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Abstract

Introduction. Due to the increasing demand for lithium-ion batteries, it has become a pressing issue to find an
environmentally friendly and safe way to dispose of old batteries. The life cycle of these batteries is shorter than that of
the equipment they power, which leads to a growing amount of waste. This waste poses a serious problem for disposal
and can have harmful effects on the environment. At the same time, recycling spent lithium-ion batteries offers a
solution. By extracting valuable components we can return these components to the production process and create a
closed-loop system. In this regard, the aim of this study is to investigate the methods of recycling lithium-ion batteries
and to analyze the proposed method for their disposal, which involves extracting valuable components such as Li2CO3,
while introducing the principles of a closed-loop economy into the production process.

Materials and Methods. The methods of systematizing scientific literature on lithium-ion battery recycling were used.
The “Mpr_Dipl” software was used to select the most promising method, which includes direct decision-making, paired
comparison, and weighted sum methods. A technological process for lithium-ion batteries processing was developed
using the COMPASS-3D software.

Results. As a result of the analysis, the advantages and disadvantages of each lithium-ion recycling method were
highlighted. A hydrochemical method was selected using the multi-criteria decision-making method. A five-stage process
for lithium ion battery processing with lithium carbonate extraction was developed, including grinding, separation,
filtration, precipitation, and wet Li2CO3 capture. The material balance for the developed method was calculated.
Discussion and Conclusion. The developed recycling system ensures safe recycling of used lithium-ion batteries with
minimal negative environmental impact and maximum recovery of valuable components. These results can be used to
optimize the recycling process and maximize the extraction of valuable materials from spent lithium-ion batteries for

further sale as lithium carbonate, thereby generating additional revenue.
Keywords: lithium-ion battery, recycling, disposal, circular economy, hydrometallurgy
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OpuzuHaJleoe meopemu4deckoe uccnedosamue

Cnoco0 yYruiausanuu JUTHH-HOHHBIX AKKYMYJATOPOB ¢ U3BJCYCHUEM IICHHBIX KOMIIOHEHTOB

A.C. MenbHukoBa'='><, H.B. KocTprokoBa
Vdumckuil yHUBepCUTET HAYKH U TEXHOJOT Ui, r. Yda, Poccuiickas Oeneparus
D4 annamel7@mail.ru

AHHOTAIUSA

Beeoenue. B cBs3u ¢ TIOCTOSHHO pacTyIIed MOTPEOHOCTHIO B JTUTHH-HOHHBIX akKymyisiTopax (JIMA) u yBennmdaennem
KOJIMYECTBA YK€ MCIOJIb3YEMBIX HAKOIUTEIbHBIX YCTPOWCTB aKTyalbHON TEMOM Ha CErOAHSINHHUN JIeHb SIBISETCS CO-
3/IaHNe SKOJIOTHYHOT0, OE30MaCHOTO U JICIIEBOT0 CIIoco0a X yTUiu3annu. JKU3HEHHBIH UK TUTHH-HOHHBIX aKKyMy-
JISITOPOB MEHBIIIE, YeM 000pYyIOBaHUs, I/Ie OHU MIPUMEHSIOTCS, TI0O9TOMY BO3pacTaeT pUCK 00pa3oBaHMs OOJBIIOTO KO-
JMYECTBA OTXOI0B, KOTOPhIE MOT'YT IIPUBECTH K CEPHE3HBIM NpobIeMaM ¢ yTn3anueil u naryoHOMy BO3JIEHCTBHIO Ha
OKpYXalollyto cpeay. B To xe Bpemst oTpaboTaHHbIE JIUTHI-MOHHBIE aKKYMYJIATOPBI MOXHO HCIIOJb30BaTh BTOPUYHO,
W3BJIEKAasl N3 HUX LICHHBIC KOMIIOHEHTHI JUIS BO3BPAIICHHS B IPOM3BOJCTBCHHBIN IIUKII. B CBSA3M C 3THUM LIETBIO TaHHON
paboTHI SBIISIETCS] MCCIIEIOBaHIE METOJIOB YTHIM3ALMH JIMTHH-NOHHBIX aKKYMYJISITOPOB M aHAJIM3 MPEITI0KEHHOTO aB-
TOpamMu croco0a WX YTHIN3AIMY C W3BIICUeHHEM IeHHBIX KOMIOHEeHTOB (Li,CO3) pu BHEAPEHUN MPHUHITUIIOB 3KOHO-
MHKH 3aMKHYTOTO LIHKJIA B IPOU3BOJICTBO.

Mamepuansvt u memoosl. ABTOpaMy HCTIONB30BATIMCH METO/IBI CUCTEMATH3aNMK HAYYHOH JMTEpaTypsl MO MpoOIeMaTHKE
YTHIM3ALUK JINTHH-HOHHBIX aKKyMyJsiTopoB. Jliist BeIOOpa HanOoJiee MepCrieKTHBHOTO W3 HUX ObLIa MCIHOJIb30BaHA MPO-
rpamma Mpr Dipl. B Helt 3a105keHBI TIpsIMBbIE METOIBI IPHHATHS PEICHAI, METO ] TAPHBIX CPABHEHHUI M METOJI B3BEIIICHHOM
cymMbl. PazpaboTka TexHOmornueckoi cxemsl npouecca repepabotku JIMA nposoaunack B nporpamme «KOMITAC-3Dy.
Pezynomamut uccnedosanus. B pesynprare aHann3za ObUIM BBIAEICHBI JOCTOMHCTBA W HEIOCTAaTKU KaXKJOTO METOJa
YTHIN3AIMN JTUTHH-MOHHBIX aKKyMYJISITOPOB, & TaKKe BBIOpaH THMIPOXUMHUYECKHH CIIOCO0 ¢ MCIIOIB30BaHUEM METOIH-
KM pEllIeHus 3a]]ad ¢ MHOTOKPUTEpUATIbHBIM BhIOOpOM. [IpeanioxkeHa TexHOIOTHUeCcKass cxeMa rpoliecca nepepaboTKu
JIUTUI-NOHHBIX aKKyMYJISTOPOB C W3BJIE€YEHHEM KapOoHAaTa JMTHs, COCTOSIIAs U3 IATH CTaJIuii: U3MeIbUeHUE, pas/e-
nieHue, GUIbTPALKs, OCAKICHUE U BbLIABIMBaHKE BIaXHOro ocanka Li,COs. Paccuntan mMaTepraabHbIi OanaHc pa3pa-
60TaHHOTO CHOCO0a YTHIIM3ALIIH.

Oécyscoenue u 3axniouenue. PazpaboTaHHasi aBTOpaMu CHCTeMa YTHIM3AIMK o0ecrieunBaeT 0e30nacHyo nepepador-
Ky OTpa0OTaBIIMX JUTHH-WOHHBIX aKKyMYJSTOPOB IPH MHUHHMAaJIbHOM HETaTHBHOM BO3AEHCTBUH HAa OKPY’KAIOIIYIO
cpelly U MaKCHMAallbHOM BBIIEIECHHH LIEHHBIX KOMIIOHEHTOB. Pe3ysbTaThl MCCIENOBAHUS MOTYT OBITh HCIIOIb30BaHbI
JUIL MOJIEPHM3AIMU TIpoLiecca YTHIIM3AlNH JINTHH-NOHHBIX aKKyMYJISITOPOB C LIEJBIO0 W3BJICUYEHHS JONOJIHUTEIHHON
NPUOBUTH OT MPOJIaXKH KapOOHATA JTUTHUSA.

KiroueBble cl10Ba: JIUTHA-MOHHBIN AKKYyMYJIATOD, nepepaGOTKa, yruian3anusd, S5KOHOMHUKA 3daMKHYTOIO IHKIIA,

THIPOMETAIUTY P U

BaarogapHocTH. ABTOPHI BBIPAXKAIOT OJAaroJapHOCTh HACTABHHUKY JKOJOTHYECKOTO KIy0a «3eJCHBIA MPOEKT)
Ydumckoro yHMBEepcHTETa HAayKd W TexHoJorui OnbBupe BanepukoBHe Hadukomoii 3a momolp B MOATOTOBKE
HCCIICOBAaHUs, a TaK)K€ peJaklMM >KypHaja M PELEH3€HTaM 3a BHHMATEJIBHOE OTHOIICHUE K CTaTb€ M 3aMedyaHus,
yCTpaHEHHE KOTOPBIX MO3BOJIMIIO MOBBICUTh €€ Ka4eCTBO.

Jast murupoBanus. MemparkoBa A.C., Koctprokora H.B. Crioco0 yTrmimsaimy TUTHA-UOHHBIX aKKYMYJISTOPOB C U3BJICUCHHACM
IIEHHBIX KOMIIOHEHTOB. bezonacnocmv mexnoceHHvix u npupoouvix cucmem. 2024;8(4):7-15. https://doi.org/10.23947/
2541-9129-2024-8-4-7-15

Introduction. Global energy consumption is increasing every year due to population growth, economic
development, and technological progress. Scientists are currently researching the development and efficient use of
renewable energy sources (RES), such as wind, solar, hydropower, and tidal power [1]. However, most of these
renewable energy sources have an irregular nature, requiring the use of storage devices to ensure a consistent supply of
energy from these sources [2]. One solution to this challenge is the use of lithium-ion batteries. Every year, the demand
for lithium-ion batteries continues to grow and is expected to continue growing in the near future. This is due to the
development of new materials and improvements in production processes. The growth in demand for LIBs is supported
by expert estimates. According to Fortune business insight forecasts, the market for lithium-ion batteries will reach
$193 billion in volume by 2028 (Fig. 1).
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Fig. 1. Volume and forecast of the dynamics of the global lithium-ion battery market, billion US dollars

To date, there are a limited number of LIB production plants in Russia. The largest domestic enterprises producing
lithium-ion batteries include:

— Aspil Energy (Pyatigorsk);

— Saturn (Krasnoyarsk);

— Uralelement (Chelyabinsk);

— Scientific Research Aeroinstitute Istochnik OAO (Saint Petersburg).

It is important to note that battery components are imported from China and Bolivia [3].

Due to the active use of LIBs, a pressing issue today is how to create an environmentally friendly, safe, and cost-
effective method for disposing of used batteries. The life cycle of lithium-ion batteries depends on the linear model or
linear economy in which batteries are produced, used, and then disposed of. According to predictions [4],
approximately 95% of lithium-ion batteries produced worldwide remain unprocessed and end up in households, which
is an inefficient approach that leads to a significant amount of waste and high material costs for disposal [5]. To address
this issue, it is essential to implement closed-loop economic practices and utilize LIB with the extraction of valuable
materials [6]. The aim of this research is to develop a recycling system for lithium-ion batteries that allows for the
extraction of valuable components (lithium carbonate).

Materials and Methods. An analytical analysis of the methods of disposal of lithium-ion batteries has been
conducted. The analysis was based on domestic and foreign research. To identify the most promising approach, we used
the method of problem-solving with a multi-criteria selection using the Mpr_Dipl software.

We calculated the material balance of the system based on [7].

