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It is well-known that at the nano-scale, morphology can play a crucial role in the properties of nanomaterials
and there is still a challenging task to control it during the synthesis. In this work, the morphology of carbon
nanowalls (CNWs) is studied and evaluated on the basis of fractal analysis and Minkowski functionals.
Synthesis of CNWs was carried out using ICP-PECVD method at different growth times. The obtained
samples were examined using atomic force microscopy (AFM) with subsequent processing of the obtained
data using the Gwyddion 2.55 program, which provides a fractal analysis including the height-height
correlation function and the power spectral density function. The Minkowski functionals were plotted
for evaluation of the morphology of the CNWs. The process of the formation of CNWs was considered
depending on the synthesis duration. A possible time-dependent growth mechanism with certain stages of
nanostructures formation is proposed. The correlation between the calculated parameters of morphology
and the electrical properties of CNWs was revealed.
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1 Introduction

Today, nanomaterials and nanotechnology play
an increasingly important role in many key sectors of
human activity in the new millennium [1]. An analy-
sis of the state and trends in the current developing
nanotechnology allows us to assert that nanostruc-
tured carbon materials are very promising objects
for practical application in various industries [2-5].
One of the promising carbon nanomaterials is carbon
nanowalls, which are a type of carbon nanostructure
consisting of graphene sheets arranged vertically on
a substrate in the form of walls with a wall thickness
of several to tens of nanometers [6, 7]. To date, ma-
terials based on CNWs have already been applied in
various electronic devices, such as solar cells [8, 9],
LEDs [10, 11], gas sensors [12,13], etc.

Currently, work on the synthesis of carbon
nanowalls with a predefined morphology is being
actively carried out [6, 14, 15]. Recently the effect

of morphology on various physical properties (op-
tical, electrical, etc.) of CNWs has been revealed
[16]. In this regard, one of the important issues of
nanotechnology is the characterization of morpho-
logical properties of nanomaterials. It is well known
that today the study of morphology is carried out
using scanning electron microscopy and scanning
probe microscopy [17], etc. However, the results
obtained require additional interpretation; therefore,
Minkowski functionals and fractal analysis cur-
rently used for these purposes provide information
on the geometrical parameters of the structure and
morphology of the nanomaterial system [18-20].
This work emphasizes on the study and the evalua-
tion of the morphological characteristics of CNWs
synthesized on a quartz substrate [16] based on the
Minkowski functionals and fractal analysis. In ad-
dition, the correlation of the electrical properties of
CNWs with the obtained morphological parameters
is analyzed.
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2 Methods and analysis

CNW films on quartz substrates were synthesized
by the ICP-PECVD method. The synthesis process
and characteristics of the resulting material are pre-
sented in more detail in our previous work [16]. Since
this article is aimed at the evaluation of the morpho-
logical characteristics of CNWs depending on the
synthesis time and assessing the relationship between
morphology and electrical properties, the results of
the morphology analysis were processed using the
Gwyddion 2.55 program [21, 22], where the height-
height correlation function, the power spectral den-
sity function and Minkowski functionals were calcu-
lated. More details about the analysis methods and
the Gwyddion 2.55 program are described in [20].

3 Results and discussion

The electrical properties of the synthesized
CNWs as a function of growth time were previously
reported in [16] and are given in Table 1. As can be
seen, there is a trend towards an increase in height
and a decrease in surface resistance as a function of
synthesis time. The specific conductivity of the sam-
ples is approximately the same depending on the syn-
thesis time, with the exception of the sample grown
for 50 min, which demonstrates a small minimum.
In [16], this effect was explained by a change of the
morphological and structural properties (ratio of Ra-
man peaks and degree of graphitization) of CNWs
depending on the synthesis time. However, a com-
plete morphological analysis based on the calculated
height-height correlation function, power spectral
density function, and Minkowski functionals was not
carried out.

Figure 1 shows 3D models of the CNWs at dif-
ferent synthesis durations. As can be seen, the mor-
phology of the obtained CNWs differs significantly,
both in height and in the topology. As in previously
reported papers [20,23,24], the fractal analysis was
carried out by means of the height-height correlation
H(r) and power spectral density (PSD) functions.
Figure 2a shows log plots of H(r) for four surfaces.
H(r) is a function for determining fractal dimension
using the power of difference between the points on
different surface structural units (roughness). The re-
sultanting plots are characterized by two modes; the
first is a linear region at small » values and the second
is a nonlinear region at large » values. Nonlinear re-
gions have oscillatory characteristics. Such observa-
tions are typical for self-affine surfaces [20,23,24].
The graph shows an increase in the value of H (r)
depending on the time of CNWs synthesis. It is note-

worthy that the curve of the sample obtained at 50
min differs from the others. The value of a for the
samples synthesized at 30,40,60 min is very similar
and has a value of the order of ~1.2, while for the
case of 50 min it equals to ~1.3. An increase in the
value of a indicates a higher surface roughness [25].

Table 1 — Thickness and electrical properties of CNWs as
a function of growth time [16]

i Sheet Electrical
Synthesis . > ca
duration | Height.nm | resistance, | conductivity,

Q/cm Qlcm?!
40 min 85 ~1600 ~70
50 min 160 ~900 ~60
60 min 190 ~600 ~70

Next, fractal analysis was performed using Pow-
er Spectral Density Functions (PSDF), correspond-
ing results are presented in logarithmic scales in Fig-
ure 2b. The plots are characterized by approximately
constant PSDF values, which is smooth region at
very low spatial frequencies, an area of constant
slope, and a plateau at very high spatial frequencies.
These characteristics are typical for surfaces with
dominant random properties (self-affine) and less pe-
riodic behavior [26]. In addition, an increase in the
PSDF value depending on the time of synthesis of
CNWs is observed. The slope of the PSDF curve (y)
corresponds to various evolutionary processes occur-
ring on the surface [27]. The y value was estimated
from the slope of the linear approximation of the
high-frequency region of the PSDF curve (see Fig.
2b). The value of y is ~2.4 for CNW films synthe-
sized at 30-40 min. While in the case of synthesis at
50-60 min, an increase in the y value up to ~2.5 of is
observed. Thus, the obtained values of y, which are
rather close ~2.4-2.5, indicate diffusion processes
associated with the morphological evolution of CNW
films [25, 28].

Two-dimensional ~ Minkowski  functionals,
volume (V), boundary length (S), and connectivity/
Euler characteristic (y), depicted in Figure 3, are
used to describe morphological features that cannot
be determined using classical image analysis
methods. Minkowski functionals imply the division
of the received images into two parts (upper and
lower) based on a threshold value. The upper and
lower regions correspond to plateaus and valleys,
respectively.
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Figure 2 — (a) Double log plots of height-height correlation (H) as a function of shift (r) for CNWs,
(b) double log plots of power spectral density (PSDF) as a function of the spatial frequency for CNWs

The Minkowski volume functional V, which
basically shows surface coverage, varies across the
samples. Figure 3a shows that the distributions in
the samples obtained at 30, 40 and 60 minutes are

6

very similar and the functionals are symmetrical.
While the functional of the sample synthesized at
50 min is very different and asymmetric. Large
V values indicate the dominance of high regions
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(plateaus), while small values are due to the
dominance of trenches and tiny holes (valleys) on
the surface.

The Minkowski boundary length (S) characterizes
the global perimeter of any region (low or high region)
and has the dimension of length. This parameter
describes the character of the morphology of the film
surface. Figure 3b shows curves similar for samples
obtained at 30-, 40- and 60-minutes growth times,
however, with increasing duration of synthesis of the
CNWs leads to decrease in the value of S, which also
indicates a decrease in the specific surface area and in
roughness. The analysis results for the samples at 50
min are quite different. A shift of the peak is observed
and the intensity is much greater compared to that for
the samples at 40 and 60 min. This is apparently due
to an increase in the roughness of the sample and a
decrease in the density of the walls.

The Minkowski connectivity () characterizes
the difference in the number of high- and low-level

regions and describes the topological pattern (fractal
nature) of a microphotograph.  is a characteristic
of properties that depend on the relationship of
nanostructures in the network, such as the percolation
threshold, conductivity, and others associated with
the transfer of gas, heat, electrons, etc. between
nanostructures [29].

Positive values of y mean the predominance of
high-domain features on the surfaces. Negative values
indicate the prevalence of valleys, a minimum indicates
the highest density of valleys, and a maximum value
corresponds to the densest peaks. As it is seen from
Figure 3c, the y value decreases depending on the
synthesis time at 30, 40, and 60 min, which also
indicates a decrease in the degree of roughness. There
is a considerable difference at the synthesis time of
50 min, which is not consistent with other curves of
connectivity. In particular, there is a noticeable shift
in the peak position, which most likely describes the
distinctive morphology of this sample.

-02 00 02

04 06 08 10 1.2

2/Zax

Figure 3 — Two-dimensional Minkowski functionals of carbon nanowalls (a) volume,
(b) boundary length, (¢) connectivity
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The significant difference in the morphology of
the samples obtained at 50 min from the rest is prob-
ably can be explained by the fact that depending on
time a kind of cyclic growth process occurs during
the synthesis of CNWs [30-32]. After the formation
of initial CNWs, an increase in time leads to vertical
growth of certain walls, the density of which com-
paratively low. A further increase in time leads to a
growth of the CNWs in the horizontal direction, i.e.,
the wall density increases. Thus, an increase in syn-
thesis time leads to the synthesis of CNWs with dif-
ferent morphology and structure, which in turn leads
to a change in the electrical properties. Analysis of
the results based on fractal analysis and Minkowski
functionals (see Figure 2-3) indicate a distinctive
morphology for the sample synthesized at 50 min,
the density of CNWs in these samples is much lower
compared to others, which leads to a minimum value
of conductivity (see table one).

4 Conclusions

In this work, we studied and evaluated the mor-
phological characteristics of CNWs synthesized

on quartz substrates by the ICP-PECVD method.
Morphology was evaluated usifn fractal analysis
and Minkowski functionals. The dependence of the
morphology of the obtained CNWs on the synthesis
time was determined, which is also significantly no-
ticeable when evaluating the fractality, roughness,
and Minkowski functionals. The analysis results of
the height-height correlation, power spectral density
functions and two-dimensional Minkowski function-
als, boundary length (S), volume (V), and connec-
tivity / Euler characteristic () indicate a significant
difference in the morphology of the samples obtained
at 50 min, which further explains the minimum value
of specific electrical conductivity for this sample.
The process of CNWs formation was considered de-
pending on the synthesis time, and the effect of mor-
phology on the electrical properties of CNWs was
revealed.
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Oxide semiconductor nanostructured materials attract considerable attention of researchers due to their
efficiency in electronics, optics, photonics, and other applications. One-dimensional semiconductor
nanostructures such as nanowires, nanorods, and nanotubes are widely used for both academic research
and industrial applications. Such nanostructures are useful materials for investigating of the dependence
of electrical, thermal, and mechanical properties on dimensionality and size reduction. Actual study is
the effect of postgrowth treatments on the properties of synthesized materials in order to improve their
optical and electrical characteristics. In this work, we consider the effect of thermal annealing and treatment
in hydrogen plasma on the morphology, optical, structural, and photoluminescent properties of samples
consisting of zinc oxide nanorods obtained by chemical solution deposition. It is shown that the passivation
of charged oxygen acceptors on the surface of grain boundaries upon short-term treatment in hydrogen
plasma followed by thermal treatment in air makes it possible to activate the photoluminescence of ZnO
obtained by chemical solution deposition and to obtain conductive transparent layers of ZnO nanorods with
intense photoluminescence.

Keywords: zinc oxide, chemical deposition, optical properties, photoluminescence, plasma treatment, heat
treatment.
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1 Introduction

Nowadays, nanostructured materials of oxide
semiconductors are used as functional units in
the manufacture of electronic, optoelectronic,
electrochemical, and electromechanical nanodevices
[1-3]. Among one-dimensional nanostructures, zinc
oxide (ZnO) nanorods are one of the most important
nanomaterials actively used in the modern world
[4].

Zinc oxide is a semiconductor material with a
direct band gap (3.37 eV) and a high exciton binding
energy (60 meV) at room temperature [5]. ZnO is
also biocompatible, biodegradable, and biosafe for
medical and environmental applications [6]. Under
normal conditions, ZnO exhibits the hexagonal
wurtzite structure. The structure of ZnO can be
described as a series of alternating planes consisting
of tetrahedrally coordinated O* and Zn*" arranged
alternately along the axis. Due to their characteristics
in electronics, optics, and photonics ZnO nanorods are
attractive for use in solar cells [7-9], nanogenerators

[10], gas sensors [11], photodetectors [12], and other
devices. Among these applications ZnO nanorods
are increasingly being used as photocatalysts
to inactivate bacteria and viruses as well as to
decompose environmental pollutants such as dyes,
pesticides, and volatile organic compounds with
appropriate light irradiation [13-14].

To obtain ZnO layers with the required
properties, different types of post-growth treatment
of nanorods are used. Among others, heat treatment
in atmosphere and hydrogen plasma treatment are
often used. The annealing process is one of the
most important methods that can greatly affect the
properties of ZnO nanostructures. Many researchers
report, that ZnO sensor devices become more
sensitive to UV after annealing. Annealing as a
surface treatment process can remove surface defects
and impurities and change the surface absorption and
desorption of oxygen molecules, thereby improving
the surface condition of ZnO [15]. It is known
that photoconductivity in ZnO nanostructures is
controlled by the adsorption and desorption of oxygen
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on the surface [16]. Consequently, the annealing
process can improve the photosensitivity as well as
the photoresponse of ZnO by modifying the surface
and improving the structure. In turn, annealing in
a hydrogen atmosphere is often used to improve
the electrical and optical properties of ZnO, since
as known hydrogen atoms passivate broken bonds
on the surface and energy states in the band gap
[17]. During H-plasma treatment several processes
occur in ZnO, including the diffusion of thermally
and plasma-activated ZnO. Correspondingly, a
significant increase in the near edge emission of ZnO
was observed in a number of works after treatment
with H, plasma [18, 19]. The processing leads to the
appearance of various hydrogen-related transitions in
the NBE emission band. It is assumed that complexes
of zinc vacancies with oxygen and hydrogen atoms
are responsible for these transitions [20]. It was
found that the associated exciton transitions as well
as the electronic levels associated with the surface
effect on the luminescence spectra of ZnO at the
band edge at low temperatures after treatment in H,
plasma [21] and the emission at the band edge [22].
Another well-known effect caused by surface states
in ZnO is the constant photoconductivity, which
prevents the dark current from being rapidly restored
after UV excitation and is a major drawback for the
widespread use of ZnO-based thin-film transistors
and photodetectors [23].

In this work we study the effect of thermal
annealing, hydrogen plasma treatment, and treatment
in hydrogen plasma with preliminary annealing
in air on the morphology, optical, structural, and
photoluminescent properties of zinc oxide samples,
obtained by chemical solution deposition.

2 Description of the experiment and discussion
of the results

Nanostructured zinc oxide layers were synthesized
by chemical solution deposition. A thin seed layer of
ZnO (~1-10 nm) was uniformly deposited on spotless
glass substrates by the sol-gel method. The sol solution
was prepared by dissolving 0.4 g of zinc acetate
(Zn(CH,CO0),) in 10 ml of ethanol with thorough
stirring on a magnetic stirrer at room temperature
for two hours. Drying at 110°C and final annealing
at a temperature of 450°C for 60 minutes in a muffle
furnace led to the formation of uniform over the entire
surface of the substrates seed layer.
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The synthesis was carried out in a glass beaker
on a steam bath for two hours on a heated magnetic
stirrer at a temperature of 90°C.

The ZnOrods were grown in an equimolar solution
containing 75 mM zinc nitrate Zn(NO,),x6H,0
(Sigma Aldrich) and 75 mM hexamethylenetetramine
CH,N, (HMTA, Sigma Aldrich) dissolved in
distilled water (18.2 MQxcm). The samples were
placed at a slight angle to the vertical, with their
faces facing the walls of the beaker. At the end of
the synthesis, the samples were washed with distilled
water and then dried in an oven at a temperature of
110-115°C.

Thermal annealing was carried outatatmospheric
pressure in air in the temperature range from 100°C
to 450°C in a quartz tube furnace. Plasma treatment
in a hydrogen atmosphere (H-treatment) was carried
out in a quartz cylindrical reactor with an inner
diameter of 30 mm. During the hydrogen plasma
treatment, the frequency of the high-frequency
generator, the power of the high-frequency source
and the discharge pressure were maintained at
27.12MHz, 15 W and 70 Pa, respectively. Plasma
treatment was carried out at room temperature
without intentional heating of the substrate;
however, the temperature of the substrate during
treatment in hydrogen plasma slightly increased to
~60°C due to high frequency absorption.

The results of the study by electron microscopy
of ZnO samples synthesized by chemical solution
deposition: initial, subjected to thermal annealing
in a muffle furnace at a temperature of 450 ° C for
one hour (AT), treated in hydrogen plasma (PT), and
also treated in hydrogen plasma with preliminary
annealing in air (A + PT), — showed that the
synthesized samples are homogeneous layers over
the entire surface of the substrate, consisting of
rods fused at the base, oriented perpendicular to the
substrate (Figure 1).

Initial samples have the highest ratio of crystal
length to their thickness (aspect ratio AR), while
samples subjected to plasma treatment have the
lowest AR (Table 1).

Optical properties, such as optical density
spectra and transmission spectra, were studied
for all synthesized ZnO samples (Figure 2a, 2b,
respectively). The results of the analysis of optical
properties allowed us to determine the energy gap of
the prepared samples using Tauc’s method (Figure
2¢).
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Figure 1 — Morphology of ZnO samples: a, b — initial; ¢, d — subjected to thermal annealing in
a muffle furnace at a temperature of 450 °C for one hour; e, f — treated in hydrogen plasma with
preliminary annealing in air; g, h — treated in hydrogen plasma
13
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Table 1 — Physicochemical properties of ZnO nanorods
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Figure 2 — Optical properties of ZnO films obtained by chemical deposition:
(a) absorption spectra, (b) transmission spectra, (¢) Tauc Plot diagram
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The optical absorption spectra near the band gap
of the sample annealed in air and also annealed in
air followed by treatment in hydrogen plasma are
similar. Samples treated in hydrogen plasma had the
lowest absorption. This suggests that grown ZnO has
numerous large number of electronic levels that are
involved in light absorption, and the optical activity
of these levels can be passivated by H-treatment.
The highest absorption was noted for the original
samples. It was found that the optical band gap is Eg
=3.125 eV for the original samples, 3.15 eV for the
samples subjected to thermal annealing, 3.2 eV for
the samples annealed in air followed by treatment in
hydrogen plasma, 3.25 eV for samples treated with
hydrogen plasma only (Table 1).

The XRD measurements were carried out under
the same conditions. The diffraction peaks present
indicate the hexagonal structure of the wurtzite of all
samples under study. An analysis of the diffraction
patterns showed a high crystallinity of all samples
with a predominant (002) orientation with a slight
difference in the intensity of the diffraction peaks.
No significant effect of treatments on the structural
properties of the samples was noted. The cell
parameters of all samples are given in Table 1. Figure
3 shows the X-ray diffraction pattern of the original
ZnO sample.
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Figure 3 — Diffractogram of the initial ZnO sample

The photoluminescence spectra of ZnO samples
synthesized by chemical solution deposition were
studied (Figure 4). The photoluminescence spectra
were measured at room temperature under excitation
with light with a wavelength of 300 nm. As can be
seen from Figure 4, immediately after synthesis the
PL spectra show mainly an impurity band with a

maximum at ~620 nm, and the intrinsic PL band
almost does not appear. After annealing in air for an
hour the maximum of the impurity PL band shifts
by ~560 nm. Plasma treatment leads to a change in
the ratio of the intensities of intrinsic and impurity
photoluminescence bands. Preliminary annealing
in the atmosphere followed by plasma treatment
promotes a sharp increase in the intrinsic PL band.

1000 -

500 - —plasma treatment
800 - NBE —air and plasma treatments
g 0" —initial
£ w00 4
E —air treatment
£ s00
1%}
3
£ a00
= 3
d 300
200
100 |1 2 DLE
0
300 400 500 600 700 800

Wavelength (nm)

Figure 4 — Photoluminescence spectra of ZnO samples:
1. initial; 2. thermally annealed in a muffle furnace at
450°C for one hour; 3. treated in hydrogen plasma; 4.
treated in hydrogen plasma with pre-annealing in air

A difference was noted in the photoluminescence
spectra of the initial samples and after treatments [24].
The DLE band, which in the original samples had
approximately the same intensity as the NBE band
(Figure 4, spectra 1, 2), was completely passivated
after treatment in hydrogen plasma (Figure 4, spectra
3, 4). The intensity of the NBE band in PT samples
increased after treatment in hydrogen plasma (Figure
4, spectrum 3) by ~17 times compared to the initial
spectrum (Figure 4, spectrum 1). An increase in the
PL intensity may be associated with the passivation
of recombination centers on the surface and in the
bulk, the introduction of shallow donors, and others.
For example, specific chemisorbed oxygen and
various radicals obtained during synthesis are present
on the surface of ZnO, which significantly effect on
the surface recombination and can be passivated
hydrogen [25].

Samples annealed at 450°C followed by
treatment in hydrogen plasma showed an increase in
NBE intensity by a factor of ~65 compared to the
initial PL spectrum (Figure 4). This increase can
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be explained by a change in the structure of surface
defects during thermal annealing, since it is known
that the photoluminescent properties of nano- and
microcrystalline ZnO are largely determined by
surface effects [26]. It is known that the adsorption of
oxygen forms causes the quenching of UV radiation
of ZnO nanoparticles and the restoration of visible
radiation [27].

3 Conclusions

The optical, structural, and photoluminescent
properties of samples consisting of zinc oxide
nanorods vertically oriented with respect to
the substrate, synthesized by chemical solution
deposition, initial, subjected to thermal annealing
in a muffle furnace at a temperature of 450 °C for
one hour, treated in hydrogen plasma, as well as
processed in hydrogen plasma with preliminary

annealing in air, were compared. It is shown that
samples processed in hydrogen plasma had the
lowest absorption coefficient, and the initial ZnO
samples had the highest. The optical band gap for
initial samples was 3.125 eV, 3.15 eV for samples
subjected to thermal annealing, 3.2 eV for samples
annealed in air followed by treatment in hydrogen
plasma, 3.25 eV for samples processed only with
hydrogen plasma. It is noted that the synthesized ZnO
samples subjected to thermal annealing followed
by treatment in hydrogen plasma had the highest
photoluminescence intensity.

Acknowledgments

This research has been funded by the Science
Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (Grant No.
AP08856173).

