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Optimization of the Properties of ZnO Films Produced by the SILAR Technique

Soltabayev B."", Yergaliuly G.!, Turlybekuly A.!, Mentbayeva A.?
'National Laboratory Astana, Nazarbayev University, Astana, Kazakhstan
2 Nazarbayev University, Astana, Kazakhstan
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Abstract. Zinc oxide (ZnO) is a promising semiconductor material for optical and gas sensors. This study examines
the influence of film thickness and solvent choice on the performance of ZnO thin films generated by SILAR at
room temperature and atmospheric pressure. Ethanol and distilled water (DW) were used as solvents. Thin films of
varying thicknesses were analyzed using X-ray diffraction (XRD), scanning electron microscope (SEM) atomic
force microscopy (AFM), and Hall effect measurements to evaluate their morphology, crystal structure, and optical
and electrical properties. X-ray diffraction analysis showed that films created using ethanol or DW have a hexagonal
ZnO structure with a predominant growth orientation along the (002) plane. Films prepared with ethanol exhibited
crystallinity comparable to films prepared with DW. ZnO films prepared with ethanol showed low resistivity (102 Q
cm) and high electron mobility (750 ¢m?/Vs). This highlights the potential of the SILAR method using ethanol to
create high-quality ZnO thin films suitable for various applications. Thus, the study highlights the importance of
thickness and solvent selection in the SILAR deposition process to optimize the properties of ZnO thin films for
optical and gas sensors.

Keywords: zinc oxide, SILAR method, semiconductors, distilled water and ethanol, optical and electrical
properties.

Introduction

Various techniques for preparing thin film ZnO coatings such as spin coating, salt-gel, spray pyrolysis,
electrochemical and chemical deposition, and magnetron sputtering are widely used to create such films [1]. Over
the past three decades, SILAR has become one of the popular solution methods for thin film deposition [2]. The
main advantages of SILAR include high layer growth rate, control of adsorption and reaction time, and low process
temperature, which prevents oxidation and corrosion of the substrate [3]. To obtain a high-quality thin film, it is
important to optimize the preparation conditions, such as the concentration of precursors, the nature of the
complexing agent, the pH of the solutions, the reaction time and the deposition cycle.

The SILAR method is inexpensive, simple, and suitable for deposition over large areas, including a variety
of substrates such as insulators, semiconductors, metals, and temperature-sensitive materials. It is based on
sequential reactions between a substrate and a solution, where semiconductor materials are grown by immersion in
various aqueous solutions [4].

The SILAR method has enabled the creation of various ZnO nanostructures such as nanorods and
nanoflowers. Recent studies have created ultraviolet detectors based on ZnO nanorods and oriented nanorod films
without a grain layer. The hydrophobic properties of flower-like ZnO and their excellent performance as gas sensors
are also investigated [5]. The morphology and properties of the films are controlled by reaction parameters such as
concentration, temperature, pH and number of deposition cycles.

The influence of the immersion cycle on the properties of thin ZnO layers has been discussed in many
articles [6]-[8]. Precursors and annealing temperature play an important role. Studies show the influence of different
precursors and annealing conditions on the performance of ZnO films. However, most studies used aqueous media
to form ZnO films.

In some studies, solvents such as ethylene and isopropyl alcohol were used in the SILAR process, but water
remained the main solvent [9]. This study reports the fabrication of ZnO thin films on glass substrates using pure
ethanol as a solvent. The functionality of ZnO films grown from aqueous and alcoholic solutions was also
compared, which provided new data on the effect of film thickness and solvent on surface morphology.

1. Materials and methods

ZnO films were deposited onto glass substrates using the SILAR method at room temperature and
atmospheric pressure. The glasses were cleaned in an ultrasonic bath (first in a soap solution, then in distilled water
and a 1:1 mixture of water and ethanol), and then dried in a nitrogen atmosphere for an hour and a half. Zinc
chloride (ZnCl,, Sigma Aldrich purity > 98%) was used as a source of zinc. A 0.1 M ZnCl, solution was prepared by
dissolving 1.363 g of ZnCl, in 100 ml of distilled water or ethanol, adding ammonia solution (25-30% NH4OH,
Sigma Aldrich) drop by drop until pH 10.5 was reached.

To deposit the film, the glass substrate was immersed in a solution of zinc and ammonia for 15 seconds,
then in hot (90°C) distilled water for 7 seconds. The zinc-ammonia complex was adsorbed in hot water, forming
zinc hydroxide (Zn(OH);) on the substrate. After air drying for a minute, the samples were washed with distilled



water for 30 seconds. The cycle was repeated 30, 40, 50 and 60 times to obtain films of different thicknesses. All
deposition steps and SEM images of the various cycles are shown in Figure 1.
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Fig. 1. - Steps for preparing ZnO thin film using SILAR and SEM images

After deposition, the ZnO samples were dried at room temperature and annealed in an N, atmosphere at
500 °C for 2 hours. The samples were designated as ZnO: 30 (DW or ethanol), ZnO: 40 (DW or ethanol), ZnO: 50
(DW or ethanol), ZnO: 60 (DW or ethanol). The detailed procedure for deposition of films using the SILAR method
was described in a previous studies [10,11]. Film thickness was measured by spectroscopic ellipsometry using SEN

research 4.0 ellipsometer, fixing the incident angle at 70° and scanning the wavelength range from 330 to 1100 nm
in 0.5 nm steps.

2. Results and their discussions

Srtuctural properties.

To study in more detail the influence of thickness and reaction environment on the growth of zinc oxide
nanostructures, structural analysis of deposited ZnO thin films on glasses was performed using X-ray diffraction
(XRD). The structural properties of ZnO films were studied using XRD on a SmartLAB Rigaku system (using Cu
Kal = 1.5406 A radiation). Figure 2 shows the X-ray diffraction patterns of ZnO thin films with different deposition
cycles (30, 40, 50 and 60) that were grown using DW (Figure 2a) and ethanol (Figure 2b) solvents.
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Fig. 2. - XRD patterns of ZnO thin films with different SILAR cycles: a) DW solvent and b) ethanol solvent.

All ZnO thin films exhibited high crystallinity with clear peaks corresponding to the hexagonal wurtzite
crystal structure of ZnO, such as (100), (002), and (101). An increase in peak intensity was observed, especially
along the c axis along the (002) plane, with increasing film thickness, regardless of the use of water or alcohol in the
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process. This trend is consistent with published work [12] and data from the ICSD PDF-2 database (No. 03-065-

0726).

Despite the differences in SILAR cycles and the use of various precursors, the calculated lattice parameters
(a=3 A, c=5.2 A) and interplanar spacing (d=2.6 A) of the ZnO hexagonal structure remained consistent across all
samples. This suggests that using ethanol as a solvent for ZnO does not compromise its crystalline structure and can
be considered a suitable alternative to the conventional aqueous solution.

Table 1. Effect of the number of SILAR cycles on the crystallite size, half-maximum width (FWHM), dislocation density (), lattice strain (),
interplanar distance (d) and lattice constants (a,c) of ZnO films along the diffraction peak (002 )

Name 20 D (nm) | FWHM | § g d (A) | Lattice constant (A) | Thickness
(deg) (Ay2x10° | (10) (nm)
a=b c
DW
Zn0:30 34.42 22.720 | 0.3695 19.372 11.81 | 2.603 | 3.006 5.2069 192+7
Zn0:40 34.41 23.182 | 0.3621 18.608 11.31 | 2.604 | 3.007 5.2087 21719
Zn0:50 | 34.42 20.502 | 0.4095 | 23.791 10.66 | 2.603 | 3.005 5.2063 329+12
Zn0:60 34.42 21.395 | 0.3924 | 21.846 10.45 | 2.603 | 3.006 5.2067 498+16
Ethanol

Zn0:30 34.44 23.289 | 0.3605 18.437 10.62 | 2.602 | 3.007 5.2040 1366
Zn0:40 | 34.44 23.191 | 0.3620 | 18.593 10.43 | 2.602 | 3.005 5.2044 191+9
Zn0:50 34.45 22.773 | 0.3687 19.282 10.39 | 2.601 | 3.004 5.2033 284+9
Zn0:60 | 34.44 23.529 | 0.3568 | 18.063 10.28 | 2.602 | 3.005 5.2041 354+14

Morphological properties.

Particle size in distilled water (Fig. 3a) shows small shifts, but no dependence on cycles is observed, while

the particle size of films grown in ethanol (Fig. 3b) increases with the number of cycles.
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Fig. 3. - Film particle sizes calculated from AFM images for ZnO thin films grown in (a) DW and (b) ethanol.
Electrical properties.

The electrical parameters of the thin films were assessed using Ecopia Hall measurements at room
temperature. Hall effect measurements were carried out to obtain the electrical parameters such as resistivity — p

(Q*cm), Hall mobility — u (cm?/Vs) and carrier concentration — n (cm™) listed in Figure 4.
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Fig. 4. - Hall measurements results of ZnO thin films grown in a) DW, and b) in ethanol.

According to these results, the carrier concentration of ZnO samples increased to a maximum at 50
deposition cycles. Then it decreased with further increase in the deposition cycle.

Conclusion

In this study, ZnO thin films of various thicknesses were prepared on glass substrates using the SILAR
method and solvents of distilled water and ethanol. The use of ethanol instead of distilled water in the SILAR
method to produce ZnO thin films on glass substrates resulted in higher crystallinity and smaller grain size. Films
produced with more SILAR cycles had a dense coating of nanostructures on the surface. ZnO thin films produced
using ethanol also had a wider band gap and the highest charge carrier mobility. This offers potential for
applications in gas sensors and dye-sensitive solar cells. Further research will be aimed at studying the gas-sensitive
properties of these ZnO films.
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The Influence of Changes in Technological Loads on the Deflection of the Saw Cylinder
Shaft of a Linting Machine

Yunusov S. !, Makhmudova S.!, Kasimova D.2, Agzamov M.3
Tashkent State Transport University, Tashkent, Uzbekistan,
2Andijan Mechanical Engineering Institute, Andijan, Uzbekistan,
3Tashkent institute of textile and light industry

Abstract. In the article the calculation of the deflection of the saw cylinder shaft of the linter machine is given
taking into account the technological resistance revealed due to the mass of the seed roll. For theoretical calculation
of the influence of raw material roll density (mass of raw material roll, machine productivity) on the process of
deformation of the saw cylinder shaft, the bending calculation of the saw cylinder shaft without taking into account
the masses of saws and gaskets, with taking into account saw discs and gaskets and with taking into account the raw
material roll (in static position) is made. By reducing the bending of the saw cylinder shaft, the angular speed and
the productivity of the process can be increased.

Keywords. Shaft bending, saw cylinder, seed roller, shaft deformation, linter machine, transverse force, bending
moment, equations of equilibrium, support reaction.

Introduction.

Currently, there are more than 100 primary cotton processing plants in the country. The cotton plants'
machinery and technology are gradually being upgraded. The main objective of modernisation of the plants is to
increase the productivity of machines and to produce high-grade cotton fibre and lint that meets the requirements of
the world market.

In the primary processing of cotton, the main process is the separation of the spinning fibre from the seeds,
which produces its main products fibre and seeds. Along with the development of cotton cultivation, technology and
techniques of cotton harvesting and processing there appeared the necessity to carry out other processes:
preparation, storage, drying and cleaning of both raw material and its products. In addition, the range of products
produced by cotton processing plants has expanded [1,2].

The history of the emergence of proginised seed processing processes is inextricably linked to the
development of other sectors of the national economy. Until the second half of the 19th century, prodiginised seeds
were used only as sowing material, which required only a small part of the produced seeds.

The cotton ginning industry produces three types of lint. The first type of lint contains fibres with a mass-
length of 13/14 mm or more, the second type - from 7-8 to 12-13 mm, and the third type - 6-7 mm or less. In
addition, the lint is also characterised by its grade, which is determined according to the grade of the seeds to be
processed [3-5].