The process sheet was created using the COMPASS-3D program.

Research Results

1. Analysis of existing methods for LIB processing. Recycling methods are a potential solution for extending the
lifespan of lithium-ion batteries in the economic cycle [8]. This is an integral part of a closed-loop economy, as it facilitates
the internal circulation of materials and reduces the depletion of resources associated with primary production [9].

LIB recycling is crucial for minimizing the environmental impact of mining and waste disposal, while also
conserving resources and reducing costs associated with manufacturing new batteries.

According to Figure 2, the most common recycling methods for lithium-ion batteries include physical,
pyrometallurgical, and hydrochemical processes [10].

Technosphere Safety
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Classification of LIB disposal

methods
Physical method Pyrometallurgy Hydrometallurgy
]
—| Gravimetric separation Technical process —  Dissolution processes
— Leaching processes
Heat treatment
Flotation . . —  Chemical deposition
— . Incineration
separation
: Sintering — Solvent extraction
. Magnetic
separation
Chlorine .
\_ Electromechanical
metallurgy process

Fig. 2. Classification of LIB disposal methods

Physical method involves disassembling batteries using various techniques to separate the battery components based on
their physical properties, such as density and magnetism. The main techniques used in this method include gravimetric
separation, flotation separation, and magnetic separation. This method is one of the most popular ways of recycling
lithium-ion batteries due to its low cost and environmentally friendly nature. However, it is important to note that physical
processing techniques may not always be as effective at extracting all valuable components as other methods.

Pyrometallurgy is a well-known and reliable method that involves processing materials, often allowing for the
extraction of a high percentage of valuable metals, such as cobalt and nickel, from battery waste. This process requires a
significant amount of energy, but it is generally reliable and does not require specific settings for processing materials
with a particular composition, which makes it suitable for materials with varying compositions, such as electronic and
battery waste [11].

Pyrometallurgical process consists of three stages: metal reduction, pyrolysis, and gas combustion. During pyrolysis,
the organic components of lithium-ion batteries are thermally degraded. As a result, toxic flue gases are produced,
which can harm the technological process [12].

The main commercial companies involved in the pyrometallurgical processing of lithium-ion batteries are
Sumitomo-Sony in Japan and Umicore AG & Co. KG in Belgium [13].

The hydrometallurgical process involves the use of aqueous solutions to extract the necessary metals from cathode
material [14]. In the hydrometallurgical process, the metal extraction rate is high with lower energy costs and no toxic
emissions into the atmosphere. The essence of the process is that the crushed material is treated with acid or alkali to
dissolve metals. Then the resulting solution is purified and the metals are extracted. Due to the complex structure of the
cells, the initial stage is grinding, followed by leaching and mechanical separation phases, which include
ferromagnetism. The separation of carbon from metal oxide can also be carried out by foam flotation [15].

The main advantages of hydrometallurgy are the use of inexpensive reagents, low environmental impact, low
operating costs, high occupational safety, and the possibility of industrial scale.

2. Selection of the most efficient method for LIB disposal. To select the most promising and logically sound
technology for lithium-ion battery disposal, a task with a multi-criteria choice was developed. A solution was found that

met the most important criteria for effective disposal using a special software program.
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To solve this problem, we needed input data: alternatives — in our case, these were the disposal methods
themselves. The evaluation criteria were ranked on a scale from 1 to 5: “Possibility of integration into the production
process”, “Labor/energy intensity of the process”, “Level of recovery of materials”, “Process safety”, “Formation of by-
products” where 1 was considered as the most favorable outcome, and 5 — the least favorable, respectively.

The main selection criterion for this task was the “Possibility of integration into the production process”, since the
fundamental solution would be the use of the resources of the main production line, and assigning weight coefficients to
the criteria was as follows:

“Possibility of integration into the production process” — 0.4;

“Labor/energy intensity of the process” — 0.15;

“Level of recovery of materials” — 0.2;

“Process safety” — 0.1;

“Formation of by-products” — 0.15;

Table 1 presents the ranking criteria for all three disposal methods.

Table 1
Data for the multi-criteria selection task
L Processing method
Criteria - - -
Physical Pyrometallurgical | Hydrometallurgical
Labor/energy intensity of the process 2 3 4

Possibility of integration into the production process

Level of recovery of materials

Process safety
Formation of by-products

N~ W
NN |
W|WN| N

To determine the most suitable alternative, we used the Mpr Dipl program. This program contains methods of
decision-making in multi-criteria tasks: direct methods (characterized by the characteristic dependence of the usefulness
of an alternative on its ratings according to some special criteria), methods of paired comparisons (criteria are ordered
by importance, after which the best alternative is considered to have a higher score according to a more important
criterion, regardless of the ratings according to other criteria.), the weighted sum method (methods of decision-making
under conditions of certainty and under conditions of uncertainty). This program was used by the authors of article [16]
to select a method for recycling sunflower husks. Figure 3 provides the calculation results.

Data  Methods  Help

Axiomatic methods twins

Change weights

Fig. 3. Calculation results of the Mpr_Dipl program
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Thus, the most suitable method of lithium-ion batteries recycling in this case was the “Hydrochemical
method” (Alternative No. 3).

3. Technology for spent LIB recycling using a hydrochemical method. Based on the results of analyzing various
technologies for lithium-ion battery processing, it has been decided to use a hydrochemical method involving the
extraction of lithium carbonate in several stages. Lithium carbonate is a valuable product with wide application in
metallurgy. It is used for steel desulfurization, as well as in pyrotechnics, the production of glasses and plastics,
electrical insulating porcelain, sitals, and in agriculture as a fertilizer and feed additive. Figure 4 shows the

technological scheme for the LIB processing process.

VIII
H3 W IV vr
\ 4
- 0 IX
H
Pl e a4l D1 P @2 —p
H8 H4 H6
e’:ﬂ
'—f
o 111
P
| i———— TO
4 CB3 Cb4
11 !
VII X
C
CB1 CB2
v \

Fig. 4. Technological scheme of the LIB processing process:
I — spent LIB; II — water; III, III’ — heat-carrying medium; IV — trapped plastic; V — trapped metals;
VI, VI — water for washing the press filter; VII — trapped metal oxides, graphite; VIII — NaxCOs3;
IX — filter for water purification; X — Li2COs.

According to Figure 4, the technological scheme of the LIB processing process with the extraction of lithium
carbonate consists of five stages: grinding, separation, filtration, precipitation and capture of wet Li>CO;3 sediment. At
the first stage, the equipment used is: a cryocamber, a ball mill, a vertical hammer crusher, a heat exchanger and a
circulation pump. In the second stage, an electrostatic separator is used to separate metal particles and plastic. At the
third stage, the main equipment used is a suspension pump and a press filter. They are necessary to capture manganese
dioxide, graphite, metal particles and plastic residue. A reaction vessel is used to precipitate Li;COs.

The material balance for the developed method has been calculated (Table 2). This calculation was based on a
forecast that 1 ton of LIB with specific characteristics would be processed each day at the production site.
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Table 2
Summary of the material balance of the recycling process
Input

Products of processing t/day t/year % wt
ilI;c\ﬁ/lzsi;egin the form of lithium-ion batteries, 1,000 25.000 67.930
— Manganese dioxide 0.150 3.750
— Graphite 0.060 1.500
— Lithium compounds 0.110 2.750
— Solvents 0.180 4.500
— Metal particles 0.350 8.750
— Plastic 0.150 3.750
2. Water 0.403 10.075 27.396
Na,COs3 0.068 1.700 4.624
Total 1.471 36.775 100.000

Output

Products of processing t/day t/year % wt
1. Wet sediment Li,CO; 0.081 2.025 5.506
2. Filtrate 0.627 15.675 42.868
3. Sediment (on press filter 1) 0.254 6.350 17.267
4. Metal particles 0.349 8.725 23.725
5. Plastic 0.149 3.725 6.962
6. Water vapor released during the sludge drying process 0.011 2.750 3.672
Total 1.471 36.775 100.000

As a result of introducing the technology for LIB processing, 2.025 tons/year of wet Li>COj3 sludge, 6.350 tons/year
of graphite, manganese dioxide, metal particles, and plastic will be produced each year from 25 tons of waste.
Additionally, 8.725 tons/year of metal particles, 3.725 tons/year of plastic will be captured and separated at the primary
stage. The resulting filtrate (15.675 tons/year) was proposed to be sent to the water treatment plant of the main
production plant for the production of lithium-ion batteries N, where multilevel water purification takes place.

Discussion and Conclusion. As a result of the study, an analysis of various methods for recycling lithium-ion
batteries has been carried out. The advantages and disadvantages of each method have been discussed. A search for the
most promising method for LIB recycling has been conducted using the method of multi-criteria choice. A method for
recycling lithium-ion batteries with the extraction of valuable components using a hydrochemical method has been
presented. This system ensures safe recycling of used lithium-ion batteries with minimal negative impact on the
environment and maximum recovery of valuable components. Calculations show that 2.025 tons/year of wet Li,CO3
sediment and 6.350 tons/year of graphite, manganese dioxide, metal particles and plastic sediment would be extracted
from 25 tons/year of spent LIB.

Thus, the introduction of a closed-loop economy into the process of LIB processing can reduce the negative impact
on the environment, as well as bring financial benefits when extracting valuable components. Recycling plays an
important role in reducing waste and promoting the efficient use of energy.
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Abstract

Introduction. In today's world, with the increasing pace of urbanization, environmental safety plays a crucial role in
urban planning and management. Subway operations, as an important part of urban infrastructure, contribute to
population mobility, but they can also cause significant environmental problems. Such scientists as Kulikova E.Yu.,
Konyukhov D.S., Potapova E.V., Balovtsev S.V., Chunyuk D.Yu., etc have studied these issues. However, their
research mostly ignores the fact that one of the major threats to environmental safety is the degradation of tunnel linings
due to hydrogeological processes. This not only increases the risk of accidents but also increases the likelihood of
negative impacts on groundwater and the environment. Therefore, the study of the nature of the development of defects
in tunnel linings and their dynamics over time is of both scientific and practical interest, and is the aim of this research.
To achieve this objective, it is necessary to analyze the relationship between the condition of the tunnel lining and
environmental safety based on data about defects in subway tunnel structures and their impact on the environment.
Materials and Methods. For this study, we used defective sections of the subway tunnel linings from several lines of
the Moscow Metro as materials. We conducted field studies of the lining's condition and geodetic surveys of the
tunnels, which revealed significant changes in the indicators compared to the normative values as a result of the
interaction between the human-made environment and the surrounding nature. Additionally, we employed
seismoacoustic inspection methods to inspect the tunnel linings using shock excitation.

Results. Data on the dependence of defect development on changes in groundwater level has been obtained. Defects in
tunnel linings contribute to the leakage of chemically active substances into soil and groundwater, which threatens
biodiversity and reduces water quality used by the population.

Discussion and Conclusion. Field surveys have shown that defects in tunnel linings, such as cracks, concrete leaching,
and waterproofing violations, have a direct impact on environmental safety. Therefore, maintaining the integrity of
these structures is a key element in ensuring environmental safety in urban areas. The results of this research will form
the basis for developing comprehensive proposals to improve monitoring techniques and ensure the structural integrity
of tunnel structures.

