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Abstract. Carbon emissions are one of the most pressing environmental problems of our time. CO,
emitted by human activities, especially industry, transport and energy production, is a major contributor
to the gradual warming of the Earth's atmosphere. The aim of my research is to investigate the
relationship between carbon dioxide emissions and surface roughness by varying different technological
parameters during diamond burnishing.

In the first chapter of this paper, we will review the current state of the art and literature on carbon
dioxide emissions and then, based on a chosen methodology, we will show how carbon dioxide emissions
from diamond polishing can be quantified. Following the calculation, we will present the technological
parameters used for the machining, the test pieces on which we measured surface roughness after
diamond burnishing, and some additional calculations needed to evaluate the data. In the main part of
the research, we will evaluate the calculated data using 2D and 3D surface roughness metrics, with a
special focus on the characteristics of the Abbott-Firestone curve.

Keywords: energy efficiency; sustainable development; slide diamond burnishing; surface finish.

1. Examination of carbon dioxide emissions

Carbon dioxide emissions are among the most pressing environmental issues
of our time. Human activities — particularly in industry, transportation, and energy
production — release large amounts of CO,, significantly contributing to the gradual
warming of Earth's atmosphere. While carbon dioxide (CO>) is responsible for
climate change, other substances such as carbon monoxide (CO), nitrogen oxides
(NOX), and unburned hydrocarbons can be considered harmful to human health [1].
Although COs- is not toxic to human health on its own, its long-term accumulation
poses a serious threat to the planet's climate. In the field of mechanical processing,
carbon dioxide emissions can also be significant. Therefore, it is important to
identify optimal processes with the right process parameters to help reduce CO;
emissions [2].

According to the report of the International Energy Agency [3], we can
observe how the increase in carbon dioxide emissions has changed over decades.

The last period when emissions did not grow was after the Great Depression and
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World War II. Since then, emissions have been increasing — sometimes more,
sometimes less. It is also evident that major events such as the dissolution of the
Soviet Union or China’s rapid development can influence the emission rate: the
former slowed it down, the latter accelerated it. Furthermore, the use of renewable
energy sources cannot be ignored, as they reduce hydrocarbon use, and this impact
is shown in the final column of Figure 1. It is evident that low carbon manufacturing
has become a key expectation in industry. Therefore, quantitative analysis of energy
consumption and CO; emissions in manufacturing processes is essential. This is
what leads us from the scientific understanding of efficient production to industrial
implementation [4]. A review of the literature reveals numerous efforts aimed at

achieving this goal. A few of these are outlined below.
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Figure 1. Global CO2 emissions and GDP growth rate by decade [3]

Based on the operation sequence of machining, the energy consumption of
machine tools can be divided into three modes—idle mode, running mode, and
production mode. Various studies have focused on these distinct modes [5]. Others
have found that reducing idle time and downtime helps minimize energy
consumption [6]. A method has also been developed to predict total energy
consumption for a specific turning operation on a machine tool [7]. Energy
minimization has been analyzed using discrete statistical formulas as well [8].

Moreover, some methods directly link the electrical energy used during
manufacturing to the CO, emissions generated during the process [9]. Others have
focused on production planning problems in highly automated manufacturing
systems, considering multiple process plans with different energy requirements [10].
Approaches from a mathematical standpoint have also been explored, including
programming models that focus on process-level scheduling to reduce energy
consumption and CO; emissions [11]. Research has also examined the relationship
between carbon footprint and the manufacturing industry, analyzing its
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environmental impact [12]. An integrated concept has been published that aims to
promote energy efficiency at various levels within manufacturing companies, taking
into account the interdependence of all technical processes [13]. An analytical
method has also been proposed to quantify the CO, emissions of a CNC-based
machining system, while breaking down the processes that contribute to the system’s
total CO, emissions [14].

As seen, many approaches exist to quantify carbon dioxide emissions. In this
study, a model [2] is selected for evaluating CO, emissions, which considers the
average emissions per kilowatt-hour and the technological parameters of the
machining process. In the case of diamond burnishing, these parameters include the
burnishing force, burnishing speed, and feed rate.