The process of linting of cotton seeds originated as a preparatory process necessary to maximise the
compression of oil from the cotton seeds. The resulting lint had no industrial value. Seed linting was performed on
lintering machines developed similar to saw gins in the United States of America [6,7].

In the creation of machines for cotton ginning industry with high parameters can be realised only on the basis
of deep knowledge of physical processes occurring in machines in different loading modes and development of new,
more perfect methods of calculation of acting loads, which are the basis for calculation of machine parts and units
for strength and endurance. Especially urgent are the issues of development and refinement of methods of
calculation of drives and shafts of machines of large capacity or importance for production. This would make it
possible to carry out production tests to refine the adopted parameters.

One such machine in the cotton processing industry is the linter machine. The lintering process is carried out
on linter machines, where the main working organ is the saw cylinder. It is the drive of the saw cylinder of linter
machines 18.5 kW that consumes a significant amount of power in the machine.

1. Research methodology

For theoretical calculation of the influence of raw roll density (raw roll mass, machine productivity) on the
process of deformation of the saw cylinder shaft, a calculation is made, which consists of several steps, which are
presented in Fig. 1.

Given that the saw cylinder shafts are made from a whole shaft and are more than 2 metres long, there is an
inherent bending of the shaft. Let's consider this with the help of calculations. The following data are required for
the calculation: shaft length 1=2300 mm; gravity force P=m-g, where m-mass of the shaft. The theoretical weight of
steel relative to the diameter is [8,9]. ¥61,8=23,56 kg/m, B#100=61,65 kg/m. Taking into account the shaft length
mg, = t'1=61,652,3 = 141,2 kg. These are the values in newtons P=mg,'g = 141,2 - 9,8 = 1389,6 N. (Fig.1.a)
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Fig. 1. - Saw cylinder shaft and calculation diagram

2. Results and discussion

Composing the equations of equilibrium for this system, we find the reaction forces on the bearings
(supports). The reactions of the supports occur along the directions along which the rod (shaft) will not be able to
move. Table 1 summarises the calculation data for all variants.

To plot the transverse forces (O, and bending moments M,; the method of sections is used. The transverse
force in the section of the rod is equal to the sum of projections of external forces on the Y axis acting on the rest of
the rod (shaft). The bending moment in the section of the rod (shaft) is equal to the sum of the moments of external

forces acting on the remaining part of the rod (shaft), relative to the centre of gravity of the section. The obtained
design data for all variants are summarised in Table 2.



Table 1. Reactions of the supports occur along the directions along which the rod (shaft)

ZML-a =0 Z My, = Verification:}; Z; = 0
Saw cylinder shaft
P-ly—Rg-1=0 Ry-l—-Pl/=0 Ry—P+Rp=0
1400-1,15 1400-1,15
p=—————=700H Ry=——=——=700N 700 —1400—-700=0
2,3 2,3
Saw cylinder, including saws and gaskets.
Q-Yy+P-ly—Ry-1=0 Ry-1-Ply—q -1/, =0 Ry—P—-Q+Rz=0
1977 -1,15 1977 -1,15 988,5 — 1400 — 577
B—T—988,5N RA—T—988,5N — 9885 =0

In order to make a mathematical description of the object of calculation and to solve the problem as simply as
possible, real structures are replaced by idealised models or calculation schemes. In this case the calculation
becomes approximate, with the help of this method we have carried out the bending calculation of the saw cylinder.
Fig.1.b. shows the general view of the saw cylinder in the assembled version and the calculation diagram. In this
step, the bending calculation of the saw cylinder shaft is carried out, taking into account the masses of saws and
shims.

Fig. 1.b shows the scheme of the saw cylinder including saws and shims in the equally distributed variant in
the calculation of which the transverse force is distributed along the length of the shaft ascending, and the bending
moment in the flat form, this occurs directly under the influence of the equally distributed force (g - saw blades and
shims (mass)). It follows that changing the mass of the spacer leads to a reduction in the bending moment of the
shaft itself, as changing the mass of the saw blade is a difficult problem to solve. Then we apply the method of
approximations for this case of the first approximation. And for the shaft itself we apply the second approximation
and build the calculation diagram, which is shown in Fig. 1.b.

_ Gs+Gg g(mg+my)

Isn i 1 (1)
where, mg, mg - is the total mass of saw blades and gaskets mounted on the shaft, I-shaft length.
From reference data [10,11], the masses of which are respectively 0.3kg and 0.15kg. Taking into account their

number on the saw cylinder, we calculate the total value of the equidistributed force.

9,8(39 + 20
gs = 2839 +20) 2511/,
2,3
2

I 2,3
Q=gs1- /2=251-T=577H

Calculations to determine the reaction forces on the supports were carried out using the above methodology
and the results obtained are summarised in Table 2.

Table 2. The reaction forces

Formula | 1-section | 2-section
Saw cylinder shaft
O =XPpP Q1 =R4 =700 N Qi =R4 -P=-700 N
M =Raxi M =Rax2-P(x -2 1/2);
Mpe =2 M. At, x; =0; M;=0; At, x2 =1.15; My =0.8:
x1 =1.15; M1 =0.8 kN-m x2=2.3 M;=0.7-2.3 - 1.4(2.3-1.15)=0
Saw cylinder, including saws and gaskets
Oy =2P Q1 =R41=988.5 N Qn =R4 -P-0=-988.5 N
M =R xi M =Ria x2-P(x - 2 1/2)-Q(x -2 1/2);
Mpe =2 M. At, x1 =0; M;=0; At, x2 =1.15; My =1136 N-m;
x1 =1.15; M1 =1136 N-m X2=23M=014

Next, we determine the internal forces of the saw cylinder shaft, taking into account the seed roller shaft (in
static position). Fig. 1.c. shows the general view of the process and the calculation diagram. The calculation of
which is important in the assembly and operation of the machines. Where to take into account the seed roller in the
calculations consider in the following form. Considering the mass of the seed roller, we will calculate the mass
force, and using the approximation method we will consider the distributed forces as concentrated forces (Fig. 1.b).
Let's take the mass of the seed shaft in the following interval. m.» =60+90kg for this case, U=588+882N. Then in
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this case the moment of resistance arising from the load of the seed roller on the saw cylinder M, =F}- R, where, F
=f-U.

The next question of interest is the influence of the seed shaft on the deformation process of the saw cylinder
shaft. Let's consider the proposed calculation scheme in the following form, where the shaft gravity force P and
equally distributed force g will be considered as accepted in the variant of the calculation scheme of the second
approximation. Forces P and Q by substituting the geometric centre of the shaft in our case - it is point (C) Fig. 1.c.
In order to take into account the seed shaft (external resistance) we will insert the force U, here from the seed shaft
arises torque or the so-called moment of resistance of the system M. In Fig. l.c, the calculation scheme in cross
section is shown. The calculation is carried out according to the above mentioned method. Table 3 summarises the
calculation data on the influence of the seed shaft mass on the deformation process of the saw cylinder shaft, taking
into account the seed shaft.

Table 3. The influence of the seed shaft mass on the deformation process of the saw cylinder shaft

Mum (kg) UMN) | Fa(H) | Mm(N-m) | P(H) | QH) | Ra(H) Rs (H)
60 588 705,6 112,90 1400 577 1331,59 123341
70 686 823,2 131,71 1400 577 1388,77 1274,23
80 784 940,8 150,53 1400 577 1445,95 1315,05
90 82 1058,4 169,34 400 77 1503,13 | 1355,87
The shaft diameter can now be determined using the allowable stress theory [6]:
Mmax
Omax = w, < [o'] (2)
Axial moment of resistance of a cross section:
nd®
w,="= 3)

From this we can calculate the shaft diameter for the permissible load:

3 ,32»Mmax
d>= W “4)

Next, we determine the transverse internal forces and bending moments for each case separately using the
section method (Table 4).

Table 4. The transverse internal forces and bending moments for each case

Mi; (N-m Mz (N-m
Mem (kg) Qi (H) Q> (H) x=0 ]( x:)l 15 x=1 15( )x=2 3
60 1331,59 | -1233,41 0 1531,323 1418,427 0
70 1388,77 | -1274.23 0 1597,081 1465,369 0
80 144595 | -1315,05 0 1662,839 1512311 0
90 1503,13 | -135587 0 1728,597 1559,253 0

To determine the deflections Y;, Y2, Y3 in the direction of mass oscillations we apply unit forces; the epuples
from these unit forces M;, M> , and M; are multiplied with the epuple of bending moments M from forces O by the
Vereshchagin method. The moments of inertia of the cross sections are calculated according to [12,13]:

_7rd4
J= 64

On the basis of the obtained solutions with variations of technological resistance (seed shaft mass) (mm, kg)
the graphs characterising the influence of the seed shaft mass on the forces of the cross section (Q, N) and on the
bending moment of the shaft (My. , N/m) are plotted in Fig.2.

The results of processing of the obtained solutions with variations of technological resistance (seed shaft
mass) show that with the increase of technological resistance linearly increases the reaction forces on the bearings,
the growth of which directly affects the forces of cross section and on the bending moment of the tedder shaft. The
character of the obtained curves of influence of the seed roller mass on the reaction forces in the bearings
corresponds to the character of the curves of influence of the seed roller mass on the cross-sectional forces (Q, N)
and on the bending moment of the shaft (My. , N/m). So if at the mass of the seed shaft m:m =60kg force of the cross
section Q=1331 N and bending moment of the shaft My, =1531 N/m, then at the mass of the seed shaft m:m =90kg
force of the cross section and bending moment of the shaft respectively was Q=1503 N, Mpe =1728N/m. It should be
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noted that with the increase of the seed shaft mass from 60kg to 90kg also increases the value of the cross-sectional
forces from 2565N to 2869N and the bending moment of the shaft from 112N/m to 170N/m respectively Fig. 2.
Next, we calculate the shaft deflection:

_ R P C (x=b)® -0t
Z—ZO+90x+E]y[ZM e O 5)

Zy#+ 0

0 = ==
0, :#O’a_b c=1l/2

Initial condition: x=0; {

Taking into account the shaft arrangement and the arrangement of the masses, it can be determined as
followsB8, as follows, if x = 2a, To Z;, = 0 hence:

1 [Rg2a® M@a—@)® P(2a-a)® Rp(2a-2a)3
E,l 6 2 6 6

0, = (6)

2a

After determining ©, the shaft deflection can be calculated for each section or for each x value. The
calculations are summarised in Table 5.
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Fig. 2. - Effects of seed roll mass on the cross-sectional force differences
(Q-15, N)and on the shaft bending moment (Me , N/m)

For each case, the effect of changing the density or mass of the raw shaft on the saw cylinder shaft deflection
was considered.

Table 5. Effect of changing the density or mass of the raw shaft

Mo Kk Shaft deflection Z, (mm)
m, X8 x = 0,58 x=1,15 x=1,73 X=23
60 20,46413 20,66344 20,5526 0
70 20,48247 20,68879 20,5756 0
80 20,50082 0,71414 20,59859 0
90 20,51917 20,73949 0,62158 0

The cross-section of the shaft and the weight of the saw cylinder in the existing design is unreasonably large
(d=100mm). If the shaft diameter is reduced, a more favourable variant in terms of energy saving can be achieved.
This large mass of the saw cylinder (mainly due to the mass of the shaft) leads to the fact that the machine requires a
high power consumption (17-17.5 kW) when starting the machine.

It is known [14-18] that the power consumption in the set mode of the saw cylinder is 12-12.5 kW. Inertia
mass of the saw cylinder is large, in the stop mode it takes 7-12 seconds to completely stop the saw cylinder. This
adversely affects the product quality.

