. Electron Activation of Mineral Phases in the System SixCyOz

One of the promising ways to modify the Si-C system is the method of electron
irradiation. The source of the formation of Si clusters is SiO2 irradiated via fast electrons as
a result of its radiation and local heating [7,20]. The peculiarity of electron irradiation is the
rapid deceleration of electrons in the material as a result of intense energy exchange with
solid-state electrons due to ionization and radiation losses. Electron irradiation with energy
less than 1 MeV is characterized by a low level of damage to the crystal lattice structure with
unchanged chemical composition in contrast to the effects of other high-energy particles
(protons, neutrons, and ions). However, such electrons can initiate chemical reactions.

The irradiation of the materials with energy above 1 MeV leads to the breaking of the
chemical bonds of chemical compounds, the ionization of atoms, and the formation of point
paramagnetic radiation defects (RD) on the bridging atoms of silicon and oxygen in siloxane
(≡Si-O-Si≡) bond and carbon atoms (≡ Si•; ≡ Si-O•; and ≡ C•) [14,21,22]. RDs are also
produced in the form of charged VSi and VC vacancies of atoms as a result of moving an
atom (ion) from a crystal lattice node to an inter-node and their complexes [14,21,22]. At
the same time, significant structural changes are observed in the amorphous-crystalline
lattices of mineral phases based on silicon and carbon.
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The VSi and VC vacancies formed in the materials during high-energy electron irradia-
tion have high mobility with an increased energy level and, therefore, are metastable. Under
certain energy conditions, radicals and vacancies on Si and C atoms can transform into less
mobile RD complexes in the system (SiO2-Si-C), which can promote the formation of SiC
silicon carbide via the donor–acceptor interaction of activated Si and O atoms [22–27].

The considered defect formation schemes are quite realizable in the synthesized
material, which includes silicate and carbon matrices.

3.3. X-ray Diffraction Studies

Figure 7 shows the diffractogram of the X-ray phase analysis of the synthesized
silicate-carbon material. The diffractogram of the powdered (dispersibility 0.1–0.15 µm)
material corresponds to the amorphous–crystalline state of the components in this material,
as evidenced by two intense and broadened amorphous halos in the Bragg angle region
2θ = 7–11◦ and 18–25◦ (Figure 7).
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Figure 7. X-ray phase analysis of SC material after ultrasonic treatment (before irradiation).

The black color on the X-ray diffraction patterns represents the original spectrum of
the sample; the red color shows the areas characterizing the amorphous phase, obtained
using the regression analysis Gaussian model; the blue color shows the spectrum of the
crystalline phase obtained by subtracting the region of the amorphous phase from the
original spectrum.

Amorphous halo in the area 2θ = 18–25◦ corresponds to the formation of highly
dispersed amorphous silica according to PDF 01-075-3159. The proportion of amorphized
silica was about 90%.

An amorphous halo in the area 2θ = 7–11◦ is not characteristic of silica and may
correspond to the formation of a carbon structure in the material, which is close to the
graphitopod phase or graphite oxide. The crystalline phase in area 7–11◦ (d = 10.901;
10.463; 9.425; 8.400 Å) is typical for graphite oxide (GO) with crystallographic index
002 [28]. Graphite oxide is a product of variable composition consisting of hydrophilic
layers (d = 6–12 Å) and intercalated water molecules [24].

The effect of the formation of carbon structures in the silicate matrix can be the result
of the pyrolysis of hydrocarbon (CH3-, C2H5-) radicals in the polyalkylhydrosiloxane
oligomer and the recombination of radicals, for example, via the following reaction:

2(CH3)gas→ 3H2 + 2Csolid

with the subsequent condensation of carbon on amorphous silica.
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Irradiation with electrons with an absorbed dose of 105 MGy or less does not lead to
any changes in the properties of the silicon–carbon powder according to X-ray phase and
IR-Fourier spectroscopic analysis.

As a result of the electron irradiation (D = 106 Gy) of the material significant structural-
phase transformations were observed. (Figures 8 and 9). Also, as in Figures 7–9 show the
original spectrum of the sample in black on the X-ray patterns; the red color shows the areas
characterizing the amorphous phase, obtained by regression analysis Gaussian model; the
blue color shows the spectrum of the crystalline phase obtained by subtracting the region
of the amorphous phase from the original spectrum. There was an increase in intensity in
the region of 2θ = 18–25◦ (corresponding to silica PDF number 51-1377) by 25–30% on the
X-ray diffraction pattern (Figure 8) and a decrease in the line half-width (∆ = 2.0◦). This
fact indicated the partial crystallization of amorphous SiO2.
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At the same time, a slight increase in the intensity of the amorphous halo was observed
in the region 2θ = 7–11◦ by 12–15% on the X-ray diffraction pattern (Figure 8), which can be
attributed to a graphite-like phase or graphite oxide.