Carbon dioxide emissions can be calculated using Equation (1):

CE = CE, - W [g] @)
Where "CE,;" is the carbon dioxide emission factor for electricity, which can be
obtained from the EMBER database [15], available by country and year. Figure 2
shows the data filtered for Hungary, starting from the 1990s.

Figure 2. CO2 emission factor of electricity in Hungary [16]

For the current calculation, the value of the carbon dioxide emission factor

9
CEe = 2297
In the formula, "W " represents the energy consumption of the machining
process, which can be calculated using Equation (2):
W =P-t[kWh] 2
Here, "P" is the power requirement of the machining process, calculated using
Equation (3), and "t" is the machining time, which can be calculated using Equation
(4) N-m

P=F-v, [w="2 3)

N
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L L
b= = 18] (4)
The burnishing speed required for power calculation can be determined using
Equation (5), where "n" is the rotational speed and "d" is the diameter of the test
piece. In the time formula, "n" again refers to spindle speed, "L" is the length of the

machining on the test piece, and "f" is the feed rate used in the process:
vvzd-n-n[?] (5)

The burnishing force required for the power calculation can be computed
using Equation (6):

F=p-F, (6)

Here, "p" is the coefficient of friction, which in the case of a diamond-steel
contact with cooling-lubricating fluid is p = 0.1 [18]. Therefore, the subsequent
calculations use the burnishing force multiplied by the coefficient of friction.

This burnishing force calculation is necessary because the force set as a
technological parameter is passive in terms of cutting direction, while the burnishing
speed in Equation (5) points in the direction of the main cutting force (as this is the
cutting speed). Therefore, the set burnishing force must be converted using the
friction force relationship. The spatial relationship of the forces is illustrated in
Figure 3. In this case, the passive force, which can be directly set as a technological
parameter during machining, is considered the normal force (denoted F,in the
figure), while the main cutting force used in the calculations is the frictional force
(denoted F;). Their relationship is shown in Equation (7), which is structurally
identical to Equation (6), differing only in the notation of the forces:

()

Figure 3. Spatial relationship of actual and calculated burnishing forces

Thus, for the calculation of CO, emissions, only the defined technological
parameters, the dimensions of the test piece, and the CO, emission factor are needed.
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2. Surface machining and roughness measurement

To perform calculations and draw conclusions with an adequate level of
reliability, enough experiments must be carried out by combining technological
parameters. The following values were selected for feed rate, spindle speed, and
burnishing force:

mm
= 005 =01—
fi= 0057 f, = 0.1

1 1
Tll - 265 n nz - 375—

min

The product of the number of different parameters is 2-2-6=24, meaning that
24 different surface sections need to be created to measure the surface roughness
after diamond burnishing. For this purpose, four test specimens were manufactured.
After preliminary turning, each specimen was prepared with six cylindrical surfaces
suitable for diamond burnishing. These were produced in the workshop of the
Institute of Manufacturing Science at the University of Miskolc. The parameter
combinations are summarized in Table 1, grouped by specimen and numbered in
groups of six.

Table 1. Technological parameters of the diamond burnishing process

R

Serial Nr. f [

rev
1-1 0.05 265 120
1-2 0.05 265 100
1-3 0.05 265 80
1-4 0.05 265 60
1-5 0.05 265 40
1-6 0.05 265 20
2-1 0.1 265 120
2-2 0.1 265 100
2-3 0.1 265 80
2-4 0.1 265 60
2-5 0.1 265 40
2-6 0.1 265 20
3-1 0.05 375 120
3-2 0.05 375 100
3-3 0.05 375 80
3-4 0.05 375 60
3-5 0.05 375 40
3-6 0.05 375 20
4-1 0.1 375 120
4-2 0.1 375 100
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4-3 0.1 375 80
4-4 0.1 375 60
4-5 0.1 375 40
4-6 0.1 375 20

The test specimens were made from grade 1.4307 austenitic stainless
chromium-nickel steel, whose material properties are as follows: yield strength
Rpo2 = 210 MPa, tensile strength R,, = 520 — 700 MPa, elongation at break
A = 45%, density p = 7.9 kg/dm3, and hardness 160 — 190 HB.