Conclusion

After the calculation works to identify the influence of the technological load on the saw cylinder shaft, it is
suggested to reduce the inertia moment (mass) of the saw cylinder and to adjust the density of the seed shaft. The
main method of mass reduction is to lighten the shaft itself or to reduce the number of saws and shims, which will
reduce the length of the shaft. The adjustment of the seed roll density depends on many parameters but the most
effective is the development of a new design of seed tedder for the working chamber of the linter machine.
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The angular speed can be increased by reducing the bending of the saw cylinder shaft. In this way, the
machine performance is not actually reduced.
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Abstract: Photovoltaics is one of the most widely employed clean energy sources on earth. However, when the
temperature of the PV cell rises, its electrical power decreases, which makes it essential to find ways to develop the
module's efficiency in high-temperature situations. One of the techniques used to raise efficiency and performance is
cooling. Researchers have used a variety of ways to cool solar PV panels, including active and passive methods.
Researchers used a forced air stream, PCM, a heat exchanger, water, and many other methods to make a solar PV
thermal system work better. The principal purpose of this chapter is to look at the significant information the
researchers found in their research about how to improve the efficiency and performance of PV cells, how to cool
them, and other reasons that affect the output of solar cells.

Keywords: solar panel; cooling methods; cooling efficiencies.

Introduction

Clean energy refers to energy sources that regenerate spontaneously and may be utilized repeatedly [1], [2],
[3]. Some energy sources are solar, wind, geothermal, hydropower, and bioenergy. In general, renewable energy
sources are seen as more ecologically responsible and sustainable than non-renewable power sources, such as fossil
fuels, which are limited and emit greenhouse gases when burned [4]. The use of renewable energy sources has
several advantages. For instance, they can lessen our dependence on fossil fuels, which is significant in climate
change [5], [6], [7], [8], [9].

Additionally, renewable energy sources can offer a more consistent and predictable energy supply and often
have lower long-term operational expenses. Additionally, renewable energy may foster employment growth and
local economic development [10]. Although the UN globalist agenda emphasized the necessity of developing green
power and lowering pollution (CO, or NOX), facts indicate that these targets are not achievable under the existing
structure. If global coal and natural gas usage continues at its present rate, the heat of the earth is expected to
increase by 4-6 °C above what it was before industrialization.

A rise of this magnitude would be disastrous for food production, people's health, and biodiversity. It would
jeopardize the existence of communities in so many places on the globe [11]. Solar energy has the potential to fulfill
the world's energy needs if it is exploited efficiently. Energy from the sun can be converted directly to electricity by
photovoltaic cells (PV) or converted thermally by concentrated solar power. PV technology has become more
attractive in recent years thanks to a considerable cost reduction. Solar energy system operating costs are frequently
cheaper than non-renewable energy sources. However, PV cells cannot convert all of the energy in the solar
spectrum due to their inability to utilize low-energy photons and the thermal energy produced through
thermalization by high-energy photons [12], [13], [14], [15], [16].

The sun produces enormous amounts of energy, and the planet receives about 1.8 x 1014 kW daily, which
accounts for a significant fraction of the sun's total solar power, calculated to be 3.8 x 1023 kW. Solar energy is a
renewable resource that may power various devices, such as solar water heaters, concentrated solar power plants,
and solar panels [17].

The two crucial factors that affected a solar photovoltaic company's effectiveness were the dispersion and
intensity of solar radiation. The two factors differ significantly across countries. Asia has the highest potential for
solar radiation absorption compared to other warm countries since their year-round sunshine duration is more
significant. Fig. (1) shows the variation of solar radiation in the Middle East. Understanding that much solar energy
is wasted since it is unused [18] is essential. Using semiconducting materials that show the photovoltaic effect, the
process known as photovoltaic (PV) transforms light into electricity. When photons (light particles) from the sun or
other light sources dislodge electrons from their atoms, a current of electricity is produced. Typically constructed of
silicon, PV cells are organized in panels or modules that may be put on buildings such as walls or roofs. Since it has
been around for a while, photovoltaic PV technology has become famous for power in homes, companies, and other
purposes [19]. As shown in Fig. 2.
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Fig. 1. - Solar radiation [20]

Fig. 2. - Converting sunlight into electricity [21]

PV modules are quite sensitive to rising ambient temperatures. The power and performance of PV modules
are reduced when the ambient temperature rises [22]. Solar cell power output P and voltage output V are connected
through the P—V characteristic, assuming constant solar irradiance (E) and panel temperature (Tm). If Tm or E are
modified in any way, the entire collection of attributes is modified. Fig. 3 shows a temperature increase in a cell.
The maximum current of solar cells decreases as the temperature increases. For every 1 degree Celsius increase, the
output power of the cells drops by 0.5%, which means that overheating can significantly impact the production of
solar cells [23].

Solar PV cells are the primary element of PV systems and are mainly semiconductor devices that can convert
solar radiation into DC electricity when exposed to sunlight. Such an optical cell consists of a P-N junction formed
on a thin light-sensitive material, primarily silicon. The P-N junction of the cell is formed by doping a silicon wafer
with impurities, thereby creating two layers with different electrical properties. The physical process through which
solar cells convert solar radiation into electricity is known as the PV effect [24] to demonstrate the science of
transforming the absorbed light from the silicon cell into a current.
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A typical PV panel has glass, silica, EVA, and PVF layers—Fig. 4. Predicting the amount of heat absorbed
by photovoltaic cells can be difficult due to the varying absorptivity coefficients of various materials. The heat
output of photovoltaic cells is complex and challenging to accurately determine due to factors such as cell
efficiency, the environment in which the cells are used, and the material of the cells. Among other things, it impacts
the temperature of the cells. Of day, the tilt angle, and a material's emissivity and reflectivity. The emissivity
determines the amount of heat lost to the surrounding environment, but reflectivity determines how much heat is
absorbed from the backside and frame of the model. The temperature of photovoltaics is generally higher than the
ambient air temperature, leading to greater dissipation through heat loss rather than absorption through diffuse

irradiance. Fig. 5 [26].

Fig. 4. - Heat transfer in PV panel [27]

Recently, the efficiency of photovoltaic panels has significantly improved, with some reaching more than 16%.
However, panels with an efficiency rate of 11.7 percent are still widely available and have been shown to experience

a decline in performance when their cell temperatures reach 25 °C [28].

o—= Frame
= Glass
«—= Encapsulant

o—= Solar cells,
internal circuit

Encapsulant
Backsheet

\\. ' +—————= Junction box

Fig. 5. - PV panel structures [29]
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1. Phase Change Materials (PCM)

In recent years, PCM has been used in various applications, the most significant of which is cooling
applications that utilize water and air because of their capacity to store enormous amounts of heat and dissipate it
through melting, despite their small size. While it comes in various shapes and sizes, its primary applications include
energy conservation in buildings and heat storage applications such as hot water tanks and protecting food from
extreme heat during shipping and storage. Finally, it was used in photovoltaic (PV-PCM) applications to raise the
efficiency of solar panels, an area in which researchers have made tremendous progress, and the rise in panel
efficiency was noticed when phase-changing materials were used [30].

Phase change materials are categorized into two fundamental types of organic materials: paraffin compounds
(amino acids) and non-paraffin compounds, which have high thermal stability and are employed in low-temperature
applications. Inorganic materials, like salt hydrates, are more common than their predecessors. It is for use in low
and moderate-temperature settings. The usage of (PCM) in house heating and cooling applications has been
investigated. PCMs are adaptable, melting and solidifying across a wide temperature range, making them
appropriate for various applications. Furthermore, such technologies benefit people and save energy, as shown in
Fig. 6.

alkane Organic Metal and alloy
organic ‘
| |
Fatty acid Organic
| inorganic Hydrous salt
Fatty alcohol ‘ |
inorganic
| inorganic Molten salt
polyester

Fig. 6. - PCMs are classified according to their properties

Table 1. Type of Commercial PCM [31]

Organic Commercial PCM
Paraffin ¢ 18 S27
Tetradecanol RT30
Paraffin ¢ 16-28 TH29
Paraffin ¢ 13 RT25
Dodecanol STL27
Paraffin wax RT40- RT50-RT58

PCMs are utilized for temperature regulation in several photovoltaic systems to decrease temperature-
dependent photovoltaic efficiency loss. At three different degrees of insolation, the performance of each PCM was
determined by evaluating four distinct PV/PCM systems. Modifying the mass and thermal conductivity of PCM was
essential for adjusting PV temperature. The highest temperature drop of 18 degrees Celsius was obtained in 30
minutes, and a temperature drop of 10 degrees Celsius was maintained continuously for 5 hours [32].

A PV/PCM hybrid with two types of PCMs has been studied, and it can keep the PV at its average working
temperature of 25°C, improving solar energy conversion efficiency during varying diurnal insolation. The incoming
energy is captured as heat by the photovoltaic and transferred to the PCMs via the high thermal cell wall. The PCMs'
thermal management properties may keep the PV temperature lower for longer [33]. (PCM) have been studied as a
way to regulate the temperature of solar panels. By incorporating PCMs into the design of solar panels, it is possible
to keep the cells' temperature closer to the ambient temperature for longer periods of time when exposed to high
levels of solar radiation. For example, research has shown that using PCMs can allow solar panels to maintain a
temperature below 40 degrees Celsius for an additional 80 minutes when subjected to 1000 W/m2 of solar radiation
over a prolonged period [34].
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Investigated on a global scale, the yearly growth in energy production provided by a photovoltaic structure
with a phase change material core. PCM functions as a heatsink. The PCM provides cooling effects in regions with
slight intra-annual climatic fluctuation. When the ideal PCM melting point is used, yearly photovoltaic energy
production increases by more than 6% in Mexico and eastern Africa and more than 5% in several other regions [35].
The study specifically aimed at the thermal characteristics of three separate PCM classes. The thermophysical
characteristics of five solid-liquid phase transition materials were analyzed for usage in photovoltaic heat regulation
applications. The components were separated into three major categories: wax, salt hydrates, and fatty acid mixtures.
It is essential to examine the link between the thermophysical characteristics of PCMs and their usage as
temperature managers and the external operation of PV systems [36].

The photovoltaic panel's comprehensive heat transport analysis was done with the PCM. This study
determined the convection influences on the melted PCM, the wind velocity, and the PV board's slope angle. Then
noted, the panel's maximum working temperature when conduction and convection effects are combined is 54.90
°C, as well as 58.5 °C when convection in melted PCM is not included (just conduction mode). Additionally, higher
wind velocity or a higher tilt angle have been shown to minimize the functioning temperature of PV panels [37].

The impact of adding phase-changing materials on power conversion efficiency and increased lifetime in
building-integrated photovoltaics was examined. The primary purpose is to assess the operating temperature
regulation for BIPV with and without PCMs under different climate conditions. The finding showed that PCM
applications have a beneficial environmental effect because they use fewer resources to make BIPV. PCMs can store
heat and avoid significant damage to the BIPV early in its life cycle [38]. The computational analysis and scientific
experiment demonstrate that PCM can regulate the temperature of the PV model by ten degrees Celsius for around
six hours in Malaysian conditions, as shown in Fig. 7. These temperature decreases greatly enhance the productivity
of the photovoltaic module [39].

The efficiency of solar panels was investigated by utilizing a variety of cooling configurations that included a
variety of thermal absorber designs, coolants, and PCMs. According to this study, PV panels incorporating PCM are
effective options for solar panel cooling [40]. After significant research on several natural and forced cooling
methods for solar photovoltaics, previously employed systems have been deemed superior. Inactive cooling uses
PCM paraffins such as wax, eutectics, natural material, and cotton wick, whereas active cooling uses gas, water, and
nanofluids. Then, it has been noticed that the ambient temperature of the panel affects the conversion process, which
affects both electrical performance and efficiency. As the cell's temperature rises, its performance degrades [41].