References

1. R. Sauvik, Md. Ahmaruzzaman. ZnO nanostructured materials and their potential applications: progress,
challenges and perspectives // J. Nanoscale Adv. —2022. — Vol.4. — P.1868-1925. https://doi.org/10.1039/D1NA008S0C

2. P.Honicke, Y. Kayser, K.V. Nikolaev, V. Soltwisch, et. al. Simultaneous dimensional and analytical character-
ization of ordered nanostructures // J. Small. —2022. — Vol. 18. — P. 2105776. https://doi.org/10.1002/smll.202105776

3. U. Wajid, Kh. Muhammad, A. Tariq, A. Muhammad, M. Hafiz, R. Naser. Synthesis, characterization and
application of ZnO nanoparticles for improved growth and Zn biofortification in maize // J. Archives of Agronomy and
Soil Science. -2021. —Vol. 67(9). — P. 1164-1176. https://doi.org/10.1080/03650340.2020.1782893

4. P.K. Aspoukeh, A.A. Barzinjy, S.M. Hamad. Synthesis, properties and uses of ZnO nanorods: a mini review // J.
Int Nano Lett. —2022. — Vol. 12. — P. 153 — 168. https://doi.org/10.1007/s40089-021-00349-7

5. N. B. Raj, N. T. Gowda, O. S. Pooja, B. Purushotham, M. R. A. Kumar, S. K. Sukrutha, C.R Ravikumar.,

H.P. Nagaswarupa, H.C. AnandaMurty, S. B. Boppana. Harnessing ZnO nanoparticles for antimicrobial and photocata-
Iytic activities // Journal of Photochemistry and Photobiology. — 2021. — Vol. 6 — P. 100021. https://doi.org/10.1016/].
jpap.2021.100021

6. M. Carofiglio, S. Barui, V. Cauda, M. Laurenti. Doped zinc oxide nanoparticles: Synthesis, characterization
and potential use in nanomedicine //J. Applied Sciences. — 2020. — Vol. 10 (15) — P. 5194. https://doi.org/10.3390/
appl0155194

7. S. Chu, G. Wang, W. Zhou. Electrically pumped waveguide lasing from ZnO nanowires // J. Nature Nanotech-
nology. —2011. — Vol. 6 (8). — P. 506-510. https://doi.org/10.1038/nnano0.2011.97

8. R. Macaluso, G. Lullo, I. Crupi, D. Sciré, F. Caruso, E. Feltin, M. Mosca. Progress in violet light-emitting
diodes based on ZnO/GaN heterojunction // J. Electronics. — 2020. — Vol. 9(6). — P.991. https://doi.org/10.3390/electron-
1cs9060991

9. S. Shahzad, S. Javed, M. Usman. A Review on synthesis and optoelectronic applications of nanostructured ZnO
//'J. Front. Mater. — 2021. — Vol. 8. — P. 613825. https://doi.org/10.3389/fmats.2021.613825

10. A.R. Prasad, L. Williams, J. Garvasis, K. O. Shamsheera, S. M. Basheer, M. Kuruvilla, A. Joseph. Applications
of phytogenic ZnO nanoparticles: A review on recent advancements // Journal of Molecular Liquids. —2021. — Vol. 331
(6). — P. 115805. https://doi.org/10.1016/j.molliq.2021.115805

11. Zh. Zheng, K. Liu, X. Chen, B. Qiao, H. Ma, D. Liu, L. Liu, D. Shen. High-performance flexible UV photodetec-
tor based on self-supporting ZnO nano-networks fabricated by substrate-free chemical vapor deposition // J. Nanotechnol-
ogy. —2021. —-Vol. 32(47). — P.475201. https://doi.org/10.1088/1361-6528/ac1bda

12. B. Cheng, J. Xu, Zh. Ouyang, C. Xie, X. Su, Y. Xiao, Sh. Lei. Individual ZnO nanowires for photodetectors with
wide response range from solar-blind ultraviolet to near-infrared modulated by bias voltage and illumination intensity //
J. Optics Express. —2013. — Vol. 21 (24). — P. 29719-2973. https://doi.org/10.1364/OE.21.029719

16



D.B. Tolubayeva et al. Phys. Sci. Technol., Vol. 9 (No. 1-2), 2022: 11-17

13. N.K. Rajendran, B.P. George, N.N. Houreld, H. Abrahamse. Synthesis of zinc oxide nanoparticles using rubus
fairholmianus root extract and their activity against pathogenic bacteria // J. Molecules. — 2021. — Vol. 26. — P. 3029.
https://doi.org/10.3390/molecules26103029

14. A.Spoial, C.-I. Ilie, R.-D. Trus, O.-C. Oprea,, V.-A. Surdu, B.S. Vasile, A. Ficai, D. Ficai, E. Andronescu, L.-M.
Dit. Zinc oxide nanoparticles for water purification // J. Materials. — 2021. — Vol. 14. — P. 4747. https://doi.org/10.3390/
mal4164747

15. S. M. Faraz, S. R. Jafri, H. Khan, Q. Wahab, O. Nur. Effect of annealing temperature on the interface state
density of n-ZnO nanorod/p-Si heterojunction diodes // J. Open Physics. — 2021. -Vol. 19(1). — P. 467-476. https://doi.
org/10.1515/phys-2021-0053

16. S. Dhara, P. K. Giri. Enhanced UV photosensitivity from rapid thermal annealed vertically aligned ZnO
nanowires // J. Nanoscale Rres. Lett. —2011. — Vol. 6(1). — P 1-8. https://doi.org/10.1186/1556-276X-6-504

17. K. A. Abdullin, G. Cicero, L. V. Gritsenko, S. E. Kumekov, A. A. Markhabaeva. Effect of annealing and hy-
drogen plasma treatment on the luminescence and persistent photoconductivity of polycrystalline ZnO films // Journal of
Applied Physics. -2017. — Vol. 121(24). — P. 245303. https://doi.org/10.1063/1.4989826

18. I. Lorite, J. Wasik, T. Michalsky, R. Schmidt-Grund, P. Esquinazi. Hydrogen influence on the electrical and opti-
cal properties of ZnO thin films grown under different atmospheres // J. Thin Solid Films. —2014. —=Vol. 556. — P.18-22.
https://doi.org/10.1016/j.ts£.2013.12.057

19. J. Han, A. Abliz, D. Wan. Impact of hydrogen plasma treatment on the electrical performances of ZnO thin-film
transistors // Chinese Journal of Physics. — 2022. — Vol. 77. — P. 327-334. https://doi.org/10.1016/j.cjph.2022.03.005

20. L. Wang, Y. Jia, Y. Wang, Sh. Zang, Sh. Wei, J. Li, X. Zhang. Defect passivation of low-temperature processed
ZnO electron transport layer with polyethylenimine for PbS quantum dot photovoltaics // J. ACS Appl. Energy Mater. —
2019. — Vol. 2(3). — P. 1695-1701. https://doi.org/10.1021/acsaem.8b01756

21. R. Crapanzano, I. Villa, S. Mostoni, M. D’Arienzo, B. Di Credico, M. Fasoli, R. Scotti, A. Vedda. Morphology
related defectiveness in ZnO luminescence: From bulk to nano-size // Nanomaterials. —2020. — Vol. 10. — P. 1983. https://
doi.org/10.3390/nano10101983

22. J. Rodrigues, T. Holz, R. F. Allah, D. Gonzalez, T. Ben, M. R. Correia, T. Monteiro, F. M. Costa. Effect of N,
and H, plasma treatments on band edge emission of ZnO microrods // J. Sci. Rep. —2015. =V. 5. — P. 10783. https://doi.
org/10.1038/srep10783

23. L.V.Tudose, P. Horvath, P. Horvath, M. Suchea, M. Suchea. Correlation of ZnO thin film surface properties with
conductivity // J. Applied Physics A. —2007. — Vol. 89(1). — P.57-61. https://doi.org/10.1007/s00339-007-4036-3

24. R. A.Kh. Abdullin, M. T. Gabdullin, S. K. Zhumagulov, G. A. Ismailova, L.V. Gritsenko, M. Mirzaeian, Y. Y.
Kedruk. Stabilization of the surface of ZnO films and elimination of the aging effect // Materials. -2021. — V. 14 (21). - P.
6535. https://doi.org/10.3390/mal14216535

25. R. Gurwitz, R. Cohen, I. Shalish. Interaction of light with the ZnO surface: Photon induced oxygen “breathing,”
oxygen vacancies, persistent photoconductivity, and persistent photovoltage // J. Appl. Phys. — 2014. — Vol. 115. -P.
033701. https://doi.org/10.1063/1.4861413

26. Y.Ma, T. Choi, S.H. Cheung, Y. Cheng, X. Xu, Y. Xie, H. Li, M. Li, H. Luo, W. Zhang. Charge transfer induced
photoluminescence in ZnO // J. Nanoparticles. Nanoscale. — 2019. Vol. 11. — P. 8736-8743. https://doi.org/10.1039/
CONRO02020A

27. D.S. Bohle, C.J. Spina. The relationship of oxygen binding and peroxide sites and the fluorescent properties of
zinc oxide semiconductor nanocrystals // J. Am. Chem. Soc. -2007. —Vol. 129. —P. 12380-12381. https://doi.org/10.1021/
ja0747223

© This is an open access article under the (CC)BY-NC license (https://creativecommons.org/licenses/bync/4.0/).
Funded by Al-Farabi KazNU

17



Physical Sciences and Technology. Vol. 9 (No. 3-4), 2022: 18-24

IRSTI 44.01.05

Capacitive electrodes based on a combination
of activated carbon and graphene

Sh. Nurbolat"**

M. Mirzaeian*

, M. Gabdullin®* ", Zh. Kalkozova? ",
and Kh. Abdullin?

'Almaty University of Power Engineering and Telecommunication, Almaty, Kazakhstan
2Al-Farabi Kazakh National University, Almaty, Kazakhstan
3Kazakh-British Technical University, Almaty, Kazakhstan
4School of Computing, Engineering and Physical Sciences, University of the West of Scotland, Paisley, UK
*e-mail: shyryn0709@gmail.com
(Received 27 September 2022; received in revised form 5 December; accepted 24 December 2022)

As an important element of energy storage systems, Supercapacitors are energy storage devices with high
power density. The optimal materials and designs for supercapacitors are currently being studied very
intensively, and despite many years of research in this area, the development of electrode materials with
optimal properties problem remains very relevant. In order to ensure their high efficiency, along with a
high specific capacitance, it is important to lower their series resistance. Carbon materials with a high
specific surface area have been widely used as potential electrode material for supercapacitors, however
their insufficiently low electrical resistivity limits the energy and power density of the device. Therefore, for
optimizing the energy storage and power capability of supercapacitors, development of composite materials
electrodes with optimized properties and low electric resistance is crucial. In this article, composite
electrodes based on a combination of activated carbon and graphene are obtained and their properties are
investigated. The capacitive performance of the composite electrodes is tested in an electrochemical cell

https://doi.org/10.26577/phst.2022.v9.i12.03

and their advantage for lowering the electrical resistance of the device is shown.

Keywords: supercapacitors, energy storage, electrodes, graphene, carbon.

PACS number: 81.05.ue

1 Introduction

Renewable energy is rapidly developing at the
present time. Various types of renewable green
energy, such as solar photovoltaics, tidal and wind
energies, show intermittent activity that depends
on the time of day, season and weather. Therefore,
energy storage and accumulation devices that dampen
surges in the supply and consumption of electricity
and ensure the security of the supply are necessary
for the creation of modern energy systems and our
future energy demands. An important role in such
energy storage and accumulation systems is played
by electrochemical devices, which are also widely
used to power different electrical systems such as
electric vehicles, electric autonomous devices, and
various electrical gadgets [1-2].

Batteries and electrochemical capacitors
are at the forefront of electrical energy storage
technologies.  Electrochemical batteries, in
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particular lithium-ion batteries are technologies
with high energy density and maximum specific
energy storage capacity. While supercapacitors,
which are the most important element of energy
storage and accumulation systems, have the
highest specific power. In electrochemical double
layer capacitors (also called supercapacitors),
energy is stored in the form of opposite electric
charges on electrodes separated by a separator
creating an electric double layer at the electrode/
electrolyte interface [3-5]. They store more
energy than ordinary capacitors and since charge
carriers on a double charged layer do not cross
the electrode-electrolyte interface during charge-
discharge processes, supercapacitors have very
high stability during cyclic operation with a very
fast accumulation and release of charge during
charge/discharge. The specific capacitance of the
device is determined by the amount of charge that
can be accumulated on the electrode surface, and
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therefore the specific surface area of electrode is
an important factor that determines the capacitance
[6].

Supercapacitor technology has been intensively
developed due to its high practical importance.
However, despite of a significant research in the
development of high energy supercapacitors in
recent years, their performance to address the gap in
the energy/power requirements of energy systems is
not achieved yet [7-9].

Carbon-based nanostructured materials are very
promising for the manufacture of electrochemical
supercapacitors due to their significantly high specific
surface area. Supercapacitors based on different
carbon materials, such as activated carbon [10],
graphene [11], reduced graphene oxide composites
[12], carbon nanotubes [13-15], composites of
graphene and carbon nanotubes [16], various carbon
particles with developed morphology and high
crystallinity, mesoporous carbon [17], doped porous
carbon [18] with low electrical resistance are used as
electrode materials for supercapacitors to improve
the performance of their by lowering the electrical
resistance of the electrodes. Li et al., and Bukhari et
al., have also used carbon matrix to create a hybrid
electrode material for supercapacitor electrodes [19,
20].

In order to improve the charge/discharge rate
capability of the device by lowering the electric
resistance of the electrodes and at the same time,
maintaining its capacitance high by keeping the
specific surface area of the carbonused as electroactive
material, the fabrication of electrodes from carbon
matrix composites is of high practical importance.
This paper presents the results on the development
of asymmetric supercapacitors using capacitive
composite electrodes obtained from activated carbon
and reduced graphene oxide.

2 Experiment details

The electrodes were made from activated carbon
powder and graphene oxide. Commercial activated
carbon had a surface area of 1800 m?g! according to
the manufacturer’s certificate. The surface area of the
activated carbon used in this work was measured by
the BET method (Brunauer-Emmett-Teller Method)
and amounted to 1718 m?g!. Graphene oxide (GO)
was obtained by a modified Hummers method [21].
The reduction of graphene oxide was carried out by
annealing in vacuum at temperatures from 110°C to
500°C and irradiation with UV radiation. To obtain
reduced graphene oxide (rGO) by irradiation with
UV light, a DRT 400 mercury lamp fed was used. The

lamp was fixed in a horizontal position 10 cm above
the sample. The reduction of GO was monitored by
XRD using a MiniFlex Rigaku diffractometer and
by measuring the electrical resistance of GO layers.
The GO layers were created by depositing a thin
layer of an aqueous GO suspension on a 76x26 mm?
glass substrate, followed by drying at ~100°C under
atmospheric conditions. Then the glass substrate
was cut into samples of the required size for further
studies. The electrical resistance of the GO layers
was measured with a Keithley Instruments 6517B
electrometer. The morphology of the samples was
studied using a Quanta 200i 3D scanning electron
microscope (SEM).

Electrode were fabricated using ~80 wt% mixture
of activated carbon and rGO as active material, ~10
wt% carbon black as conductivity enhancer and ~10%
polyvinylidene fluoride (PVDF) as binder. Acetone
was used as a PVDF solvent. Nickel foam was used
as conductive substrates for capacitive electrodes. A
uniform paste was produced by mixing the electrode
constituents in acetone for 3 h under magnetic
stirring. The paste was then applied on nickel foam
substrate. A two-electrode cell was then constructed
using the fabricated electrodes with paper filter
as a separator between them where an electrolyte
comprising a KOH solution (3.5M) was added to the
separator. The electrochemical performance of the
cell was measured using an Elins P-40X-FRA-24M
potentiostat.

3 Results and discussion

Figures la and 1b show SEM images of the
original graphene oxide GO and the reduced graphene
oxide rGO. SEM images of activated carbon (AC)
used in this work and carbon black, which serves to
fill the voids between AC particles, are also shown in
Figures 1¢ and 1d, respectively.

For XRD analysis and electrical measurements,
GO films were formed on glass substrates. A volume
of an aqueous GO emulsion of about 100 pL per 1
cm? was applied with a micropipette onto a previously
degreased glass substrate. After the emulsion dried, a
film about 5 microns thick was formed. XRD patterns
of the GO sample (Figure 2, curve 1) indicate a large
interplanar spacing between graphene GO planes
and a high degree of oxidation of graphite obtained
by the Hummers method. Annealing in vacuum at
temperatures of 110°C (curve 2) and 500°C (curve
3) leads to a decrease in the distance between the
graphene planes, which is an indication of the
reduction of GO under vacuum. It should be noted
that the decrease in the distance between graphene
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planes occurs very slowly at annealing temperatures
from 100 to ~140°C, and upon annealing between
140 and 150°C, the distance between graphene
planes is abruptly restored to values corresponding
to graphite. This abrupt reduction corresponds to
the desorption of oxidizing radicals intercalated

into graphite and the release of gases [20]. In this
case, GO films lose their mechanical strength. For
applied purposes, it is important to obtain strong
and conductive films; for this, it is necessary to use
the control of the electrical properties of films in
the process of reduction.

Figure 1 — SEM images of the carbon materials: (a) GO film on silicon substrate,
(b) rGO, (c) activated carbon, and (d) carbon black

The original graphene oxide creates strong
dielectric films on the substrate, by measuring the
electrical resistance of the films, it is possible to
monitor the GO reduction process at low (100—
110°C) temperatures with high sensitivity and
determine the optimal reduction modes. To reduce
GO, we used two methods: vacuum annealing and
UV irradiation with a mercury lamp; the electrical
resistance of the films was determined by the two-
probe method.

It was found that vacuum annealing is much more
efficient than annealing in air. For example, GO films
remained dielectric after annealing in air at 110°C for
60 minutes, and after vacuum annealing at the same
temperature, the electrical resistance dropped to
8x10% Ohm. Tt is interesting to note that an increase in
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the duration of vacuum annealing of the GO film did
not lead to a further drop in its electrical resistance.
It can be concluded that the drop in resistance of the
film is presumably due to both thermal action, which
causes desorption of a part of oxidizing radicals, and
film compaction.

Another method used for reducing GO was UV
light irradiation. Figure 3 shows the result of various
combinations of exposure to vacuum annealing
at 110°C/60 minutes and exposure to light from a
mercury lamp. Curve 1 corresponds to the resistance
of samples that were first annealed in vacuum at
110°C and then subjected to UV irradiation for up
to 200 minutes. It can be seen that an increase in the
time of UV irradiation leads to a progressive decrease
in the electrical resistance of GO film.
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Figure 2 — XRD patterns of the carbon materials used:
original GO (1), GO after vacuum annealing at 110°C (2)
and 500°C (3), carbon black (4) and activated carbon (5)

It was found that when the sequence of operations
is reversed, i.e., first irradiating the GO film with
UV and then annealing it in vacuum at 110°C/60
minutes, the electrical resistance of the film decreases
by approximately 3 orders of magnitude, as shown
in Figure 3, curve 2. Moreover, if UV irradiation is
carried out after vacuum annealing, then the electrical
resistance of the films almost does not decrease
(curve 3 in Figure 3). It can be concluded that
vacuum treatment densifies the GO structure, which
hinders the release of desorbing oxidative spices from
graphene oxide; therefore, such treatment should be
applied at the final stage of obtaining rGO.

Despite the drop in the electrical resistance of
rGO by many orders of magnitude compared to the
original GO, the XRD data show insignificant but
regular changes in the structure of rGO relative to
GO, as can be seen from Figure 4. The intensity
decreases, while the relative intensity of the (002)
reflection increases.

The capacitive electrodes were made of AC
activated carbon with rGO additives, acetylene black
as a filler, polyvinylidene fluoride PVDF polymer
as a reinforcing material, nickel foam serving as a
substrate. In order to reduce the series resistance of
the electrodes, rGO, which has a higher electrical
conductivity, was added to the activated carbon. The
resulting mixture was applied to a nickel foil substrate

with an area of 1x1 cm?, which was thoroughly
degreased beforehand. Two electrodes with the same
mass were made in pairs.
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Figure 3 — Measurement of the electrical resistance of
GO layers depending on the time of exposure to UV
light: 1 — annealing in vacuum at 110°C followed by UV
irradiation, 2 — UV irradiation followed by annealing
at 110°C in vacuum, 3 — short-term (5 minutes) UV
irradiation with subsequent annealing at 110°C in
vacuum, followed by repeated UV irradiation
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Figure 4 — XRD patterns of the graphene oxide: GO — as-
synthisized GO, VA — vacuum annealing, VA+UV200min
— vacuum annealing followed by irradiation with UV
light for 200 min, UV20min+VA — irradiation with
UV light for 20 min followed by vacuum annealing,
UV40min+VA — irradiation with UV light for 40 min
followed by vacuum annealing
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Figure 5(a) shows the cyclic voltammograms of
activated carbon (AC) and a mixture of AC : rGO =
10 : 1 (AC+Graphene) used as electroactive material
with 3.5 M KOH electrolyte in the electrochemical
capacitor measured at a sweep rate of 10 mV s, It
can be seen that the shape of the CV curves is close
to rectangular, redox current peaks disappear, which
corresponds to the purity density of the materials
used. At the same time, for the AC + rGO capacitor,
the CV curves are more rectangular than those for
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the AC capacitor. This is due to their lower series
resistance of the AC-rGO mixture as shown before.

Galvanostatic charge-discharge (GCD) curves
normalized to a current of 1 A g (Figure 5 b) show
that the capacitances of the AC and AC+rGO mixture
capacitors are close, but the AC+rGO electrodes
show less series resistance because the potential
jump at the change in current direction is less than
that of AC electrodes and correspond to a resistance
of 6 ohms versus 10 ohms for AC electrodes.
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Figure 5 — Cyclic voltammograms of capacitors using activated carbon (AC) and a mixture
of AC : tGO =10 : 1 (AC+rGO) as electrode material (a); GCD curves of activated carbon (AC)
and mixture (AC+rGO) capacitors at 1 Ag!' current (b)
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Figure 6 — The dependence of the capacitance of capacitors obtained from the current-voltage curves (a)
and the galvanostatic charge-discharge curves (b)
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Figure 6 shows graphs of capacitor capacitance
changes with increasing galvanostatic charge-
discharge GCD (Figure 6a) and increasing scan rate
when measuring CV cyclic voltammograms (Figure
6b). It can be seen that the addition of graphene
slows down the capacitance drop at high sweep rates
for the CV curves and at high currents for the GCD
curves. Thus, the presence of graphene improves
performance in the high current region, that is, in the
working region of supercapacitors, by improving the
electrical characteristics of the material.