In terms of chemical composition, it consists of 66.8—-71.3% iron, <0.03%
carbon, 1% silicon, 2% manganese, 0.045% phosphorus, 0.015% sulfur, <0.11%
nitrogen, 17.5-19.5% chromium, and 8-10.5% nickel.

The technical drawing of the test specimen is shown in Figure 4.
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Figure 4. Technical drawing of the test specimen
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EU- 400-01 type lathe, and the process conditions are illustrated in Figure 5.
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Figure 5. Schematic of the diamond burnishing process [17]

During the research, surface roughness was analysed using several indicators,
including 2D roughness parameters [17], 3D surface roughness values [19], and the
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2D and 3D characteristics of the Abbott-Firestone curves [20], which have already
been described in detail in my previous studies.

Surface roughness measurements were carried out using an AltiSurf 520
roughness measurement device, and the results were analysed using the AltiMap
software provided with the instrument. Both are in the metrology laboratory of the
Institute of Manufacturing Science at the University of Miskolc.

To analyse the characteristics of the Abbott-Firestone curves, we used K-
coefficients [20, 21], calculated using Equations (8—13). These equations provide
percentage values representing the distribution of the surface profile zones, offering
a meaningful comparison of their relevance. For example, Equation (8) shows the
proportion of the core roughness within the total 2D roughness profile:

K., = L (8) Kppp = # 9)
B Ry + Ryp + Ry RPK ™ Ry + Rpi + Ry
Koo, = # (10) Kg, = 57" (11)
RV Ry + Rpp + Ry ST Sk + Spr + Sk
S k Svk
Ko = ——P2 —— (12) Kopp = ———— (13
P S + Sy + Sk (12) Ksvi Sk + Spic + Sorc (13

3. Evaluation of the research results

To evaluate the results, we first present the calculated values, which are
summarized in Table 2. The table lists the technological parameters — feed rate and
burnishing force — alongside the calculated burnishing speed, power, and the carbon
dioxide emissions associated with each machining operation.

Table 2. Calculated data for diamond burnishing

Serial Nr.  f [ﬂ v, [?] n [ﬁ] F,(N) P(W) CE(

rev
1-1 0.05 0.6938 265 120 8.33 189.93
1-2 0.05 0.6938 265 100 6.94 158.27
1-3 0.05 0.6938 265 80 5.55 126.62
1-4 0.05 0.6938 265 60 4.16 94.96
1-5 0.05 0.6938 265 40 2.78 63.31
1-6 0.05 0.6938 265 20 1.39 31.65
2-1 0.1 0.6938 265 120 8.33 94.96
2-2 0.1 0.6938 265 100 6.94 79.14
2-3 0.1 0.6938 265 80 5.55 63.31
2-4 0.1 0.6938 265 60 4.16 47.48
2-5 0.1 0.6938 265 40 2.78 31.65
2-6 0.1 0.6938 265 20 1.39 15.83
3-1 0.05 0.9817 375 120 11.78 189.93
3-2 0.05 0.9817 375 100 9.82 158.27
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3-3 0.05 0.9817 375 80 7.85 126.62
3-4 0.05 0.9817 375 60 5.89 94.96
3-5 0.05 0.9817 375 40 3.93 63.31
3-6 0.05 0.9817 375 20 1.96 31.65
4-1 0.1 0.9817 375 120 11.78 94.96
4-2 0.1 0.9817 375 100 9.82 79.14
4-3 0.1 0.9817 375 80 7.85 63.31
4-4 0.1 0.9817 375 60 5.89 47.48
4-5 0.1 0.9817 375 40 3.93 31.65
4-6 0.1 0.9817 375 20 1.96 15.83

We analysed the measured surface roughness data using diagrams. The 2D
surface roughness metrics are shown in Figure 6. In subfigure a) the average
roughness, in b) the root mean square roughness, in c) the ten-point mean roughness,
and in d) the maximum roughness depth is plotted on the vertical axis, with carbon
dioxide emissions on the horizontal axis.