Fig. 7. - Melted PCM pouring on the rear part of PV [39]

The thermodynamic photovoltaic-PCM model was investigated to determine a PCM's mass, heat, and energy
transfer mechanisms under a photovoltaic panel. The appropriate PCM increases the created output energy to 12.7
W. The highest functional temperature of the photovoltaic cell was lowered from 70.36 °C to 56 °C because the
PCM's thickness increased from 1 cm to 3 cm [42]. To create a simplified model to calculate and analyze both the
effectiveness and thermal functionality of the PCM system, they examined different PCMs' melting points and latent
temperatures to select the appropriate PCM and, based on previous reviews, then discovered that the plate
temperature decreased by about 10.1 °C and the efficiency increased by up to 3.73 percent [30].

PCM was applied to the backside of a photovoltaic panel. PV thermal management (PCM) is designed to
absorb the PV panel's excess heat, allowing for PV thermal control and energy power efficiency enhancement. The
findings show that the PV temperature differential between photovoltaic systems without PCM and PV-PCM
systems can reach 23 degrees Celsius, resulting in a 5.18 percent increase in the PV-PCM system's energy
production [43]. To create a model to evaluate the PCM's functionality throughout the year and under different
situations. Five modules were simulated, and the findings suggest that PCM performs well in the summer with a
high melting point [44]. PCM is used as a cooling technique to improve the effectiveness of photovoltaic panels.
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The influence of PCM physical properties, ambient conditions, and encapsulation design has been computed and
empirically investigated. It can be demonstrated that using a suitable PCM can enhance the productivity of
photovoltaic panels and PV thermal systems.

Then, PCM decreased the solar plate's heat and enhanced the structure's ability to convert solar energy into
usable power [45]. An analytical and experimental investigation was undertaken to calculate the impact of
inclination angles on the solution's efficacy—procedure properties of a substance (PCM) when used as a heatsink
behind a solar panel. Based on the data, when the angle of tilt went from 0 to 90 degrees, the melting time went
down, and the plate temperature went down by 0.4% to 12.0% [46]. Then, methods for cooling a solar panel with
PCM on the backside of the PV model were investigated. They discovered that free cooling is more effective in hot
conditions [47].

2. Heatsink

Heat sinks are used to passively or actively cool a method, with or without the expenditure of other power.
Heatsinks are constructed of heat-absorbing and heat-distributing materials. Because of their excellent thermal
conductivity, copper and aluminum are often used in heatsinks. Heatsinks use variously sized and shaped fins to
dissipate heat [48]. The dispersants were employed in conjunction with solar cells and considerably lowered the
panel's temperature, as the dispersants aid in heat dispersion to the surrounding region. Fig. 8 shows one type of
heatsink and its operation [49].

Ambient
Air

Heatsink

Fig. 8. - Heat sink

Researchers were able to study the impacts of four alternative thermal management methods on the thermal
efficiency, point-based efficiency, and overall efficiency of a solar panel by mixing experimentally injected graphite
with an externally finned heatsink. According to the findings of this study, this strategy was the most efficient way
to improve the capacity of a solar panel by 12.97%. As a result, including graphite and an externally finned heatsink
in the design of solar panels may be an efficient strategy to increase their performance and efficiency [50]. The
effectiveness of a solar cell coupled to a thermal sink cooling system was evaluated under varying levels of solar
radiation as well as passive and active air cooling over the heatsink. As compared to a solar cell cooled by natural
convection, the temperature of a solar panel dropped by convective heat transfer at 500 W/m2 of incoming heat flux
increased as the solar irradiation increased. 5.4% of the solar panel heat is dissipated when the heatsink is cooled by
natural convection. In comparison, 11% is dissipated when cooled by forced convection because forced airflow has
a higher heat transfer coefficient than natural airflow [19].
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Fig. 9. - Heat sink with pin fins [51]
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Looked for a link between lowering the heat of a cell and variations in its performance and productivity in
cells during normal operation circumstances and those with thermoelectric panels. According to the findings, the
combination of a heat sink and a thermoelectric module lowers the heat of the PV panels, increasing their efficiency
as well as output power. The cooling performance was optimum. In an ideal situation, the thermoelectric heat
transfer cells could increase solar panel performance and power output by 10.50% [52].

In an effort to design a more effective method for cooling the cell, they evaluated the output of a PV cell
using a finned mini-channel heat sink exposed to a high concentration ratio. Introducing alumina and silicon dioxide
nanoparticles improved the thermal conductivity of water. Furthermore, there was a substantial improvement when
the fluid's temperature was increased. At a Re of 8.25 and a concentration level of 500, the system's overall
efficiency improved by 3.82 percent [53].

Thermal control is achieved through the use of two layers of heat sink and a CPV cell. The cooling
orientations of air in parallel flow and counter flow were examined. When the concentration ratio (CR) was 5, 10,
15, and 20, ethanol was used as a coolant to prevent the CPV from overheating. According to the experiments,
temperatures drop significantly when the inlet flow rate is raised [54]. According to the research, a heat sink was
used to cool a solar panel. Two Nanofluids cooled the heat sink. The heat sink comprises an aluminum cover and
two zigzag-channeled components.

The heat sink and PV performance were evaluated for nanoparticle concentration at various Reynolds
numbers. The introduction of alumina nanoparticles improves the thermal performance of solar cells. Increasing the
(Re) number from 50 to 150 resulted in a 7% increase in thermal efficiency [55]. Analyzed cooling a solar cell
module by increasing the back surface's heat transfer factor. The efficiency of a heat sink engaged on the backside of
a panel is studied, as is the impact of fin height on heatsink performance. The panel's front and back surfaces
achieved 62 °C and 51 °C, respectively, with a 20 mm heatsink fin height. When the fins were 300 mm long,
temperatures dropped to 45 °C as well as 30 °C, respectively. Fig. 10 shows a heatsink with a fin length of 20 mm.

Fig. 10. - Heatsink with 20 mm fin height [56]

They looked at the effect of cooling on solar model efficiency. They tested the efficiency of PV cells using a
flat cooling channel as well as a finned channel placed at the rear of the model. They discovered that the presence of
fins increased the output of the model by 18.92%, and a drop in the panel temperature of 39.82 °C was recorded
after it was 57.91 °C without cooling [57].

To improve thermal efficiency, a passive cooling system comprised of a heatsink with aluminum and copper
fins and a number of them (5-10-15) positioned at the bottom of the panel was applied. They found that increasing
the number of blades increased the thermal effectiveness of the board, with 15 blades and an aluminum base
yielding the best results. Finally, the board's temperature decreased by 10.2 C, and its productivity improved by 2.74
% [48]. It is possible to enhance a solar cell's efficiency by using numerical calculations and air channels with
varying airspeeds fitted with a heat sink in the shape of a hexagonal pin-fin at the bottom of the panel. Thermal
efficiency increased by 60.8 percent, and electrical efficiency increased by 13.1 percent as a result [58].

3. Heatsink and PCM

The effect of PCMs on reducing the temperature increase in integrated PV cells in buildings was
investigated. Two PCMs were used to mitigate the overheating of PV cells. Thermal performance was offered to
improve the thermal conductivity of the PCM for different inner fin arrangements by using paraffin wax RT25 with
inner fins. More than 30 °C could decrease the temperature rise of the PV/PCM system compared to a single flat
aluminum sheet rest through a phase change [59]. Fig. 11 shows PCM and heatsink for cooling electronic devices.
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Fig. 11. - PCM with heatsink [60]

The most investigated natural cooling techniques are PCM-built, air-based, liquid-based (water and
nanofluids), and radiative-based. Based on the obtained results and known technical solutions, the air-based cooling
option using Alfins installed on the PV plate back surface is currently the most incredible practical passive cooling
alternative, both technically and economically [61]. A 2D model of the PV layers was constructed and connected
with a stage change material and heatsink to forecast the transient temperature variation. Compared to single-hole
and three-hole series heatsink arrangements, heatsink geometries with three and five equivalent cavities were shown
to dramatically lower panel heat. Furthermore, it was discovered that using a five-parallel-hole heatsink
considerably improved the solar cell's temperature uniformity [62].

In order to enhance the photovoltaic system and make the panel work better, a container with a phase-
changing material and a heatsink was made and fastened to the posterior of the panel. In order to Fig. out how deep
the container should be, the effects of the environment on wind speed, melting point, and ambient temperature, as
well as the depth of the fin and the distance between them, were studied [63]. A new method to improve the
efficiency of solar PV panels, such as TCE, was proposed, using PCMs and aluminum panels. They used two 5 W
PVs; one was combined with an aluminum plate at the rear of the panel. The panel was compared to one with a
naturally ventilated plate without PCM and aluminum. It was experimentally verified that the aluminum plate at the
back of the panel enhanced its efficiency by an average of 24.4%. With a decrease in average temperature of 10.35
°C, the electrical efficiency of the plate increased by 2%. The maximum decrease in temperature was 13 °C for the
first day and 7.7 °C for the second day [64].

Investigated Heatsinks with fins coupled with PCM substances were produced to generate an effective heat
load and improve thermal conductivity efficiency. A significant drop in temperature was seen, especially when there
was a lot of heat flux [65]. The research looked at the numerical enhancement in photovoltaic cooling achieved by
employing finned PCM (FPCM) heatsinks. The PV, PCM, and FPCM methodologies were tested in Southeast
England's atmospheric conditions. Experience has shown that PCM heatsinks may reduce the maximum PV
temperature by about 13 K, while FPCM heatsinks can enhance PV cooling by 19 K.

Fig. 12 demonstrates that PCM heat sinks may boost PV output energy from 13% to 14% [66]. They
assembled and examined three distinct PCM containers, including grooved, tubed, and finned containers, to increase
the output power of a PV structure (PV). The finned container proved to be the best in terms of cooling. The
outcome was that the heat of the PV units dropped a lot, allowing them to produce the most electricity possible [67].
A numerical study was done to lower the temperature. Electrical devices use a mixture of phase-changing materials
and heat dissipators of various shapes and sizes to raise the lousy conductivity of phase-changing materials, and a
significant improvement in thermal performance was observed [68].

\ PV layers

Fig. 12. - Components of the heatsink with PCM [66].
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4. Cooling strategies that can boost the effectiveness of PV models

Adopting a unique micro-pipe array enhances the cooling of the solar model. Natural convection cooling
devices in both air and water were evaluated. When the average radiation amount is 26.3 MJ, the most significant
variations in photoelectric conversion efficiency (2.6 percent), maximum temperature drop (4.7 °C), and maximum
output power (8.4 percent) are observed. When the average radiation is 21.9 MJ, the water-cooled solar plate with a
heat pipe surpasses the air-cooled type by a maximum of 3% in photoelectric conversion efficiency, 8% in
temperature reduction, and 13.9 percent in output power increase [69].

A new study on a hybrid solar energy system combining thermal and photovoltaic technology to cool
photovoltaic cells revealed that a series of channels with only an entrance and exit were placed to the back of the
photovoltaic board to ensure equal airflow distribution. In specific tests, active cooling was utilized. Temperature
and efficiency are linear. The module becomes extremely hot without active cooling, limiting the solar cells'
efficiency to 8-9%. When solar cells operate with active cooling, their efficiency increases to 12 and 14% [68].
Then, it worked to cool the photovoltaic panel using a wind-powered roof-top turbine blower. Solar cell cooling and
ventilation were accomplished in the same process. A dynamo powered the wind turbine ventilator. To improve the
productivity of the solar cell, air was circulated beneath it using a blade. Along with the ventilator's regular
breathing, this combination increased the output power of the photovoltaic cell by 46.54 percent [70].

Active evaporative cooling is utilized to reduce the PV heat. The increase caused by solar irradiance
absorption on PV modules was tested. He coated the rear of the panel with synthetic clay and allowed a thin layer of
water to evaporate. The findings indicate that the suggested technique is technically possible, as it achieves an
output voltage gain of 19.4% at its maximum and 19.1% in output energy [71]. They have created a unique method
to boost the effectiveness of PV plates, which entails adding a thin layer of oil to the front side to improve the
quantity of sunlight the plates receive and, consequently, their efficiency. To examine several oils, including mineral
oils and natural oils. The output of the photovoltaic panel has been examined. Labovac oil lets more light through
than other oils, so it has been found that covering modules with a thin film of Labovac oil, about 1 mm thick, makes
the model more than 20% more efficient [72].