Keywords: metro, environmental safety, sustainable development, urban transport system, environmental standards,
innovative technologies

Acknowledgements. The author would like to thank the Head of the scientific project at the Scientific and Engineering
Center of the Tunnel Association OOO, Cand. Sci. (Eng.), Associate Professor A.T.Ivanov, and Dr. Sci. (Eng.),
Professor, Leading Researcher at the research center M. V. Sidorov, for their expert interviews together with the author
of the article, as well to as the staff of Mosmetrostroy AO for their assistance in organizing the research.

For Citation. Zhukov SA. Justification of Criteria and Assessment of Environmental Safety during the Operation of Metro
Facilities. Safety of Technogenic and Natural Systems. 2024;8(4):16-28. https://doi.org/10.23947/2541-9129-2024-8-4-16-28

© Zhukov SA4, 2024


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2024-8-4-16-28
mailto:fragrante@mail.ru
https://doi.org/10.23947/2541-9129-2024-8-4-16-28
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2024-8-4-16-28&domain=pdf&date_stamp=2024-11-29
https://orcid.org/0009-0007-6492-6696

Zhukov SA. Justification of Criteria and Assessment of Environmental Safety during the Operation of Metro Facilities

OleZuH(UZ bHOe dImnupuveckoe uccnedosanue

O0ocHOBaHNEe KPUTEPHEB M OLICHKA IKOJOrH4eCKOoil 0€30IaCHOCTH NPH IKCILIyaTalluu
00bEeKTOB METPOIOJIMTEHA

C.A. Kykos
AO «MocHuHXIIpoeKT», T. MockBa, Poccuiickas dexepanus
DA fragrante@mail.ru

AHHOTaNUs

Beeoenue. B coBpeMeHHOM Mupe, Tie¢ TeMIbl ypOaHH3alMM HEYKIOHHO pPAacTyT, JKOJOTHYecKas O0e301acHOCTh
BBICTYIIa€T B Ka4yeCTBE KPHUTHYECKOTO acleKTa TOpOJACKOr0 IUIAHUPOBAHUS W YHpaBJICHHS. OKCIUTyaTalus
METPOMOINTEHOB, OyAydd Ba)KHOH YaCTBIO TOPOJCKONH HH(PACTPYKTYpHI, BHOCHT CBOH BKJIAA B MOOMIBHOCTB
HaceJIeHHsl, HO TAK)KEe MOXET CTaTh UICTOYHHKOM 3HAYUTEJIBHBIX SKOJIOIMYECKUX MpoOiieM. JlaHHas TemMa nucciaeqoBaHa B
Tpyaax Takux ydeHslx, kak E.}O. Kymmkosa, [I.C. Konroxos, E.B.Iloranosa, C.B. banosues, JI.}O. UyHtok u np.
OpHako B uX paboTax MPaKTHYECKH HE YYMTHIBAECTCS TOT (aKkT, YTO OJHOH M3 OCHOBHBIX YTPO3 3IKOJIOTHYECKOH
0€301aCHOCTH SIBJISICTCS YXYALICHUE COCTOSIHMS TOHHENIbHOW OOAEIKH I0J BO3JEHWCTBHEM THIPOTe0JIOTHUECKUX
MIPOIIECCOB, KOTOPBIE HE TOJILKO YCHWJIMBAIOT PUCK aBapPUHHBIX CUTYalWi, HO M MOBBIIIAIOT BEPOSITHOCTh HETaTHBHOTO
BO3/ICHCTBUS Ha TOA3EMHBIC BOABI M OKPYXKAaIOIIyIo cpedy B menoM. IlosTomy mccrienoBaHue xapaxkrepa pa3BUTHSA
[[e(beKTOB B TOHHCJIBHBIX 06;:[enl<ax U UX JUHAMUKHU MPCACTABIACT HayLIHO-l'IpaKTI/I‘-ICCKI/Iﬁ HHTEPEC U ABJIACTCA LEJIBIO
JaHHOW paOoThl. J[ns peasm3anyy MocTaBICHHOW IIETM HEOOXOAMMO NPOaHAJIM3MPOBATh CBSI3H MEXIY COCTOSHHUEM
TOHHEJIbHOW OO/IENIKN M 9KOJIOTHIECKOH 0€301acHOCThI0, OCHOBBIBASCh HA TAHHBIX O JIe()eKTaX KOHCTPYKLUH TOHHETIEeH
METPOMOIUTEHA U X BIUSHUYU HA OKPY’KAIOLIYIO CPELY.

Mamepuansl u memoost. MarepuanaMu sl TAaHHOTO HWCCJIENOBAaHMS TOCIYXKHIH JeQEeKTHbIE YYaCTKH OOIEIKH
MEPETOHHBIX TOHHENEW HEKOTOpBIX JHMHUKA MOCKOBCKOrO MeTpomnoiuTeHa. IIpoBeneHbl HaTypHBbIE HCCIIEIOBaHUS
COCTOSIHMSI OOJICNIKM U Te0JIe3UndecKasi CheMKa TYHHEIs, KOTOpbIe MPOJEMOHCTPUPOBAIN 3HAYUTEIbHBIE M3MEHEHUS
MoKa3aresyield, 0 CPaBHEHHIO ¢ HOPMAaTHBHBIMH, B PE3YJIbTaTe B3aMMOJCHCTBHSI TEXHOTEHHOW CPEIbl C OKpY’Karouen
npuposoid. Ilpy mpoBeneHMM HCCIEIOBAaHMS HCIIONB30BAHBI TAKXKE METOABI CEHCMOAKYyCTHYECKOro 00CIeJOBaHMS
00JeTTKM TOHHES ¢ IOMOIIBI0 YAApHOTO BO30YKICHUS.

Pesynemamut uccnedosanus. IlomydeHbl naHHBIE O 3aBUCHMOCTH pa3BUTHS Je(EKTOB OT HM3MEHEHUS YPOBHS
TPYHTOBBIX BOJ. JlehekThl TOHHENBHOIH OOAENKH CIIOCOOCTBYIOT yTE€UYKE XMMHUYECKH AKTUBHBIX BEIIECTB B I'PYHT U
MIOJ3E€MHBIE BOABI, YTO YIPOXKaeT OMOpa3HOOOPa3HIO U CHIDKAET KAueCTBO BOJbI, HCIIOIB3yEMOI HACETICHUEM.
Oobcyrcoenue u 3axniouenue. TIpoBecHHBIC HATYPHBIC M3BICKAHMS MMOKAa3aJd, 4TO JAC()EKThl TOHHEIBHOM O0CeNKH,
Takhe KakK TPEIIWHBI, BbINIEaYMBaHUEe OETOHa M HAapyIICHWE T'MIPOW3O0JIIMHM, OKa3blBAlOT NPsSMOE BIMSHHE HA
9KOJIOTHYECKyl0 Oe3omacHOCTh. TakuMm 00pa3oM, NOAJAEpP)KAHWE LEJIOCTHOCTH TOHHEIBHOW OOJENKH SBIISETCS
KJTFOUEBBIM AJIEMEHTOM 00ECTIeYeHHsI SKOJIOTHIECKON 0€30MacHOCTH B TOPOJICKHX YCIOBUSX. Pe3ynbTaTsl MpoBeAeHHBIX
HcceI0BaHuN OyayT CITy>KUTh (pyHIaMEHTOM JUIS pa3pabOoTKH KOMIUICKCHBIX MPEATIOKEHHUH 10 YIy4IIeHHI0 METO0B
MOHHUTOPHUHTA U 00ECTIEICHHUS CTPYKTYPHOM [IEIOCTHOCTH TOHHETIBHBIX KOHCTPYKIIHH.

KirodeBble cjI0Ba: METPOINOJIUTEH, 3KOJIOTHUYECKass OE30MacHOCTh, YCTOMYMBOE Pa3BUTUE, TOPOJCKAs TPAHCIIOPTHAs
CHCTEMa, SKOJIOTUYECKUE CTaHIaPThl, UHHOBAIIMOHHBIE TEXHOJIOTUH, PUCKU

Baarogapuoctu. ABTOop Onaromaput pykoBoautens HaywgHoro mnpoekta OOO «HUI] ToHHempHOW accOIMamum,
KaH/u/1aTa TEXHUYECKUX Hayk, goueHTa A.T. ViBaHoBa, OKTOpa TEXHUYECKUX HAyK, Mpodeccopa, BEAYLIero HayuHOTro
COTpYJIHHMKa HccliefoBaresibckoro nenrpa M.B. CuzmopoBa 3a mpoBeieHHbIE MMHU JKCIIEPTHBIE MHTEPBBIO, a TaKKe
koyuteKTUB AO «MocMeTpoCTpoii» 3a MOMOIIH B OPTaHU3aINH HCCIIEIOBAHMS.

Jdass murupoBanusi. JKykoB C.A. OGOCHOBaHHE KpPUTCPUEB M OLCHKA 9SKOJIOTMYECKOH Oe30MacHOCTH IpH
JKCIUTyaTallud OOBEKTOB METPOIIONUTCHA. He30nacHocms mMexHo2eHHbIX U npupooHwix cucmem. 2024;8(4):16-28.
https://doi.org/10.23947/2541-9129-2024-8-4-16-28

Introduction. The construction and operation of subways are accompanied by increased environmental risks [1]
associated with geological and geochemical hazards, noise, vibration, biological influences, etc. [2]. At the same time,
the main criteria that must be taken into account when managing environmental risks at metro facilities include:

— technical criteria, which aim to minimize potential accidents and emergency situations (minimizing the ingress of
hazardous and harmful substances used in the technological process into the biosphere components);

— economic criteria, which are designed to minimize investment risks in the operation of a particular metro facility;

— regulatory and legal criteria, which aim to geo-ecological, technological, and operational safety of metro facilities;

— resource criteria, which regulate the intensity of natural resource use in metro operations;

— landscape and geographical criteria, which aim to reduce undesirable environmental impacts on geographical
components of natural and technical geosteme.
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Monitoring of the above criteria can only be effective with the combined use of geotechnical and geoecological monitoring.

It should be noted that one of the main factors leading to decreased environmental safety in metro tunnels [3] is
geological risk [4]. Moreover, it is the hydrogeological component of the geological risk that determines the nature of
the decrease in reliability and durability of underground metro facilities [5]. At the same time, defects such as leaks,
fractures, ellipticity, etc., can quickly develop in tunnels due to concomitant occurrences of quicksand breakthroughs,
water intrusion, and the accumulation of loose aggregate in the space between the tunnel lining and the rock [6]. The
aim of this paper was to analyze the development of defects in metro tunnels, study their dynamics and assess the
impact of tunnel lining conditions on the environment.

Materials and Methods. The material for this study was the results of a survey of the metro tunnel lining. It was
conducted using geodetic surveying, including seismic and acoustic methods using shock excitation.