We used different colour codes to represent combinations of feed rate and
burnishing speed. Since two types of feed rates and spindle speeds were combined,
four parameter combinations were examined. We fitted second-degree polynomials
to the data points, and the reliability of these trendlines is indicated by the R? values
shown in the top right corner of each graph.

To support the analysis, we also added data labels. Each point shows the
applied burnishing force and a calculated value — CE(%) — which expresses the
relative reduction in carbon dioxide emissions. The formula for CE(%) is given by
Equation (12):

CE(%) = (1 — Fetleutated ) 109 [94] (12)

(9 max

a) The relationship between average roughness and CO, emissions
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b) The relationship between root mean square and CO, emissions
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c) The relationship between ten-point mean roughness and CO, emissions
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d) The relationship between maximum roughness and CO, emissions
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Figure 6. Relationship between 2D surface roughness parameters and carbon dioxide
emissions

To interpret the graphs, we divided the emission value of each data point by
the maximum emission value and then subtracted this ratio from one. This yielded
the percentage reduction in emissions compared to the worst-case scenario. For the
highest emission value (CE=189,93 g), the reduction is naturally 0%. Moving
leftward along the horizontal axis — toward zero — the level of emission reduction
increases.

Some data points appear in pairs, as similar emission values were observed
for different tests with identical feed force ratios. For better clarity, we used gradient
shading (black—gray and blue—orange) to distinguish these overlapping points.
Since all subfigures exhibit similar trends, we can confidently state that the
conclusions are valid for all types of surface roughness parameters. When using a
lower feed rate (represented by orange and blue data points), the trendlines are more
elongated, indicating longer processing times and, consequently, higher carbon
dioxide emissions. Each of the four trendlines exhibits a parabolic minimum, which
appears around 80-100 N of burnishing force. Applying forces above this range is
not recommended, as it leads to worsening surface quality and increased emissions
due to the higher power requirement.

At the same time, surface quality was best achieved using the lower feed rate.
However, we found that favourable results can also be achieved with higher feed
rates, depending on manufacturing requirements. If ultra-smooth surface quality is
not mandatory, adjusting technological parameters may lead to a 60—70% reduction
in energy consumption and emissions, while also shortening the machining time. In
this way, two common optimization objectives — minimizing energy consumption
and machining time — can be achieved simultaneously.

a) The relationship between average roughness and CO, emissions
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b) The relationship between root mean square and CO, emissions
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c) The relationship between maximum roughness and CO, emissions
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Figure 7. Relationship between 3D surface roughness parameters and carbon dioxide
emissions

Figure 7 illustrates the 3D surface roughness metrics. Subfigure a) presents
the arithmetic mean height, b) the root mean square height, ¢) the maximum height,
and d) the ten-point height, all plotted against carbon dioxide emissions. The
structure and interpretation of the graphs are consistent with the 2D case, and the
previously drawn conclusions also apply here.

In the final part of our study, we analysed the material ratio curve parameters
— using a different approach due to the unique nature of these metrics. Figure 8
presents these characteristics for both 2D and 3D profiles, in relation to carbon

dioxide emissions.
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Figure 8. Relationship between material ratio curve parameters and carbon dioxide
emissions

Both graphs were prepared using the same methodology. Based on the
previously calculated K coefficients (according to Equations 8-13), we plotted the
relative proportions of the profile zones — for all combinations of feed rate,
burnishing speed, and burnishing force. On the secondary axis, we included the
carbon dioxide emission value corresponding to each combination. The figures can
be interpreted as four separate diagrams representing the four different feed—speed
combinations, each with varying burnishing forces.
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The goal of diamond burnishing is to reduce the proportion of the peak zone
— corresponding to the material that wears off during running-in — to maintain or
increase the valley zone, which determines lubricant retention, and to increase or
retain the core zone, which bears most of the load.