In Egypt, an alternative cooling method for PV panels was evaluated. Instead of a compressor, a heat
exchanger uses a soil heat exchanger to cool the rear of a panel. The thermally pre-cooled airflow across the back of
the panel at an ideal ratio of 0.0288 m?®/s successfully moderated the board's temperature from 55 °C (without
cooling) to 42 °C. The photovoltaic panel's electrical output improved from 18.90% to 22.98% at this optimal flow
rate[73]. The experiment to cool solar panels with saturated activated alumina and saline water is presented at
varying radiation levels. In the 6-hour test, two irradiation levels of 800 W/m2 and 1000 W/m2 were used.

The salt influence, mainly on activated alumina tablets, was monitored for four months. Internal and exterior
design changes recommended increased system cooling by 3—4 to Cover previous configurations [74]. They
developed a novel cooling method that works with solar panels. The thermo-magneto-generator system operates as
both a thermal dissipater and an electrical generator. The cooling technique improved efficiency by over 99%. The
peak generation is 1.6 mW/m? [75]. A cotton fiber mesh is used to make the plate's back surface cooler; this mesh
takes in water from a pipe and transmits it down the slope of the device by capillary action. During the experiment,
the temperature decreased by 23.55 degrees Celsius. As a result, the panel's power increased by approximately 30.3
percent [76].

Hydrogel beads soaked with AI203 liquid nanofluid are used to cool solar panels. With 0.5 percent wt., the
surface temperature dropped from 17.9 degrees Celsius to 17.1 degrees Celsius. From a performance standpoint, 0.5
percent wt. Provided the best results, but due to the cost of nanomaterials, 0.25 percent wt. Concentrations are the
most cost-effective option [77]. A smart water spraying approach that ineffectively solves a critical gap faced by the
PV cell during hot weather situations. The use of an Arduino board to implement a microcontroller temperature
control water spray device improved the effectiveness of the solar cell. The study used a temperature control
feedback system and made a cooling algorithm for solar collectors, which made the PV panel array about 16.65%
more efficient [78].

The effectiveness of polycrystalline photovoltaic cells when cooled by evaporation was investigated. Under
similar circumstances, cooled PV panels outperformed uncooled PV panels in efficiency and output. Evaporative
convective cooling uses a wet cloth on the cooling channel's bottom surface. When a 120 mm air gap was used to
cool the solar model, it increased daily energy output and efficiency by about 1.7 and 1.2 percent, respectively [79].
Water-based photovoltaic systems. This technology reduces the photovoltaic panels' temperature by 5-6 °C. The
solar PV absorber system is perhaps the most economically advantageous from a thermal and electrical energy
production standpoint. Self-contained PV systems might benefit from water evaporation on the rear of the panels by
utilizing mud and cotton wicks. Solar panels in dry climates benefit from dual cooling [80].

5. Variables that influence solar cells' productivity

The impact of various reasons on the panel temperature of selected PV methods in Singapore was examined,
including material, ventilation, module frame, and other ambient circumstances. The monitoring findings revealed
that the temperature rose between the lowest and highest temperatures. Readings varied due to three factors. When
the temperature of silicon wafer-based modules increases by one degree, power consumption decreases by 0.45%
[81]. They modified initial conditions such as transparent conductors, metallic pattern conductivity, and low light
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intensity, allowing for grid design and finger size optimization. The results show that a metal grid with 20-Im broad
lines would enhance the performance effectiveness of the solar board by 11.7% [82].

The impacts of external influences on the module's temperature were explored. The sun, wind, temperature,
and distance between neighboring cells were all considered. The solar panel layer reached a maximum temperature
of 331.76 kelvin. Additionally, lighter irradiation facilitates the solar module's thermal dissipation, increasing its
temperature. When the wind speed goes from 0 meters per second to 1 meter per second, the efficiency of a solar
module also goes up [83]. The influence of humidity on solar panel output was tested in a lab. After measuring PV
output (voltages and currents), solar radiation incident studies show that solar irradiance and panel power production
decline when humidity increases. The panel's output power decreases by 34.22 percent for every 50 percent increase
in humidity [31].

The distance between the panels and the roof impacted the free airflow's ability to detect the panels'
temperature. It was discovered that the natural airflow beneath them influenced the panels' performance. The
amount of solar irradiation, distance between solar models, and so on were also investigated. The average
temperature of a PV group without an air cavity is about 12 c greater than that of a PV array with an air gap of more
than 200 millimeters and about 18 ¢ higher, widened to 250 millimeters [84]. The influence of dust depletion on the
electrical output of the SPV was examined, and an experimental examination of the output power sensitivity
throughout dust depletion was performed. Sand storms, levels of pollution, and snow quantity all significantly
influence SPV's performance. These difficulties reduce solar panel efficiency and have a detrimental influence on
electrical performance [85].

Snowfall on photovoltaic panels can significantly reduce power output, as shown in Fig. 13. This effect must
be precisely anticipated to be considered a reliable energy source. There were other topics they investigated. To
examine both engaged and cumulative solar irradiance and the thermal capacitance of the PV panels [86]. Hand
scrubbing, vacuuming, and electrostatic precipitation are some cleaning techniques used. This cleaning procedure
can increase the panel's efficiency by 15-20% [87]. Then, it was found that dust reduces the sunlight the solar cells
receive, lowering the output. So, cleaning routines are implemented to increase panel performance. The more
frequently clean, the better; though this may require more energy, the gain may need to be increased [88].

Fig. 13. - The effect of the snow on the model [89]

Conclusion

The heat of the photovoltaic modules is a crucial aspect that determines the amount of power they will
produce. While more sunlight can be beneficial, it also raises the panel's temperature, which can offset some of the
benefits. In reality, the most efficient solar photovoltaic panels only transform about 20% of the incident solar
irradiance into straight current energy, with the majority of the remaining irradiation being reflected or absorbed by
the module material as heat [85]. When the environment's temperature rises by one degree Celsius, the panel's
efficiency falls by 0.5% and its voltage falls by 2.2 mV. The high heat of the cell will harm the model's ability to
produce power [90]. There is a solid motivation to decrease cell base temperature through heat transfer and removal
methods in the fastest and most straightforward technique possible.
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Abstract. In connection with the modernization of coal mine equipment in the Karaganda coal basin, the customer
faced the problem of installing large units: the existing installation blocks have a low load-bearing capacity. This
article discusses the development of an experimental model of a reinforced installation block according to the
customer's technical specifications. In accordance with the customer's requirements for dimensions, weight and
load-bearing capacity, design and technological documentation for a new reinforced installation block design was
developed. Mathematical calculations for the strength of the design units were verified by the APM FEM program in
the KOMPAS-3D system. Steel grade 30XGSA is the optimal material for the main parts of this product under the
specified loads. The nominal diameter of the rod for the "axis" and "earring" parts is 48 mm. The weight of the
structure meets the requirements and does not exceed 15 kg. The minimum permissible cross-sectional area of the
eye of the "earring" part is 329 mm?2. Two installation blocks were manufactured according to the developed
drawings, which successfully passed the tensile strength tests. This design has been found to be operational and is to
be tested in coal mine conditions.

Keywords: mounting block, bracket, steel rope, lifting device, rigging.

Introduction

The assembly block is widely used in assembly and disassembly work on equipping coal mine long walls
with equipment and serves to transport and install the units of the complex at the work site [1, 2].

The assembly block must meet strict safety, reliability, and efficiency requirements [3].

The main requirements for the assembly block are [4-6]:

- strength and reliability of the structure;

- the quality of the material from which it is made;

- ensuring its lifting capacity with a safety margin;

- the safety of load fixation.

The block must be made of materials resistant to high loads, corrosion, abrasive wear and exposure to
aggressive mine environments (dust, humidity, gases) [7, 8].

The block must be designed to lift and move loads corresponding to its lifting capacity with a safety margin
[9]. Reliable grips, slings, and other fastening elements must ensure the safe fixation of the load during
transportation and installation [10].

The assembly block is a structure consisting of three main elements: a bracket, an axis, and a block (Figure
1). Before carrying out work, the assembly block is fixed by the bracket with fastening elements (chain, rope, etc.)
to the metal arch support of the mine workings or to the metal structures of the installed mechanized support, a
branch of the rope ©22.5 ... 27 mm is passed through the block and the block is fixed with an axis. The assembled
assembly block is used both to change the direction of movement of the ropes and to lift and move loads.

\

Fig. 1. - General view of the operating mounting block
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In modern realities, new and modernized equipment is heavier and less divided into component units, which
complicates the production of installation work with operation at maximum loads of installation blocks [11]. The
brackets of the installation block often fail during the work. Also, in case of critical deformation of the bracket, the
released rope can cause injury to workers.

In this regard, in the mines of Karaganda, there was a need to use a new reinforced design of the installation
block that meets the following requirements:

1) type of design - collapsible;

2) breaking load - not less than 320 kN;

3) weight - no more than 15 kg (maximum weight of the load lifted by the worker, permitted by safety
requirements);

4) overall dimensions - 160 x 180 x 310 mm.

When monitoring the market of lifting devices, the required blocks were not identified. Most of the assembly
blocks either exceed the declared dimensions and weight, or do not have the required load-bearing capacity.

The aim of the study is to develop a new reinforced design of the mounting block for assembly and
dismantling works in coal mine long walls, ensuring the above requirements.

1. Research methodology
The main load-bearing elements of the assembly block structure are the “axle”, “block” and “earring” parts
(Figure 2).

183 max
i /’///,1* 7
/;/:"V ‘;/////
3

S L
S
= 5
=

1

1 — earring; 2 — axis; 3 — washer; 4 — nut; 5 — cotter pin; 6 — block
Fig. 2. - Scheme of the design of the reinforced mounting block

In accordance with the stated requirements, the design of the assembly block must have dimensions of 160 %
180 x 310 mm. The "axis" was previously made of 30KhGSA steel and to increase the lifting capacity it will be
enough to calculate and change the working diameter upwards.

The design of the "block" @160 mm for ropes @22.5 ... 27 mm did not change except for the diameter of the
hole for the "axis". The design of the "earring" was selected for the required dimensions and the loads on the eyes
were calculated using various grades of steel, since previously the "earring". At “Kurylysmet” LLC it was made of
steel 20.

For comparison with steel 20, the most commonly used structural carbon high-quality and structural alloyed
round steels were selected, namely: 35, 45, 30XGSA and 40C. The main criterion for optimizing the choice of
material for the construction of the assembly block is the strength criterion. To assess the strength criterion of the
structure, it is necessary to know the yield strength of the selected material. The yield strengths of the steel grades
used are presented in Table 1.
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Table 1. Yield strength of steel grades

Steel grade Yield strength, MPa
20 250
35 320
45 360
30XGSA 850
40X 330

The safety factor of the structure is determined by the formula [12]:

Os

n=—, 1
Omax ( )
where o — yield strength of material, MPa;
0 max — Maximum stresses in the structure, MPa.
2. Calculation of the geometrical dimensions of the mounting block structure
To determine the diameter of the “axle” and “earring”, the formula for calculating the rod on shear was used
[13]:
4xS
d = TXTgp%0,3 " @)

where d — axle diameter, mm;
S - Harpyska Ha cpes, H;
0,21 - allowable voltage coefficient;
Tsh - allowable shear stress (yield strength of the rod material), MPa.
Substituting into the formula the values for steel 30XGSA and the required breaking load, the following
result was obtained:

4 x 320000
3,14 x 850 x 0,21

=~ 48 mm

According to calculations, the diameter of the rod of the “axle” and “earring” was taken as 48 mm.
At the pin diameter of 48 mm, the weight of the structure is minimal.
For comparison, we made similar calculations with the previously mentioned steel grades (Figure 3).