The operational regime of metro facilities is largely determined by the nature of changes in the stress-strain state
of the rock mass that houses the underground facility and the hydrogeological conditions in the area where it is
located. Variability in hydrogeological situation over time often leads to the development of deformation
processes [7], which can cause wear of tunnel linings and reduce the operational performance of the facility [8].
This is especially important to take into account when working with unstable loose soils, as changes in their
structure can lead to defects in tunnel linings, as well as the movement of loose aggregates and large volumes of
water into the developed spaces [9].

Fluctuations in hydrostatic pressure in such soils can lead to the rapid development of emergencies associated
with weakening of strength characteristics of the lining, changes in the structure of the overlying soils and,
accordingly, subsidence of earth's surface. This can cause deformation and destruction of underground utilities,
buildings, and structures on the surface. Decreased tightness of tunnel lining indicates decreased hydrostatic
pressure in the rock mass, which can lead to emergencies.

Classical monitoring of hydrological situation in metro tunnels [10] is an integral part of ensuring the environmental
safety of operation of its facilities [11]. Figures 1-4 show photographic materials from the monitoring of an interstation
tunnel on one of the Moscow Metro lines.

Fig. 1. Leaching and wet spot in the inter-ring Fig. 2. Soil washout into the area of the contact rail
and inter-block joint of the lining active leakage
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Fig. 3. Bolt malfunction

The examination of defective sections formed as a result of an accident allowed us to systematize the main
violations in the block, their possible causes, and consequences of their development in accordance with

GOST R 57208-2016' (Table 1).

Fig. 4. Leaching and wet spot in the inter-ring and inter-block
joint of the lining, active leak. A crack in the back of the tubing

Classification of defects

Table 1

No. Type of defect

Potential causes

Potential consequences

1 and roof slabs, including areas
with exposed reinforcement

Concrete spalling in wall blocks

Mechanical impact

Reduction in bearing capacity
of the lining

Leaching on wall blocks and
roof slabs of the running tunnel.
Wet spots on wall blocks.
Dripping. Active leakages

Waterproofing violations

Destruction of concrete in structures,
corrosion of metal and reinforcement.
Reducing the operational
characteristics of facilities

Steps at the joints of the roof
3 slabs in the running tunnel
up to 30 mm

Manufacturing and installation
errors

The degree of reduction
in load-bearing capacity is determined
by calculation

Cracks in roof slabs with
4 an aperture width of up to
0.2 mm

Shrinkage due to the heat and
moisture treatment of the concrete
mix, properties of the cement, etc.

No effect on load-bearing capacity.
May reduce durability

Disruption of joint sealing in
wall blocks and roof slabs

Tunnel and metro operations
(including vibrations from moving
trains)

Increased water infiltration
and reduced operational performance
of the structure

! GOST R 57208-2016. Tunnels and Subways. Rules of Inspection and Elimination of Defects and Damages under Operation. Moscow: Standartin-

form; 2019. 16 p. (In Russ.)
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Research Results. The study of geological sections at emergency sites revealed changes in the level of aquifers over
time and structural transformations of soils [12]. Additionally, changes in the geometry of the tunnel lining structure
were observed.

During geodetic surveying of the defective sections of running tunnels, measurements of the actual dimensions of
the structures were carried out using a manual laser rangefinder Leica DISTO D2. Measurement accuracy: = 1.5 mm.
Significant dimensional irregularities were discovered:

—on KP0167 + 09 — KP0167 + 23 (up to 303 mm) along track I;

—on KP0166 + 73 — KP0167 + 23 (up to 355 mm) along track II.

The results of measuring the actual geometric dimensions of the structures of the existing metro facilities in the
problem areas under consideration are presented in summary Tables 2 and 3. Figures 5-18 provide the values of
deformations at characteristic points of the lining and a graphical representation of the dependence of deformations on
kilometer posts, indicating dangerous areas along tracks I and II according to the results of geodetic survey. The
position of the characteristic points along tracks I and II is shown in Figure 19.

Table 2
Values of lining deformations of track I
Kp track1 rail level
point 1 point 2 point 3 point 4 point 5 point 6 point 7

165+53.40 —-86 47 30 76 61 -35 18
165+63.40 —38 47 31 21 —65 —24 6

165+73.30 —44 2 13 22 —4 -11 -3

165+83.30 8 12 23 0 35 1 -1

165+93.30 2 10 3 -34 32 -2 1

166+3.40 18 -1 73 -40 —44 -9 -11
166+13.40 -19 -54 1 —41 3 —-11 -15
166+23.40 18 34 32 -95 —40 -3 -1

166+33.30 86 24 -15 =50 -38 -10 —-12
166+34.40 98 75 -25 -98 —-103 -7 -8
166+39.40 128 69 -90 111 —-105 -6 -7
166+50.40 100 31 -86 —68 —58 —-14 -15
166+56.40 70 25 —56 =53 —49 -20 -22
166+62.40 84 75 -1 —44 —42 -9 -12
166+68.40 91 45 19 -21 —69 -11 -14
166+80.40 53 89 —43 -123 43 -11 -12
166+89.50 96 20 —67 =75 —63 22 =23
166+97.50 150 47 -113 -109 —60 =31 -32
167+0.50 144 67 -89 -108 =77 22 23
167+3.50 135 51 76 -89 81 —28 27
167+6.45 110 48 76 -84 -56 —24 =25
167+7.45 99 49 —78 78 —49 —24 -23
167+8.45 117 45 -85 81 =51 -22 -21
167+9.45 -172 23 -187 -182 -352 -21 -21
167+18.30 -150 -59 -303 -351 -322 -10 -9
167+23.55 —-188 -137 —-138 —224 =351 —4 -5



https://bps-journal.ru/

Zhukov SA. Justification of Criteria and Assessment of Environmental Safety during the Operation of Metro Facilities

117

1,600

u
-188

o
e
—
il
m=
—
|
o
[e))
o
=
=
)
on
=
<
3
—
=)
v
—
©
=)
o
e}
—
[e))
1
0
o
~
o
sl
=
o0
&l |
—
(]
X
2l
(oo}
=
=
=
—
™
|
coocooocooo
SSSSS3SS
TAS®TF A
—_——

W ‘UonewIofo

-19

-200 -86 _33

-400

SS'ETHLIL
0€°81+L91
SP'6+L91

SP'8+L91

SYL+L91

SP9+L91

0S‘€+L91

0S°0+L91

0S°L6+991
05°68+991
01°08+991
0%'89+991
0129+991
0%°95+991
0%°05+991
0F'6£+991
0t v€+991
0€°€€+991
0¥ €T+991
0 €1+991
0t €+991

0€°€6+591
0€°€8+591
0€°€L+S91
0¥ €9+591
0¥ €S+591

Distance marking point on railway lines, m

Total

W Increase M Decrease

Fig. 5. Graph of lining deformation of track I point 1

900
800

12

(==l oo el
S O O O O O
o~ O n < on AN

Wl ‘UonewIoo

47 2
0--

100 47

SSETHLIL
0€81+491
SH6+L91

SP'8+L91

SYL+L91

SP'9+L91

0S°€+L91

0S°0+L91

0S°L6+991
05°68+991
07°08+991
0%'89+991
0¥°T9+991
0%'95+991
0%°0S+991
0F'6€+991
0t 7€+991
0€°€€+991
01" €T+991
0P €1+991
0¥ €+991

0€°€6+591
0€°€8+591
0€°€L+S9T
01°€9+591
0¥ €5+591

Distance marking point on railway lines, m

Total

M Increase M Decrease

Fig. 6. Graph of lining deformation of track I point 2

on
o
i=
~
I
15
—
|
O
I
Ne}
-8
|
S O O O O O o O
S O O O O O O O
24680246
L

W ‘UoneuIofo

Kjoyeg aroydsouyoa ],

SSETHLIT
0€81+L91
SH6+L91

SP'8+L91

SHL+L91

SY9+L91

0S‘€+L91

0S°0+291

0$°L6+991
05°68+991
0t°08+991
07°89+991
0t29+991
0%°95+991
0%°05+991
0F 6£+991
0t 7€+991
0€°€E+991
0t €T+991
0F €1+991
0¥ €+991

0€°€6+591
0£°€8+591
0€°€L+591
0¥ €9+591
0% €S+591

Distance marking point on railway lines, m

Total

M Increase M Decrease

Fig. 7. Graph of lining deformation of track I point 3

21



Safety of Technogenic and Natural Systems. 2024;8(4):16-28. eISSN 2541-9129

wul ‘uonewIojo

SS'ETHLIL
0€°81+L91
SY6+L91
SP'8+L91
SYL+L91
SHO+L91
0S°€+L9T
0S°0+L91
0S°L6+991
05°68+991
0%°08+991
07°89+991
0%°79+991
0¥°95+991
0%°0S+991
0F'6€+991
0t ¥€+991
0€°€€+991
01 €T+991
0¥ €1+991
0 €+991
0€°€6+591
0€°€8+591
0€°€L+S9T
07 €9+591
0¥ €S+591

Distance marking point on railway lines, m

Total

M Increase M Decrease

Fig. 8. Graph of lining deformation of track I point 4

500

=500
—-1,000

W “UoneuIofo

-352[
—322.

-1,500

-351

-2,000

SSETHLIT
0€81+L91
SH6+L91
SP'8+L91
SHL+L9T
SY9+L91
0S‘€+L91
0S°0+291
0S°L6+991
05°68+991
0t°08+991
0%°89+991
0t29+991
0%°95+991
0%°05+991
0F 6£+991
0t 7€+991
0€°€E+991
0t €T+991
0F €1+991
0¥ €+991
0€°€6+591
0€°€8+591
0€°€L+591
0¥ €9+591
0¥ €S+591

-2,500

Distance marking point on railway lines, m

Total

M Increase M Decrease

Fig. 9. Graph of lining deformation of track I point 5

Wl ‘UonewIofo

SSETHLIL
0€°81+L91
SH6+L91
SP'8+L91
SYL+L91
SH9+L91
0S‘€+L91
0S°0+L91
0S°L6+991
05°68+991
0%°08+991
01°89+991
0%79+991
0%'95+991
0%°05+991
0F'6£+991
0t 7€+991
0€°€€+991
0% €2+991
0t €1+991
0¥ €+991
0€°€6+591
0€°€8+591
0€°€L+S91
01 €9+591
0% €S+591

nrewrmol-sdqy/:sdny

Distance marking point on railway lines, m

Total

W Increase M Decrease

Fig. 10. Graph of lining deformation of track I point 6

22


https://bps-journal.ru/

Zhukov SA. Justification of Criteria and Assessment of Environmental Safety during the Operation of Metro Facilities