The specific capacitance of carbon capacitors also
decreases with an increase in the mass of the electrode
load, and this is a significant technical problem. The
CV curves measured at low sweep rates for electrode
loads in the range of 10 to 100 mg cm™ are almost the
same, however, as the potential scan rate increases,
the electrodes with higher load masses show faster
capacitance drops much faster for high load masses.

4 Conclusions

The drop in specific capacitance is due to an
increase in the thickness of the carbon layer and,
accordingly, an increase in the electrical resistance of
the electrode. Series electrical resistance also limits

the power of the capacitor. In thinner electrodes, the
charge distribution in the electrode layer is kept the
same and the contribution of the entire electrode to
the capacitance is uniform, however with increase
in the electrode’s thickness, the charge distribution
in the electrode depth varies and the contribution
to the capacitance of regions remote from the
surface in contact with the metal current collector
decreases, and therefore in order to maintain their
capacitive contribution, long charge-discharge times
are required. This could be considered as one of the
main advantages of supercapacitors which allows
maintaining release of energy in different time
scales to respond to the energy demands in a range
of delivery times where, high developed powers, are
leveled. The creation of a mixture of activated carbon
and graphene with different ratios could contributes
to a decrease in electrical resistance improving the
energy/power response characteristics of capacitors
in the energy continuum demands.
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This paper presents the results of the entropy calculation of the equilibrium constants of chemical reactions
at liquid-phase sintering of SiC ceramics with eutectic additives. The composition of the charge for sintering
ceramics with nanoadditives forming the liquid phase was determined: MnO__ 1.5 wt. % +AlL,O, 2 wt.%
+ SiCllm 94 wt. % + SiOZHmZ.S wt. %. Possible chemical reactions of liquid-phase sintering of ceramics at
a temperature of 1800 °C in a weakly reducing CO medium were established. The values of the change in
the Gibbs energy for all possible chemical reactions at a sintering temperature of 1800 °C were calculated
by the method of entropy calculation of the equilibrium constants. The elements of the liquid phase and
reinforcing additives were determined.The elements of the liquid phase and reinforcing additives were
determined. The structure and properties of finished sintered ceramic samples were studied. Microstructural
analysis of ceramics indicated its grain structure with an average grain size of ~10 pm. The main phase
components of the ceramics based on silicon oxide were determined. It was found that the sample consists
of three main phases: modification of the ring radical of silicate Si,O,, silicon dioxide SiO, and anorthoclase
(SiADO,.
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1 Introduction

Rapid development of science and technology
results in the need to create fundamentally new
materials capable of operating under extreme
conditions and increased mechanical loads. Such
materials should be resistant to thermal effects, have
high density and low porosity, and other features for
thermally and mechanically loaded material [1, 2].
The most promising today are ceramic composite
materials obtained using modern technologies and
the achievements of science and technology [3, 4].
Composite materials are heterophase systems of two
or more components, with the preservation of the
individual properties of each individual component
[5].

The main advantage of ceramic composite
materials is a special mechanism of their destruction
under the action of loads [6]. In order to increase the
strength of the material, reinforcing components are
added to the ceramic matrix [7, 8]. Thus, reinforcing
components tend to increase fracture toughness by
redirecting crack paths, or minimizing crack growth.

Thus, the control of the creep of aluminum oxide at
elevated temperatures is carried out by introducing
other phases — mullite and zirconium dioxide [9].
One of the most difficult tasks in the synthesis
of ceramics based on silicon carbide is the creation
of temperature and other conditions for its sintering.
Since the temperature of solid phase sintering of SiC
ceramics is 2100 °C in a CO atmosphere, this tech-
nological process requires special high-tech thermal
equipment [10, 11]. The introduction of reinforcing
additives into the ceramics based on SiC, with a prop-
erly selected eutectic, makes it possible to reduce the
sintering temperature to 1800 °C and below [12].
The choice of oxide binders for silicon carbide
sintering was studied in [13], following the thermo-
dynamic arguments, AL O,, BeO, HfO, are the most
stable and do not contribute to the decomposition of
silicon carbide during sintering. Oxides of zirconi-
um, calcium, magnesium, on the contrary, contrib-
ute to the dissociation of SiC into metal and carbon.
Suzuki et al. [14] used aluminum oxide to densify
silicon carbide. The samples were fired in an oxy-
gen-free environment (an atmosphere of argon or he-
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lium with vapors of aluminum, silicon, and carbon is
preferable, contributing to better compaction). Fuen-
tes et al. [15] activated SiC sintering with additions
of ALO,, CaO, and C. The addition of free carbon
in the system, reacting with the calcium aluminate
phase, gave a liquid oxycarbide phase, which led to
an increase in the density of the material up to 97-
99%. Liquid-phase sintering of silicon carbide with
Al O, and/or MgO binders in the temperature range
of 1800-2000 °C leads to the appearance of a second
phase, which usually lowers the mechanical proper-
ties of the material at high temperatures. Such a nega-
tive effect indicates the need to reduce the propor-
tion of additives introduced. To reduce the sintering
temperature of the samples, ultrafine powders of the
initial components are used [16].

To obtain products from powders with nanoaddi-
tives, it is necessary to compact them. The main goal
of'this stage is to keep the grain size in the nano range
and get a quality product with minimal defects. The
most developed technologies for producing silicon
carbide ceramic products are high vacuum pressing,
pressure sintering, hot isostatic pressing, etc. [17-21].

Thus, the aim of this study is to develop the com-
position of the charge for sintering carbide ceramics
with nanoadditives that form a liquid phase at a sin-
tering temperature of 1800 °C in a weakly reducing
CO atmosphere, as well as the study of the structure
and properties of finished sintered ceramic samples.

2 Materials and methods

The microstructure and point elemental analysis
of the samples were studied using a scanning electron
microscope with a JSM-6390LV, 2007 energy-
dispersive microanalysis attachment with a resolution
of up to 3 nm in high vacuum.

The value of the apparent density was determined
according to GOST 2409-95 “Refractories. Method
for determining apparent density, open, total and
closed porosity, water absorption”. The dried sample
was weighed, evacuated, and saturated with a liquid
that wets the sample but does not interact with it.
Then the test sample was weighed in the saturating
liquid and in air. Based on the weightings and the
value of the true density of the material, the apparent
density was calculated with an accuracy of = 0.001%,
open and total porosity, and water absorption — with
an accuracy of + 0.0001%.

The determination of the microhardness of
the samples was carried out using the indentation
method using the Vickers method. A diamond pyra-
mid was used as an indenter; the pressure force was
500 N.
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X-ray phase analysis of powders and samples
was carried out using an X’PertPRO X-ray diffrac-
tometer (PANanalytical, 2005).

3 Results and discussion

In order to select reinforcing and liquid-phase
additives for SiC ceramic sintering, it is necessary
to select the optimal ratio, amount and calculate the
eutectic of impurities promoting ceramic sintering at
a temperature of 1800 °C in a weakly reducing CO
atmosphere. The significant affinity of aluminum for
oxygen, as well as the cubic lattice of the synthe-
sized yttrium aluminum garnet, make it possible to
prevent the carbidization of the complex oxide up to
a temperature of 2040 °C [22-25]. Metals that form
oxides of the cubic system have the highest affinity
for oxygen. This suggested that yttrium oxide in the
form of a complex compound with aluminum oxide,
for example, yttrium-aluminum garnet, which has a
cubic crystal lattice, may be resistant to carbidization
above 1850 °C. Oxides thermodynamically allowed
for use as additives are reduced by carbon: CaO — at
2050 °C, MgO - 2060 °C, AL,O, 1980 °C. Since the
melting point of nanosized particles of powders in
comparison with the micron size of particles of the
same substance decreases, then the maximum allow-
able temperature for the synthesis of ceramics by the
method of liquid-phase sintering will be 1800-1850
°C.

Taking into account the analysis and review of
literature data, the composition of the charge for sin-
tering carbide ceramics with additives that form the
liquid phase has been developed:

MnO_ 1.5 wt. % + A1203m02 wt. % +
JrSiCHm 94 wt. % + SiOsz2.5 wt. %.

In the process of liquid-phase sintering of
ceramics of the specified composition, the following
chemical reactions are possible:

28i0, + SiC — 3Si0 + CO (1)
ALO, + SiC — SiO +ALO + CO )
MnO + SiC — Mn + SiO, + CO 3)
ALO,+ Si0, — AL(Si0,),(ALO,SI0))  (4)
Si0, + 2SiC — 3Si +2C0 (5)

MnO + Si0, — MnO, + SiO (6)

During the sintering of ceramics in a weakly
reducing CO environment, the possible chemical re-
actions are:
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ALO,+CO — Al +CO, 7
Si0,+ CO — SiO + CO, ®)
SiC + CO — Si0, + C ©)

To determine the possibility of interaction
of these elements during sintering, one can use a
simplified calculation, the so-called entropy method
for calculating equilibrium constants, based on the
Gibbs-Helmholtz equation:

dA
A=0+T—

dT (10)
one of the forms of which, for standard conditions, is
the equation:

0 0 0
AGy = AH 95 —TAS505

(11)

AH,qg(reaction) =
=¥'n; - AH,qog (products) —
- Z n; - AHoog (initial compounds)

(12)
n ,are stoichiometric coefficients.

The equilibrium constant of a chemical reaction
at a temperature of 1800 °C was calculated using
tables of standard values. For a given temperature,
ata AGY<( reaction is possible; when the AG; >0
reaction is impossible; when AGp =0 the system is
in equilibrium.

Based on the above equations (1-12), the main
thermodynamic quantities for chemical elements and
compounds involved in the technological process of
liquid-phase sintering were determined (Table 1).

Based on the data in Table 1, the values of the
change in the Gibbs energy were calculated — AGj
for all possible chemical reactions, at a sintering
temperature of 1800 °C in a weakly reducing CO at-
mosphere (Table 2).

Table 1 — Thermodynamic values for chemical elements and ceramic compounds of the composition: MnO 1.5 wt. %
+ALO, 2wt %+ SiCHm 94 wt. % + Si0O, m2.5 wt. %
Compound T, .0 °C p, g/em?® AH ,,, ., kJ/mol S, kJ/mol
SiC 2830 3.22 —66.1 16.61
Sio, 1710 2.65 -910 41.84
SiO 17 02 2.13 -92.9 211.6
Si 1414 2.33 0 18.82
MnO 1245 7.21 —385.1 61.5
MnO, 535 5.08 —-521.5 53.1
Mn 1517 7.21 0 32.0
ALO, 2044 4.0 —1675.7 50.9
ALO — — —148.6 264.6
Al 660 2.69 329.1 164.4
CO, 78 0.0019768 —393.51 213.67
CcO —205 0.00125 —110.52 197.54
C 3600 2.25 715.1 157.99
AL(SiO,), (ALO,Si0,) 1860 3.23 - 166.2 20
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Table 2 — Calculation of the change in the Gibbs energy, which determines the possibility of a spontaneous reaction at

T =1800 °C
Chemical reaction AG, kJ/mol Possibility of the reaction
2Si0, + SiC — 38i0 + CO — 460305
ALO,+ SiC — Si0 + ALO +CO — 1255325
MnO + SiC — Mn + SiO,+ CO —401218
Reaction is possible
Al O, + Si0, — Al(Si0,), (AL,0, SiO,) —153209.5
SiO ,+ 28iC — 3Si +2CO = 779622
MnO + SiO, — MnO, + SiO — 333819

Sintering in carbon monoxide (CO)

ALO,+CO — Al +CO, —267309
Reaction is possible
Si0,+ CO — SiO + CO, — 384816
SiC+CO — SiO,+C 29667 Reaction is impossible

Thus, taking into account the decrease in the
melting temperature of nanosized particles of Al,O,
and MnO powders, we can assume the formation of a
liquid phase proceeds according to reactions in Table
1. Based on the values of the melting temperature and
the end products of chemical reactions, SiO,, SiO, Si
and MnO will contribute to the formation of the lig-
uid phase.

Samples of silicon carbide ceramics obtained
by liquid-phase sintering were studied to establish
their physical and mechanical properties and struc-
tural features. The results of physical and mechanical
properties are shown in Table 3.

According to the results of testing the physical and
mechanical properties, it was found that the studied
ceramic sample reaches a microhardness of 2450 kgf/
mm?, which is an average value found in the literature,
while the sintering temperature of ceramic samples

obtained by other authors is higher on average by
20%. The density of the sample obtained by us, 3.11
g/cm?, corresponds to the lower limit of previously
encountered data in the literature. According to the
experimental results, the open porosity was 0.8%,
which also corresponds to the limits of previous
studies by other authors. The resulting ceramic
material has sufficient density and low porosity,
while the use of additives of eutectic compositions
of oxide systems with different temperatures of
formation of the eutectic melt made it possible to
study the effect of these additives on the temperature
of compaction and hardening. These studies are
relevant for obtaining SiC materials of a granular
structure at a relatively low firing temperature while
maintaining high mechanical properties.

The results of microstructural analysis of the
obtained sample of SiC ceramics are shown in Figure 1.

Table 3 — Physical and mechanical properties of the resulting ceramic sample

Material Apparent Micro-hardness, | Open porosity, | Total porosity, | Closed porosity, Water
density, g/cm? kgf/mm? % % % absorption, %
Test sample 3.11 2450 0.8 0.34 0.33 0.03
Literature data
[17-20 ] 3.12-3.17 2345-2855 0.5-1.2 - - -
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Figure 1 — Microstructure of a sample of SiC ceramics:
a —homogeneous grain structure; b — presence of small pores; ¢ — grain microstructure

The ceramic microstructure is represented by a
homogeneous grain structure with an average grain
size of ~10 um (Figure la,c). Separate grains of the
second phase were not revealed. In the structure of
ceramics, the presence of small pores is also observed,
apparently formed due to the transformation of the
crystal structure and shrinkage of impurity phases
during sintering (Figure 1b).

The analysis indicates the presence of C in the
composition of ceramics with its content of ~ 57%

fmpulses [0y |

of the total composition, Al ~ 0.6%, Mn ~ 0.6%,
Si ~ 15%, which corresponds to the presence of
introduced eutectic additives .

X-ray phase analysis of the sample is shown in
Figure 2.

XRD analysis showed that the test sample
consists of three main phases, this is a
modification of the ring radical of silicate Si,0,,
silicon dioxide SiO, and anorthoclase (SiAl)O,
(Table 4).
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Figure 2 — X-ray spectrum of SiC ceramics sample
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Table 4 — PDF cards and phase identification

Card number Connection name

Offset, [°20]

Scale factor Chemical formula

96-901-2601 Quartz 0.000 1.008 Sis 000400
96-412-4061 Si0, 0.000 0.342 0,,0051200
96-900-0860 Anorthoclase 0.000 0.293 Al Si, Na K, O

2.00776.00 1.70770.30 7 16.00

4 Conclusions

Despite the existence ofawiderange of ceramic
materials for various purposes, developed based
on SiC, the high energy and resource consumption
of their manufacture makes it necessary to search
for ways to create new types of materials. One of
the main solutions is the use of various additives
in conjunction with the dispersion of the starting
materials. The synthesis of ceramics based on
SiC requires high temperatures, and sintering
without additives at 2150-2200°C does not allow
obtaining dense products due to low diffusion
coefficients and high volatility of SiC at these
temperatures.

The composition of the charge for sintering
carbide ceramics with nanoadditives that form a
liquid phase has been developed: MnO 1.5 wt. %
+ALO, 2wt %+SiC 94wt %+SiO, 2.5wt
%. The possible chemical reactions during the liquid-
phase sintering of ceramics at a temperature of 1800
°C were determined. The values of the change in the
Gibbs energy for all possible chemical reactions at a
sintering temperature of 1800 °C were calculated by
the method of entropy calculation of the equilibrium
constants. The elements of the liquid phase and
reinforcing additives were determined.

The main physical and mechanical properties of
the ceramic sample obtained by liquid-phase sintering
at a temperature of 1800 °C were established:

characteristics of water absorption, open, total and
closed porosity, density and microhardness.

Microstructural analysis of ceramics indicates its
grain structure with an average grain size of ~10 pm.
The presence of small pores, apparently formed be-
cause of the transformation of the crystal structure
and shrinkage of impurity phases during sintering,
was also recorded in the ceramic structure. Based
on the results of XRD analysis, the main phase com-
ponents of the ceramics based on silicon oxide were
determined. It was found that the sample consists of
three main phases: modification of the ring radical of
silicate Si,0,, silicon dioxide SiO, and anorthoclase
(SiADO,.

Such ceramic composite SiC material can
have a wide range of applications: as parts of body
armor, internal combustion engines and gas turbine
engines, cutting tools, ceramic bearings, working
units of pumps, nozzles and burners, equipment for
firing ceramic products, chemically resistant parts of
pipelines, heat exchangers operating in an aggressive
environment, heaters of various grain compositions
and sizes to obtain temperatures in furnaces in the
range up to 1400-1500°C in air.
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This article provides an information about the production of reference hardness measurements on the Brinell
scales (type MTB-K), Rockwell A, B, C (type MTR-K), Superficial Rockwell N and T (type MTSD-K),
brief information about the state of production of hardness measures in the world and the research
conducted at this institute in the development and improvement of manufacturing technology. The physical
and chemical properties of the studied measuring instruments are given. Hardness measures are intended
for setting, calibration or verification according to standardized hardness scales of stationary and portable
hardness measuring instruments, for example, software. Reference hardness measures are manufactured
in accordance with GOST 9031-75 «Exemplary hardness measures. Specifications» made of carbon and
alloy steels, passing through the stages of mechanical and heat treatment, have a rectangular, triangular
or round shape. Reference hardness measures in accordance with the law «On Ensuring the uniformity of
measurements in the Republic of Kazakhstan» are calibrated. Primary and periodic verification of hardness
measurements is carried out by the bodies of the metrological service accredited for the right to verify
hardness measuring instruments. The verification interval is 2 years in accordance with the interstate
standard GOST 8.335-2004 «Standard hardness measures. Verification method».

Keywords: hardness measurement, hardness test blocks, number of hardness, hardness scales, heat
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1 Introduction

In modern production, the assessment of the
physical properties of metal products, as well as the
solution of issues related to the control of technologi-
cal processes in industry, are inextricably linked with
mechanical testing of materials and, in particular,
with hardness measurements. Hardness measure-
ments are distinguished by simplicity and high pro-
ductivity, the ability to test, without the manufacture
of special samples, directly on the surface of the
product, while slightly violating its shape and physi-
cal characteristics. The hardness of materials is deter-
mined by scales corresponding to the measurement
method [1-4, 7].

Hardness measurements are used in engineering,
metallurgy, mining, transport, and energy enterpris-
es. For verification/calibration, as well as setting up
stationary and portable devices for measuring hard-
ness on the Brinell, Vickers, Rockwell and Super-
Rockwell scales, reference hardness measures are

32

used. Verification of these devices is carried out ac-
cording to various methods of verification, incl. on
[6, 8, 9].

In Kazakhstan, there was historically no produc-
tion of hardness measures, they were imported in the
vast majority from Russia (PO «Tochpribor», CPCR
«MET»). Thus, the production of hardness blocks in
the Republic of Kazakhstan is a new and promising
direction in the production of measuring instruments,
while the need for enterprises to use hardness blocks
is high, and moreover, a further increase in demand
is expected due to the opening of new production fa-
cilities.

Reference hardness measures [5], which are pro-
duced in the KF RSE «KazStandard», undergo met-
rological certification on state standards of hardness
according to the Brinell, Vickers, Rockwell and Su-
per-Rockwell scales. Calibration and measurement
capabilities of the above standards are confirmed
by international comparisons within COOMET and
published on the BIPM website [10,11].
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The main objective of this production is to in-
crease the level of metrological support for verifi-
cation / calibration of working hardness measuring
instruments used at industrial enterprises of the Re-
public of Kazakhstan.

2 Development of production technology

The main requirement for a measure of hardness is
the uniformity of the working surface and the stability
of physical and mechanical properties over time. The
homogeneity criterion is the range of hardness numbers.
The arithmetic mean of the results of measurements of
five prints applied evenly over its surface is taken as the
actual value of the hardness of the measure.

When developing the technology, the factors
affecting the uniformity of hardness measures were
considered, and on the basis of research work, grades
and assortment of steels were selected.

In all countries, in the production of
hardness blocks, various technologies for
their manufacture are used. The production
technology of each manufacturer is unique, incl.
differences in the steels used. National standards
have their own steel grades and requirements
for the assortment, their chemical composition
and structure. Table 1 shows the chemical
composition of the steels used in the production
of test blocks in some countries.

In the process of developing the technology for
the production of hardness blocks, a chemical and
microstructural analysis of the hardness blocks pro-
duced by the Tochpribor software, manufactured in
1989, was carried out. The results of the analysis are
shown in table 2.

Table 3 shows the requirements for the chemical
composition of USA-U10A, KhG, KhVG steels used
for the production of hardness measures.

Table 1 — The chemical composition of steels used in various states

Manufacturer Steel Chemical composition of steel, % Analogue of .the steel
country designation C Mn Si P S Cr Ni W AV gradﬁgcg}):ﬂ;nﬁl? the
Japan SK4 09 | 036 | 0,25 | 0,013 | 0,007 | 0,04 - - - U9%A
Japan JWP9 0,87 | 0,33 | 0,32 | 0,018 | 0,009 | 0,04 | 0,13 | - - U8-U9%A
USA 01 095 | 1,27 | 0,24 | 0,026 | 0,015 | 0,5 - - - HGC
Great Britain 2831 1,0 1,2 0,2 0,03 | 0,01 | 0,6 0,5 [02] 04 HBG
Table 2 — Studies of hardness measures produced by PO «Tochpribor»
Chemical composition,
Number, hardness scale % steel grade macrostructure microstructure
C Mn Si
25 HRC 0,96 | 0,33 0,32 Y10 Uniform sorbitol
61 HRC Steeloscope V10 | score Trostite hardening
104 HB 0,11 | 0,60 0,33 Crl0 Uniform ferrite-pearlite
203 HB 1,00 | 0,30 0,22 V10 Uniform sorbitol
Table 3 — Requirements for the chemical composition of steels
Chemical composition of steel, %
steel grade - Source
C Mn Si P S Cr W
V8A 0,75-0,84 0,17-0,28 0,17-0,33 0,025 0,018 - - GOST 1435-99
YA 0,85-0,94 0,17-0,28 0,17-0,33 0,025 0,018 - - GOST 1435-99
V10A 0,95-1,09 0,17-0,28 0,17-0,33 0,025 0,018 - - GOST 1435-99
XIc 0,95-1,05 0,85-1,25 0,4-0,7 - - 1,3-1,65 GOST 5950-2000
XBT 0,9-1,05 0,8-1,1 0,1-0,4 - - 0,9-1,2 | 1,2-1,6 GOST 5950-2000
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Conducted studies and subsequent analysis show
that carbon and alloy steels are used in most cases for
production.