88 78 73 26 77
20 35 45 30XGSA 40X
==@==Yield strength, MPa 250 320 360 850 330
e=@==Rod diameter, mm 88 78 73 48 77

Fig. 3. - Diameter of the axis of the mounting block structure when using different steel grades
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According to this table, we were convinced of the correctness of the choice of material - steel 30XGSA,
which with the highest characteristics of yield strength provides the smallest diameter of the rod, necessary for the
design of the structure in the given overall dimensions.

The following calculations were made for the “earring” lugs.

The permissible normal stress at break is determined by the formula [14]:

[O-n] = (3)

where o, - tensile strength, MPa;
n — safety factor.
Permissible normal stress at rupture by formula (3):

1220
[0,] = —— =406 MPa

The permissible shear stress at shear is determined by the formula [15]:
[z,s] = 0,6 x [0,] = 0,6 x 406 = 243 MPa (4)

The tangential stress in the vertical section at given parameters depends on the cross-sectional area of the eye
S and is determined by the formula [16]:

T, = & < [ty (5)

where Q - breaking load, N;
S — cross-sectional area, mm?.
Accordingly, the area of the eyelet must be no less than [17]:

§=—2 3209 _ 379 mm? (6)

T axtys 4x243

The cross-sectional area of the eye is determined by the formula [18]:
S==—xB, (7

where D = 85 — eye outer diameter, mm;
d =49 — diameter of the eyelet hole, mm;
B =25 — eye thickness, mm.
Cross-sectional area of the eye by formula (7):

85 —49
S=T><25=450mm2

The total tangential stresses in the vertical section are equal to:

Q 320000
Tts = =
4xS 4x450

= 178 MPa < 243 MPa

In the final version, the strength condition is fulfilled: the result of the calculation of the tangential stress in
the vertical section of the “ear” lugs was lower than the permissible one, which corresponded to the stated
requirements.

3. Engineering analysis of the mounting block design

Verification of mathematical calculations of the part “bracket” was performed in the APM FEM program in
the KOMPAS-3D system of ASKON LLC. The functional set of the program allowed to simulate a solid object and
comprehensively analyze the behavior of the calculation model under various influences on it [19, 20]. The results
of calculation of the applied loads on the lugs of the solid three-dimensional model at the fixed arc-shaped part were
visually reflected in it. In addition, as a comparison for steel 30XGSA and steel 20, calculations for safety factor
(Figure 4) and total deformations (Figure 5) were carried out.
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M AN

a) steel 30XGSA,; b) steel 20

Fig. 4. - Result of calculation of safety factor of the part “earring” in APM FEM application

The safety factor of the earring made of 30 XGSA steel ranges from 1.8 to 10 mm, the total deformation of
the earring structure made of 20 steel ranges from 0.8 to 10. The most vulnerable parts of the earring are the inner
diameter of the eyelet and the eyelet flanges.

W AMM

0.006467
0.006062
0.005658
0.005254

0.00485
0.004446
0004042
0.003638
0.003234
0.002829
0.002425
0.002021
|| 0.001617
) 0001213
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0.0004046
4.8030-07

U AMM
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0.006583
0006144
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0.005267
0.004828
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0.00395
0.003511
0.003072
0.002634
0.002195
0.001756
0.001317
0.0008782
0.0004394
§.215e-07

a) steel 30XGSA, b) steel 20

Fig. 5. - Result of calculation of total deformations of the part “earring” in APM FEM application

The total deformations in the cross-section of the eyelet of the earring from steel 30 XGSA range from 0.004
to 4.8 mm, the total deformations of the earring structure from steel 20 - 0.005+5.2.

All the results obtained by the program confirmed the mathematical calculations and on this basis it was
decided to proceed to the manufacture of prototypes for experimental testing in laboratory conditions. This analysis
allowed to avoid labor and material costs for manufacturing of physical experimental samples in case of undetected
errors in calculations.
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Based on the results of mathematical calculations and engineering analysis, a working set of drawings of the
mounting block was developed for the manufacture of prototypes.
4. Experimental studies

Two prototypes of mounting blocks were manufactured for the experimental breaking force test. The parts
“earring” were made by free forging with subsequent machining, the other parts, except for standard products for
axis fixation, were made on lathes. The parts “earring” and “axis” have undergone the necessary heat treatment. All
parts individually and the complete assembly have been quality controlled. During the inspection, the main
dimensions of the assemblies of the blocks planned for control measurements during the tests were documented,
namely:

- diameter of the “axis”;

- diameter of the holes of the lugs of the “shackle”;

- width, height and thickness of the holes of the “earring”.

For the experiment was prepared universal machine with ultimate load of 100 tons type UMM-100
(hereinafter: breaking machine), which has a certificate of periodic verification. The part “block” was excluded from
the test, as its strength was not questioned and separate calculations for it were not carried out. Instead of the
“block” part, a fixture in the form of a rod with an eye and a threaded rod for fixing the block in the movable and
fixed frames of the tensile machine was developed (Figure 6).

Fig. 6. - Fixture for installation of mounting blocks

It was decided to install two blocks simultaneously on the tensile machine; this allowed to save testing time
and to exclude the development of an additional fixture for fixing the “earring” part in the frames of the tensile
machine. For this purpose, firstly, the “earring” parts were provided with joint contact of the inner surfaces of the
bending radii. Then the fixtures in the form of a rod were installed with lugs instead of parts “block” and fixed in
“earrings” with “axes” and standard products, then the rods with threaded rods were installed and fixed in the frames
of the rupture machine (Figure 7).

fragment of the UMM-100 axis earrings axis fragment of the UMM-100 frame

nut

traction

Fig. 7. - Project of mounting blocks installation on the UMM-100 machine

The tests were carried out in four stages with a gradual increase in load. After placing the prototype mounting
blocks on the tensile machine (Figure 8), they were subjected to a load of 26000 kgf for 5 minutes. After that, the
assembly blocks were dismantled from the tensile machine, visually inspected for deformations and disassembled
into assemblies, over which a control measurement of the main dimensions was carried out.
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Puc. 8. - Installed mounting blocks on the UMM-100 machine

The mounting blocks were then reinstalled and tested under loads of 32000 kgf, 40000 kgf and 48000 kgf.
Each load was applied to the mounting blocks for 5 minutes. After each test, disassembly and measurements of the
main dimensions were taken.

During the whole experiment, none of the dimensions of the mounting blocks were changed, which means
that they were fully tested by the tensile testing machine and the experiment can be considered a success.

In the future, based on the conducted experiment, each newly manufactured mounting block before
acceptance by the department of technical control of “Kurylysmet” LLP will be subjected to load testing in
laboratory conditions on the breaking machine UMM-100 in 40000 kgf for 5 minutes with recording the test results
in the product passport.

Conclusions

The results of mathematical calculations, engineering analysis and experimental tests proved the performance
of the design. As a result of the conducted researches the following was established:

1) Steel grade of the main parts, taking into account the loads acting on them - 30XGSA,;

2) The diameter of the rod of the parts “axle” and “earring” - 48 mm;

3) The minimum permissible cross-section of the eye of the part “earring” - 329 mm?;

4) The developed design did not exceed the required weight limit of 15 kg;

5) The conducted experiment proved that actually the assembly block is able to withstand a short-term load
of =470 kN.

This design is made in strict accordance with the stated requirements for the mines of Karaganda coal basin.
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Abstract. In this paper, we propose a model of concrete reinforced with graphene and graphene oxide. The
thickness of the surface layer of the C—S—H gel is R(I) = 60.3 nm (< 100 nm), i.e. it is a nanostructure according to
Gleiter. The equation we obtained shows that the higher the adhesion energy Wa, the more difficult it is to destroy a
solid. This means that concrete is easier to destroy by bending than by compression (Waa > Wac). The R(II) layer,
which we called the mesolayer, is stronger than the R(I) layer, since y2 = 3yl. It differs from the nanolayer and the
bulk phase in that the size effects in it occur according to a different type. Here, size effects of the kinetic type are
present, associated with temperature, the mean free path of elementary excitations, etc., but they do not exceed 1
micron. At h = R(I), a second-order phase transition (according to Ehrenfest) occurs, the nature of which is
described by us using the Landau mean field method. There are no size effects in the bulk phase (larger than 1
micron). It is shown that graphene and graphene oxide are introduced into the interlayer space. Graphene and GO,
limited in the interlayer region of the C—S—H gel, demonstrate different morphology. In graphene, carbon atoms,
ordered in the xy plane, are distributed far from the C—S—H surface. No expansion along the z-direction is observed.
The C—C bonds in GO are stretched in the z-direction, and the graphene sheet is somewhat damaged. Compared to
standard concrete, the R(I) and R(II) values decrease by half and the elastic parameters of concrete change. The
article shows that the addition of graphene and graphene oxide to cement mortar significantly strengthens (by 4-5
times) standard concrete.

Keywords: concrete, graphene, nanolayer, mesolayer, size effect, strength

Introduction

Reference [1] (see bibliography therein) presents graphene (G) reinforced concrete. It shows an extraordinary
increase in compressive strength of up to 146%, flexural strength of up to 79.5% and a 78% reduction in maximum
displacement due to compressive load. At the same time, improved electrical and thermal performance is found with
an 88% increase in heat capacity. A significant reduction in water permeability of almost 400% compared to
standard concrete, which is an extremely desirable property for the long-term durability of concrete structures,
makes this new composite material ideal for construction in flood-prone areas. Finally, it is shown that the
incorporation of G into modern concrete will result in a 50% reduction in the required concrete material, while still
meeting building load specifications. This will result in a significant reduction in carbon emissions from cement
production of 446 kg/tonne.

In the work [2] (see bibliography therein) graphene oxide (GO) reinforced concrete was presented. The
current study showed that the inclusion of GO even with 0.02% by weight of cement increased the strength by 12-
24% and durability properties. The inclusion of GO can accelerate the hydration process of cement as it provides
nucleation sites for cement hydrates. But the workability was reduced by 4% due to the agglomeration of GO,
causing the water molecule to remain trapped. The water permeability properties tend to decrease with increasing
GO content. And the quality of concrete mixtures was improved as the microstructural analysis of the mixtures
actually indicates that GO acts as a filler of the material, healing the microcracks at the nanoscale, helping to
transport water to the unreacted cement particles.

A review of all previous studies on G and GO reinforced concrete was made in [3]. It was shown that there
are four forms of graphene products, namely graphene (G), graphene oxide (GO), reduced graphene oxide (rGO)
and graphene nanoplatelets (GNPs), as shown in Fig. 1. These forms of graphene products have been used in
numerous studies including [1, 2]. Emphasis is placed on the problems associated with G, GO, rGO and GNP
reinforced concrete. These problems are as follows: G, GO reduce the workability of concrete and the mechanisms
for its reduction are unclear; there remains a problem of the quality of carbon nanostructures leading to the
development of microcracks; the production of graphene with controlled quality at low cost on an industrial scale is
a big challenge; the inability of graphene to achieve high dispersion can potentially have an adverse effect on the
properties of concrete due to the formation of agglomerates and weak pockets; graphene oxide can be a hazardous
material since it can cause an explosion under certain conditions.

1. Methods and Materials

1.1 Experimental methodology
This study utilized a combination of experimental and theoretical approaches to examine the structure and
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properties of concrete reinforced with graphene and graphene oxide. The research aimed to assess how these
nanomaterials influence the mechanical and microstructural characteristics of concrete. The methodology was
divided into two main components: experimental investigations and theoretical modeling.

The experimental portion of the study involved the preparation of concrete samples with varying
concentrations of graphene and graphene oxide. The mixing process followed standardized procedures to ensure
homogeneous dispersion of the nanomaterials. To evaluate their impact, multiple tests were conducted:

Compression and flexural strength tests were performed using a hydraulic press to assess load-bearing
capacity and durability. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) were employed
to observe the dispersion of graphene within the concrete matrix and its interaction with calcium silicate hydrate (C—
S-H) gel. X-ray diffraction (XRD) and energy-dispersive spectroscopy (EDS) were utilized to study phase
composition and elemental distribution, ensuring proper integration of graphene-based additives. A slump test was
conducted to examine the effects of graphene on the fluidity and workability of fresh concrete mixtures.