18 6. 1
L L ER
£ 50 I A
= )
.5" -100 -12 1475
£ -150 23
E -200 2
] -250 2 s
-300 BT Y
-350 -9 ;5
S (=) (=4 [} (=} (=] (=) [} S (=) (=} S [} (=} (=) [} S (=) (=3 S LAl Ual LAl v S Al
< . n o n I S e S T T T T, n YT Y on 0
AeddgsgrddeseagsdEggegssTeTETeq
LYY ITFTEIITTYTTLLEETETETTLLLLLLFTF
2832885888 EEEEEEEEEEE Rty
Distance marking point on railway lines, m
M Increase Decrease Total
Fig. 11. Graph of lining deformation of track I point 7
Table 3
Values of lining deformations of track II
track 2 rail level
KP
point 1 point 2 point 3 point 4 point 5 point 6 point 7
165+69.10 -85 —71 =55 62 95 -19 -2
165+79.10 5 -8 2 17 26 -7 -5
165+89.10 -36 0 —45 =37 -30 -8 -5
165+99.20 =37 43 =32 —40 0 -6 -5
166+19.30 -38 11 58 33 0 -9 —-10
166+29.30 —40 —18 16 39 38 -10 -11
166+39.30 45 14 -85 12 39 -19 -18
166+49.30 40 14 -163 —-102 0 =21 -20
166+59.30 60 55 —86 —146 —-80 -18 -19
166+69.30 150 47 =77 -1 -119 =5 -4
166+79.30 167 21 -129 -154 -119 -21 -19
166+99.40 194 —66 =271 -209 -95 —111 —-105
167+4.40 166 -80 —268 —185 -84 —125 —127
167+7.40 261 11 -267 -284 -197 -127 -127
167+9.40 142 —66 -270 —227 —61 -131 -127
167+10.40 210 7 =273 -291 —-170 —-120 —-120
167+13.40 231 14 —287 =301 -209 -114 -113
167+14.50 181 -92 =301 —242 —-83 =77 75
167+16.40 255 8 -332 -210 —-185 95 -93
167+17.40 210 -3 -334 -235 —181 -87 -85
167+18.40 295 -3 -355 -251 —148 =77 =75
167+19.40 214 —78 -270 —254 =55 =71 72
167+22.40 209 37 275 -194 -189 —44 —47
167+23.50 169 46 -261 -235 -120 -39 —42
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Fig. 19. Position of characteristic points

Based on Tables 2 and 3, it could be concluded that deformation processes had a negative impact on the condition of
the tunnel lining, leading to its destruction [13]. An increase in groundwater inflow to the tunnel lining resulted in loss
of anticorrosive and strength properties, which allowed water masses to infiltrate the space between the lining and rock
through leaks and soil washout, reaching the track sections. This can be seen in the defect map created by the

author (Fig. 20).
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[

Photo2 . _
KP %3

|
A

Photo 4
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[ — Wet spots
AIK — Leaks: A — active, K — drip

—— — Tubing ribs reinforced with metal linings
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[]— Drainage
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+—— Org. drain, A — with active water outflow
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¢ — Deformed bolted connections

Fig. 20. Map of defects in the lining, compiled from field surveys
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When using the method of seismoacoustic survey of the tunnel lining [14] using shock excitation (also called
vibroacoustic, or seismoacoustic, method), zones of weakened contact “lining — soil body” were found. An
electrodynamic sensor was mounted on the surface of the tubing on a special rod and pressed tightly against it. At some
distance from the seismic sensor, the lining was excited using a striker mounted on another support rod. An elastic wave
appeared, which was recorded when a certain threshold was exceeded. An archive of signals and responses was stored
in the buffer of the device, which made it possible to record the full length of the lining response. Figure 21 provides the
results of the survey.

Number of points

T ST e [l

5

KP 0166 + 00,0 s y KP 0167 + 24,1
[ ] — Normal contact “lining — soil body”

[[] — Weakened contact “lining — soil body*

Puc. 21. Pe3ynbpTaTh! celicMOaKyCTHYECKOTO KOHTPOJIS

A geophysical survey of the tunnels space allowed us to identify areas with weakened contact “lining — soil body”:

—on KP0166 + 10.0 in the gutter area on the left side of the running tunnel;

—on KP0166 + 20.0 at the level of the horizontal diameter on the left side of the running tunnel;

—on KP0166 + 30.0 in the gutter area on the left side of the running tunnel;

—on KP0166 + 40.0 in the gutter area on the left side of the running tunnel;

— from KP0166 + 87.0 to KP0166 + 96.0 below the horizontal diameter level in the right part of the running tunnel;

—on KP0167 + 10.0 in the gutter area on the right side of the running tunnel,

— from KP0167 + 19.0 to KP167 + 24.1 along the entire section of the tunnel.

There were less than 3% of the areas with weakened contact “lining — soil body” along track II in the space
between lining and rock of the right running tunnel in the section from KP0166 + 00.0 to KP0167 + 24.1.

Discussion and Conclusion. Field surveys have shown that defects in tunnel lining (cracks, concrete leaching and
waterproofing violations) have a direct impact on the level of environmental safety. These defects contribute to the
leakage of polluted waters and chemically active substances into the soil, which threatens biodiversity and the quality of
water used by the population. Thus, maintaining the integrity of the tunnel lining is a key element of ensuring
environmental safety in urban environments.

The obtained results of this study are planned to be used as a basis for the development of proposals to improve the
quality of monitoring and maintain the structural integrity of tunnel structures, which will minimize environmental risks
and increase the safety level of urban underground transport.
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Abstract

Introduction. Before repairing or reconstructing steel structures, it is necessary to obtain information about the strength
capacities of the metal. The estimated service life of metal structures is tens of years, but it is known that the mechanical
properties of the original metal change over time. Additionally, many facilities operate beyond these anticipated
lifespans. As some researchers have noted, the challenge of obtaining such information is due to several factors. Firstly,
in most cases, it is impossible to cut samples from existing structures. Secondly, the use of non-destructive testing
methods needs to ensure sufficient accuracy in assessment. Thirdly, non-destructive testing may not be physically
possible due to the design features of the object. Fourthly, survey work on the operating structure can be very laborious
and expensive, requiring a reduction in volume and cost. Fifthly, when assessing the mechanical characteristics of the
metal, it is important to apply an approach that guarantees the accuracy of results while minimizing work by utilizing
previously obtained information on similar metals. Given these challenges, the development of a methodology that
combines non-destructive testing with prior information is crucial.

In non-destructive testing of structures, methods for qualitative assessment of the condition of metal or welded joints
are used, such as ultrasonic, magnetic, and radiation techniques. There are also quantitative methods for evaluating
mechanical characteristics, such as using portable hardness testers. However, most methods for assessing strength
characteristics, such as yield strength and temporary tear resistance, are cumbersome and limited to laboratory settings.
The methods of clarifying experimental information using a priori data by experts are conventionally divided into
three categories:

— according to the priority of the weight of a priori and experimental data;

— extrapolation of past data to future periods;

— based on Bayesian procedures.

This article describes a non-destructive strength testing method based on indentation developed with the author's
participation and repeatedly tested in actual surveys. The aim of this article is to justify the author's methodology to
minimize the amount of required samples during survey work by combining non-destructive testing methods and
Bayesian accounting for experimental information.

Materials and Methods. The research plan involved analyzing experimental data on the mechanical properties of metals
and developing an algorithm to minimize the number of samples of control objects. Before measuring, the metal of the
structures was cleaned with a hand grinder. The method of non-destructive testing of the evaluation of mechanical
characteristics according to the parameters of the impact insertion of the indenter into the surface under study was used.
To minimize the amount of work, a Bayesian approach was used to reduce the variability of posterior values by
utilizing additional experimental data on the mechanical characteristics of such steels. The material St3 of strength class
KP 245 with yield strength of 245 MPa and tensile strength of 412 MPA was studied. Additional experimental data on
this material's properties were available from a previously studied metal structure.

Results. The method of non-destructive testing of the strength of metal in pipe structures has been implemented. This
method used prior information obtained from previous surveys of similar materials. Based on a Bayesian approach,
experimental and previous information was combined, in particular, the values of time resistance to rupture. A method
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Machine Building

29


https://doi.org/10.23947/2541-9129-2024-8-4-29-38
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2024-8-4-29-38&domain=pdf&date_stamp=2024-11-29
https://orcid.org/0000-0002-9355-4795

https://bps-journal.ru

30

Vernezi NL. Determination of the Optimal Volume of Elements of Building and Engineering Structures ...

for estimating the minimum required sample size of the examined structural elements was proposed provided there was
minimal risk from an estimation error. As a result of calculations, it was shown that the use of such a technique was
possible with a sample size of 2-3 elements.

Discussion and Conclusion. The proposed methodology was developed based on an analysis of more than 20 surveys
conducted to assess the strength of the existing metal structures. Using the non-destructive testing method, we were able
to simultaneously determine the yield strength, tensile strength, elongation, and hardness. The article presents data on
the values of tensile strength. It should be noted that although the duration of each measurement was 20-30 seconds, in
some cases it took longer to inspect large structures, such as bridges, which could take weeks. The calculation
performed using the proposed method, which combined experimental and pre-experimental information about one of
the strength characteristics of steel, temporary tear resistance, showed the high efficiency and potential for further
application in future surveys.

Keywords: mechanical characteristics, tensile strength, non-destructive testing, Bayesian estimation, optimal sample
size during testing
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Omnpenenenne oNTHMAJBHOIO0 00bEeMa 3J1IEMEHTOB CTPOUTEIbHBIX M MAIIHHOCTPOUTEIBHBIX
KOHCTPYKIMII IPH Hepa3pylIalieM KOHTPOoJIe UX POYHOCTH
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AHHOTAIUSA

Beeoenue. Tlepen peMOHTOM WM PEKOHCTPYKIHEH CTalNbHBIX COOPY)XEHHH HEOOXOJUMO TMONYyYUTh MH(POPMAIHIO O
MIPOYHOCTHBIX BO3MOYKHOCTSIX MeTajuia. PacueTHple CPOKH CIy>KOBI METAJUIOKOHCTPYKIHUH COCTaBIAIOT AECATKH JIET,
MIPH 3TOM H3BECTHO, YTO MEXaHMUECKHE XapaKTEPUCTUKU UCXOTHOTO METaIa 3a 3TO BpeMs IPeTepIeBa0T N3MEHEHHS.
Kpome Toro, MHOTHE 00BEKTHI PabOTAIOT C MPEBBINICHUEM JTHX CPOKOB. Kak 0TMEuUaroT HEKOTOpPBIE HCCIeI0BaTENH,
mpo0ieMa MOJTYYEeHUS TAaKUX XapaKTePHCTHK CBsI3aHa C TEM, YTO, BO-TIEPBHIX, B OOJBIIMHCTBE CIy9daeB BRIpE3aHHE 00-
pa3IoB U3 AEHCTBYIOIIMX KOHCTPYKIIMA HEBO3MOXHO, BO-BTOPBIX, MPUMEHEHNE HEpPa3pYIIAIOLINX METOI0B KOHTPOJIA
JOJDKHO 00ECTIeYHTh JOCTATOYHYIO TOYHOCTH OLICHKH, B-TPETHHX, HEPA3PYIIAIONINA KOHTPOIh U3-32 KOHCTPYKTHBHBIX
ocobeHHOCTeH 00bekTa (PU3NIECKH BO3MOXKEH HE B JIFOOOW TOYKE, B-4€TBEPTHIX, 00CISIOBATEIBCKIE PAOOTHI AKCILTya-
THPYEeMOH KOHCTPYKIIMH BeChbMa TPYIOEMKH, JJOPOTH M TPEOYIOT CHIDKEHHUS Kak 00BEMOB, TaK M CTOMMOCTH, B-TISTHIX,
TIPY OLICHKE MEXaHWYECKNX XapaKTEPUCTUK UCCIEAYEeMOro MeTajla He0OX0JMMO NTPUMEHEHHE MOAX0/1a, TT03BOJISIOLIE-
ro 00ecreynTh TOYHOCTh PEe3YJIbTaTOB ¢ MUHUMH3ALUEH 00bEMOB PadOT 3a CUET MCIOJIB30BAHUS paHee I0Jy4YeHHOU
HH(OpPMAIIMHU 0 XapaKTePUCTUKAX MeTaJlla NOAOOHON KOHCTPYKUMH. BeliecTBre U3II0)KEHHOTO BOSHUKAET 3aj1a4a pas-
paboOTKK METOANKH, 00BEUHSIONIEH METO bl HEPa3PYIIAIOIIEro KOHTPOJIS M y4eTa anpuoOpHOU HH(OPMAIHH.