The range of steels used in the production of
hardness tests is also individual. In Japan, hardness
test blocks are made from forged billets, in Switzer-
land (HMT company) powder metallurgy technology
is used, the rest of the countries use mainly rolled
strip.

Heating for hardening in the Russian Federation,
Great Britain, Poland is carried out in salt baths of
various compositions, and in Japan, the Czech Re-
public in electric furnaces. Quenching media also
differ: for alloy steels — oil, carbon steels — water or
aqueous solutions of caustic soda or sodium chloride.

Hw30

After hardening, some manufacturers use cold treat-
ment. Vacation is carried out in oil baths (Russia, Ja-
pan), salt baths (Poland, USA) or in electric furnaces
(Great Britain, Russia) with artificial circulation of
the medium.

In order to reduce costs in the production of hard-
ness blocks, manufacturers use the smallest possible
range and the cheapest steel grades.

In the production of hardness blocks, the con-
version of hardness numbers according to vari-
ous hardness scales is used, for example, hardness
blocks of 25 HRC correspond to a hardness level of
200 HB. Figure 1 shows the ratio of the levels of
various scales and methods of measuring hardness
to HV30 [12].
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Figure 1 — The ratio of the levels of various scales and methods of measuring hardness
to the Vickers hardness scale HV30
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The developers of various portable and stationary,
electronic devices for measuring hardness are also
forced to use the conversion of hardness numbers
[13], [14], [15].

Based on the information obtained in the study
of hardness measures and pilot production of
hardness samples, the main factors influencing the
heterogeneity of hardness measures were determined,
which include:

composition and grade of steel;

metallurgical production at the smelting stage
(quality of steels, additional processing by remelting
with slag, grain size, etc.);

assortment of rolled metal products, i.e. rolling
method affecting the structure;

method of machining workpieces (cutting, mill-
ing);

heat treatment [16], [17];

finishing surface treatment of workpieces (grind-
ing, polishing).

The method of steel smelting affects the purity
of steels from impurities, the structure of grain
boundaries. The use of steels, in the production of
which electroslag remelting or vacuum holding of
steel was used, makes it possible to increase the
uniformity of hardness measures. Vacuum remelting
frees steel from hidden impurities — nitrogen, oxygen,
hydrogen and non-metallic inclusions. Vacuum
pumps pump out gaseous oxides of CO, CO2
and H20 and reduce the oxygen content in steel.
Electroslag remelting frees steel from non-metallic
inclusions — sulfur, phosphorus, etc. In this process,

the crystallization of the metal bath is slowed down
from the bottom up, which allows you to clean the
steel from gases, harmful impurities and non-metallic
inclusions.

In [18], it is recommended to use rectangular
hardness test blocks made from strips that are rolled
with a high degree of reduction, which has a positive
effect on uniformity. Also, the strip for the workpiece
is selected as close as possible to the thickness of the
workpiece, because the thinner the strip, the greater
the degree of compression it undergoes.

According to [19], during grinding of parts, burns
and surface stresses, the formation of a secondary
hardened layer, and an inhomogeneous decrease in
hardness can occur if the depth of cut during grinding
goes beyond certain limits and measures are not taken
to ensure sufficient cooling of the parts.

The technology for the production of hardness
blocks as reference measuring instruments is
complex and time-consuming. The technology for the
production of hardness blocks as reference measuring
instruments is complex and time-consuming.

3 Stages of development of own production

In 2010, for the first time in the Republic, RSE
«KazStandard» on the basis of a branch in Karaganda,
mastered small-scale production of hardness measures
according to Brinell, Rockwell and Super-Rockwell
scales. Technical and metrological characteristics of
the produced hardness test blocks are presented in
tables 4 and 5.

Table 4 — Technical and metrological characteristics of Brinell hardness test blocks MTB-K

Hardness scale HB (HBW) :;f:;:::, g;?gg&; Range o;l(;a;l((i)r;:’si /‘r)lumbers, Weight, no more than, kg
10/3000 (400 = 50); (200 £ 50) 3,0
10/1000 (100 £ 50) 4,0 1,6
5/750 (400 + 50); (200 + 50) 3,0
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Table 5 — Technical and metrological characteristics of hardness test blocks according to Rockwell MTP-K and Super-

Rockwell MTSR-K

Overall dimensions, .
Hardness scale Intervals of hardness Range of hardness (length x width x height), Weight, no more
numbers, HR numbers, no more, HR than, kg
not less than, Mmm

HRA 83+3 0,6
HRB 90 + 10 1,2
25+5 1,1
HRC 45+5 0,8
65+5 0,5

HRN15 92+£2 0,6 60x40x6 0,24
80+ 4 0,6
HRN30 45+5 1,1
HRN45 49+6 1,1
76 +6 1,2
HRT30 45+5 1.8

In 2017, a pilot batch of reference hardness tests
according to the Vickers MTV-K scales was pro-
duced, which are manufactured in accordance with
[5]. The developed technology did not allow obtain-
ing hardness measures due to the existing high level
of defects. It is required to conduct research in order
to adjust the technology. Vickers hardness measures
are subject to higher requirements for the roughness

of the working surface (roughness parameter Ra is
not more than 0.04 um [5], [14]) compared to mea-
sures of other scales, which significantly increases
the complexity of their production [17]. Table 6 is
given below with the metrological characteristics of
Vickers hardness testers of the 2nd category [5].
Figure 2 shows a general view of the hardness
blocks manufactured by the KF RSE «KazStandardy.

Table 6 — Metrological characteristics of hardness measures according to Vickers

Test load, H Hardness number Range of hardness values, %, no more
! 800+ 50 50
s o

Figure 2 — General view of hardness measures
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4 Conclusions

In 2020, the share of Kazakhstani content
of hardness test blocks KF RSE «KazStandard»
increased from 61.1% (as of 2016) to (97.2-98.4)%

for hardness testers MTR-K and MTSR-K and (81
.0-89.7) % for MTB-K hardness test blocks.

Since 2010, the volume of production of hardness
blocks has grown 4 times. The distribution of sales
volumes until 2021 is shown in Figure 3.

Sales revenue

3000000
2500000
2000000
1500000
1000000
500000
0

Income, tenge

20112012201320142015201620172018201920202021

year

Figure 3 — Volumes of implementation of hardness measures

In the process of production of hardness blocks,
problems arise regarding the dependence on third-
party enterprises when they perform subcontracting
work — cutting blanks, milling, grinding [25],
which leads to a significant increase in the cost of
manufacturing hardness blocks.

In order to optimize the activities for the production
of reference hardness blocks and reduce costs on an
ongoing basis, experimentally, some technological
operations are being revised during the heat treatment

of a batch of blanks of reference hardness blocks,
depending on the results of metrological certification.
Thus, this will provide the domestic market of
Kazakhstan with a sufficient number of hardness
measures at prices acceptable to users.

Prospects for the development of production
include the following steps:

purchase of technological equipment;

continuation of work related to improving prod-
uct quality.
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Thin films of tin oxide and composite systems based on them have found the greatest applications in solar
energy. The properties of oxides depend on the obtaining technology and following processes. The choice
of the optimal solution maturation time influences the functional properties of the films. In this research,
solutions with the adding different volume of concentrated aqueous solution of ammonia (NH4OH) per
100 ml of the system were prepared: 0.8 ml (pH=1.40), (pH=1.46) and 1.6 ml (pH=1.49). This enabled
the study of the properties of films obtained from solutions of different acidity. The resistance of the films
was measured in the 10 different parts of the films. In addition, the effect of the isothermal annealing time
at 2500C on the structural and optical properties of the samples was investigated. As a result of this study,
there was found the correlation between an increase in the duration of annealing and a decrease in the
transparency of films obtained from the SnCI14/EtOH. The annealing at temperature 2500C within 6 hours
led to a change in transparency of films from 93% (A=550nm) to 88%. The further increase of the annealing

https://doi.org/10.26577/phst.2022.v9.i12.06

duration up to 9 hours does not affect the transparency of films.

Keywords: sol-gel, tin dioxide, surface resistance, thermal exposure, transmission spectra.

PACS numbers: 61.43. Dq, 39.30. +w

1 Introduction

The dual valency of Sn provides the reversible
transformation of the stoichiometric surface with
Sn4+ surface cations into a reduced surface with
Sn2+ surface cations. This reaction depends on
oxygen chemical potential of the system. As a result
of the surface reduction, Sn 5s derived surface state
forms. This surface state lowers the work function
and located inside of the band gap. This property
provides sensorial characteristics for materials.

Thin films of tin oxide and composite systems
based on them have found the greatest applications
as active layers in gas analytical equipment [1-4].
Films based on tin dioxide are of great importance
for intensively developing solar energy [5-7]. Tin
dioxide films are also used as transparent electrodes,
catalysts, anti-reflective coatings. [8-13].

Tin oxide films have good adhesion to the glass
surface, high electrical conductivity, transparency,
mechanical strength and chemical resistance. These
properties allow them to be used as transparent
conductive coatings [14-16].

Tin dioxide is transparent in the visible and
near ultraviolet regions. The properties of oxides
depend on the manufacturing technology and
subsequent processing [17]. Currently, several
methods have been developed for producing
a thin film of tin dioxide based on sol-gel
technology [18-20]. In particular, the choice
of the optimal solution maturation time affects
the properties of the resulting films. Thus, in
[21], it was found that 12 hours is the optimal
time for the maturation of the solution for the
manufacture of films with high transparency, and
8 hours for the manufacture of films with low
resistance. It should be noticed that the change in
color and viscosity of the film-forming solution
indicates the gel formation. The gel formation in
[21] begins 10 hours after the preparation of the
solution.

This paper presents studies of changes in the
resistance of films upon repeated annealing. Films
obtained from solutions of SnCl4 dissolved in ethyl
alcohol with a concentration of tin ions of 0.16 mol/l
were used for analysis.
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2 Materials and Methods

During operation, the films may be subjected to
thermal stress. Therefore, along with studies of the
properties of the obtained films, the question also
arises of maintaining the stability of the functional
properties of the films.

To study the properties of films obtained from
solutions of different acidity, a series of solutions
were prepared with the addition of 0.8 ml (pH=1.40),
(pH=1.46) and 1.6 ml (pH=1.49) of a concentrated
aqueous solution of ammonia (NH,OH) per 100 ml
of the system.

Film-forming systems were deposited on a glass
substrate by dropping and flowing at an angle of 45°.
The resulting samples were dried at room temperature
for 30 minutes and then annealed in a muffle furnace
for 15 minutes. After cooling the sample at room
temperature, its resistance was measured (the distance
between the contacts was 1 mm).

3 Results and Discussion

The resistance of the films was determined by
10 measurements in different parts of the samples.
Student’s coefficient for 10 measurements with a
reliability of 0.95 = 2.262. The error was calculated
by the formula:

||Z.”=_ (A, —A)°
T = k| n—1

Vi

where, AA — the absolute measurement error, AA —
the Student’s coefficient, A; — is the value of the i-th
measurement, A — the arithmetic mean, I — the num-
ber of measurements.

The measurement results are presented in
Table 1.

Table 1 — Resistance of samples obtained from solutions
of SnCl, of different acidity, after a single annealing

pH 1.40 1.46 1.49
R, MOhm | 0.755+0.132 | 2.805+0.383 | 11.02+4.61

To study the preservation of the stability of the
functional properties of the films under thermal expo-
sure, the samples were reannealed at a temperature of
2000C and 4000C for 15 minutes. The measurement
results are presented in Table 2.

40

Table 2 — Resistance of samples obtained from solutions
of SnCl, of different acidity, after secondary annealing at
temperatures t=200°C and 400°C

pH 1.40 1.46 1.49
R, MOhm
(t=200°C) 0.798+ 0.223 | 2.861+0.103 11.2+2.2
R, MOhm
(t=400°C) 0.532+0.094 | 0.742+0.123 6.32+2.52

A comparative analysis of tables 1 and 2 shows
that repeated annealing at 200°C (15 minutes) does
not lead to a significant change in resistance. At the
same time, after repeated annealing at a tempera-
ture of 400°C, the resistance decreases by about 1.5
times for the initial sample (without the addition
of ammonium hydroxide) with pH = 1.40 and by
2-4 times for films obtained from solutions with a
higher pH value.

With an increase in the annealing temperature,
the sizes of SnO, crystallites increase due to the crys-
tallization of the amorphous phase and the associa-
tion of crystallites as a result of partial or complete
destruction of defective crystallites during annealing
with the addition of their atoms to more advanced
crystallites. An increase in the size of crystallites and
their perfection contributes to a decrease in the resis-
tance of the films.

Thus, annealing for 15 minutes is insufficient
to form a complete structure with stable functional
properties.

The practical application of films is often
associated with their heating. The “working mode”,
in many cases, means the presence of films, for a
long time, in a heated state. In connection with the
foregoing, the question arises about the stability of
the properties of the films under prolonged thermal
exposure.

In this section, the influence of the duration of
isothermal annealing at 250°C on the structure and
optical properties of the obtained films is considered.

Figure 1 shows the transmission spectra of thin
SnO, films obtained from a film-forming system with
pH=1.40; 1.46 and 1.49.

As can be seen from Figure la, the transmit-
tance decreases for films obtained from the SnCl,/
EtOH system with a tin ion concentration of 0.16
mol/l (pH=1.40) with an increase in the anneal-
ing time. The transmittance varies from 93%
(A=550nm) to 88% with an annealing time of 6
hours at 250°C. Increasing the annealing time to
9 hours does not lead to a further decrease in the
transmittance.
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1) glass substrate; 2) upon receipt; 3) annealing 3 hours; 4) annealing 6 hours; 5) annealing 9 hours
Figure 1 — Transmission spectra of thin SnO, films

The transmittance (Figure 1b, c¢) of samples ob-
tained from the SnCl /EtOH system with pH = 1.46
and 1.49, with an increase in the duration of anneal-
ing up to 9 hours at 250°C, changes by 1-2%.

Films, to study the stability of properties from the
duration of thermal exposure, were prepared from the
same film-forming systems as the films studied in the

a)-

100 pm

first section of this report. However, the application
of the films was after three months of aging of the
film-forming systems.

Figure 2 presents the surface structure of thin
SnO, films obtained from the SnCl/EtOH film-
forming system with a tin ion concentration of 0.16
mol/l.

a) solution with acidity pH=1.40 b) solution with acidity pH=1.46 ¢) solution with acidity pH=1.49
Figure 2 — The structure of the surface of the films after production

Figure 2 shows that at pH 1.40 the film-forming
system has a relatively even surface (Figure 2a). At
a pH of the film-forming system of 1.46, cruciform
structures are formed (Figure 2b). At a system pH
of 1.49, pronounced crystals of the cubic syngony
formed (Figure 2c¢). Since HCI and an aqueous
solution of ammonia are present in the film-forming
system, these are presumably NH4CI crystals. The
interaction goes according to the reaction:

NH,OH + HCI NH,Cl+H,0 (1)

Weak structural elements in the form of small
cruciform structures, presumably composed of tin
hydroxide and/or dioxide. Tin hydroxide, at the
time of formation, has an amorphous structure. Tin
dioxide is formed from tin hydroxide by the reaction:

heating

Sn(OH), SnO, +2H,0 )

Figure 3 shows the surface structure of the films
after annealing at 250°C for 3 hours.
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a)

a) solution with acidity pH=1.40 b) solution with acidity pH=1.46 c) solution with acidity pH=1.49
Figure 3 — Surface structure of films after annealing at 250°C for 3 hours.

As can be seen from Figure 3a, no
noticeable changes are observed in the
structure of the films obtained from a film-
forming system with pH=1.40 after annealing
at 250°C for three hours. In the films obtained
from a film-forming system with pH =
1.46, an increase in structural formations is
observed (Figure 3b). In the films obtained
from a film-forming system with pH = 1.49,
both cubic syngony crystals and many large
and small four- to six-petaled structures are
observed (Figure 3c).

.a)

100 pm

Figure 4 shows the surface structure of the films
after annealing at 250°C for 6 hours. Six hours
of annealing at 250°C did not lead to a change in
the structure of the films obtained from the film-
forming system with pH=1.40 (Figure 4a). In the
films obtained from a film-forming system with
pH=1.46 (Figure 4b), an increase in size of structural
formations is observed. After six hours of annealing at
250°C, no cubic crystals are observed in the structure
of the films obtained from the film-forming system
with pH=1.49 (Figure 4c). The four- to six- petaled
structures increased in size.

a) solution with acidity pH=1.40 b) solution with acidity pH=1.46 c¢) solution with acidity pH=1.49
Figure 4 — Surface structure of films after annealing at 250°C for 6 hours

a) solution with acidity pH=1.40 b) solution with acidity pH=1.46 c) solution with acidity pH=1.49
Figure 5 — Surface structure of films after annealing at 250°C for 9 hours
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Figure 5 shows the surface structure of the films after
annealing for 9 hours at 250°C. As can be seen from Figure
Sa, a lot of point structural elements appeared in the film
obtained from the film-forming system with pH=1.40.
Nine hours of annealing at 250°C leads to the growth of
structures in films obtained from a film-forming system
with pH=1.49. There are no cubic crystals.

The cubic modification of NH,Cl is stable below
184.3°C. Prolonged annealing at a temperature of
250°C leads to the gradual decomposition of NH,ClI
into volatile compounds according to the reaction:

T > 184,3°C
NH,CI NH, + HCI 3)

At 337.6°C, ammonium chloride sublimes with
decomposition (according to reaction 3).

4 Conclusions

A decrease in the transparency of films
obtained from the SnCIl4/EtOH system with a
concentration of tin ions of 0.16 mol/l (pH=1.40)
with an increase in the duration of annealing was
found. Transparency varies from 93% (A=550nm)
to 88% with an annealing time of 6 hours at 2500C.
Increasing the annealing time to 9 hours does not
lead to a further decrease in transparency. The
transparency of the samples obtained from the
SnCl4/EtOH system with pH=1.46 and 1.49, with
an increase in the duration of annealing up to 9
hours at 2500C, changes within the measurement
accuracy. The surface structure of the films
changes with increasing annealing time. Additional
structural formations are formed.
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This article describes the electroweak interactions of the Standard Model (SM) with Brout-Englert-Higgs
(BEH) mechanism, the appearance and properties of the Higgs boson. Braut-Engler-Higgs mechanism
plays an important role in the Standard Model, which introduce a scalar Higgs field with a non-zero vac-
uum expectation results from spontaneous symmetry breaking. So, due to the interaction with this field,
elementary particles become massive. Here arise electrically neutral quanta associated with the Higgs field,
so called Higgs boson, in the same way that there is a quantum associated with the electromagnetic field,
i.e., photons. The strong part of the Standard Model, Quantum Chromodynamics, quark mixing Cabibbo—
Kobayashi-Maskawa matrix, physics of the neutrino and many other issues were not mentioned in the
article. Brout-Englert-Higgs mechanism and associated Higgs boson are important parts of the Standard
Model of elementary particles. In this paper we present the full Lagrangian of the Standard Model and a
set of theoretical predictions about the Higgs boson before its detection, as well as the current status of the
Higgs boson problem.

Keywords: Standard Model, High Energy, Large Hadron Collider, Higgs boson, Higgs mechanism, Spon-
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taneous symmetry breaking.
PACS number: 14.65.—q

1 Introduction

In 2013, a year after the discovery of the Higgs
boson [1, 2] at the Large Hadron Collider, the Nobel
Prize was awarded. This was an important stage in
elementary particle physics. This was an
experimentally confirmation of the Braut — Engler —
Higgs mechanism of spontaneous symmetry
breaking, which was theoretically predicted about
half century ago [3, 4]. The Standard Model (SM) of
fundamental interactions between elementary
particles was finally completed and acquired the
status of a standard theory.

SM describes strong, weak and electromagnetic
interactions between elementary particles on the
basis of gauge theory with SU(3)xSU(2)xU(1)
symmetry and by using quantum field theory.
According to the SM, there are six quarks and six
leptons, which are divided into three generations.
They interact with each other by three types of
interactions, such as strong interaction, weak
interaction and electromagnetic interaction. The

forces between interacting particles are described by
exchange of corresponding quantum fields such as,
gluons, W-and Z-bosons and a photon.

Strong interactions are responsible for the
attraction of protons and neutrons and provide the
stability of the nuclei themselves. These interactions
are short-range with a characteristic radius of action
of the order of 1071? — 1013 cm, which is the size
of the nucleus. Electromagnetic interaction is
responsible for the stability of atoms and molecules
due to the interaction of positively charged atomic
nuclei and negatively charged electrons. The radius
of these forces can be very large. We cannot feel it
directly, because atoms and molecules as a whole are
electrically neutral. Weak interactions are
responsible for the decay of a free neutron and the
instability of a number of atomic nuclei. This
interaction provides nuclear cycles due to which
occurs the release of energy on the Sun.

The huge world surrounding us is built only from
leptons and quarks of the first generation. Quarks and
leptons of other two generations manifest themselves
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in high-energy cosmic rays or in laboratory
conditions at accelerators, colliders. Six quarks and
six leptons (and their corresponding antiparticles), as
well as vector bosons (photon, gluon, W and Z boson)
and the recently discovered Higgs boson construct a
set of fundamental particles of the SM.

2 Standard Model

The SM of particle physics provides a successful
description of all current experimental data and
shows a unified picture of the elementary particles,
and the interactions between them. In the SM
electromagnetic interaction between quarks and
leptons are carried out by the exchange of photons,
weak interaction between fundamental particles are
carried out by the exchange of W and Z bosons, and
the strong interaction between quarks are carried out
by the exchange of gluons. The standard theory of
particle physics with local gauge invariance defined
by the SU.(3) X SU.(2) X U(1)y symmetry groups
has been experimentally confirmed with high
accuracy in lots of experiments. Withal the problem
of the origin of all particle masses remained unclear.
The exact gauge symmetry SU; (2) X U(1)y requires
the particles be massless. But it is known, for
example, that the masses of the W and Z bosons
exceed the mass of the proton by almost a hundred
times. The elementary particles could be massive
only when the gauge symmetry SU; (2) X U(1)y is
broken. From here, scientists have suggested the
existence of a self-acting scalar field that fills the
entire universe, the so-called Higgs field. Interacting
with the vacuum condensate of the Higgs field, the
particles become massive. This mechanism of the
origin of masses is called “spontaneous” symmetry
breaking, all field interactions preserve the gauge
symmetry and the Higgs field breaks it. The quanta
of the new scalar field, so called Higgs bosons, would
be produced in the collision of electron-positron or
high-energy proton-antiproton beams.