We observed that the proportion of the peak zone increases at both the lowest
and highest applied forces, while the valley zone proportion is at its minimum in
these cases — thus these parameter settings should be avoided. With higher feed rates,
the maximum valley zone proportion becomes clearly visible, while the peak zone
reaches its minimum, indicating optimal tribological performance.

Considering that higher feed rates also proved advantageous in terms of
emission reduction and shorter machining time, we recommend using higher feed
rates combined with higher burnishing speeds and a burnishing force between 60—
80 N for optimal results.

4. Summary

First, we reviewed the current state of research related to carbon dioxide
emissions and its representation in the literature. Based on a selected method, we
presented how CO, emissions generated during diamond burnishing can be
quantified. Following the calculation, we introduced the technological parameters
applied in the machining process, the test specimens on which surface roughness
was measured after diamond burnishing, and several additional calculations
necessary for data evaluation. Similar trends were observed for both 2D and 3D
surface roughness indicators. It was found that for each combination of feed rate and
burnishing speed, a minimum point could be identified on the resulting parabola,
beyond which surface roughness no longer decreased. Therefore, applying higher
burnishing forces beyond this point is not recommended, as it not only deteriorates
surface quality but also increases carbon dioxide emissions due to higher power
consumption. Furthermore, we determined that if achieving the best possible surface
quality is not a strict requirement, it is worth considering the modification of
technological parameters. This can significantly reduce energy consumption and
CO; emissions — by as much as 60—70% — and even shorten machining times, all
while improving the energy and eco-efficiency of the process. In this way, two
commonly pursued objective functions — minimization of machining time and
energy consumption — can be addressed simultaneously.

Regarding the analysis of the Abbott-Firestone curves, it was demonstrated
that the proportion of the peak zone increases at both the lowest and highest
burnishing forces, while the valley zone reaches its minimum at these values. Thus,
these burnishing force values should be avoided. When using a higher feed rate, a
clear maximum of the valley zone was observed, which is optimal for lubricant
retention, while the peak zone reached its minimum. Considering that previous
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findings also identified higher feed rates as optimal from both CO; emission and
machining time perspectives, it is recommended to choose this setting in the
proposed parameter combination, along with higher burnishing speeds and a
burnishing force in the range of 60-80 N.
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Cinmapx CmonsHUIBKI, [Ipfona Bapra, MimkoisI, Yropuiaa