[Tpu Hepa3zpymIaronieM KOHTPOJIe KOHCTPYKLUIA Ha MPAKTHKE MPUMEHSIOTCSI METO/Ibl KAY€CTBEHHOM OLIEHKH COCTOSHHMS
MeTajla UM CBAapHbIX COCAUHEHMM, TaKUe KaK YJIbTPa3BYKOBOM, MarHUTHBIN, paguallMOHHBIA U 1p. Takxke UMEOT Me-
CTO KOJINYECTBEHHBIE METO/IbI OICHKH MEXaHUYECKUX XapaKTePUCTHK, HAIIpUMep, C TIOMOIIbIO TIEPEHOCHBIX TBEPIOME-
poB. OmHako mpubdopHOe obecredeHrne OONBIIMHCTBA METOJOB OIIEHKH MPOYHOCTHBIX XapaKTepUCTHK (Tpereria TEeKy-
YeCTH, BPEMEHHOTO COTIPOTHUBIICHUS Pa3phIBY) TPOMO3IKO HIIH OTPAHUYICHO JIUIIB JIAO0OPATOPHBIMI PAMKaMH.

MeTo/b yTOUHEHUS! SKCTIEPUMEHTAIBHOW HH(POPMAIIMK Ha OCHOBE MCITOJIb30BAHMS allPUOPHBIX JaHHBIX CHELHaINCTa-
MH yCJIOBHO pa3zieiIeHbl Ha TPH IPYIIIbL:

— TI0 TIPHOPUTETY BECOB alIPHOPHOMN U OIBITHOH nH(pOpManny;

— DKCTPAIIOIMPOBAHUE MTPOILIBIX JAHHBIX Ha OyyIHe IepHoOIbl;

— OCHOBaHHBIX Ha 0aiieCOBCKHUX MPOLEIYPax.

B crarbe omcan MeToz Hepa3pyIIaroIero KOHTPOJISI IIPOYHOCTH Ha OCHOBE MHICHTUPOBAHHS, pa3pad0TaHHbIN MPH y4acTHH
aBTOpa ¥ MHOTOKpPAaTHO arpOOUpPOBAHHBINA B pealbHBIX 0OcienoBanusx. Llenb naHHOM craThu 3aKiro4yaercs B 000CHOBaHHU
MPEIIOKCHHOM aBTOPOM METOIMKH MUHUMHU3AIMU 00beMa HEOOXO0IMMOM BRIOOPKH TIPH 00CIICI0BATEILCKUX PaboTax, OCHO-
BaHHOU Ha 0OBETMHEHNH METOZOB HEPA3PYIIAIOIIEro KOHTPOIIS U 0aleCOBCKOTO yUeTa IOOMBITHOW HH(OPMALIIH.
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Mamepuansl u memodsl. Ilnan uccienoBaHus BKIIOYAT B ce0sl aHANW3 JOONBITHON MH(OpMalMK O MEXaHHYECKUX
XapaKTepUCTUKAaX METAaVIOB W Pa3padOTKy alropuTMa MHHHMH3AaLUKM oObeMa BBHIOOpPKH 00BeKkTOB KOoHTpoiss. Ilepexn
H3MEpPEeHHEM MEeTaJll KOHCTPYKIMI 3a4uIiaics pydHoi nuindoBaipHON MalMHOM. Vcronbp3oBaics MeTol Hepaspyia-
IOLIET0 KOHTPOJISI OLIEHKH MEXaHWYECKUX XapaKTEepUCTHUK II0 apaMeTpaM yAapHOrO BHEIPEHHs MHIIEHTOpa B HCCIIENy-
eMyI0 MTOBEPXHOCTh. Jl1si MUHUMHK3AIMK 00beMa padoT MPUMEHSUIICS 0alileCOBCKUH IMOIXOMA K COKPAILICHHUIO AUCIIEPCHI
arloCTEPUOPHBIX 3HAYCHUH 3a CUET MCIIOJIb30BAHUS JOOIBITHON MH(POPMAINK O MEXAaHHYECKUX XapaKTEPHUCTHKAX IMO-
no6ubIx cranei. Mcenenoaincst marepuan Cr3 xiacca npounoctu KII 245 ¢ npenenom tekydectn 245 MIla u Bpemen-
HBIM CONpPOTHBIEHHEM pa3pbiBy 412 MIIA, no xapakTepHCTHKaM KOTOPOTO Ha paHee HCCIEJOBAHHOW aHAIOTMYHON
METAJUIOKOHCTPYKIINHU NUMeJIach TOONbBITHAs HHpOpMaNys.

Pesynomamut uccnedosanus. Pean3oBaH MeTOJ] HEpa3pyIIAIOIIEr0 KOHTPOJSI MPOYHOCTH MeTajula TpyOHO# KOH-
crpykuun. [Tpn 3ToM rcnonb3oBaHa anpropHast HHGOPMAIHS, MOTy4YeHHas IPU MPEAbIIYIINX 00CIe0BaTeIbCKUX pa-
00Tax aHaJOrM4HOro Marepuaina. Ha ocHoBe OaifecoBCKOro moaxoaa o0beIMHEeHa ONBITHAS U JI0OTBITHAS HHPOPMAIIHS,
B YaCTHOCTH, O 3HAUEHHSIX BPEMEHHOTO CONPOTHBIICHUS pa3pbIBy. IIpemiokeHa MeToinKa OLeHKH MUHUMAIIbHO HE00-
XOAMMOro 00beMa BBIOOPKH 00CIIEIyEeMbIX JIEMEHTOB KOHCTPYKIMH MPU YCIOBUM MUHHMAJILHOTO PHCKa OT OIIMOKU
OlLlIeHMBaHMA. B pe3ynbTare pacueToB yCTaHOBJIEHO, YTO MPUMEHEHHE TaKOH METOJUKH BO3MOXKHO IPpH 00BEME BBIOOD-
KH B KOJIMYECTBE IBYX-TPEX IIEMEHTOB.

Oébcyycoenue u 3aknwuenue. llpelyiokeHHass METOAMKA SBWJIACH CJIEJCTBHEM aHalW3a pe3yJbTaToB 00-
nee 20 poBeAEHHBIX 00CIEAOBATEIBCKIX Pa0OT IO OIEHKE MPOYHOCTHBIX BO3MOXKHOCTEH NEHCTBYIOMNX METaJTHIC-
CKMX KOHCTpyKImH. Ha oCHOBE IMPHMMEHEHHOTO METOAa HEpa3pyIIAIOIIEro KOHTPOJISI OAHOMOMEHTHO OMNPEACISINCH
MpeJeN TeKy4eCTH, BpEMEHHOE COIPOTUBIICHUE Pa3phIBY, OTHOCUTENIEHOE YAIMHEHUE U TBEPAOCTh. B cTarhe mpusese-
HBI JTaHHBIC U1 3HAUCHWH BPEMEHHOT'O CONPOTHBIEHUS pa3pbiBy. ClieyeT OTMETHUTh, YTO JaXXE NPH YCIOBHHU IJIH-
TeNbHOCTH ofHOrO M3MepeHust B 20-30 cek. B HEKOTOPBIX Clly4yasXx Ha 00CiIeoBaHUE KPYITHBIX COOPY)XEHHH (HamnpH-
Mep, MOCTOB) TPeOOBAJIOCH 3HAYUTEIILHOE BPEMs, MHOTIa U3MEpsieMOe HelleNIIMH. BBINOIHEHHBIH pacyeT Mo MpeJyio-
JKCHHON METOJIMKE, 00beIMHMBIIIEH ONBITHYIO U JOONBITHYIO HHPOPMAIHIO 00 OZHOW U3 TIPOYHOCTHBIX XapaKTEPUCTUK
CTaJIM, BpEMEHHOM COIPOTHBIICEHHH Pa3pbIBY, MOKa3aJ BHICOKYIO d3(QPEeKTUBHOCTh MPUMEHEHHUSI TAKOTO MOJX0Ja U BO3-
MOJKHOCTh JTAJIbHEHIIIETO ero MPUMEHEHHS MPH 00CIIeI0BATEILCKUX padoTax.

KnroueBble ci10Ba: MeXaHWYECKHE XapaKTEPHCTHKH, BPEMEHHOE COIIPOTHBIICHHE pa3phIBY, Hepa3pyLLaromuii
KOHTPOJIb, 0alieCOBCKOE OLICHUBAHNE, ONITHMAJIBHBIN 00beM BBIOOPKH IPH HCIBITAHUSIX

BaarogapHocTH. ABTOp BBIpaXaeT TIIyOOKYI0 NPHU3HATENBHOCTh M OmaromapHocth A.H. beckonmbuibHOMY U
A.A. BepeMeeHKO, TPUHAMABIINM BMECTE C aBTOPOM yJacTHe B 00CIIEIOBAHIH METAJUIOKOHCTPYKIIHH.

Jas  uutupoBanmusi. Bepuesu H.JI. Omnpenenenne onTuMambHOrO 00bEMa 3JIEMEHTOB  CTPOMTEIBHBIX U
MAaIIMHOCTPOUTENBHBIX KOHCTPYKIMI IIPH HEPa3pyIIAIOIEM KOHTPOJIE X MPOYHOCTH. be30nacHocms mexHo2eHHbIX U
npupoouvix cucmem. 2024;8(4):29-38. https://doi.org/10.23947/2541-9129-2024-8-4-29-38

Introduction. The article discusses the problem of surveying steel structures prior to their repair or reconstruction.
The issue arises due to several factors, including the impossibility of cutting out samples for standard tests from the
existing structures, the need to ensure sufficient accuracy of the results of non-destructive testing, the impossibility of
conducting non-destructive testing in all studied places of the structure due to the design features of the object, high cost
and high complexity of the examination of large structures (for example, steel bridges). For this reason, it is necessary
to develop an approach to the examination of structures that will ensure the accuracy of the results while minimizing the
amount of work. This can be achieved by using previously obtained information about the characteristics of the metal of
the structure.