The SM must satisfy the following requirements:

1. The reproducibility of electromagnetic
interactions of leptons and quarks which is invariant
under the group of U(1),,, transformations.

2.The reproducibility of the axial-vector
structure (V-A) of the charged currents of leptons and
quarks.

3. The independence of the Lagrangian from the
phase of the fields which means the gauge character
of the interactions.
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4. Renormalizability and unitarity which means
that the mass dimension of the operators used in the
Lagrangian should be not exceed four.

5. The absence of the chiral anomalies.

6. The possibility of considering all generations
of leptons and quarks.

7. The possibility to describe massive fermions
and gauge bosons without violation of the local gauge
invariance. All fermions (possibly except for one of
the neutrinos) and electroweak gauge bosons W, Z
are massive particles. To describe the massive fields
it was introduced the hypothesis of spontaneous
symmetry breaking in which the gauge symmetry of
the Lagrangian remains exact while the vacuum of
the theory violates this gauge symmetry.

Let take the SM Lagrangian composed of the
gauge invariant operators of dimension no higher
than 4 as a starting point:

1 . A |
L= _ZVV/.LLV(W#V)l - ZB;WBIW -

1 _
— 7 GA (G + Z ¢/ (iDky)w +
f=1q
+Zpm1q P (IDFY*)07. M

where,

M//.Liv = auVVvi - avw//,ti + gz«fijk%jmk,
Buv = aqu — avBu,

;?v = auAg - avAﬁ + gsfabCAzA5> )

. i
DL = 8, — ig,Witi —ig,B, (%) — ig A%,

. AN
Df=0,—ig:B, (7R) — igsAgte, 3)

here the each indices of i, j, k have the values 1, 2, 3
and the indices a, b, ¢ have the values 1,...8; YL’T risa

weak hypercharge for the left and right fields of the
quarks and leptons.
Further, we rewrite the Lagrangian (1) in terms of

charged vector fields W;* = (W}! F iW2)/V2 and
neutral fields W,f and By, which are mixtures of other
fields, A, and Z, with some mixing angle 6y,
(Weinberg mixing angle):
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W} = Z,cosOy, + A,sinby,
B, = —Z,sinby + A,cosOy 4)

The interaction Lagrangian for the charged
currents (CC) is immediately obtained from (1) and
has the desired form (V-A):

92
V2
=20y, (1-ysWie+hec,0 (5

Loc = =¥, v, We, + h.c.=

92 _
L. =1y, (1 —ys)W;"d +
=575 Yu(1 —ys)W,
+2dy, (1 - ys)Wu (6)

For the interaction of neutral currents (NC)
according to the requirement 1, it is necessary that
one of the fields, let’s say A,, have the correct
electromagnetic interaction like the photon field.
This leads to a set of equations for hypercharges that
have solutions of the form: Yg§ =2V7 Y =
?Yf, Y¢ = ng, where the hypercharges are
expressed in terms of one independent parameter, for
example, the left lepton doublet hypercharge Y/ [5].
One of these equations gives the relation between the
charges and the mixing angle: g,sinfy, =
—g:Y/ cosOy,. In this case, the Lagrangian of neutral
currents with the fields A, and Z, takes the following
form:

e

Lyc = eXsQfJf  A* + YrlfZm (D)

4sinByy cosOyy

where,

])gLn :fyuf'Qv =0,0.=-1,0, =
E;Qd = —g,]fu = fy”(ﬁf — af)/S)f. As a result,
the Lagrangians (5) and (7), which are obtained from
the Lagrangian (1), have a structure that demonstrates
the next “good” properties of the theory:

1) correct charged currents (V — A);

2) correct electromagnetic interactions;

3) reduction of chiral anomalies;

4) prediction of new neutral currents and new Z,
boson interacting with them.

These currents and the boson are detected
experimentally.

However this constructed theory cannot correctly
describe the properties of nature. All fields in this
theory must be massless. But in nature all charged
leptons and quarks, W and Z bosons have nonzero
masses. The introduction of the masses into the
theory lead to the serious problems. The mass terms
for bosons M%V#V”* and the Dirac mass terms for
fermions MyP¥ = my (Y, Pr + Pr¥,) do not
satisfy the main requirement of gauge invariance: the
mass term for a vector field is not invariant when
V-V + 8#0(, and in the mass term of the fermions
the left doublet ¥ and the right singlet ¥y are
transform differently on phase rotation.

3 The Brout-Englert-Higgs mechanism of
spontaneous symmetry breaking

The Higgs mechanism is used in the framework
of the SM to introduce massive vector and fermion
fields without violating the basic principle of gauge
invariance in field interactions. Let’s add to the
expression (1) the Lagrangian of a complex scalar
field

Ly = D, @ DHP — p2oted — 24 (dT) (8)
which is gauge-invariant for the same group

SU,(2) X Uy(1). Here @ is a complex doublet.
Covariant derivative has the following form

. ¢
D, =0, —ig,W,; ‘—lglfB#.

Here Y} is hypercharge of the scalar so called
Higgs field. The potential of this field shown in
Figure 1 has a minimum for negative u?:

w2l _ 9

l@ol = g=5>0-
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Vi)

Po

Figure 1 — Potential of the Higgs field

Any particular vacuum solution breaks the
symmetry for the phase shift. An arbitrary complex
scalar field, which is a doublet of the group SU, (2) ,
can be parameterized by four real fields:

Since the Lagrangian (8) is invariant under the
gauge transformation

?(x) > @(x) = exp (ig,a't)P(x),

we write as g, a’(x)=E(x) /9, so that all fields & (x)
with the corresponding gauge field transformation
disappear from the Lagrangian and only physical
degrees of freedom remain in it. In this so called
unitary gauge transformation, after substituting the
fields %1, W”Z, I/I/”3 and B, expressed in terms of the

fields W 4,2, and &(x) = <@) the
Lagrangian L4 takes the form v
L =3(0,h)* — 2 (249%)h? — 9h3 — %h4+
h 2
+MGW W (1 + 5) +

1 h
+EM§ZHZ“(1 +5)2. (10)
W.Z :
\
—_——— - - — — L/
h h h
W,Z

Here we introduce a new field of the new scalar
boson (Higgs boson) h(x) with mass M7 = 2192
Also it is included mass terms My, = %gzﬁ, M, =

%(QZCOSQW + g1Yysinfy,)9 for the W#J—r and Z,

boson fields respectively, as well as the interaction
term of the W, Z fields with the Higgs boson and the
self-interaction terms of the Higgs boson: h3 and h*.

Note that the fields &'(x) in expression (9) are
extracted from the Lagrangian by the unitary gauge
transformation. However, according to the Goldstone
theorem, there must be the existence of 4-1=3
massless bosons. In the gauge theory, these three
bosons become the longitudinal components of the
vector fields W*, Z which from massless with two
degrees of freedom become massive with three
degrees of freedom. This mechanism of mass
production is called the Brout-Englert-Higgs
mechanism  [3,4]. The  Brout-Englert-Higgs
mechanism makes it possible to give masses not only
to gauge bosons, but also to fermions.

Note the one significant problem of the simplest
Higgs SM mechanism: it is unstable for quantum
loop corrections to the mass of the Higgs boson itself
(the problem of the hierarchy). In Figure 2 it is shown
the diagrams contributing to the correction to the
mass of the Higgs boson

Figure 2 — The diagrams contributing to the mass of the Higgs boson
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The SM? = 43‘2_;;2 (2MZ + M2 +
M? — 4M?)A? ~ —(0.24)? corresponding to these
diagrams has square dependence on the scale A. The
scale A related to any “new physics”, i.e. any new
objects that can contribute to the mass parameter of
the Higgs boson. The corrections to the masses of all
other SM particles depend on parameter A weakly.
There is no such symmetry that would forbid such a
strong dependence of mass on scale in the case of the
scalar Higgs boson. If we require that the corrections
to the Higgs boson mass do not exceed the mass
itself, My, < My, then the limit for A would be less
than 1 TeV, which is in the contradiction with the
data, since none ‘“new physics” has been found on
this scale. This difficulty, possibly technical, is called
the "problems of small hierarchies." To solve it,
something is needed in addition to SM.

correction

4 The Higgs boson predictions.

What did we know about the Higgs boson before
its detection? Let’s present the Lagrangian of the
Higgs sector in the SM where the corresponding
boson and fermion parts are present:

1 M2 M2
L, =—=(3*h)(d,h) + —h? — —h3 —
h 2( (0, )2+ 2 20
Mh
—— L pt
892 +
M2, WW—# 1MZZ Zh )1 h*
+ w M +§ VA # +5 -
= h
—%ymeff (1+5) (11)

In this formula all coupling constants are also
expressed in terms of the Higgs boson mass
parameter. The values of the masses of W, Z bosons,
leptons and quarks are known from experimental
data.

In the Lagrangian (11) all parameters were
known from the experiment before the Higgs boson
discovery, except the mass of the Higgs boson. This
circumstance made it possible to carry out various
calculations for different mass regions of the Higgs
boson and to obtain several quantitative predictions
and experimental limitations.

Assumptions for the decay width and production
cross sections for various modes. From the
Lagrangian (11) it follows the Feynman rules for the
interaction of the Higgs boson with W+ and Z bosons

and fermions, as well as the self-interaction h® and
h* vertices of the Higgs boson. We can calculate the
main decay widths and production cross-sections for
the Higgs boson by using the Feynman rules and
taking into account the higher order strong, and in
some cases electroweak corrections [6].

Further we introduce the Feynman diagrams for
the main Higgs boson decay modes:

- decays into a fermion and antifermion, f =

b, ¢, T, u

|

- decays into a real vector bosons W, Z (M) >
2My)

- decays into a real and virtual bosons (M, <
M, < 2My)
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- decays into two photons, photon and Z-boson

The behaviour of the total width for Higgs boson
decays and the partial widths for different modes

10°

depending on Higgs boson mass are shown in Figures
3,4[6].
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Figure 3 — Dependence of the total Higgs boson decay
width 7}, on its mass My [6]
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Figure 4 — Partial probabilities of the decay of the Higgs boson
through various channels depending on its mass [6]

Limitations from the conditions of unitarity of the
SM. The most "dangerous" in terms of energy growth
are the amplitudes with participation of the
longitudinal components of the W and Z bosons.
According to the Brout-Englert-Higgs mechanism

these longitudinal components occur from the
corresponding Goldstone bosons. Then the scattering
amplitudes of two longitudinal components of the W
boson can be found from the goldstone boson
scattering diagrams:

el T

Figure 5 — The goldstone boson scattering diagrams
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AW*rW- ->Ww*rw-) =

- [e+ () g () ] 0

Hence for the amplitude of the zero partial wave
we get

1 (0 ___Mj My
"~ 16ms J-s dt|Af = 1671192[ + s—MZ

_Mq s
. log (1 + Mﬁ)]‘

Then the condition |Rea;| < 1/2 will lead to two
possible consequences:

Qo

(13)

2

My
ag — _W’Mh < 870GeV
(14)

N

_W'\/E < 1.7GeV

ag —

Therefore, to produce unitarity there should be a
Higgs boson with a mass of less than 870 GeV (710
GeV, taking into account all V.V, scattering
channels), otherwise if v/s < 1.7TeV (1.2TeV) the
SM does not working and something outside the CM
must manifest itself to ensure unitarity.

Limitations from the condition of self-consistency
of the SM.

Limitations arise from consideration of the
equation of the renormalization group for the
evolution of the self-interaction constant of the Higgs
boson

1 3
~ {12/12 + 602 — 328 —SA(3g3 + g) +
3
+=[2g% + (g3 + g)?]

where 4; = m;/v is Yukawa coupling constant for
top quark and the relation between A and My, is M? =
202 [7].

Limitations from direct searches on colliders.
Direct limitations for the Higgs boson mass Mj, were
obtained on colliders Tevatron and LEP, before the
start of the LHC. The LEP studied the process with
the Higgs boson emission (the process is called Higgs
strahlung):

Figure 6 — The Higgs emission process

and obtained the value My, > 114.4 GeV for lower
limit at 95% Confidence Level (CL).

At the Tevatron the Higgs boson mass was
excluded in the mass interval M; = 160 <+ 170GeV
when studying the process of gluon fusion with the
Higgs boson decay into two W-bosons.

Limitations from comparing the loop corrections
of the mass with precision measurements. At the
Tevatron and LEP colliders a very important
limitations are  associated with  precision
measurements of the W boson mass and the top quark
mass: My, = 80385 + 15MeV, M, = 173.18 +
0.56(stat) + 0.75(syst)GeV .

It should be noted that there are loop corrections
to the boson masses, which depend (logarithmically)
on the Higgs boson mass, as shown in the following
diagram

- < h
" 4 \
w / \ w

and (quadratically) on the top quark mass, as shown
in the next diagram

b

Comparison of these mass shifts and
measurement accuracies allows us to establish
limitations from above: M, < 155GeV,95% CL.

It should be noted that the comparison of this
precision measurements from the Tevatron, LEP and
SLC colliders with the results of the SM (taking into
account the quantum corrections to the leading
approximation) allowed us to demonstrate how well
the data were described. These comparisons are
shown in Figure 7.
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Figure 7 — Global approximation of the precision experimental data
for the measurement of some quantities which indicated in the left column of the figure,
with the results of calculations of these quantities in the SM taking into account
the contribution of loop corrections [8]

5 Higgs boson results

The discovery of the Higgs boson in 2012
completed the SM of elementary particle physics.
After that, in the ten years following the discovery,
the great progress has been made in painting a clearer
portrait of the Higgs boson. The decay rates and
production of the Higgs boson were measured using
the dataset collected by the CMS and ATLAS
experiments during Run 2 of the LHC from 2015 to
2018 [9,10]. The obtained results were in excellent
agreement with the Standard Model predictions. All
measurements made so far are found to be consistent
with the expectations of the SM. In particular, the
overall signal-strength parameter has been measured
to be u = 1.002 £ 0.057 [9]. It has been shown that
the Higgs boson directly couples to bottom quarks,
tau leptons and muons, which had not been observed
at the time of the discovery, and also proven that it is
indeed a scalar particle. The CMS experiment is
approaching the sensitivity that necessary to probe
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Higgs boson couplings to charm quarks [11]. The
observed (expected) 95% CL value for . is found to
be 1.1 <x.<5.5 (k. <3.40), the most stringent result
so far.

In different scenarios, the couplings of the Higgs
boson to the three heaviest fermions, the top quark,
the b quark and the 7 lepton, were measured with
uncertainties ranging from about 7% to 12% and the
couplings to the weak bosons (Z and W) were
measured with uncertainties of about 5% [10]. A
comprehensive study of Higgs boson production
kinematics was performed and the results were also
was in good agreement with the Standard Model
predictions.

With the Run 2 data, CMS has observed the
decay of the Higgs boson into a pair of T leptons with
a significance of 5.9 s.d. [12], the ttH production
mode at 5.2 s.d. [13]. The Higgs boson has also been
seen in its decays into muons with a significance of 3
s.d. [14]. In the analyses of the decay channels H —
vy and H—ZZ—4[ the Higgs boson mass had been
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measured to be 125.38 + 0.14 GeV [15]. The width
of the Higgs boson had been extracted and was found
to be I'v= 3.2¥2% MeV by using off-mass-shell and
on-mass-shell Higgs boson production [16]. On-
mass-shell refers to a particle with its physical mass,
and off-mass-shell refers to a virtual particle.

Studies of on-shell and off-shell Higgs boson
production in the four-lepton final state are presented
in Ref. [17], using data from the CMS experiment
(LHC) with the integrated luminosity of 80.2 fb™' and
center-of-mass energy of 13 TeV. Kinematic
information from the decay particles and the
associated jets are combined using matrix element
techniques to identify the production mechanism and
increase sensitivity to the H boson couplings in both
production and decay. The constraints on anomalous
HVV couplings were found to be consistent with the
Standard Model expectation in both on-shell and off-
shell regions. Under the assumption of a coupling
structure similar to that in the Standard Model, the H
boson width is constrained to be 3.2¥38 MeV while
the expected constraint based on simulation is 4.1759
MeV.

Measurements of the Higgs boson mass in the
diphoton decay mode at the LHC, with the 35.9 fb’!
and s =13 TeV data collected in 2016 was
described in Ref. [18]. Although the branching
fraction of the diphoton H—yy decay channel is
significantly small (=0.23%), it provides a clean final
state topology in which the diphoton invariant mass
can be reconstructed with high precision.

A new method for estimating the systematic
uncertainty —associated with changes in the
transparency of crystals in an electromagnetic
calorimeter during radiation damage was also used.
The value of the mass of the Higgs boson in the
diphoton decay mode was found to be my=125.78 £
0.26 GeV. This measurement had been combined
with a recent result of the CMS of the same
magnitude in H — ZZ — 4/ decay channel [19] to
yield my = 125.46 £ 0.16 GeV. Currently this is the
most precise measurement of the mass of the Higgs
boson.

The conclusions from the work done are the
following: during Run 2 of the LHC the experimental
collaborations started to employ the combined data
for precision measurements of Higgs properties, such
as mass, width, couplings, CP. All main production
mechanisms are observed, including H — bbH, ttH,
VH and etc. Higgs boson mass m, was measured with
an accuracy of 0.1%. Precisions of cross section and
branching ratio measurements in combined channel

were down to 8.5% level and had ~6-30% accuracy
for measurements of couplings. The absolute value of
a width was getting closer to the SM expectations
(4.1 MeV). Scientists still need to improve the
measurement accuracy. It should be noted that spin,
parity, differential distributions were not contradict
the SM.

There are strong theoretical motivations to search
for CP-violating effects in couplings of the Higgs
boson to fermions rather than V bosons. As is well
known, the amount of CP violation in the SM
encoded in the CP violating phase in the CKM matrix
is not enough by about an order of magnitude to
explain the matter-antimatter asymmetry in the
Universe. In couplings to V bosons, CP-odd
contributions may enter via nonrenormalisable
higher-order operators that are suppressed by powers
of 1/A% [20-22]. Here A is considered as a physics
scale beyond the SM. Therefore, we can assume that
they will only make a small contribution to the
coupling. A renormalisable Higgs-to-fermion
coupling that violates the CP-symmetry may occur at
tree level. The Yukawa couplings for T lepton Htr
and ¢ quark Htt are therefore the optimal couplings to
study the CP in pp collisions [23], and measurements
of these two interactions complement each other.
Recently, both ATLAS [25] and the CMS [24]
collaborations presented first measurements of the
CP structure of the Higgs-to-top quarks coupling.
The CMS results reject the purely CP-odd hypothesis
with a significance of 3.2¢ standard deviations, while
the ATLAS results reject it with a significance of
3.90 standard deviations.

The CP-properties of the H —tt decay is
described in terms of an effective mixing angle o™,
which is actually equal to 0° in the Standard Model
[26]. It turns out that the study of the nonzero
parameter o™ would directly contradict the SM
predictions, and led to models beyond the SM: two-
Higgs-doublet model [27], supersymmetry. For
instance, according to the minimal supersymmetric
model CP violation between the Higgs and fermion
is expected to be small. Therefore the measurement
of a sizeable mixing angle would be unfavorable for
such scenarios. In contrast, the parameter o™ can be
as large as 27° in the next-to-minimal
supersymmetric model [28].

Parameterisation of the Lagrangian for the
Yukawa ¢ coupling in terms of the coupling strength
modifiers k. and k, which parameterise the CP-even
and CP-odd contributions, respectively [23]:

“m,

Ly = _H(kT‘L_'T + ErfinT).

v
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In this equation, my is the 7 lepton mass, 7 is the
Dirac spinor for the 7 lepton fields. The vacuum
expectation value of the Higgs field v is taken as 246
GeV. The effective mixing angle o™ for the Htt
coupling is defined by the coupling strengths as

k,
tan(af7®) = k—T
T

while the fractional contribution of the CP-odd

coupling 5P could be obtained from the mixing
angle as fSF =sin?(af’™). A mixing angle of

af'® =0 (90)° corresponds to a pure scalar
(pseudoscalar) coupling. For any other value of the
parameter a*?, the Higgs boson has a mixed
coupling with CP-even and CP-odd components,
where the maximum mixing occurs at +45°.

¢dcp denotes the angle between two planes, where
occur two 7-lepton decays in the rest frame of the
Higgs boson. An illustration of the decay planes is
shown in Figure 8. The relation between a”** and
¢cp can be derived as follows

dr
ddcp
2
b(E*)b(E™) ==cos ($, + 2aH™).

(H->ttt7)~1-—

CMS Simulation

In this equation, the energies of outgoing charged
particles denoted by E”and E” in their respective rest
frames. The b functions are spectral functions that
account the correlation between the t-lepton spin and
the momentum of the emitted charged particle.

In Figure 9 it is illustrated the normalized
distribution of ¢cp for the pseudoscalar, scalar and
maximally mixed values of a’*?, as well as the ¢cp
distribution from Drell-Yan processes. Calculations
was done in the rest frame of the Higgs boson.

Figure 8 — The illustration of two t lepton decay planes
in the H rest frame.
¢cp denote the angle between this decay planes
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Figure 9 — The normalised distribution of ¢cp between the 1 lepton decay planes
in the rest frame of the Higgs boson at the generator level, for both 1 leptons decaying
to a charged pion and a neutrino. The distributions are for a decaying scalar (CP-even, solid red),
pseudoscalar (CP-odd, dash blue), a maximal mixing angle of 45° (CP-mix, dash-dot-dot green),
and a Z vector boson (black dashdot). The transverse momentum
of the visible ¢ decay products p¢ T was required to be larger than 33 GeV during the event generation

Results for the a”*® mixing angle: the observed
and expected negative log-likelihood scan for the
combination of channels tctn, Tuth, and Ttn was
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presented in Figure 10. The results disfavoured the
pure CP-odd scenario at 3.0c and expected exception
assuming the SM Higgs boson is 2.66.
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respectively is 3.0s (2.6s). The observed (expected) value for a®** is -1£19° (0£21°)
at the 68.3% CL. The observed range is +41° (+49°) at 95.5% CL and +84°at the 99.7% CL

The first measurement of the CP structure of the
Yukawa coupling between the Higgs boson and t
lepton is presented In Ref. [29]. The measurement
was based on data collected in pp collisions at v/s =
13 TeV by the CMS experiment at the LHC, with the
integrated luminosity of 137 fb"'. The analysis uses
the angular correlation between the decay planes of t
leptons produced in Higgs boson decay. It is found
that the observed effective mixing angle is -1£19°,
while the expected value is 0+£21° at a confidence
level of 68.3%. The observed uncertainty found to be
+41° and expected uncertainty is £49° at the 95.5%
CL, and the observed sensitivity at the 99.7%
confidence level is £84°. The main uncertainty in the
measurement is statistical, which means that the
accuracy of the measurement will increase as more
collision data is accumulated. The result is consistent

with the predictions of the SM and reduces the
allowed parameter space for its extensions.