Concrete sample preparation followed GOST 10180-2012 standards to ensure reliable and reproducible
results.

1.2 Materials

The primary materials used in this study included:

- cement: Portland cement CEM I 42.5N, chosen for its high compressive strength and optimal hydration
characteristics;

- graphene and Graphene Oxide: These nanomaterials were introduced in concentrations ranging from 0.02%
to 0.15% by cement mass, carefully dispersed to prevent agglomeration;

- aggregates: Natural sand (0.1-4 mm particle size), gravel, and crushed stone were used as fillers;

- water: Distilled water was utilized to eliminate the influence of impurities on hydration reactions;

- chemical Additives: In selected trials, plasticizers and superplasticizers were added to optimize the
rheology and workability of the concrete mixture.

Theoretical analysis was conducted using molecular dynamics simulations to investigate the interaction of
graphene and graphene oxide with C—S—H gel at the nanoscale.

The combined experimental and theoretical approaches provided valuable insights into the reinforcing effect
of graphene and graphene oxide on concrete. The integration of these nanomaterials was shown to enhance
mechanical strength, reduce crack formation, and improve durability. The findings contribute to the ongoing
development of advanced, high-performance concrete materials with superior structural properties.

2. Results and discussion

The above issues include production consistency, cost of graphene-based additives, dispersion of graphene in
concrete, workability and flowability of graphene-based concrete, sustainability, and safety issues.

We also reported in [4] on improving the properties of graphene-added concrete obtained by liquid-phase
exfoliation of graphite [5].

The aim of this paper is to propose a model of graphene and graphene oxide reinforced concrete.

Nano-meso-macrostructure of concrete

Graphene Oxide (GO)

5-25um

Reduced Graphene Oxide (rGO) Nano;fl;ar:;::sn;’GNPs)

Fig. 1. - lllustration of (a) graphene (G), (b) graphene oxide (GO), (c) reduced graphene oxide (rGO), and (d) graphene nanoplatelets
(GNPs) [3]
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Concrete consists of cement paste, which is a porous and hierarchical material with different phases. When
cement powder is mixed with water, a hydration reaction results in the formation of the main chemical products:
calcium silicate hydrate (C—S—H), calcium hydroxide (CH), ettringite, and monosulfoaluminates. C—S—H accounts
for approximately 70% of the fully hydrated products and is the main contributor to the mechanical strength of the
material [6]. The silicate phases react with water to form calcium hydroxide and a rigid calcium silicate hydrate gel,
the C—S—H gel [7]:

2(3Ca0 - Si0,) + 6H,0 = 3Ca0 - 2Si0, - 3H,0 + 3Ca(OH), (1)
2(2Ca0 - Si0,) + 4H,0 = 3Ca0 - 2Si0, - 3H,0 + Ca(OH),. 2)

The thickness of the surface layer of a solid body R(]I) is given by the formula [8]:
R(I)=0,17-107° - a - v[m]. 3)

In equation (3) it is necessary to know one parameter — the molar volume of the element, which is equal to v
= M/p (M is the molar mass, p is its density), o = 1 m? is a constant to maintain the dimensionality (R(I) [m]).
Considering that the rigid calcium silicate gel of the C—S—H hydrate is a homogeneous solid solution, it is easy to
estimate the molar mass from equations (1) and (2) — M; = 1070 g/mol; M, = 922 g/mol. The crystal structure
obtained from equation (2) is closer to the mineral tobermorite [9], which is a layered crystalline form of calcium
silicate. The density of the C—S—H gel is closely related to the water content in the pores of the gel. Neutron and X-
ray scattering methods were used to determine with high accuracy [10] the density and water content in saturated
globules. The density is 2.604 g/cm?,

The thickness of the surface layer of the C—S—H gel according to equation (3) is - R(I) = 60.3 nm, and the
number of layers is n = R(I)/a (a is the interlayer distance, equal to a = 1.4 nm [7]). This means that the number of
C—S-H layers is n = 43. According to our work [8], the diagram of the crystalline form of calcium silicate will look
like that shown in Fig. 2a, and the silicate chain (monolayer of calcium silicate) is shown in Fig. 2b.
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Fig. 2. - Schematic diagram of a solid: nanolayer — mesolayer — bulk phase (a); schematic diagram of a C-S-H layer showing a Ca-O
core layer with a silicate tetrahedron attached on both sides. The silicate chain, calcium octahedron and oxygen atoms are shown as dark blue,
light blue tetrahedron and red spheres, respectively (b) [7].

The thickness of the surface layer of the C—S—H gel is R(I) = 60.3 nm (< 100 nm), i.e. it represents a
nanostructure according to Gleiter [11]. The C—S—H gel in water forms crystalline nuclei with a critical radius [12]:

1. = 2 My1,To/pqAT, 4

where M is the molar mass; y12 is the surface tension at the boundary; T is the temperature; p is the density;
q is the heat of fusion. Our estimate gives rK = 5 nm, which means that the R(I) layer contains nI' = R(I)/rK = 12
globules. This situation is shown using atomic force microscopy (AFM) in Fig. 3.

Size effects in the R(I) layer are determined by a collective of atoms (collective processes). Such “semi-
classical” size effects are observed only in nanostructures [13].
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Fig. 3. - AFM photographs of C-S-H particles [7].

This means that the R(I) layer is a nanolayer (Fig. 2a). The surface energy of a bulk crystal y2 is equal to [14]:
Y, =0,7-1073 - T, [J/m?], (5)

where Tr, is the melting temperature (K).
In the R(I) layer, the size effect must be taken into account and the surface energy becomes equal to y; [14]:

Y1 = Y2(1 =R(/RU) + h) = 0,3y,. (6)
Equation (6) shows that the surface energy of the R(I) layer is three times less than the surface energy of the

main crystal. To separate the R(I) layer from the rest of the crystal, energy must be expended, which is called the
adhesion energy [15]:

Wo=v1i+V2—Y2=Vv1+Vv2 =13y, (7
where yi2 is the surface energy at the phase boundary, which is negligibly small due to the second-order phase

transition.
The internal stresses cis between phases i and y» can be calculated using the formula [16]:

0is = Wa - E/R(D), ®)

where E is the Young's modulus of elasticity. Using equations (5)—(8), we calculate the elastic parameters for
standard concrete using a layered structure such as tobermorite or calcium silicate.

Table 1. Elastic parameters of standard concrete

Concrete Waa, J/m? Wae, J/m? Gisa, MPa Gisc, MPa Ea, GPa Ec, GPa
C-S-H
(p = 2.604) 4,517 1,654 5589 1334 142 65

The melting point of calcium silicate is Tm = 1817 K and y2 = 1272 mJ/m?, Young's modulus E = 65 GPa for C—
S—H [7]. Significant elastic stresses in the R(I) layer lead to the creation of nanocracks, the length of which is Loym =
R(I) [14].

For the destruction of a solid, force, deformation and energy criteria of destruction were developed. There is the
following relationship between them [17]:

2 2
ACH) = 26,005 = Gyo = Jc = 2y = W, ©)
where K is the critical stress intensity factor, the force criterion of destruction; E is the elastic modulus; p is
Poisson's ratio; drc is the critical opening at the crack tip, the deformation criterion of destruction; o, is the ultimate
strength; Gy is the critical intensity of the released energy, the energy criterion of destruction; Ji is the critical J-
integral, the energy criterion of destruction; vy is the surface energy, Wa is the adhesion energy.

Equation (9) shows that the greater W,, the more difficult it is to destroy a solid. This means that concrete is
easier to destroy by bending than by compression (Waa > Wyc).

The R(II) layer, which we called the mesolayer (Fig. 2a), is stronger than the R(I) layer, since y, = 3y;. It differs
from the nanolayer and the bulk phase in that the size effects in it occur in a different way. Here, size effects of the
kinetic type are present, related to temperature, the mean free path of elementary excitations, etc., but do not exceed
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1 micron. At h = R(I), a second-order phase transition occurs (according to Ehrenfest), the nature of which we
described in [18] using the Landau mean field method. In the bulk phase (larger than 1 micron), there are no size
effects.

Concrete reinforced with graphene and graphene oxide.

The structure of C—S—H obtained by molecular dynamics (MD) [7] with graphene (G) and graphene oxide (GO)
is shown in Fig. 4a, b.

It can be seen from Fig. 4 that graphene and graphene oxide are embedded in the interlayer space. Graphene and
GO confined in the interlayer region of C—S—H gel exhibit different morphologies.

‘e A s

WUEALESV S S I

- 2 3

Fig. 4. - Structure of G/C-S-H and GO/ C-S-H [7].

In graphene, the carbon atoms, which are ordered in the xy plane, are distributed away from the C—S—H surface.
No expansion along the z-direction is observed at the graphene/C—S—H interface in Fig. 4a. On the other hand, as
shown in Fig. 4b, the protruding hydroxyls on both sides of GO indicate the C—S—H interface. The C—C bonds in
GO are stretched in the z-direction, and the graphene sheet is somewhat disrupted. Compared with standard
concrete, the R(I) and R(II) values are halved and the elastic parameters of concrete change. These changes are
shown in Table 2. Concrete consists of components in the following weight proportions: water 10%, cement 20%,
fillers (sand, gravel, crushed stone) 70%. The concentration of graphene during the formation of the concrete
mixture drops by 3 times, i.e., in an aqueous solution, the concentration of graphene will be 0.15%. For 1m? of
concrete (= 2 tons) we get 300 g of graphene.

Table 2. Elastic parameters of concrete with graphene and graphene oxide.

Concrete Waa, J/m? Wac, J/m? Gisa, MPa Gisc, MPa Ea, GPa Ec, GPa
graphene 17,243 6,314 25000 6250 1100 525
graphene 14,629 5,418 10392 2598 430 197
oxide

Comparison of Tables 1 and 2, as well as equation (9), we conclude that the addition of graphene and graphene
oxide to cement mortar significantly strengthens (by 4-5 times) standard concrete. In Table 2, Tm = 4510 K is
chosen for the melting temperature of graphene [19].

Due to the compositional, structural and physical complexity of the C—S—H gel, the main building blocks of
cement hydrate have not yet been fully understood [7].
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Fig. 5.- Hierarchical structure of concrete [7]
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As shown in Fig. 5, at the macroscale (>1073 m), concrete can be regarded as a material consisting mainly of two
phases: aggregate and cement matrix. At the microscale (1073 — 10°® m), different hydration products and different
C—S—H gel morphologies form a heterogeneous structure of cement paste. At the mesoscale, less than 1 um, the C—
S—H gel can be observed as elliptical-shaped particles packed with different densities. At the nanoscale (<107 m),
the distribution and arrangement of Ca, Si, OH form the basic C—S—H structure. Concrete, the most widely used
building material, has been applied to pavements, architectural structures, foundations, highways, roads, overpasses,
parking structures, brick, block walls, and foundations for gates, fences, and pillars. And its use is not comparable
with other materials [20].

Conclusion

One of the pressing issues in the mining industry of Kazakhstan is the processing of technogenic mineral
formations (TMF). Currently, more than 60 billion tons of TMF have been accumulated in Kazakhstan [21]. At the
same time, the total annual level of TMF processing is about 11% of the annual output, while in developed industrial
countries the level of industrial waste use reaches 70-80% [22]. In our opinion, TMF processing should be carried
out by creating modified concrete from TMF with an admixture of graphene or graphene oxide, the most widely
used building material.
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Effect of Binder Composition on Briquettes from Dust-Like Ball Bearing Steel ShKh15
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Abstract. In the work, it was studied how the composition of the binder affects the characteristics of briquettes from
ball bearing waste, steel. The goal is to find an efficient way of recycling metal waste, in order to reduce the damage
to nature and better use resources.