When developing such an approach, three important questions need to be answered:

— how do the properties of the metal change during the operation of the structure;

— how should information be obtained;

— how to supplement it with known experimental information and minimize the amount of survey work.

The answers to these questions are extremely important, as it is known that under the influence of various factors
(temperature or force in the form of cyclic loads), changes in the strength characteristics of a metal may occur.

The literature offers different interpretations of the first question (how the properties of metal change during the
operation of the structure). V.I. Bryushko in [1] indicates an increase in strength characteristics and a decrease in
ductility of steels 20, 15X5M, 19G. In [2] G.N. Nikiforchin, O.T. Tsirulnik, O.I. Zvirko, M.I. Gredil, V.A. Voloshin
provide information about an increase in strength characteristics during the first 20 years of operation of a steel
17G pipe, and a steady decrease in strength and ductility over the next 10 years. In their work of I.V. Gorynin and
B.T. Timofeeva [3] note the stability of mechanical characteristics of the metal in nuclear power structures and 17G1C
pipe steel over 25-40 years of operation. The author of work [4] V.V. Kiselev draws attention to the fact that the nature
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of changes in the strength and plastic characteristics of steels mainly depends on the temperature influence and loading
parameters, primarily cyclic. As a result, it is not entirely correct to focus on the values of the characteristics of the
source material specified in the technical documentation. Moreover, such documentation may simply be lost over a long
period of operation. Therefore, in order to obtain an objective assessment of changes in material characteristics, it is
necessary to periodically or continuously monitor the condition of structures. Today, this practice is extremely rare.

The solution to the problem of obtaining information about the current design, especially if monitoring is taken into
account, is exclusively related to non-destructive testing. Currently, non-destructive testing of structures uses methods
of qualitative assessment of the state of metal based on the use of ultrasound, acoustic emission, radiation flaw detection
for metal [5, 6], welded joints [7, 8] or in hard-to-reach places [9]. These techniques allow us to determine the presence
of defects in metal, but they do not provide a quantitative measure of the material's ability to resist external forces.

There are techniques and portable devices available to assess the hardness of materials. One method for determining
mechanical characteristics involves constructing stretching diagrams based on indentation results, such as by using an
indenter [10]. The article [11] considers the issue of evaluating the mechanical characteristics of plastic materials by the
ball indentation method based on the application of a finite element model. In [12], the problem of indentation of plastic
materials with ball indenters is considered using numerical modeling. The sensitivity of the numerical results to the
elasticity of the indenter is investigated. However, the instrumentation used in these methods is often cumbersome and
is only used in laboratory settings, making it impractical for survey work.

Often, the controlled sites within a structure that need to be monitored are difficult to reach, and therefore, it is
essential to have a tool that enables you to minimize the number of samples collected during survey work. At present,
the range of techniques that allow for the joint processing of prior and experimental data is rather limited. In fact, there
are three main categories: methods for assigning weights to prior and experimental information in posterior estimates,
methods for extending past data into the future, and methods based on Bayesian procedures.

The authors of the article, V.N. Arsenev and P.V. Labetskii, [13] note that the issue of selecting a criterion for
determining the significance coefficient of a priori information remains unsolved.

Bayesian procedures make it possible to reduce the a posteriori variance of the random variable under study by
combining experimental and pre-experimental information. Experimental information can be expressed, for example, in
the knowledge about the type of distribution of a random variable or one of its parameters.

Techniques based on the use of Bayesian procedures are widely applied today. These techniques are used to describe
a systematic approach to decision-making, based on a large number of examples developed by the authors of the
work [14]. The authors of the article [15] apply Bayesian analysis to assess economic uncertainty in investor behavior
prediction. It is noted in [16], that the use of Bayesian parametric models for assessing survival in medicine is not
inferior to traditional approaches, but requires less parameter tuning and increases the possibilities of statistical
conclusions and forecasts. In [17], a methodology for developing a classifier of common dental diseases based on
Bayesian statistical procedures is proposed.

In general, it is worth noting that methods of non-destructive testing, as well as methods of accounting for a priori
information, have been highlighted and described in detail by many authors. However, it is obvious that the
development of a methodological approach to solving the problem of minimizing the sample size of the examined
elements has not been fully worked out, especially with regard to the method based on the synthesis of non-destructive
testing of mechanical characteristics by indentation and Bayesian accounting of a priori information.

It is therefore essential to develop systems for monitoring the condition of metal structures based on non-destructive
testing of mechanical characteristics by the indentation method. At the same time, in order to reduce material and time
costs, such monitoring should be carried out using the possibilities of taking into account additional information about
other similar objects.

The aim of this article is to substantiate the methodology proposed by the author, which combines the use of the
original non-destructive testing method with the Bayesian approach for calculating the minimum necessary volume of
examined elements, carried out on a specific example.

Materials and Methods. By order of a construction company, the metal pipe sheet piling structures were inspected
during the construction of a building at 51 Gorsovetskaya Street in Rostov-on-Don. Most of the pipe structures had
already been put in the ground, while a small number that had not been put yet had to be inspected to assess their
mechanical properties. At the same time, it was important to use the minimum number necessary from the standpoint of
minimizing the error in the results of such an inspection.

For this purpose, additional experimental data was used on the strength of 11 low-carbon steel pipe elements
obtained by non-destructive testing during the construction of a building at 23 Suvorova Street in Rostov-on-Don,
Additionally, we used a Bayesian estimate of the optimal number of elements required for this experimental
examination of pipe elements of a similar strength class.
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The article describes an original method of non-destructive testing, developed with the participation of the author,
which allows you to simultaneously obtain values of temporary tear resistance, yield strength, hardness and elongation
at a local site of any operated metal structure. The method is especially effective when examining metal of the same
strength class of similar machine structural elements (sections of a tower crane), for example, when it is necessary to
conduct an examination of the condition of a lifting crane!, that has served its service life, or here are doubts about the
deformations. At the same time, it is often very difficult to inspect the elements of a metal structure, even by non-
destructive methods, due to technical difficulties in accessing certain areas. Therefore, the question arises about how to
minimize sample size while maximizing information content based on a priori knowledge.

The non-destructive testing method used is based on the impact insertion of a conical indenter into the tested
metal [18]. This method is implemented in the “Strength” system, which include a spring-loaded impact mechanism
with an induction sensor for recording the speed of movement of the indenter, an analog-to-digital converter and a
laptop. The velocity graph obtained during impact is differentiated and integrated to plot acceleration and
displacement graphs, respectively. The extreme values of the three graphs represent an image of the metal.
Previously conducted experiments with various grades of steel allowed us to establish and enter into a computer the
correlations between standard yield strength and temporary tear resistance, hardness, elongation, on the one hand,
and maximum and minimum values of velocity and acceleration, the depth of indenter insertion, on the other.
Measurement using the repeatedly tested “Strength” system is possible for a section of an element with a diameter
greater than 3 centimeters. The total error of the instrument is +4%.

With the help of the “Strength” system, dozens of structures were examined according to orders from manufacturing
enterprises. These included booms, running wheels, frames of construction and road vehicles, various construction
metal structures of stadium stands, roof trusses, power transmission poles, bridges, pipes, etc. [19]. In three-dimensional
structures with a large number of similar elements, it is recommended, in accordance, for example, with
SP 13-102-20032, to examine at least 10% of these elements from their total number. This can amount to several dozen
elements for a building structure, determining a significant amount of labor and cost for the work performed.

When examining, for example, a lifting crane boom, which may have up to 100 or more identical parts, the volume
of the sample that is acceptable is also important.

However, when it is difficult to take even a few measurements in hard-to-reach areas, the issue of reducing the
number of elements examined becomes relevant.

To address this issue, we apply the Bayesian method, which takes into account a priori information.

Let us assume that it is necessary to obtain information about the mechanical properties of the metal in the structure
that has been operating for a long time (for diagnosis, monitoring or subsequent reconstruction in conditions of limited
access to controlled elements of the same type) when the examination is carried out by non-destructive testing.
Additional experimental data is used to justify the required sample size of n surveyed elements of the same type. In this
case, we have average value 4 o, Of the measured value of the characteristic, variance S? of its experimental values and
a priori information about this characteristic of the metal of a similar strength class.

In the pre-experimental (a priori) knowledge of distribution o,, there is parameter p expressing the mathematical
expectation of the value of tensile strength o,. From previous experience, density H(n) of the distribution of this
parameter is known. Let (osr | 1) be the density of the distribution of values oy, obtained as a result of this measurement,
provided that mathematical expectation Gy, is . Then a posteriori density K (i | oy;) of the distribution of parameter p
of the measured random variable of characteristic 6, in accordance with Bayes' theorem, will be expressed as follows:

K(ulowm)~H(n) (0w 1), (1)

where K (U | ow) — density of the a posteriori distribution of parameter u, synthesizing experimental and a priori
information, provided that experimental values G, are realized. In the expression for this density, parameter p will be
understood as the mathematical expectation of the value of tensile strength o, after the implementation of the measured
current values Gy;.

The main condition for practical application of formula (1) is the conjugacy of distribution densities H() and
g(osr | p) (i.e., the possibility of obtaining a convenient result).

The densities of two normally distributed random variables are best conjugated. However, numerous studies have
found that the distribution of mechanical characteristics is most reliably described by Weibull's law, since it has a
distribution shift parameter or a minimum characteristic value hat is not in the sample but in the general population.
This inconvenience can be eliminated if we take as G, not the instantaneous, but its average value G op. Then in

'RD 10-112-2-09. General Purpose Boom Cranes and Lifting Cranes, Part 2. (In Russ.) URL:

https://meganorm.ru/Data2/1/4293828/4293828984.pdf (accessed: 15.05.2024).
2SP 13-102-2003. Rules for Inspection of Load-Bearing Building Structures of Buildings and Structures. (In Russ.) URL:

https://docs.cntd.ru/document/1200034118 (accessed: 15.05.2024).
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accordance with central limit theorem H(p) and g(owr op | #4) can be assumed to be normally distributed, and the a
posteriori distribution density of parameter p is expressed as:

P(“|GBT7CP’S)~ P(M)‘g(GBTicp “’LS)’ (2)
where Gy oo — not current, but average values of measured experimental value oy, and p, S — their mathematical
expectation and standard deviation, respectively.

In this case, P([L | Gsr_cp, S) Will also have a normal form, and the a posteriori estimate of variance D[] will take the
form [20]:

SaS?
D [ },L] = ¢S2 5 (3)
S+
n
where 5, — respectively, the standard deviations of the average value of a random measured value from p and u from
W Me — mathematical expectation p; n — required number of experimental data or a sufficient number of

experimental $°, measurements from the condition of minimal risk from estimation error. Therefore

_St(si-plu])
Sa-Dlu]

Let us note that in formula $% and S?, have a priori information, the a posteriori information is expressed in a
posteriori variance D[u] and the number of necessary experimental measurements .