AHAJII3 IOPCTKOCTI HOBEPXHI ITPU AJIMA3HOMY
BUTJIAIZKYBAHHI Y B3AEMO3B’SAA3KY 3 BUKHJAMU
BYTJIEKUCJIOTO T'A3Y

AHoOTaUisA. Y cghepi mexarniunoi nepepodKu 6UKUOU 8Y2NEKUCTIO20 2A3Y MAKONC MONCYMb OYMU 3HAUHUMU.
Tomy eadicnueo Bu3HAUUMU ONMUMATbHI NpoYecu 3 NPAGUILHUMU NAPAMEmMPAMU npoyecy, AKi
oonomoocyms smerwumu suxuou CO,. Ouesuono, wjo HusbKosy2ieyese sUpoOGHUYMEO CIMAN0 KIIOHO8UM
OYIKY8aHHAM Y npomuciosocmi. Tomy KinbKichuil ananiz cnoscusanus ewepeii ma euxudie CO, y
6upobHuyUx npoyecax € eadcaueum. Came ye e6ede HAC 6i0 HAYKOB020 PO3YMIHHA epeKmusHO20
BUPOBHUYMEA 00 NPOMUCTOE020 6NPOEAO*CEHHS. [pyHmYIouUCh Ha 06paHoMy Memooi, Mu npeocmasun,
5K MOdICcHa KinbkicHo oyinumu euxuou CO,, wo ymeopioromscs nid yac aiMasHo20 6Ueia0NCY8aHHs. 3a
NIOCYMKAMU PO3PAXYHKY MU NPeOCMAsUIU TeXHON02IUHI napamempi, wo 3acmocosylomscs 6 poyeci
MexaHiyHoi 0bpoOKu, eunpobyeanbHi 3paA3Ku, HA AKUX BUMIDIOBANACA WOPCMKICMb NO8EPXHI Nicis
AIMA3HO20 BUSTAOJICYBAHHA, [ KIIbKA 000AMKOBUX PO3PAXYHKIE, HEOOXIOHUX O OYIHKU OQHUX.
AHnanoeiuni menoenyii cnocmepieanucs ax 015 2D, max i 01 3D nokasnuxie wopcmrocmi nogepxi. Byno
B8CMAHOBNIEHO, WO OIS KOMHCHOI KOMOTHAYIT 8euduHY 00Ul i BUOKOCMI BULTIAONCY8AHHS HA OMPUMAHITL
napaboni ModiCHA GUIHAYUMU MIHIMATLHY MOYKY, 30 MedCamu AKOI WOPCMKICMb NOGEPXHI 6iice He
3menutyemoca. Tomy He pekomeHOYEMbCs 3aCmOco8ysamu Oibd BUCOKI CUNU BUNAOJICYEAHHA 3a
Medrcamu Yiei moyKu, OCKINbKU ye He MIiNbKu NO2IPULye AKICMb NO8epXHi, ane U 30inbuiye UKUOU
8Y2/IEKUCTI020 2a3Yy Hepe3 Oinblu 6UCOKe Chodicusanus enepeii. Kpim moeo, mu eusHauunu, wo aKujo
00CAZHEHHs HAUKPaWoi AKOCHi NOGEPXHI He € CY8OPOI0 BUMOZ0I0, BAPIMO PO32NAHYMU MONCIUGICTND
Moougixayii mexronoziunux napamempis. Lle Mooice 3HauHO 3MEHWUMU CROJCUBAHHS eHeP2ii Ma GUKUOU
CO; — Ha 60-70% — i Hagimb ckopomumu 4ac 0OPoOKU, 0OHOYACHO NIOBUWYYIOYU eHepeemudHy ma
exonociuny egpexmuenicmo npoyecy. Takum wunom, MoAICHa 0OHOYACHO GupiwUMU 08 3A2aNbHI YITbOBT
@yukyii - minimizayilo uacy o6pobku i cnodcusanns euepeii. Lllodo ananizy xpueux E66oma-
Datipcmoyna 6yn0 nPoOeMOHCMPOBAHO, WO YACKA NIKOBOT 30HU 3POCMAC AK NPU HAUHUNCHIY, MAK |
npu HAUBUWILl CUTE BURTAOACYBANHS, MOOT K 30HA OOUHU 00CA2AE C8020 MIHIMYMY NPU YUX 3HAYCHHSX.
Takum YUHOM, YUX 3HAYEHb CUNU BUSLAONCYBAHHA CI0 YHuKkamu. [Ipu euxopucmauHi O6inbus 8UCOKOL
weuokocmi noodaui cnocmepieascs YiMKull MaKCUMyM 30HU PO3JICONOOKA, AKULL € ONMUMATLHUM OIS
YMPUMAHHA MACMULA, 8 MO Yac AK 30HA NIKY 00cA2ana c6020 MiHiMymy. Bpaxoeyiouu, wo nonepeoni
Pe3yIbmamu makox BUSHA4UIU uwyi weuokocmi nooaui sx 3 mouku 30py eukudy CO, mak i 3 mouxu
30py uwacy o6pobKxu, peKomMeHOYEmbCsi eudbpamu yeu napamemp y 3anponoHo8amii KomOiHayii
napamempie, nopso i3 GUUUMU WUEUOKOCHIAMU BUSTAONCYBAHHS MA CUTNOIO BUSTAONCYSAHHS 8 0iaNa30HI
60-80 H.

KurouoBi cnoBa: enepeoedpexmugnicmp, cmanuii po3eumox; Uiao’Cy8aibHe aiMasHe NonpyeaHHs,
06pobKa nogepxHi.
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