The briquettes were pressed in the laboratory, choosing optimal conditions. The influence of different binders
on the strength of briquettes, important for metal melting and recovery was investigated. It was found that the binder
composition greatly affects the strength, gas permeability and heat resistance of briquettes, which determines the
recycling efficiency.

This work is important for the creation of new technologies for metal recycling, improvement of product
quality and increase of profitability of steel processing.

The study will help to optimize the choice of binders, reducing costs and improving the performance of the
briquettes. More durable and resilient briquettes will extend the life of metal smelting and recovery equipment. In
the future, the results can be used to introduce technology in enterprises that will increase recycling opportunities
and reduce waste. Developments can be widely applied in metallurgy.

Keywords: industrial waste, briquettes, chips, metal chips, components, drying, complex compositions.

Introduction

Increased competition, increasing environmental requirements, as well as the complexity of extraction and
pre-preparation of raw materials - these and other factors impose higher demands on the country’s metallurgical
industry. Therefore, the improvement of traditional and development of new technologies is a necessary condition
for sustainable development of metallurgy. New intensive technologies and processes not only place high demands
on the quality of raw materials, but also demand new types of them. With the increasing shortage of low-carbon
coking coals and the intensification of processes, complex ore-fuel materials will become increasingly important,
and pre-partial recovery processes will be applied more widely in raw material preparation. Traditional methods of
raw material canning by agglomeration and crushing have largely exhausted their reserves and capabilities. Thus, at
the current technical level it is difficult to obtain a metallized agglomerate or solid pellets with high free carbon
content. At the same time, such materials are obtained by briquetting.

At present, waste is generated in the processing of castings made from ShKh15 ball bearing steel.
Pulverized wastes from milling and drilling lose their productive and material value as opposed to bulk products,
and are usually waste. The recycling of industrial wastes generated by mechanical processing is becoming
increasingly important. One of the tasks at such enterprises of the Karaganda region as a KMZ Parchomenko, LLC
«Maker» is the production of briquettes from scrap of bearing steel ShKh15. For the briquettes, one of the main
indicators of quality is durability. In turn, one of the important factors ensuring strength performance, along with
technological regimes of pressing and sintering, is the choice of optimal binder. Liquid glass is commonly used as a
binder, however, there are a number of experiments to investigate the use of various components as a binder.

For example, the paper [1-3] presents studies on the technological properties of briquettes with peat,
bentonite and marshall as binders.

The use of hot pressing when liquid glass is used as a binder is also addressed in work [3-5].

It is known that briquetting is a technological process of interaction of different solid components and is
based on the property of loose material to be compacted and strengthened under the influence of applied pressure. In
this case, the resulting adhesion forces between the close particles ensure the formation of a briquette. Therefore, the
formation of a briquette is the result of compaction and hardening of loose material under the influence of pressing.
The main technological parameters of the briquette as a component of metal scrap are: strength, bulk mass, content
of harmful impurities [6-7].

In the work [8-10], it is proposed to use sludge from steelworks as a binder additive. This increases
briquetting performance and reduces the cost of briquette production.

The key points related to the control of particle formation, particle crushing, cleaning and briquetting are
discussed in this paper [11-13].

In the proposed study used a mixture of the following composition: S15 steel waste - 85%, liquid glass -
5%, bentonite clay - 10%. Briquette manufacturing regimes: drying temperature - 90 0C for 90 minutes, pressing
pressure 50-70 kN.
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1. Materials and Methods

The object of research was used pulverized chips, arising from machining parts of steel ShKh15 in the plant
of KMZ IT. Parchomenko» (Karaganda). Chemical composition of steel chips ShKh15 is given in table 1.

After machining of steel parts from ShKh15 steel on the grinding machines, chips are formed. This chip is
sent to the retention system and then to the engineering networks for disposal through pipelines. In the engineering
network, the chip undergoes a filtration process, after which it is collected into special containers and transported to
the retention area for storage. In order to obtain high-quality bars, samples of chips are taken from the storage areas
for briquetting and subsequent processing of fusing modes. The chemical analysis carried out on the spectrometer
revealed an increased content of carbon and sulphur in the powder of the chip compared to the original steel
ShKh15. This is due to the contamination of the chip with the residual coolant used in the grinding process [14, 15].

Table 1. Chemical composition of powder chips ShKh15
Element C Cr Si Mn Ni S P Fe

Content 1,01 1,52 0,24 0,25 0,12 | 0,01 | 0,02 | 9683

Retsch analytical sieving machine was used to analyze the fraction composition of the swarf sludge, which
showed that the bulk of the particles (70%) refers to the fraction 0-0.6 mkm. The fraction 0.7-3.0 um constituted
25% of all particles. The particle content >1 mm was less than 5%. The bentonite clay analysis showed that the bulk
of the particles is 0-0.7 um, the fraction 0.7-1.0 um was 20% of all the particles.

To determine the feasibility of manufacturing briquettes from Table 1 - Chemical Composition of Powder
Chips steel chip processing in industrial conditions, identical laboratory studies of briquettes with different binder
composition were carried out. The criterion of conditioning of such briquettes was their strength and chemical
composition of carbon and chromium.

The briquette components (Table 2) were mixed in laboratory roller-type runners. The compound of liquid
glass and bentonite clay is proposed as a binder. Various ratios of these additives were investigated.

Table 2. Complex Briquette sample compositions

Component Content of sample
Ne 1 Ne 2 Ne 3 Ne 4 Ne 5 Ne 6
Steel Chip S15 84,5 84,5 84,5 89,5 89,5 89,5
Water 0,5 0,5 0,5 0,5 0,5 0,5
Liquid glass 10 8 5 7 5 3
Bentonite clay 5 7 10 3 5 7

The pressing was carried out in a press (Figure 1) with a diameter of 20 mm, using a laboratory press at a
pressure of up to 500 kN.

~:L%
&
s

Fig. 1. - Punch and press prepared for briquette production
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Briquettes sintering was carried out in the drying cabinet SNOL-67/350. In order to determine the
optimal briquette drying regime, a briquette drying was carried out - 3 briquettes at each selected temperature in
the Snol-67/350 oven, with the mass of the briquettes being determined every half hour to determine the amount
of water evaporation. The most optimal briquette drying regime was found to be sample 4 (table 3), where at an
initial temperature of 600C, the briquette is heated up to 60 minutes and dried out to 900C for 90 minutes.
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Table 3. Selection of the optimal time and drying modes for briquettes

Sample briquettes Drying time, min Drying temperature, °C Evaporation of water, g
primary final primary final primary final
sample Ne 1 40 80 50 100 0,3 0,39
sample Ne 2 45 75 65 80 0,26 0,3
sample Ne 3 50 75 55 90 0,3 0,35
sample Ne 4 60 90 60 80 0,2 0,25
sample Ne 5 45 65 65 85 0,27 0,32
sample Ne 6 40 70 60 80 0,28 0,31

Briquette drying speed depends on the surface area as well as the briquette drying temperature. Also due to
the evaporation of water during drying changes drying time. That is, the drying time is reduced at a higher
temperature. We conclude that the optimum time for drying briquettes is 90 minutes and the drying temperature 80
C (table 3). Because these modes show more optimal strength properties of the briquettes, which promote safe
transportation and further loyal melting of the briquettes in induction furnaces.

Fig. 2. - Samples after drying

The briquettes were produced in two modes with the same temperature and different pressure (Table 4).

Table 4. Briquette modes

Type of binder Mode Temperature drying, °C Duration drying, min Pressure, kN
A 90 90 50
sample Ne 1 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 2 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 3 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 4 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 5 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 6 B 90 90 60
C 90 90 70
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Strength was determined on the floor installation to determine the tensile strength of the Instron-100. The
chemical composition was evaluated using an Olympus Vanta Element-S metal analyzer. The gas permeability of
samples (Figure 3) was determined on a gas permeability measuring instrument type 04315M.

Fig. 3. - Samples of briquettes made from CH15 steel dust chips
2. Research results
The strength and gas permeability characteristics of the manufactured briquettes (Figure 2) are shown in table

5. The strength characteristics are affected by the oxide inclusions and the content of some blanks.

Table 5. Results of sample studies

Sample/mode Characteristic

Compressive Compressive Content, %

strength, MPa strength, MPa C Cr
NelA 492 76 1,03 1,48
Ne 1B 504 74 1,04 1,47
NelC 509 72 1,02 1,47
N2 A 514 78 1,01 1,46
Ne2B 518 77 1,03 1,44
Ne2C 521 74 1,00 1,45
N3 A 526 82 1,01 1,49
Ne3 B 537 80 1,02 1,47
Ne3C 539 78 1,02 1,47
N4 A 517 73 1,00 1,51
Ne 4 B 524 72 1,03 1,50
Ne 4 C 526 71 0,99 1,50
Ne5A 519 75 1,02 1,49
Ne 5B 526 71 1,00 1,48
Ne5C 527 69 0,98 1,50
Ne6 A 524 75 1,01 1,50
Ne 6B 527 72 1,00 1,51
Ne 6 C 529 70 1,01 1,52

Thus, it has been determined that the use of bentonite clay in a mixture together with liquid glass increases
the strength of ShKh15 ball bearing steel briquette while maintaining the pressing and sintering modes. It is obvious
that the partial use of bentonite clay in volume 10% with application of liquid glass in volume 5%. Probable
mechanism of strengthening is wrapping (plating) the dispersed particles of clay dust and their good adhesion bond
in liquid glass medium. The optimum total is a binder content of about 15%, but exceeding it is not advisable, as this
results in a thicker binder layer between the particles which can be subject to brittle destruction as a result of
loading. In addition, the increase of the binder content negatively affects the silicon content in the briquette. With
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increasing content of liquid glass in the mixture, gas permeability of briquette is reduced. Also the increase of
pressure leads to a decrease in gas penetration [16-17].

The content of chromium and carbon in the briquettes is comparable to that of ShKh15 steel casting, which
means that the binder components used do not have a significant effect on the chemical composition of the briquette.

The optimum pressing pressure for briquettes with complex binder composition has been determined to be
60 kN. Further pressure increase is not advisable, because at increased energy costs, almost does not affect the
strength of the briquette.

In the study of the microstructure of a briquette, we concluded that fine grain gives the best mechanical
properties at output (Figure 4).
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Fig. 4. - Microstructure of the briquette and multi-layer chemical element distribution map, 6500

Studies have shown that the distribution of chromium and carbon along the briquette volume is uniform.

Multiclo on the distribution map of chemical elements is obtained from the surface of the sample briquette.
The distribution of carbon and chromium is uneven due to the briquette sintering processes, so they are more
concentrated in the upper layers. The oxides are also less localized in certain areas of the briquette, which improves
the strength and wear resistance of the briquettes.

Conclusion

The metal dust chip as a component of the metal sheet for the introduction of the further smelting process
requires prior preparation at the expense of low strength. As a result, cold briquetting with binder components was
used to improve the process properties.

According to the results of experimental studies, it was determined that the most optimal composition of
briquettes obtained is: ShKh15 steel slag - 85%, liquid glass - 5%, bentonite clay - 10%. Briquette manufacturing
regimes: drying temperature - 90 °C for 90 minutes, Press pressure 60 kN.

It was determined that the chemical composition of the briquette corresponds to the chemical composition
of the main material according to GOST 801-78 «Ball bearing steel».

This briquetting method allows to obtain briquettes with chromium and carbon content comparable to the
content of the main product and to produce a technologically necessary strength of the briquette (about 540 MPa).
Based on the studies carried out, it can be concluded that the production of high-quality briquettes from scrap
ShKh15 steel metal chips is the initial stage on the way to the production of high-quality steel ingot.

The study gives the start to the rational recycling of chip waste and its reuse in production, which allows to
actualize complex activities aimed at reducing material losses and including involving it in a new technological
cycle, and also provides ways to reduce pollution.
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