In Ref. [30] it was studied the decay of the Higgs
boson into four leptons via a virtual W-boson or Z-
boson pair. This decay channel is one of the most
important decay modes in the search

for the Higgs boson at the LHC. Partial decay widths
of the H — 4 leptons decays are given in Table 1 for
various Higgs masses and various decay channels.
The data includes the O(o) and O(G’ M%)
corrections and the corresponding relative
corrections. The channel v e*u~ 7, results from the
decay H — WW — 4 leptons, while the last channel
v, 171, receives contributions from both the decay
into W and into Z bosons. The larger the Higgs mass,
the larger is the decay width.

Table 1 — Descriptions of the distribution of the Higgs boson [30]

Mu(GeV) 140 170 200
T'w(GeV) 2.09052... 2.09054... 2.09055...
I'2(GeV) 2.50278... 2.50287... 2.50292...
H— ['[MeV] 8[%] ['[MeV] S[%] ['[MeV] 8[%]
eetuu” corrected 0.0012628(5) 2.1 0.020162(7) 2.7 0.8202(2) 44
lowest order 0.0012349(4) 0.019624(5) 0.78547(8)
AT corrected 0.0006692(2) 2.3 0.010346(3) 2.7 0.41019(8) 44
I=e,u lowest order 0.0006555(2) 0.010074(2) 0.39286(4)
veetu 7, corrected 0.04807(2) 3.7 4.3109(9) 6.2 12.499(3) 5.0
lowest order 0.04638(1) 4.0610(7) 11.907(2)
vt D, corrected 0.04914(2) 3.7 4.344(1) 6.1 14.133(3) 5.0
I=e,u lowest order 0.04738(2) 4.0926(8) 13.458(2)
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because the available phase space grows. The
corrections to partial decay widths typically amount
to some per cent and increase with growing Higgs
mass My, reaching about 8% at My ~ 500GeV. For
not too large Higgs masses (Mu<400GeV) the
corrections to the partial decay widths can be
reproduced within $2% by simple approximations.
The decays of the Higgs boson into 4 leptons via a
W-boson or Z-boson pair lead to experimental
signatures at the LHC that are important for studying
the Higgs boson and its properties.

6 Conclusion

The SM predictions for different observables,
such as widths and partial decay probabilities,
various asymmetries, kinematic distributions, cross-
sections of processes are in excellent agreement with
experimental data. There are 18 free parameters in the
SM:

- four parameters in the electroweak and Higgs

sector: gy, g, 12, A. This parameters are expressed in
2

terms of parameters o,y = :—n, sinby, Mz, My,
which are measured in high accuracy;

- six quark masses and three charged lepton
masses;

- in the Cabibbo-Kobayashi-Maskawa mixing
matrix there are three angles and one phase;

2
- Qocp = Z—; is the coupling constant of strong

interactions.

The Higgs boson has been discovered and
significant differences from the predictions of the
Standard Model are not yet visible, but the physical
characteristics of the Higgs boson is still to be studied
in great detail. This is what physicists will continue
to do at the LHC and at future high-energy colliders.
In the new Run at LHC, a beam of protons appeared
with a collision energy of up to 13.6 TeV, in addition,
the luminosity, i.e. number of collisions have been
increased. As expected, detectors will be able to see
significantly more Higgs boson production events,

which means physicists will be able to study its
properties in more detail and subject the Standard
Model to even more rigorous tests. Run 3 will last
approximately 3 years, after which the Large Hadron
Collider will be radically upgraded to become the
HL-LHC (High Luminosity Large Hadron Collider).

Also in the coming years, physicists must decide
in which direction to develop particle physics in the
near future. The LHC will be replaced by a new
generation collider, and most likely it will be one of
the variants of the Higgs factory — the electron-
positron collider (FCC), optimized for the study of
the Higgs boson. As a result of the work of the LHC
and the Higgs factory, the measurement accuracy of
many decays of the Higgs boson will improve to a
few percent. If the properties of the Higgs boson
differ from the Standard Model by even a few
percent, this will be noticeable, and thus a new
chapter in the study of the micro-world will open.

Let us note one more new generation project for
further study of the Higgs sector and search for new
physics beyond the SM. Such a project is the
International Linear Collider (ILC), which proposes
to collide e"e™ at energies of 250 GeV and higher. The
fundamental difference from the LHC is that leptons
collide in the ILC, which makes the events cleaner to
interpret. It is planned to install two conceptually
different detectors at the ILC collider: ILD
(International Large Detector) and SiD (Silicon
Detector). Both detectors will have record-breaking
accuracy in measuring the jet momentum and
energies.
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The values of the heat flux density, transverse and longitudinal temperature gradients of the gas-thermal
burner torch, the type of reaction during the combustion in various modes (reducing, neutral, oxidizing)
depending on the mass fractions of the fuel and oxidizer burning have been determined in this paper.
The significant role of the torch temperature as one of the most important parameters determining the
quality of polymer coatings obtained by the gas-thermal method has been established. A spatial model of
a gas-thermal burner has been designed, which allows to obtain thermal modes at specified technological
parameters. A physical model of the interactions “torch-polymer particle”, “thermal jet — base” has been
developed. The necessary density of the torch heat flux for the complete melting of ultrahigh molecular
weight polyethylene (UHMWPE) particles not exceeding the temperature threshold of destruction has been
determined. The required rate of introduction the UHMWPE powders into the burner flame has been also
determined. Based on the calculations of the “torch-polymer particle interaction”, the optimal geometry of
the torch, the particles trajectory in the torch and the spraying distances have been determined.

Keywords: gas-thermal spraying, ultra-high molecular weight polyethylene, High-Velocity Air-Fuel
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technology, finite element method, destruction.
PACS numbers: 07.20.—n, 44.90.+c.

1 Introduction

A method of applying polymer coatings to the
surface of metal products by gas-thermal spraying in
protection purposes is proposed in a number of works
[1-5]. The method eliminates the necessity of using
volatile organic solvents under hazardous production
conditions. However, the proposed method and
equipment for the gas thermal spraying has significant
drawbacks including low productivity; the heat
transfer in the “torch — polymer particle”, “thermal
jet-base” systems have not been investigated. In our
opinion, the systematic studies have also not been
carried out to determine the efficient composition
of the combustible mixture and granulation of the
applied polymer material. In addition, the method
is not optimized for the criteria of industrial
applicability.

In the result, there are still no wunifired
recommendations for choosing the optimal value of
the heat flow density of the thermal sprayer torch,
modes of melting polymer coatings on long-length
parts. Moreover, from a technological point of view,
the problems of controlling the geometric dimensions
of the applied coatings which in turn depends on the
accurate modeling of the spraying process have not
been solved.

The unstable technological modes adversely
affect, respectively, the practically important
properties of the obtained coatings.

The polymer processing has been carried out using
plasma energy [6-8]. However, the high temperature
developed in the plasma flow results in the polymer
destruction. Besides this, the mechanical properties
and chemical resistance of coatings are lower
than those of the coatings made by other methods.
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This greatly limits the scope of the flame spraying
method. In addition, a significant disadvantage of the
polymer plasma spraying method is the low values
of the thermal efficiency, high energy intensity, and
the impossibility of its implementation under non-
stationary conditions. The plasma method seems to
be appropriate only for the processing of refractory
polymers, such as fluorolones.

Thus, the purpose of this work is to determine the
degree of the parameters of the High-Velocity Air-
Fuel (HVAF) method the impact to the physical and
chemical properties of the burner torch during the
UHMWPE processing.

2 Material and research methods
In order to apply UHMWPE coating in practice,

we need to develop and design an experimental
high-rate gas-air spraying unit. However, it is

necessary to determine beforehand the influence
of the technological parameters of the gas-thermal
equipment on the physical and chemical properties
of the burner torch during the UHMWPE processing.
Weused 3D modeling methods to solve this problem.
Propane was used as a fuel gas, and air was used
as an oxidizer (high velocity coating technology
— High Velocity Air-Fuel (HVAF). The object of
the UHMWPE study, manufactured by Nantong
Yangba Polyethylene Co., Ltd., China, the density
is 930 kg/m?, with a molecular weight of 2:10° mol-
I, is a white powder with an average particle size
of 150 microns (Figure 1 a, b), T = 135 °C, bulk
dens1ty >0.4 g/cm?, p>0.933 g/cm3 The shape and
size of UHMWPE particles were determined by
optical microscopy on Altami Met 5C. The powder
mixing was carried out in a Pulverisette 23 ball mill,
rotation speed 1500 rpm, grinding time in the range
from 6.5 to 15 minutes.

number of particles
M
(=]

o |
50 100 200 300 400 500 600
particle sizes, microns

b

Figure 1 — Optical image of UHMWPE patrticles (a), particle size distribution (b)

To study the process of the UHMWPE gas-
thermal processing, we have designed a physical
model of the system and found optimal solutions by
the finite element method (FEM) in accordance with
[9,10]. FEM is a numerical method for solving partial
differential equations, as well as integral equations
arising in solving problems of applied physics. As
it is known, FEM is widely used to solve problems
of deformable solid mechanics, heat transfer,
hydrodynamics, electrodynamics and topological
optimization. The domain in which the solution
of differential equations is sought is divided into a
finite number of subdomains (elements). The type of
approximating function is arbitrarily selected in each
of the elements.

60

A spatial model that makes it possible to
obtain the thermal modes of the burner torch at the
specified technological modes has been designed.
The model was designed in the SolidWorks 3D
modeling software package according to [11]. The
boundary conditions are: heating time of a powder
particle is 0.2 s, an average heat flow density is 38
kW/m?.

3 Results and discussions

3.1 Dependence of the physical and chemical
properties of the gas-thermal burner torch on the
geometry of the nozzles and the mass fractions of fuel
and oxidizer
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To determine the dependence of the physical and
chemical properties of a gas—thermal burner torch
on the geometry of the burner nozzles and the mass

I

\./

=~

fractions of fuel and oxidizer, we designed a 3D
model of High-Velocity Air Fuel (HVAF) spraying
technology (Figure 2).

Figure 2 — Schematic diagram of polymer spraying by the gas-thermal method

According to Figure 2, there is a brief description
of the technological process: propane 1 enters the
gas distribution unit 6, and sprayed through nozzle 7,
ignites under the impact of a heat source and forms
torch 3; mixture of air and composite charge 2 enters
the gas distribution unit and then enters the torch zone
through nozzle 7; UHMWPE powders 4 melt under
the impact of the temperature and collide with base 8
to form a coating. The ratio of the fuel, oxidizer and
working raw materials, i.e. variable technological
parameters, are regulated respectively by valves
5. The burner torch must provide the necessary

technological mode for the processing of UHMWPE
particles. To obtain coatings with the possibility of
varying their properties, it is necessary to provide an
adjustable temperature gradient of the torch, which
can be achieved by changing the geometry of the
nozzle and the ratio of fuel and oxidizer.

The most important problem of optimizing the
torch burning process is the efficient use of the energy
released during the combustion of the combustible
mixture. In addition, special attention is paid to the
compliance with the spraying temperature mode
during the spraying polymer coatings.
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Figure 3 — Dependence of the physical and chemical properties of the torch on the
geometry of the nozzles and the mass fractions of the fuel and oxidizer
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Figure 3 shows the changes in the physical and
chemical properties of the torch depending on the
geometry of the nozzles and the mass fractions of the
fuel and oxidizer.

Table 1 — Boundary conditions of the experiment

Table 1 shows boundary conditions.

It can be seen from the above data, that the
temperature distribution along the axes of the torch is
sensitive to the ratio of the diameter of the nozzle and
the gas flow velocity.

Experiment 1

Experiment 2

Experiment 3

Experiment 4

Experiment 5

Jet diameter, mm 0,9 1 1,1 1,2 0,9
Gas consumption 0,01 0,03 0,05 0,04 0,035
(propane)
Experiment 6 Experiment 7 Experiment 8 Experiment 9 Experiment 10
Jet diameter, mm 1 1,1 1,2 0,9 1
Gas consumption 0,001 0,03 0,01 0,001 0,005

(propane)

3.2 The dependence of the heat flow density, the
temperature gradient of the burner torch, the type of
reaction during combustion in various modes on the
mass fractions of fuel and oxidizer

According to Figure 2, the ratio of fuel, oxidizer,
raw materials (variable technological parameters) is
regulated by valves 5

Figure 4 shows the calculated data of the temperature
gradient of the gas-thermal burner torch. As can be seen
from the diagram, the designed finite element model

09322
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allows receiving the data at any point in the torch space.
Depending on the ratio of the combustible substance
and oxygen, the gas flame is divided into [12-14]:

+ oxidative — with oxygen excess;

» regular — with a parity ratio of combustible
matter and oxygen;

* recovery — with an excess of combustible gas.

The torch flame consists of three components:
the neutral zone (red), the recovery zone (green) and
oxidizing (light blue color) (Figure 5).

Temp 11420°C
Temp 105,06 °C
Temp 1006.84°C

1341.61°C Temp 1233,10°C

Temp 996,85 °C

Temp 696.40°C
Temp 638.41°C

Temp 481.09°C

Figure 4 — The torch temperature gradient
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Figure 5 — Colored zones, which show the type of combustion reaction

N

w

—— sketch 19

N

Oxidizer excess coefficient

[

d

0 50

100 150 200 250 300 350 400 450 500
Model Z axis, mm

a)

w
f—]

—sketch

N

Excess fuel ratio

\

100 150 200 250 300 350 400 450 500
Model Z axis, mm

\

R

0 50

b)

Figure 6 — Change in the excess coefficient of oxidizer (a) and fuel (b) along the flame axis

From the data in Figures 5 and 6, it can be seen
that the powder is in the area of the oxidizing flame
in the melting zone. In [15,16] it is noted that due to
thermal oxidation processes, the coatings even from
inert polymers, such as polyethylene, have good
adhesion. However, too high flame temperature (up
to 1500 ° C) in an unstable mode adversely affects the
other, practically important properties of coatings.
For example, the mechanical properties and chemical
resistance of the coatings are lower than that of the
coatings made by other methods [17-19].

The heat flow density is an important
technological parameter. The determining of the heat
flow density is necessary to determine the optimal
trajectories of powder particles in the torch. Figure
6 shows a general picture of the distribution of heat
flow density along the torch longitudinal axis.

Figure 8 shows the calculated gradient of the heat
flow in the particle deposition area. Figures 7 and 8
show the dependence of the heat flow density on the
deposition distance. It can be seen that at a distance of
0.8 m the average value of the flow density is 38 AW/
m?. The heat flow density corresponds to the modes
that are calculated when modeling the heat exchange
process in the “torch — polymer particle” and “thermal
jet-base” systems.It is necessary to study the “torch
— polymer particle interaction” because of the low
thermal conductivity of the UHMWPE, thermal
destruction. Powder losses in this technological
process may be caused by:

- the amount of powder that did not melt in the
flame,

- the amount of powder that has been destructed
due to a high temperature.
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Figure 8 — Change in heat flow density along the torch central axis

This may occur with non-optimal trajectories
of the powder particles in the torch. Namely,
a particle has a path in the torch that does not
correspond to its physical and chemical properties.
The particle does not fall into the torch. The
thermal power of the torch is less than necessary
to melt the entire amount of particles arriving per
a unit of time.

3.3 Modeling of heat transfer processes in the
“torch — polymer particle”, “thermal jet-base”
systems

64

In the result of the calculated work, the trajectories
of a particle motion in the torch have been obtained
(Figure 9). It can be seen that the powder particles
are placed along the cylinder axis and move in the
calculated central axis of the flame, the powder
heating is uniform and lies within the specified limits
of the temperature and destruction.

Picture 10 shows the change in the heating
temperature of UHMWPE particles along the
trajectory of their movement at a powder feed
velocity of 1 kg/min.



M. K. Skakov et al.

Phys. Sci. Technol., Vol. 9 (No. 3-4), 2022: 59-68

220.00
200.00
180.01
160.01
140.02
120.02
100.03
8003
B0.0&
4004
2005

particle temperature, “C

Figure 9 — Picture of the of UHMWPE particles trajectory in the torch

450
400
rl‘_.J 350

U 300

P
W
=1

particle temperatur

2

0 0,5 1 15

— fraction 14
fraction 15
fraction 16

— fraction {7
fraction 18

— fraction 19

2.5 3 3.5

maximum trajectory length, m
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Figure 10 shows that the particles reach the
required temperature at a distance of 0.8 m. At
the same time, the temperature of the particles is
almost the same, which should ensure a uniform
structure of the coatings obtained from UHM-
WPE. The melting point of UHMWPE is 135 —
150°C. Theoretically, the short-term temperature
limit without destruction is 1.5 T The values
obtained by us satisfy the spec1fled interval. It
also follows from the data obtained that it is nec-
essary to choose a spraying distance of 800 mm,
which ensures the exposure of a given tempera-
ture range.

Figure 11 shows the change in the temperature
gradient along the particle cross-section depending
on its diameter. The boundary conditions are: the

heating time of a powder particle is 0.2 s, the average
heat flow density is 38 kW/m?

It can be seen that, the particle core has a
temperature below melting point by 120 C° for a
UHMWPE particle larger than 0.2 mm at a given heat
flow density, which will result in incomplete powder
melting. Therefore, it is advisable to use powders
with a particle size of about 0.05-0.2 mm, which
corresponds to the physical and chemical properties
of the particles during the spraying [20-21].

Figure 12 shows the “thermal jet-base”
interaction. The temperature distribution fields are
visible depending on the geometry of the bases. It can
be seen from the diagrams that the optimal spraying
distance is 0.8-1 m, since then the torch is less stable
and the particles fall into the turbulent flow.
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4 Conclusions

Thus, in the result of the conducted research, a
significant impact of the technological parameters
of the gas-thermal equipment to the physical and
chemical properties of the burner torch during the
processing of SMPE (HVAF method) has been
established. The values of the heat flow density
and the temperature gradient of the torch, the type
of a reaction during the combustion in various
modes (recovery, neutral, oxidizing), depending
on the mass fractions of the fuel and oxidizer, have
been determined. The significant role of the torch
temperature as one of the most important factors
determining the quality of the polymer obtained
coatings has been established. A spatial model of
a gas-thermal burner which makes it possible to
obtain the thermal modes at a specified technological

—base” has been developed. The necessary heat flow
density for the complete melting of the UHMWPE
particles which does not exceed the destruction
threshold has been determined. The required rate of
the UHMWPE powders input into the burner flame
has been determined. The optimal geometry of the
torch, the trajectory of particles in the torch and
the spraying distances have been determined based
on the calculations of the “torch-polymer particle
interaction”. The obtained results of 3D modeling
will make it possible to design an experimental
installation of UHMWPE high-velocity spraying.
The work has been carried out within the
framework of the grant project of the Science
Committee of the Ministry of Education and Science
of the Republic of Kazakhstan No. AP09259925
“Development and Implementation of a Highly
Effective Technology for Applying an Anticorrosive

parameter.has been designed. A physical model of

the interaction “torch-polymer particle”, “thermal jet

Coating Based on Ultra-High Molecular Weight
Polyethylene”, 2021-2023.
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This article is devoted to computer simulation of the atomization, combustion, and evaporation processes
of liquid fuel drops (heptane) at high turbulence. The paper describes the main characteristics and methods
of atomization of liquid fuels and shows the types of special devices used in fuel supply injection systems.
As proposed in the paper mathematical model of the combustion of liquid fuel injections at high turbulence
consists of the laws of conservation of mass, momentum, transfer of kinetic energy, and conservation
concentration of the mixture components. Also, when setting up computational experiments, the chemical
model of reacting systems, the turbulence model, and the equations describing evaporation, heat transfer, and
interaction with the gaseous medium were taken into account. As a result of the computational experiments
performed to study the liquid fuel droplets’ injection rate influence on the processes of its spraying and
combustion, the optimal combustion mode was established. The obtained data that determine the optimal
mode are confirmed by a graphical interpretation of the distribution of temperature fields, the number of
combustion products, and particles along the height of the model combustion chamber. These results will
contribute to a deep study and construction of the liquid fuels’ combustion theory, and an understanding of
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complex thermal and physical phenomena in combustion chambers.

Keywords: atomization, heptane, injection rate, computational experiment, combustion, evaporation.
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1 Introduction

Energy is one of the key sectors of the modern
global economy, ensuring economic growth is
associated with an increase in energy consumption,
while the cost of energy production largely
determines the availability of goods and services. The
high cost of widely used energy carriers, such as
natural gas and high-quality petroleum products, is
associated with the depletion of primary energy
resources and the insufficient level of their beneficial
use. This explains the interest in the use of cheap,
low-quality fuels that are not currently in demand by
the energy industry. The main reason for the low
share of such fuels in the fuel and energy balance is
the lack of technologies that meet modern efficiency
and environmental safety requirements.

For the thermal power industry, the tasks
associated with increasing the efficiency of the use of
energy resources are of particular importance.

Currently, an urgent task is the disposal of huge
amounts of liquid hydrocarbon waste accumulated in
industrial enterprises: used motor and transmission
oils, lubricating fluids, oil sludge, waste from oil
production, and oil refining. Known liquid fuel
combustion technologies do not always provide high
combustion efficiency and compliance with
environmental standards when using low-grade fuels.
Such fuels ignite poorly and emit a significant
amount of soot. For their combustion, special designs
of burners are required to ensure combustion stability
and high completeness of fuel combustion without
violating the standards for harmful emissions. The
solution to this problem is important both in terms of
improving the environmental situation and in order to
expand the fuel and raw material base of the energy
sector through the use of substandard liquid
hydrocarbon fuels.

Of particular relevance are studies aimed at
developing the scientific  background and
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substantiating the development of new devices and
technologies that provide high technical and
environmental performance in the production of
energy using low-quality hydrocarbon fuels,
including solving problems of autonomous heat
supply for industrial and residential facilities.

Systematic research shows that transport
generates about 25-30% of the total CO; emissions in
the European Union per year. Electromobility
projects aim to significantly reduce the carbon
footprint of the sector. Strategies to reduce emissions
related to the transport sector are about modes of
movement and modernization of the transport
system. The amount of CO, produced by a specific
car depends on many factors.

However, when considering the entire transport
sector, passenger cars emit the largest amount of
carbon dioxide. Road transport accounts for 72% of
total emissions, while passenger cars account for up
to 60.7%, which is 43.7% of the total [1, 2]. This is
significantly more than in maritime (13.6% of the
total) or air transport (13.4%). In the coming decades,
statistics on emissions from passenger transport are
not optimistic: it is expected to remain at the same
level or even increase, rather than decrease.