Thus, the start of induced crystallization of SiO2 was observed during electron irra-
diation (D = 106 Gy). The formation of a small number of crystals of low-temperature
tetragonal β-cristobalite SiO2 (2θ = 22.4◦, d = 4.086 Å) was recorded [9–11,29]. Clear Bragg
lines at d = 3.339; 3.132; 2.290; 1.821; 1.668 Å, corresponding to β-cristobalite, are also
fixed [14,30]. It should be noted that, according to the literature data, the formation of
cristobalite (JCPDS 39-1425) from a polyalkylhydrosiloxane oligomer is possible during
heat treatment at 1300–1400 ◦C in an electric furnace [31,32]. And in our study, the same
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results were obtained during thermal treatment at 300 ◦C with further electron irradia-
tion. Irradiation with electrons can lead to the formation of defects in the structure of
silicon oxide, and radiation damage will serve as crystallization nuclei [4,5,9]. As a result,
crystallization can take place during low-temperature electron irradiation.

Our studies showed that the temperature of the material irradiated by fast electrons
did not exceed 150 ◦C. Consequently, the structural-phase transformations and dissociation
of SiO2 during its irradiation with fast electrons can occur in the near-surface layers of
silica.

The presence of the C-phase in the structure of the material contributes to an increase
in thermal conductivity and, as the experiment showed, contributes to the crystallization of
SiO2.

An increase in the absorbed dose of fast electrons from D = 106 to D = 107 Gy leads to
the opposite effect (Figure 9). The amorphization of silica is observed, as evidenced by a
sharp broadening of the diffraction region at 2θ = 18–25◦. At the same time, the intensity
decreases by only 7–9%. On the diffractogram of the material after irradiation with an
absorbed dose of 107 MGy (Figure 9), a sharp increase in the intensity (by 55–60%) of the
diffraction region at 2θ = 7–11◦ attracts attention. This fact may indicate the recrystallization
of mineral phases with a high degree of crystal defects.

3.4. Morphology of Mineral Phases

The morphology of the mineral phase particles in the material was studied via scan-
ning electron microscopy (SEM). The initial material contains the following (Figure 10):

(1) Polydisperse conglomerate grains with distinct facets of different shapes from 1 µm
to 15 µm, consisting of small crystallites ranging in size from 0.2 µm to 3.5 µm, which
correspond to crystalline silica (Figure 10a,b).

(2) Spherical particles ranging in size from 0.1 µm to 2.0 µm, which correspond to amor-
phous silica. The particles have a smooth surface without pores or cracks. The surface
of larger particles is covered with white agglomerates (Figure 10c,d).

(3) Irregularly shaped plate formations up to 0.1 µm thick, which correspond to the struc-
ture of the graphite-like phase. On the surface of the plates, there were nanoparticles
sized 20–30 nm, which corresponds to ~(40–75 nm) graphene layers in the stacks
(Figure 10c,d).

The morphology of the surface of electron-irradiated SC-material particles underwent
significant structural changes (Figures 11 and 12). Irregularly shaped silica crystals with
distinct faces were formed. The size of silica agglomerates increased up to 35 µm with the
fixation of quasi-spherical particles 0.5–0.7 µm in diameter with smooth surfaces without
pores and cracks on the surface (Figure 11a,b). The microphotograph of the section of the
graphite-like particle plane clearly shows a solid gray silica film about 2 µm thick with
spherical particles sized 0.5–2.5 µm embedded (Figure 11d).

The irradiation of the material with an electron beam with an absorbed dose of
D = 107 Gy (Figure 12) leads to the intensive formation of smaller spherical particles on
silica ranging in size from 20 nm to 160 nm as well as the formation of whiskers.

Additional information on the composition and structure of the mineral phases in the
material subjected to pyrolysis and electron irradiation is provided in the IR spectroscopy
data.
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3.5. IR Spectroscopic Studies

In the infrared spectrum of the initial material, we observed intense absorption bands
with maximums at 1039 cm−1 and 780 cm−1, which, respectively, can be attributed to the
predominantly valence antisymmetric and symmetric vibrations of the bridging siloxane
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(≡Si-O-Si≡)-groups, as well as deformation vibrations at 455 cm−1 to the silicon–oxygen
groups (Figure 13) [33].

The peculiarity of this spectrum is the presence of an absorption band at 598 cm−1, re-
ferred to symmetrical (≡Si-O-Si≡)- vibrations of silica-oxygen [SiO4]- tetrahedrons. There
is also an intense absorption band in the area of 1200–1100 cm−1, characteristic of amor-
phous hydroxylated silica. The amorphous nature of silica is indicated by the broadening
of these absorption bands.