In 2020, the global carbon ratio (CO, emissions
per tonne of oil equivalent consumed) decreased by
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0.9%, significantly more than between 2010 and
2019 (-0.3%/year) [3-5]. This improvement is due
both to a significant decrease in oil consumption,
which is associated with pandemic-induced
quarantine measures and restrictions in the transport
sector, and an acceleration in the -electricity's
decarbonization generation process: a decline in
electricity production at “flexible”, usually thermal,
power plants because of a reduction in energy
consumption. Decreasing energy consumption and
steady growth in electricity generation from
renewable resources have contributed to a reduction
in heat generation and reduced consumption of fossil
fuels in the energy sector.

The carbon ratio declined in the EU (-4.4%), the
US (-3.4%), Canada (-9.5%), Latin America and
Africa (-4.4%). In Asia, the situation has changed to
a lesser extent (-0.6%), as in China the carbon
coefficient has decreased by only 0.5%, since coal
consumption is still growing [4, 5]. This indicator
went down in India because of declining coal-fired
power generation and in South Korea because of
increased nuclear power generation but rose slightly
higher in Japan and Indonesia. In addition, the carbon
ratio decreased in Russia and Australia due to lower
coal consumption, as also in the Middle East (Figure

1) [6].

2010 2015 2020

Asia Pacific Ocean ([l Africa @ Middle East

Figure 1 — Evolution trend of the carbon coefficient over the period 1990-2020
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When regulating carbon emissions from road
transport, it is worth following the European
Commission's directives, which are a set of
guidelines aimed at reducing carbon dioxide
emissions into the atmosphere, including improving
the efficiency of the transport system. Improving
internal combustion engines and optimizing
hydrocarbon fuel combustion processes makes it
possible to reduce carbon dioxide emissions.

The concept of convective heat and mass transfer
in turbulent currents with chemical reactions is
widespread and plays a major role in natural
processes as well as in various industries. Knowing
the laws of such flows is important in building a
theory of combustion physics, in creating new
physical and chemical technologies, as a solution to
the problems of thermal energy and ecology. In this
research, the complex combustion process must be
analyzed depending on the influence of numerous
physical and chemical parameters of the combustion
reaction.

The progress of the formation of liquid droplets
theory under high turbulence has a special interest in
the study of phenomena in multiphase systems.
Research in this area is motivated primarily by
environmental problems, in part by problems of
atmospheric pollution formation containing toxic
heavy metals, sulfuric acid, nitric acid, and other
harmful substances.

Reacting systems involve the interaction between
several processes occurring simultaneously over a
wide range of time and space scales. The release of
chemical energy during combustion generates
pressure, temperature, and density gradients, which
are sources of processes in gases, leading to the
transfer of droplets’ mass, medium momentum, and
the system’s internal energy. The strong and
ambiguous interaction between the dynamics of
liquids and gases and the chemical reactions in them
seriously complicates both the experimental study of
reacting flows and the development of any more or
less rigorous theory. Therefore, numerical simulation
can successfully predict and study the behavior of
such complex systems. Experimental observations
and approximate theoretical models provide laws that
an open physical system is supposed to obey. With
the help of numerical experiments, it is possible to
check the fulfillment of these laws [7].

Methods of mathematical modeling are widely
used in various fields of science and technology.
These methods include the development of physical
and mathematical models, numerical methods and

software, and numerical experiments involving
computer technology. Its results are analyzed and
used for practical purposes. In science and
technology, the advantages of the computer
simulation method are obvious: design optimization,
reduction of development costs, product quality
improvement, operating costs reduction, etc.
Numerical modeling also significantly transforms the
very nature of scientific research, establishing new
forms of the relationship between experimental and
mathematical methods.

In this way, the study of spray, dispersion, and
evaporation of liquid droplets under high turbulence
is an urgent problem that can be solved by computer
numerical simulation methods.

2 Mathematical model of the problem

The mathematical model of liquid fuels’
atomization and combustion processes in the
combustion chamber is based on the equations of
motion for the liquid phase accompanied by droplets
evaporation, as well as on the equations of energy and
mass transfer with appropriate initial and boundary
conditions.

The continuity equation for the m component is
written as follows [8, 9]:

dp o
a_;n + V(pmu) =

=7 |oD7 (22)] + p5 +$°8ms, (D)

where pn is m component’s mass density, p is the
density of total mass, and u is liquid velocity. After
summing equation (1) overall phases, the continuity
equation for the liquid is obtained:

0 S, .
3 T 7o) =p°. 2)

The momentum transfer equation for the liquid
phase is written as [10]:

a(pti)
ot
1 — - = = N
= == VAT (P/3pk) + VG + F +pg, (3)

+ V(puin) =

where p is fluid pressure. The value of Ay is zero for
laminar flows and unity for turbulent flows.
The viscous stress tensor has the following form

[11]:
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o = u[Vid + (Vi)T| + AVl 4)
The equation of internal energy is as follows [12]:

3t + ﬁ(pﬁf) = —plu +
+(1 — A)dTu — V] + Agpe + Q€ + Q5. (5)

The heat flux vector J is determined by the
relation:

J = —KVT — pD S hV(pm/P),  (6)

where T is liquid temperature, hy is the enthalpy of
the m component, Q€is the source term due to heat
released by a chemical reaction, and Q° is heat
brought by injected fuel.

The models with two differential equations are
more versatile in engineering calculations of
turbulent flows and are most commonly used in
technical flows. It is a k — & model where two
equations are solved: for the kinetic energy of
turbulence Kk and its dissipation rate & [13-15]:

ok Jujk 0

( N >6k 6ul+
pat p 0x; 6x] # O'k dx;| 0x;

+G — pk6u ox, — pE, (7)

de  Oduje 0 <+ )c’)s
pat ’Daxj 0x; # og/ 0%;

€ 2 au;
= a6 - |(5en ¢ )PS‘%a
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These are standard k — & equations. Simplicity,

good convergence, and good accuracy of the kK — &
model allow it to remain the most used model for
modeling a wide range of turbulent flows. This
turbulence model is widely used because of its
simplicity, savings in computational resources, and
sufficient accuracy in predicting the properties of
both non-reacting and burning flows. The model
works well at high Reynolds numbers and high flow
turbulence, which has been successfully applied in
many works to calculate the characteristics of a
reacting flow with chemical transformations. The
values Cg , Cg,, Ce,, Ok, O¢ are model constants that
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are determined empirically [16]. The standard values
of these constants are often used in calculations of
turbulent flows and are determined experimentally.

3 Statistical model of droplet dispersion and
breakup under high turbulence

The turbulent flow affects the liquid jet injected
into the cocurrent gas jet moving at a relatively high
speed, causing liquid droplets to break up. In the case
of droplet breakup upon interaction with a gaseous
medium, such random processes as the collision of
many droplets, turbulence in the liquid, changes in
the cavitation inside flow, and promote the process of
disintegration of liquid filaments into drops.

The droplets’ breakup idea which is proposed by
Kolmogorov obeys the cascading law. According to
Kolmogorov's theory, the solid particle’s breakup is
a discrete random process in which the probability of
each parent particle’s breakup into a certain number
of particles does not depend on the size of the original
particle itself. From this generalized assumption
follows the conclusion that the particles obey the
lognormal distribution law. The discrete model of
Kolmogorov was modified into the form of a
distribution function evolution equation. This
equation’s asymptotic solution is used in the
droplets’ breakup and dispersion model along with
the Lagrange model, which is also used to describe
the spray dynamics [17-20].

We can consider the breakup of parent droplets
into small secondary droplets as a temporal and
spatial evolution of the particle distribution in
approximation to the size of parent particles
according to the Fokker-Planck equation [18]:

T (x, t)
at

GT(x t)

+v(®)
@%aT“”, ©)

where v is breakup frequency and t is breakup time.
T(x,t) is distribution function for x = In(r), here r
is the particle radius.

Since, at high turbulence, the particle sizes far
exceed the instantaneous value of the Kolmogorov
length scale, and due to the large variety of
turbulence kinetic energy spectra, the drops are
deformed and destroyed. In this case, the ratio of
destructive hydrodynamic and capillary forces
determines the critical radius of drops:
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1

_ (9Wecrovigm 3

I, = (Es—pl) . (10)
During atomization, the liquid decomposes into a
discrete number of particles, each of which is a group
of droplets with an identical size, speed, and direction
in space. These groups of droplets, dragging the
motionless gas along with them, interact with each
other and exchange momentum and energy with the
surrounding gas. Liquid fuel is injected from the axial
nozzle of the injector as discrete particles with
characteristic dimensions equal to the radius of the
nozzle outlet. The injection rate is determined by the
f liquid fuel injection. When a particle moves in a

,;’J
79 J

DRe
f'_()

Vp
=
C‘\j
g

turbulent gas flow with large-scale structures that are
much larger than the particle diameter, the relative
velocity between the particle and the gas flow is
determined:
avp _ (Bg—7p) 99—y
dt TSt ’

(11)

Ppdp

18pgvy’
than the Kolmogorov scale, the turbulent viscosity is
governed through the energy spectrum of eddies with
smaller sizes compared to the diameter of the particle
itself. Figure 2 shows an illustration of this

phenomenon.

where 5 = When the particle size is larger

L]

=

Jn

Figure 2 — Comparison of particle sizes with scales of turbulent structures

Now we find the change in particle velocity in a
turbulent flow:

_ 1.
Vg—V = Vg—V

9% _ z5Pa% "V
Tst Pp

(12)

4
3
dp

A mixture of fuel and oxidizer is initially injected
into the combustion chamber in the form of a
continuous jet, which subsequently breaks up into
filaments, which in turn into droplets due to
interaction with the gas. Due to the mixing of vapors
released by floating liquid fragments with a turbulent
gas flow, a chemical combustion reaction occurs. If
the spray produced does not break up into small
droplets, then the mixing process will not be perfect
and combustion will not be complete. As a result of
this phenomenon, power is lost, additional fuel
consumption occurs, and the emission of pollutants
into the atmosphere increases. Comprehension of the
complex spray formation process and predicting
future processes interests engineers, and researchers
in fluid mechanics.

4 Physical model of the problem

In this paper, computational experiments were
carried out using liquid heptane fuel. The heptane
oxidation process in the combustion chamber
proceeds as follows:

C7H16 + 1102 = 7C02 + 8H20

Heptane is used as a rocket and reference fuel in
determining the octane numbers of automobile and
aviation types of gasoline and their components by
motor and research methods, and the grade of
aviation gasoline in a rich mixture. Heptane is a
colorless flammable liquid with a flashpoint of minus
4°C and an autoignition temperature of 223°C. The
ignition area of heptane vapor in the air is 1.1-6.7%
by volume. Heptane refers to the 3rd hazard class and
is a paraffinic hydrocarbon. A liquid jet is injected
with a high-velocity gas flow into aircraft and rocket
engines. This type of disintegration of the fuel into
liquid droplets is called air-blast atomization. In this
work, the main attention is paid to modeling the
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formation and dynamics of the injection during air-
blast atomization.

A typical air-blast atomization pattern in aircraft
engines is shown in Figure 3 [21, 22]. In such a
nozzle, the liquid fuel is injected at low pressure in
the form of a thin annular liquid sheet. Two high-

speed air streams go along the fluid and transfer a
large amount of kinetic energy. Due to this
interaction with the gas stream, the liquid sheet
separates from both sides. Thereby, the liquid sheets
further break up into bundles, threads, and small
droplets.

Figure 3 — Scheme of air-blast atomization in an aircraft engine

As can be seen from the figure, the liquid has not
yet been fragmented in the nozzle area. This zone,
called the liquid core, is a flow region in which the
fraction of the mass of the liquid is equal to one, and
the bulk of the liquid remains as intact as possible
[23]. Many interaction complexes appear at the
periphery of the liquid core, which leads to the
formation of fibers and their detachment from the
liquid core. This liquid core’s depletion phase is
called primary atomization.

Fragments detached from the liquid core collide
with each other. Collisions between fragments can
lead to their merging or disintegration. Fragments can
also be separated by a fast gas flow that produces
small droplets. The phase in which small droplets are
produced from large liquid fragments is commonly
referred to as secondary atomization. It is clear that
the smaller the droplet size, the more intense the
evaporation, the better the mixing between the
gaseous reactants and, hence, the more efficient
combustion. The schematic structure of an aircraft
engine is shown in Figure 4.

Liquid fuels’ combustion is divided into several
stages [24, 25]. At the initial stage, the fuel is injected
into the combustion chamber by means of a nozzle
into small drops. Before ignition and combustion of
the fuel-air mixture, the droplets evaporate and mix
with the oxidizer. In the first part of the process,
called fuel atomization, the efficiency of the
subsequent thorough combustion of the fuel is
determined. Since the speed of the processes of
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evaporation, mixing of fuel with an oxidizer and
subsequent ignition directly depends on the size of
the formed droplets. Thus, it becomes possible to
realize fast (including supersonic) combustion over

relatively short lengths.

exhaust nozzle

\..

combustion turbine

chamber

Figure 4 — Schematic structure of an aircraft engine

A combustion zone is established near the drop
along a spherical surface, the diameter of which is 1-
5 times larger than the droplet size (Figure 5). Droplet
evaporation occurs due to the heat of radiation from
the combustion zone. In the space between the
droplet and the combustion zone, there are vapors of
liquid fuel and combustion products. Air and
combustion products are in the area outside the
combustion zone. Diffusion of fuel vapors occurs
inside the combustion zone, while oxygen is outside.
Here, these components enter into a chemical
reaction, which is accompanied by the release of heat
and the formation of combustion products. Heat is
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transferred from the combustion zone to the outside
and the droplet, while the combustion products
diffuse into the surrounding space between the
droplet and the combustion zone.

vapor

7

burn-out zone )
combustion zone

Figure 5 — The thickness of the combustion zone

In our work, when conducting computational
experiments, we used a model of a cylindrical
combustion chamber. The chamber height is 15 cm,
diameter is 4 cm. Figure 6 shows an illustration of the
general view of a model combustion chamber. The
computational domain consists of 650 cells. Liquid
fuel is injected through a nozzle located in the center
of the bottom of the combustion chamber. The
combustion chamber wall temperature is 353 K.

Jet orifice

Figure 6 — General view of the combustion chamber

5 Results

This work represents the influence of the liquid
fuel injection rate on its combustion using numerical
simulation based on the solution of differential two-
dimensional equations of a turbulent reacting flow.
The injection speed of liquid fuel varied from 150 to
350 m/s. It was found that at low liquid fuel injection
rates (less than 150 m/s), combustion does not occur,
since in this case the injection rate does not start
ignition and stabilize the combustion reaction [26,
27].

The figures below show the results of numerical
experiments on the influence of the initial rate of
heptane injection in the combustion chamber on the
atomization and combustion processes.

Figure 7 shows the combustion temperature
distribution in the chamber at different heptane
injection rates. Apparently, at an initial speed of 200
m/s the combustion process proceeds slowly and has
not become intense. Only at speeds above 250 m/s
does the temperature rises along the height of the
combustion chamber, the maximum value is 2218 K.
Moreover, according to the graph the temperature
increases along with the height of the chamber as the
injection rate of heptane droplets increases.

The distribution of the temperature plume and the
combustion chambers height for heptane is shown in
Figure 8. Along with the increase in the droplet
injection speed, the height of the plume core
increases. For example, at a velocity value of 300
m/s, the maximum temperature propagation area
corresponds to a chamber height of 1.7 cm. When
particles penetrate the combustion zone along with
the chamber height, no noticeable regularity is
observed. At a speed value of 250 m/s, the particles
rise to a minimum height of 0.56 cm. As a result, it
can be said that the speed value at which fuel particles
are well dispersed in space is 300 m/s, since at this
speed the temperature of particles and intensity of
their movements increase, and reach up to 0.81 cm as
well as the height of the combustion chamber.
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Figure 7 — Dependence of the maximum heptane temperature
on the initial droplet injection rate
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Figure 8 — Distribution of the temperature plume along
with the height of the combustion chamber

The Figure 9 shows the concentration distribution
of carbon dioxide released in the combustion
chamber during the complete oxidation of fuel
particles with air. According to the figure, at an initial
velocity value of 150 m/s, the CO, value is minimal,
i.e., 0.128466 g/g. However, as the dispersion rate
inside the chamber increases, the intensity of carbon
dioxide emission increases. At the speed of 250 m/s,
the maximum concentration of carbon dioxide is
0.132253 g/g. The most effective spray velocity at
which a moderate carbon dioxide concentration is
observed is 300 m/s. At this rate, the CO, value is
0.131072 g/g.

Based on the results of the above numerical
experiments, the optimal mode of combustion of
heptane droplets in the combustion chamber is
established at an injection velocity of 300 m/s. At this
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velocity value, the temperature inside the chamber
reaches a relative maximum value, the intensity of
particle breakup and collision increases, and the
concentration of carbon dioxide released inside the
chamber is relatively lower.

Figure 10 shows the evolution of heptane droplets
along the radius in the combustion chamber. At the
initial moment of the atomization process (2 ms), the
radius of the heptane particles inside the chamber is
3.42 pm. The temperature of the particles increases, and
their sizes also begin to change due to collision and
breakup processes over time. Particles whose radii are
equal to the maximum value (10.515 um) get
congregated at a chamber height of 0.68 cm. At the final
moments of combustion, particles of a smaller radius
predominate. The particle size value concentrated at the
exit from the chamber was 5.355 pm.
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Figure 9 — Distribution of carbon dioxide concentration
as a function of injection speed
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Figure 10 — Dispersion of heptane droplets along
with the height of the combustion chamber

Figure 11 shows the heptane’s maximum
temperature distribution in the combustion chamber.
Liquid fuels maximum combustion temperature at an
effective speed of 300 m/s was 2206.84 K. For the
rest of the time, a temperature of 1030.39 K was
established on the chamber's walls and throughout
the combustion space.

The distribution of the concentration of carbon
dioxide released in the combustion products is shown
in Figure 12. During the combustion process, the
concentration of carbon dioxide 1is allocated
uniformly, and any remarkable change is not
detected. The minimum concentration of CO, at the
combustion chamber outlet is 0.0262 g/g.

The distribution of released moisture in the
combustion chamber was studied at different times of
the entire combustion process (Fig. 13). The moisture

concentration at the initial moment of the combustion
process increased to 2 cm along the height of the
model combustion chamber. Due to the intensive
mixing of the fuel with the oxidizer, as well as the
combustion of the fuel, the released moisture in the
combustion chamber gradually moves towards its
outlet. As we can see from the figure, the maximum
concentration of moisture is concentrated on the axis
of the combustion chamber, the value of which is
0.057 g/g.

One can see in Figure 14 that by applying the
statistical dispersion model, more droplets are heated to a
temperature of 500 K than in the base model. Both
injections also differ in height. With a statistical model,
injection drops reach 1.8 cm in height and 0.5 cm in the
radius of the combustion chamber. In the first case, the
maximum height of heptane droplets is 1.1 cm.
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Figure 13 — Water distribution in the combustion chamber
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Figure 14 — Dispersion of heptane droplets by specific temperature

Figure 15 shows the size distribution of heptane
droplets in the space of the combustion chamber.
Heptane particles, whose sizes have a maximum
value at the initial time, are concentrated beneath of
the chamber, but they evaporate and rise in height
over time.

When performing computational experiments,
we studied one of the main criteria for the similarity
of thermal processes, the Nusselt number, which
characterizes the ratio between the intensity of heat

transfer due to convection and the intensity of heat
transfer due to thermal conductivity. The Nusselt
number is always greater than or equal to 1, the heat
flux due to convection always exceeds the heat flux
due to heat conduction (Figure 16).

As aresult of applying the statistical model in the
study of the dispersion and combustion of liquid fuel
injections, the droplet distributions in the space of the
combustion chamber for heptane were obtained.
Taking into account the effect of turbulence on the
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dispersion of liquid particles using a statistical model ~ over a larger volume, which intensifies the liquid fuel
of turbulence in liquid fuel combustion calculations, = combustion process since the mixing of fuel and
it was found that liquid fuel droplets are atomized  oxidizer vapors occurs on a more developed surface.
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Figure 15 — Dispersion of heptane particles at different time moments
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Thus, the injection rate influence on the
combustion process of heptane in the combustion
chamber has been modeled through numerical
methods, considering the optimal parameters for the
mass of fuel and the initial temperature in the
combustion chamber, which were previously
determined. The optimum speed for heptane is 300
m/s. The fundamental characteristics of the liquid
fuel combustion process are obtained: temperature
fields, concentration distributions of fuel and its
combustion products, distribution of droplets over
radii and temperatures, and velocity fields.

6 Conclusions

The principal features of the combustion of liquid
fuel injections are described, and a mathematical
model for the formation of dispersion and
combustion of non-isothermal liquid injections at
high turbulence is presented. The results of a
computer experiment on the atomization and
combustion of liquid injections using a statistical
model are presented. The study of combustion
processes depending on the different initial velocities
of liquid fuel injection droplets was carried out.

A statistical approach has been proposed to
model the dispersion and atomization of liquid fuels
in a combustion chamber. The processes of
atomization and combustion of heptane injections in
a model combustion chamber were studied by means
of computational experiments using a statistical
model. The distributions of liquid fuel droplets and
temperature over time in the space of combustion
chamber are obtained.

Due to computational experiments on the
injection rate influence on the atomization and
combustion of liquid fuel (heptane) processes by
using a statistical model, it was found that the optimal
combustion mode for heptane occurs at a combustion
rate of 300 m/s. At a given speed, the temperature
rises, and fuel droplets with an oxidizer react faster
and burn without residue.

The theoretical significance of the work is
determined by the importance of the results obtained
for the development of such branches of knowledge
as thermal physics and mechanics of multiphase
reacting media. These obtained results will promote
to the development of ideas about the regularities of
thermophysical processes under the liquid
hydrocarbon fuels combustion with continuous
supply and the creation of scientific foundations for
the development of advanced heat and power

technologies.
Using the obtained results in the design of various
types of internal combustion engines will

simultaneously solve the problems of optimizing the
combustion process, increasing the efficiency of fuel
combustion and minimizing emissions of harmful
substances into the atmosphere. This shows the
practical  significance of the computational
experiments performed in this work.
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The results of measurements of thermal properties in the temperature range from 20 °C to 100 °C of
bronze with 12% tin obtained by powder metallurgy and 30 vol. % carbon-containing additive in the form
of powders of graphite grade GK-1 (7-10 microns), foundry coke (less than 63 microns). The specific
heat capacity of the samples was measured using the differential scanning calorimetry method. Thermal
diffusivity and thermal conductivity were studied by two different methods. In the first case, the thermal
diffusivity is determined by the laser flash method and the thermal conductivity by the calculation method.
In the second case, the coefficients of thermal diffusivity and thermal conductivity were measured by the
flat heat source method. It has been established that 30 vol.% of graphite powder GK-1 in the composition
of bronze with 12% tin makes it possible to obtain the value of the thermal conductivity coefficient equal
to 23,97 W/(m-K) at 20 °C with its further increase to 25,65 W/(m-K) at 100 °C. The specific heat capacity
is 376,71 J/(kg-K) at 20°C and 399,26 J/(kg-K) at 100 °C. The addition of 30 vol.% coke powder makes it
possible to obtain a thermal conductivity coefficient equal to 9,03 W/(m-K) at 20 ° C and 10,76 W/(m-K)
at 100 °C. The specific heat capacity ranges from 391,80 J/(kg-K) at 20 °C to 413,57 J/(kg-K) at 100 °C.

Keywords: differential scanning calorimetry, laser flash method, hot disk method, heat capacity, thermal
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diffusivity, thermal conductivity, friction materials, powder metallurgy.

PACS number: 66.70.Df.

1 Introduction

One of the main directions in the development of
mechanical engineering is the creation of elements
with high performance, reliability and service life.
Modern industry puts forward new requirements for
the creation of new materials and minimization of the
dimensions of units and mechanisms of machines,
as well as the improvement of their manufacturing
technologies. Powder metallurgy is one of the
advanced technologies that makes it possible to
implement efficient production, reduce labor costs,
re-duce the number of technological operations
and create materials with unique properties. Such
products, due to their performance indicators, are
widely used in automotive and tractor mechanism
and special-purpose equipment [1-7].

Friction powder materials based on tin bronze are
often used for lubricated friction conditions. They
have high wear resistance, thermal conductivity,

corrosion resistance, however, during operation they
do not provide a high and stable value of the friction
coefficient, which is necessary for efficient and stable
operation of the friction assembly. Thermo-physical
characteristics also affect the efficiency of the
friction material, determine its ability to remove heat
and work under increased load-speed conditions, the
duration of slipping [8-13].

The improvement of properties is possible due to
the creation of a heterogeneous structure, through the
use of additives of various compositions [14, 15]. The
purpose of this study is to determine the temperature
dependences of the coefficients of thermal diffusivity,
thermal conductivity and specific heat capacity of a
friction material based on bronze with 12% tin and
30 vol.% of carbon-containing additives in the form
of graphite powder of the GC-1 brand with a fraction
of 7-10 microns (composition 1), and foundry coke
powder with a fraction of less than 63 microns
(composition 2).
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2 Experimental part

2.1 Manufacturing
preparation

The charge of the friction material was obtained
by mixing in a paddle mixer powders of copper grade
PMS-1 with an average particle size of 80 um (Fig.
1, a), tin grade PO 1 with an average particle size of
30 um (Fig. 1, b), graphite grade GK-1 (Fig. 1, ¢),
foundry coke (Fig. 1, d). Mixing time was 45 min.
Then the mixture of initial powders was pressed in
technological equipment, which made it possible to
obtain samples in the form of a disk with a diameter
of 25 £ 0,5 mm and a thickness of 2,5 + 0,5 mm.

technology and sample

SEMHV:20.00 kv WD: 15
View field: 63.07 ym  Det: SE 20 um
pc: 10 SEM MAG: 2.00 lox

MIRAY TESCAN

Digllal Mieroseapy Imaging /]

SEMHV:2000kV  WD: 1515 mm
Wiew field: 4521 pm  Del: SE 10pm
PC: 10 SEM MAG: 4.30 kx

MIRAL TESCAN

Digital Microscopy \magingn

The resulting samples were sintered in a protectively
reducing atmosphere of dissociated ammonia at a
temperature of 840 °C for 50 min. The appearance of
the samples is shown in Fig. 2, a.

Similarly, samples were prepared for measuring
the heat capacity by differential scanning calorimetry.
The geometric dimensions of the samples did
not exceed 4 mm, the masses of the samples were
m o =2581mgm . =4722mg (Fig. 2b).

A sample of bronze (CuSn12) was also prepared
without the addition of a carbonaceous additive.
It was used to assess the influence of alloying
components on the values of thermophysical
characteristics.

SEM HV: 20.00 m
View field: 103.6 ym  Det: BSE
pC: 10 SEM MAG: 2.00 kot

SEMHV: 2000 kY WD: 14.75mm
View field: 82.88 pm  Del: SE 20 pm
PC: 10 SEM MAG: 2.50 kx

d)

MIRAW TESCAN

Digtal Microscopy \magingn

Figure 1 — The shape of the particles of the initial powders used
to obtain the friction material: a) PMS-1; b) PO-1; ¢) GK-1; d) foundry coke
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a)

b)

Figure 2 — Appearance of samples for thermophysical testing:
a) samples after manufacturing; b) samples for DSC method

2.2 Experimental technique

The thermophysical characteristics of the samples
were measured by two methods.

In the first case, the thermal conductivity
coefficient A of the samples was determined by
calculation via the ratio:

A=a-cp (1)

where a is the coefficient of thermal diffusivity; ¢ is
the specific heat capacity; p is the density.

The thermal diffusivity was determined by
the laser flash method on an LFA 457 Microflash
installation (Netzsch, Germany). The essence of
the method is heating one side of the sample with
a laser pulse and recording the temperature change
on its opposite surface [16]. The measurements were
carried out in the temperature range from 20 °C to 100
°C with a step of 20 °C. To increase the absorbency
of the material, a thin layer of graphite was deposited
on the end surfaces of the samples.

The specific heat capacity was measured
on a DSC 204 Phoenix F1 (Netzsch, Germany)
installation using differential scanning calorimetry
(DSC), which is based on determining the
difference in heat fluxes between the test sample
and a thermally inert substance (standard) at the
same time [17, 18]. The experiment was carried out
in the temperature range from 20 °C to 100 °C with
a step of 1 °C in the mode of monotonous heating.
The heating rate was 10 K/min. Nitrogen gas was
used as purge and shield gas at a flow rate of 20 and
50 ml/min, respectively.

The density of the samples was determined
by hydrostatic weighing and amounted to
=6142kg/m’and p_ . = 5259 kg/m’.

pcompl

In the second case, to determine the
thermophysical characteristics of the samples, a Hot
Disk TPS 2500S thermal constant analyzer (Sweden)
was used, which is based on the nonstationary
method of a flat heat source (hot disk method)
[19, 20]. In this method, a sensor in the form of a
double helix was located between the two samples
under study, which simultaneously performed the
function of both a temperature recording sensor
(resistance thermometer) and a source of heat flow.
During the experiment, 200 measurements of the
electrical resistance of the sensor were performed,
and then a function of the change in the temperature
of the test sample was built. Based on the analysis
of the constructed function, the thermal conductivity
and thermal diffusivity of the test sample were
determined.

Sensor 7577 F1 with a radius of 2 mm was used in
the experiment. Electric power from 200 mW to 300
mW was supplied to it (depending on the material of
the samples and their temperature). The time of the
experiment was 1 s. Measurements were made in the
temperature range from 20 °C to 100 °C with a step
of 20 °C.

3 Results and discussion

CuSnl2 bronze sample without a carbon-
containing additive was studied only at room
temperature. Its density was 7106 kg/m?, and its
thermal conductivity was 28 W/(m-K). This value of
thermal conductivity corresponds to earlier studies of
porous bronze materials [21].

Figures 3-5 show the dependences of the
thermophysical characteristics of the materials under
study on temperature.

85



Thermophysical characteristics of friction materials...

Phys. Sci. Technol., Vol. 9 (No. 3-4), 2022: 83-88

12 430
11 A
10 PO P RN en— @errraaninnn @ ennnnanians ° a20 1
g A—— e TR Ao A
A
8 1 a10 3
2 77 )
= o P
g 5 1 O SRUU FORPRPPPRPY NEPSTPPSTITLY: Bueesserassrsss =
9 & o
4 ® Laser Flash Method (compound 1) 390 +
31 O Laser Flash Method (compound 2) @ Compound 1
O Compound 2
2 A Hot Disk (compouzd 1) g0 1 P
1 A Hot Disk (compound 2)
0 —t— 370 ——
10 20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100 110
t,°C t,°C
Figure 3 — Dependence of the thermal diffusivity of Figure 4 — Dependence of specific heat capacity
samples on temperature of samples on temperature
28
.................. ®
24 + [ SRETTTLEIELEES @it @it L
) W e FRTRURE A
20 4 A PO
216 1
g
—
Er 1
-~ Beeer g sranis @_..;:-.-.:-.:::::@.:'::::::::1:1:@
8 + ® Calculation (compound 1)
O Calculation (compound 2)
4T A Hot Disk (compound 1)
4 Hot Disk (compound 2)
0 t t t t t t t —t

10 20 30 40 50

60 70 80 90 100 110
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It can be seen from the graphs that for the studied
materials, with increasing temperature, there is a slight
increase in thermophysical characteristics, which is
typical for metal alloys of bronze. However, the high
value of the thermal conductivity of the introduced
component did not lead to an increase in the thermal
conductivity of the final composition. The thermal
conductivity of samples with a carbon-containing
additive is lower than the thermal conductivity of
pure bronze, the value of which at room temperature
is ~28 W/(m-K). This is due to a significant decrease
in the density of the material, due to the introduction
of a lighter component as an additive. The content of
30 vol.% carbon-containing additive led to a decrease
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in the density of the final composition by 13% with
the addition of GK-1 grade graphite and by 25%
with the addition of foundry coke. It is possible that
a decrease in the percentage of graphite will lead to
an increase in the thermal characteristics of the final
composition. This issue requires further research.

In addition to the density of materials, the
difference in the values of the thermal conductivity
coefficient between the studied materials is explained
by the difference in the properties of their additives.
The graphite with a crystalline structure used in
composition 1 has a higher thermal conductivity
value compared to foundry coke powder having an
amorphous structure.
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4 Conclusions

The paper presents the results of measurements
of the thermophysical characteristics of bronze
with 12% tin, obtained by powder metallurgy, and
30 vol. % carbon-containing additive in the form of
powders of graphite grade GK 1 with a fraction of
7-10 microns, foundry coke with a fraction of less
than 63 microns.

It has been established that 30 vol.% of
GK-1 graphite powder in the composition of

bronze with 12% tin makes it possible to obtain
a thermal conductivity value equal to 23,97 W/
(m-K) at 20 °C with its further increase to 25,65
W /(m-K) at 100 °C. The specific heat capacity
value is 376,71 J/(kg-K) at 20°C and 399,26 J/
(kg-K) at 100°C.

The addition of 30 vol.% coke powder makes it
possible to obtain a thermal conductivity coefficient
0f'9,03 W/(m-K) at 20 °C and 10,76 W/(m-K) at 100
°C. The specific heat capacity ranges from 391,80 J/
(kg-K) at 20°C to 413,57 J/(kg-K) at 100°C.
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Investigation of auto-oscillation currents in compensated silicon doped with impurity atoms of manganese,
zine, sulphur or selenium can observe several types of current instabilities with different natures and
excitation conditions. The boundary regions of auto-oscillation currents such as temperature instabilities,
recombination waves and injection instabilities in temperature, electric field, intensity of illumination as
well as in resistivity and conductivity type of compensated silicon samples were determined. From the
analysis of the obtained results the possibility of using the detected auto-oscillation currents in compensated
silicon for creating solid-state generators and sensors of physical quantities is shown. The mechanism of
manganese diffusion into silicon leading to the formation of higher manganese silicides on the silicon
surface was determined. The X-ray analysis data allowed to find that in the temperature range of thermal
annealing T=800-+1100°C, polycrystalline films corresponding to the phases of higher manganese silicides
are formed. The possibility of creating the efficient thermopiles based on the obtained structures of the
MnxSil-x — Si<Mn>-MnxSil-x type based on silicon, the operating parameters of which are not inferior to
existing thermopiles, and sometimes have certain advantages, is shown.

Keywords: auto-oscillation currents, electric field strength, illumination, temperature, compensated silicon,
amplitude, frequency, heterogeneity, photon energy.
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PACS numbers: 73.43.Fj, 73.50.Pz.

1 Introduction

The study of the diffusion distribution of impuri-
ties in semiconductor materials, in particular, in sili-
con, is necessary to elucidate the mechanism of the
diffusion process, as well as to determine the role of
impurity atoms on the electrical and photoelectric pa-
rameters of the source material [1-4].

The process of diffusion of impurity atoms into
silicon is carried out in a relatively wide range of
high temperatures (T=800+1300°C), which leads to
the formation of additional thermal defects, which
strongly affect the fundamental parameters of silicon.
In addition, during diffusion, silicides and other met-
al and dielectric film layers are formed on the silicon
surface. The surface state of silicon after diffusion
doping with impurity atoms has not been studied in
detail. Some authors, when studying the processes of
diffusion of impurity atoms into a semiconductor, re-

moved near-surface layers and did not pay attention
to studying the surface properties of diffusion-doped
silicon [5, 6].

This paper presents the results of a study of sili-
con doped with impurity manganese atoms, in which
higher manganese silicides were formed on the sur-
face. Films of manganese silicides on silicon were
obtained in an evacuated quartz ampoule of evacu-
ated high vacuum, about P=10% + 10 mm Hg. Art.
[7]. Single-crystal silicon grades KDB-1 and KDB-
10, 10 x 10 x 0.8 mm?® in size, with the [111] crystal-
lographic axis orientation, were used as substrates.
The surface of the substrates was cleaned mechani-
cally and chemically before loading into ampoules.
The amount of manganese diffusant in the quartz am-
poule was based on the calculation of the evaporation
time and is sufficient for complete deposition on the
silicon substrate. The samples were cooled slowly in
air to room temperature without violating the vacuum
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level in the ampoule. The results of the study showed
that by controlling the modes (temperature, time) of
the technological process, it is possible to obtain films
of manganese silicides with different thicknesses and
electrical parameters. These results made it possible
to determine the optimal temperature and time for the
formation of silicide with the desired parameters.

2 Technology for obtaining materials and
research method

The electrical parameters of the obtained films
were measured by the Van der Pauw method on
the Ecopia HMS-3000 Hall Measurement System,
and the electrical resistance and Hall coefficient
were determined as a function of temperature. The
Hall coefficient in all silicide layers of the obtained
silicon samples, regardless of the diffusion tempera-
ture and additional thermal annealing, was positive,
the concentration of current carriers was equal to
p = 10%cm . The dependence of the structure of the
formed films on the substrate temperature was also
studied. X-ray and electron microscopic methods
were used to control the composition and structure of
the obtained films. The phase analysis of manganese
silicide films was carried out by taking X-ray reflec-
tion spectra on a DRON-1 instrument. The topology
of the resulting films of manganese silicides and their
elemental composition were evaluated using an X-
ray microanalyzer in a Ukha-840 scanning electron
microscope.

From the analysis of the obtained X-ray pat-
terns, it was found that in the temperature range of
thermal annealing T=800+1100°C, polycrystalline
films corresponding to the phases of higher man-
ganese silicides (HSM) are formed. The composi-
tion of the films grown in the temperature range
T=910+1040°C, obtained using an X-ray microana-
lyzer, turned out to be close to the composition of
bulk HSM (MnSi). It is established that the formed
film microstructures depend on the substrate tem-
perature (7, ). An amorphous film of manganese
silicides formed at temperatures T<880°C, with a
subsequent increase in temperatures above T>970°C,
forms a single-crystal layer consisting of manganese
monosilicide. The surface topology of the obtained
films was studied using a scanning electron micro-
scope. Grain sizes were determined from the surface
images of manganese silicide films. For example, in
the samples obtained at T=1070°C, the grain sizes
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are ~5+20 um. The electron diffraction patterns for
reflection from the surface of the obtained films indi-
cate that they mainly constitute the HSM phase, but,
in addition, lines belonging to manganese monosili-
cide were detected.

It is known that a banded structure is observed in
massive HSM crystals, this is due to the precipitation
during the growth of interlayers of silicon-depleted
manganese monosilicide. An analysis of the structur-
al data suggests that the resulting films, at T>970°C,
the HCM film grows in the form of grains. Thus, in
the process of diffusion of manganese atoms into
silicon, a flow of atoms is formed, which are depos-
ited on substrates and, as a result of diffusion, form
compounds of the MnxSi,_ type. Structural studies,
depending on the technological modes of manganese
diffusion, made it possible to optimize the conditions
for obtaining manganese silicide films with specified
electrophysical parameters.

3 Experimental results and their discussion

An analysis of literature data [8-12] shows that the
phase of higher manganese silicides Mn0.25Si1-0.25
(HSM) formed at a thermal annealing temperature
in the range T=1050+1150°C is the most promising
material for thermoelectric generators (converters)
in photoelectronics. A correlation between the phase
composition of silicide films and the coefficient of
anisotropic thermal EMF has been established, and
the possibility of obtaining polycrystalline films ap-
proaching in electrical and kinetic parameters to a
massive HSM single crystal has been shown. It was
shown that technological factors such as vacuum
level, substrate temperature, quartz ampoule volume,
substrate surface treatment, and cooling conditions
are important for the production of HCM films. Table
— 1 shows the values of some physical parameters of
the obtained films of higher manganese silicides in
silicon, where you can see the systematic dependence
of the parameters of the obtained films of manganese
silicides on the substrate temperature.

It has been established that the films grown on
the basis of the initial KDB-1 and KDB-10 silicon
in the temperature range T=1040+1070°C con-
tained predominantly the HSM polycrystalline
phase; in the films grown in the temperature range
T=1100+1200°C, monosilicides were the dominant
phase; at temperatures below T<900°C, the films
were amorphous.
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Table 1 — Physical parameters of manganese silicide films (vacuum P~10° mm Hg, rapid cooling)

Diffusion temperature, Surface resistance, Surface resistivity Conversion factor, Hall coefficient,
°C R, Om p, Ohmxcm Sv, uV/W Rx,1/Ohmecm!

1120 264 0,004 266 0,065

1110 180 0,012 310 0,059

1070 165 0,023 486 0,062

1040 115 0,026 1880 0,066

The study of the phase composition of the films
over the thickness showed that during the evapora-
tion of impurity Mn atoms in a quartz ampoule with
a diameter of 10 — 12 mm in vacuum, P~10~° mm
Hg. Art. in the temperature range T=1050+1100°C
with subsequent slow cooling of the samples, poly-
crystalline films were formed, which near the sili-
con surface consisted of a mixture of two phases
— manganese monosilicide and higher manganese
silicides with a predominance of monosilicide, in
the upper layer there are mainly HSM phase lay-
ers. Interesting scientific results were obtained
[13,14] when conducting diffusion in a quartz tube
of evacuated vacuum P=10 mm Hg. Art. during
the entire process of diffusion of manganese atoms
into silicon and subsequent slow cooling in air.

Under these conditions, films were formed consist-
ing of HSM grains up to 10 pm thick. Additional
thermal annealing of the samples in the tempera-
ture range T=350+800°C led to the enlargement
of the formed HSM grains. It has been established
that such films have a high conversion coefficient
[15], and anisotropic properties of kinetic and ther-
moelectric parameters corresponding to the param-
eters of bulk HSM single crystals have been found
in them.

When studying the topology of the silicon sur-
face with films of higher manganese silicides, it was
found that, on average, the grain size is 4-5 pm, al-
though individual crystallites reach up to ~10 um.
Micrographs of the HSM film grown by us are shown
in Fig. 1.

a) at a resolution of 10 um.

b) at a resolution of 5 um.

Figure 1 — Electron diffraction patterns “for reflection” from a polycrystalline
film of manganese silicides on silicon

An analysis of the results of complex studies of
the physical properties of higher manganese silicide
on the silicon surface, carried out by various modern
methods, shows that all numerous crystalline structures
have a tetragonal syngony (Fig. 2) and exhibit a
superperiodic structure in the direction of the ¢ axis

(c is the main crystal growth axis of silicon ). The
HSM crystal lattice is usually described on the basis
of the concept of a “hard” manganese sublattice and
a relatively “soft” silicon sublattice. In the manganese
sublattice, for all detected HSM phases, one can single
out a subcell or nanocluster containing four Mn atoms
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with a lattice constant parameter along the c axis,
which is approximately equal to 4.36A. Silicon atoms
in adjacent layers, perpendicular to the c¢ axis, are

arranged in pairs in adjacent squares, which also makes
it possible to isolate a subcell of four manganese atoms
in the silicon sublattice (Fig. 2).

W+~

Figure 2 — Structure of a nanocluster of manganese atoms
in a silicon lattice [{Mn)ISB‘]”-

After analyzing the main regularities of the crys-
tal structure of the studied phases, based on the re-
sults obtained, it was concluded that, in reality, the
set of structures that can arise in the homogeneity
region of HSM is much wider, since a change in the
composition of HSM does not lead to the formation
of structural defects, but only to a change in the ra-
tios of characteristic sublattice parameters along the
¢ axis. A universal method of description was pro-
posed and all commensurate structures located in the
domain of HSM existence were calculated.

4 Conclusions

The crystal axis with the orientation of the te-
tragonal cell of the manganese sublattice and the
pitch of the helix along which the silicon atoms are
arranged are incommensurable. It is known that the
interaction of periodic subsystems with mutually
incommensurable periods leads to the formation of
incommensurate structures, which are something
intermediate between crystalline and disordered
structures. However, despite the absence of pe-
riodicity along the axis with any finite period, the
diffraction patterns from such structures contain re-
flections with a small width.

Electron microscopic studies have confirmed the
presence of incommensurate superstructures on the
silicon surface of higher manganese silicides Mn Si
.- In [16], the authors analyzed the diffraction effects
appearing in electron diffraction patterns from crys-
tals with incommensurate modulated structures and
orientational anomalies associated with them.
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An analysis of the results obtained using a trans-
mission electron microscope showed that, in the
grown HSM films with grain sizes on the order of ~10
um, manganese monosilicide can be present as a poly-
crystalline phase on the silicon surface as a crystallite.

As a result of the studies carried out, the mecha-
nism of manganese diffusion into silicon was estab-
lished, leading to the formation of higher manganese
silicides on the silicon surface. It has been estab-
lished that the films grown on the silicon surface con-
sist of HSM grains with the predominant orientation
of the c axis perpendicular to the substrate. On the
surface of HSM crystallites, manganese monosilicide
is present as a polycrystalline phase. Such films have
a high conversion coefficient, anisotropic properties
of kinetic and thermoelectric parameters are found in
them, depending on the direction of the crystalliza-
tion axis of the silicon substrate.

The possibility of creating efficient thermo-
piles based on the obtained structures of the type
Mn Si, - Si<Mn>-Mn Si,_based on silicon, the op-
erating parameters of which are not inferior to exist-
ing thermopiles, and sometimes have certain advan-
tages, is shown.
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