The formation of C-phases (or graphite oxide) in the silicate matrix during the pyrolysis
of the polyalkylhydrosiloxane oligomer resulted in the appearance of two absorption bands
at 1276 and 1420 cm−1 in the spectrum, which are attributed to the C-O-C and C-O bonds
with an amorphous structure. It can be assumed that the formation of these bonds confirms
the X-ray phase analysis data on the formation of a graphite-like phase oxide (GO) in the
system as a result of breaking the C-C bonds and their oxidation during the pyrolysis of
the polyalkylhydrosiloxane oligomer.

Electron irradiation of the material introduces a change in the IR spectrum. In the
spectrum of the SC material exposed to fast electrons, clear and intense absorption bands
were observed (≡Si-O-Si≡). Thus, the main absorption band at 1039 cm−1 (before irradi-
ation) slightly shifted to the low-frequency area (up to 1038 cm−1) after exposure to fast
electrons (D = 106 Gy) and shifted markedly to the high-frequency area (isochoric shift)
when irradiated with fast electrons (D = 107 Gy) to 1045 cm−1. The latter circumstance
indicated an increase in the strength of the Si-O bond and an increase in the degree of
polymerization [SiO4]- tetrahedrons as a result of electron-induced crystallization [34].

The absorption band at 1097 cm−1, characteristic of amorphous hydroxylated silica
(before irradiation) also shifted to the high-frequency area of the spectrum, up to 1115 cm−1

during electron irradiation (D = 106 Gy). Electron irradiation at increased absorbed dose
(D = 107 Gy), and the intensity of the absorption bands in the spectrum decreased markedly
(by 60–68%), which indicates the course of defect formation and amorphization of the
silicate matrix [34,35].

In the process of electron irradiation of the material, attention is drawn to the change
in the ratio of the intensity of the main absorption bands of the siloxane bond of the valence
(γas) at 1115 cm−1 and deformational (δ)-oscillations at 455 cm−1: from I(γas)/I(δ) = 3.1
(before irradiation) to 8.6 (after irradiation at D = 106 Gy). This indicated stabilization of
vibrations through deformation angles in the siloxane bond and an increase in vibrations
through valence bonds with an increase in the molecular weight of siloxane as a result of an
increase in its degree of polymerization and the rigidity of siloxane chains under electron
impact.

In general, a silicate matrix irradiated by fast electrons (D = 107 Gy) is largely amor-
phized (band broadening to ∆150 cm−1). There was a sharp decrease in the ratio of
I(γas)/I(δ) = 2.7. This indicates an increase in the vibration of siloxane chains, on the
contrary, with deformation angles and thereby increasing their flexibility with a possible
decrease in the molecular weight of the silicate as a result of breaking the siloxane bond
(≡Si-O-Si≡).

In the infrared spectrum of the initial material, absorption bands in the area of
3600–3400 cm−1 and at 1635 cm−1 belong, respectively, to the valence and deformation
vibrations of adsorbed and coordinately bound water (hydroxyl OH-groups) [11]. Appar-
ently, there are several structurally non-equivalent OH-groups in the silica-oxygen mesh
of the material, forming bonds of different strengths in the polycondensation reactions
and the construction of a three-dimensional silica-oxygen framework. Electron irradiation
(D = 106 Gy) on the surface of the material particles led to the formation of the same type
of OH-groups.
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4. Conclusions

The principal possibility of obtaining nanodispersed amorphous-crystalline SiO2
modified with graphite-like structures from polyalkylhydrosiloxane oligomers with high
active hydrogen content at a reduced pyrolysis temperature (300 ◦C) has been established.

Irradiation via fast electrons with energy 10 MeV and absorbed dose 106 Gy leads to
structural-phase transformations in the material. There was an increase in intensity in the
region 2θ = 18–25◦ (corresponding to silica) by 25–30% on the X-ray diffraction pattern
and a decrease in the line half-width (∆ = 2.0◦). This fact indicated the crystallization of
amorphous SiO2.

An increase in the absorbed dose of fast electrons from D = 106 to D = 107 Gy leads
to the opposite effect. The amorphization of silica is observed, as evidenced by a sharp
broadening of the diffraction region at 2θ = 18–25◦. At the same time, the intensity decreases
by only 7–9%. On the diffractogram of the material after irradiation with an absorbed
dose of 107 MGy, a sharp increase in the intensity (by 55–60%) of the diffraction region at
2θ = 7−11◦ attracts attention, which can be attributed to a graphite-like phase or graphite
oxide.

Further research should be continued to expand the boundaries of optimal absorbed
radiation doses of fast electrons to achieve the maximum crystallization effect of the silicon–
carbon powder.
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