The work investigated the material of tube steel, which was intended for the construction of sheet pile screen for a
construction pit.

Research Results. The procedure proposed above was based on the use of similar information about the mechanical
properties of sheet pile pipes obtained during the examination of similar steel piles-pipes of the screen. During the
initial examination, it was found that the tensile resistance of a sheet pile screen material was 418 MPa
at 51 Gorsovetskaya Street.

The average value of the tensile strength of the metal of the batch of pipes examined earlier (at 23 Suvorov Street)
was 405 MPa, which indicated that both batches of pipes belonged to approximately the same strength class. This
information was used as a priori. Table 1 shows the values of tensile strength of the metal of the 11 pipes previously
examined, ranked in ascending order.

“

Table 1
Values of tensile strength obtained by measurement on 11 pipes, MPa

393 399 402 408 417
394 399 402 408 418
394 399 402 409 418
394 399 402 411 418
395 400 403 411 419
396 400 403 411 420
396 400 404 412 420
396 400 405 412 421
396 400 405 412 425
396 400 405 412 426
396 400 405 412 426
396 400 405 412 427
397 400 406 413 427
397 401 406 413 430
397 401 406 414 430
397 401 407 414 435
398 401 407 415 436
398 401 407 416 436
398 402 407 416

398 402 407 416
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Figure 1 shows the frequency of ., values of tensile strength with standard deviation So, = 11.3 MPa and dispersion
S%6, =110 MPa?.

n3H
14 14
13 13
12
12 .
8
8
6
43 3
2

0 I

393 395 398 399 402 408 410 417 424 £33 o, MPa

So,=11.3MPa  S%6,=110 MPa

Fig. 1. Distribution of tensile strength values of metal pile pipes of sheet pile screen at Suvorov Street, 23 in Rostov-on-Don

Average values of tensile strength oyep «p for each of my, pipes are shown in Figure 2 and Figure 3 — their
distribution with average value G, = 405 MPa, standard deviation So, = 3.6 MPa and dispersion $%c,; = 14 MPa?.

To calculate a sufficient sample size using formula (4), a posteriori variance D[] is determined as follows. For
St3 steel of strength classes C255-C275, from which the pipe is made, a range of possible values of tensile strength®
from 380 to 400 MPa is provided, i.e. based on the rule of three sigma of a normally distributed random variable, the
permissible range of 20 MPa approximately corresponds to six standard deviations

Then a posteriori standard deviation will be expressed as (20/6) = 3.33 (MPa).

Since the reasoning concerns the average values of tensile strength, we can use the ratio of a priori standard
deviations of current (110 MPa) and average (14 MPa) values of tensile strength, assuming that their ratio in the a
posteriori estimate will remain approximately the same.

Opep 1p» MPa
412
410
408 408
406
405 404 _| 404
402
401 401 401 401
400
395
1 2 3 4 5 6 7 8 9 10 Moy,

Guep =405 MPa G, =11.3 MPa 8%, = 110 MPa?

Fig. 2. Average values of tensile strength of metal of 11 pile pipes of sheet pile screen at Suvorov Street, 23 in Rostov-on-Don

3GOST 27772-88.  Rolled  Products  for  Structural — Steel — Constructions. — General  Specifications.  (In  Russ.)  URL:

https://docs.cntd.ru/document/1200003192 (accessed: 15.05.2024).
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SGBcp =3.6 MPa SQO'scp =14 MPa

Fig. 3. Distribution of pipes with average value csep = 405 MPa, standard deviation Sos = 3.6 MPa and dispersion S%cs = 14 MPa?

Thus, a posteriori variance of the average value of tensile strength can be determined:
Du]= 1L sampa,
110  7.86

A priori variance of the average value of tensile strength:
%= S%64p = 14 MPa.

The a priori variance of parameter x4 of the distribution of the average value of tensile strength $?, is also assumed
under the assumption that the ratio of §°; to S?; will remain the same (7.86). As a result of our research, we have

determined the minimum number of elements that need to be examined — two or three pipe piles.

Sj:izl.mMPa,
7.86
S2(S2-D -
. F(82-D[n]) _14(1.78 14)
SZ-D[u] 1.78-1.4

Discussion and Conclusion. When solving the problem of minimizing the sample size for an experimental batch
of pipe piles, a novel method of non-destructive testing based on indentation was employed. At the same time,
mechanical characteristics obtained during the previous examination of 11 similar pile pipes were used as prior
information. Due to the limited number of pile pipes available in the experimental batch for inspection, the use of
Bayesian techniques made it possible to reduce the required sample size significantly to three, while minimizing the
risk of error in the assessment.

The steels considered in the article for pipe manufacturing belong to the strength class KP 245. According to
GOST 54157-10* they have a yield strength of 245 MPa and a temporary tensile strength of 412 MPa. These steels are
mainly made from 3sp and 3ps steel. The same steels are widely used in the manufacturing of machine-building
structures in lifting cranes, in the frames of tractors, trailers, semi-trailers, etc. For these structures, the approach
described in the article also applies and is feasible. Thus, the use of a priori information based on Bayesian procedures
for non-destructive testing of mechanical characteristics of low-carbon steels used in construction and machine-building
structures allows us to justify the minimum required number of elements of the object of inspection, significantly

reduce the volume, time, labor intensity, and cost of work.

* GOST 54157-10. Profile Steel Pipes for Metal Constructions. Specifications. (In Russ.) URL: https://docs.cntd.ru/document/1200084959 (accessed:
15.05.2024).
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Abstract

Introduction. Statistical data are used as a basis for assessing the reliability of engineering structures. However,
incomplete data or inaccurate modeling of random variables may lead to an overestimation of reliability indicators. In
practice, laws with infinitely decreasing or increasing distribution functions of an exponential family are usually used to
model random variables characterizing the bearing capacity, load, and resource of engineering structures. To improve
the accuracy of modeling of random variables, truncated forms of distribution laws are often used. These forms allow us
to consider the random variable within a specified interval, excluding impossible values. Several studies have suggested
using the Fisher-Tippett law with three parameters for modeling random variables related to the loading of engineering
structures. The advantage of this law is that it limits the range of the random variable on the right side, but the left side
of the distribution function decreases indefinitely, which is not ideal for load characteristics. To improve the accuracy of
predicting random variables that characterize the load, it would be helpful to have a left-sided restriction using the
Fisher-Tippett law. Currently, there are no descriptions of truncated forms of the distribution law in scientific literature.
This article will explore the justification and development of a three-parameter truncated form of the Fisher-Tippett law
and its use in calculation methods. The goal is to create a left-sided truncated version of the Fisher-Tippett distribution
with three parameters to model random variables within a specific range.

Materials and Methods. The article provides a detailed description of the history of the Fisher-Tippet law, including its
three-parameter form, and justifies the need for obtaining its truncated form.

Results. As a result of the research, a truncated form of the Fisher-Tippet three-parameter law in differential and
integral forms was obtained and substantiated. The findings included graphs and calculations that demonstrated the
normalization of a random variable within a given range.

Discussion and Conclusion. The conclusion was drawn about the advantages and disadvantages of the truncated form
of the Fisher-Tippet law. The possibility of its practical application in the schematization of random loading processes
under operating conditions and testing of machine elements and structures to assess fatigue life and determine fatigue
resistance characteristics was established. The direction of further research is related to the practical use of the truncated
form, particularly with the need to develop a method for evaluating the parameters of the truncated distribution and
verifying the consistency of the proposed model.

Keywords: random variable, distribution law, truncated form, loading, reliability
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OpueuﬂaﬂbHoe meopemuyieckoe uccnedosatue

Yceuyennas ¢popma 3axoHa @umiepa-Tunmnera 11 MOAETMPOBAHUA HATPYKEHHOCTH
MAaIIHHOCTPOUTEC/IbHBIX KOHCprKHI/Iﬁ
A.A. KotecoB

JloHCKOH rocy1apCTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
P4 a.kotesov@yandex.ru

AHHOTALMSA

Bgeoenue. CratcTuuecKue NaHHBIE CIy>KaT OCHOBOM MAJIs OLIEHKM IIOKa3aTeNled HaJIeKHOCTH MAIIMHOCTPOUTENBHBIX
KOHCTpyKIMi. HemnomHoTa Takux MAaHHBIX HIM HETOYHOCTh IPH MOJAEIUPOBAHUM CIyYaiHbIX BEIMYMH MOTYT CTaTh
MPUYMHOW 3aBBILICHHOM OLEHKM IpU OINpENENIeHMH IoKazaTened HajexHocTu. Ha npakTuke s MOAEIMPOBAHHUS
CIIyJalHbIX BCJIMYMH, XapPaKTCPH3YIONIMX HECYIIYIH0 CIIOCOOHOCTh, HArpy)>KEHHOCTb, PECYpC MAIIMHOCTPOUTEIbHBIX
KOHCTPYKIIMH, 0OBIYHO PUMEHSIIOT 3aKOHBI C OECKOHEYHO YOBIBAIOIIMMHU M BO3PACTAIOIINMH (DYHKIUSAMH pacipeaesieHHs
SKCIIOHEHIMAIBHOTO ceMeicTBa. J{1s MOBBINIEHHsI TOYHOCTU IIPH MOJEIMPOBAHUY CITy4allHBIX BEJIMUMH 9acTO MCIONb3YIOT
yceueHHble ()OPMbI 3aKOHOB PAaCIIpe/ieIeHus], KOTOpbIE MO3BOJISIIOT PAacCMATpUBAaTh CITy4ailHylO BEJIMYMHY B 3aJJAHHOM
WHTEpBaJle, UCKIIOYas TeM CaMbIM 00JIaCTh HEBO3MOXKHBIX 3HAueHHH. B psine paboT mis MOAENMPOBAHUS CITy4aiHBIX
BEJIMYUH, XapaKTEpU3YIOIUX HArpy’>KEHHOCTh MAIIMHOCTPOUTENBHBIX KOHCTPYKLUM, NpeularacTcs HCIOIb30BaTh 3aKOH
Ouepa-Tunnera ¢ TpeMs napamerpamu. lIperMyllecTBOM [IaHHOTO 3aKOHa SIBJIAETCA MapaMeTp, OrpaHUYMBArOILUI
00J1acTh ONpe/IeNIeHHs] pacCMaTPUBAEMOH CITy4aifHOI BEJIMYMHBI CIIPaBa, HO IIPU 9TOM JIeBasi YacTh (DYHIMU paclpe/iesieHHs
OECKOHEYHO yOBIBACT, 4TO HE COBCEM KOPPEKTHO I XapaKTEPUCTHK HarpyXEeHHOCTH. [103TOMy /1S TIOBBIIICHHUS TOYHOCTH
MOJIEIUPOBAHUS CIyYalHbIX BENUYMH, XapaKTEPH3YIOIIUX HAarpyXeHHOCTb, 3akoHOM Purepa-Tummera meiaecooOpasHO
WMETh OTpaHrYeHHe ciieBa. B HacTOsIIMIT MOMEHT B Hay4YHOH JIUTEpaType He MPeCTaBICHO OIIMCAHNE YCEUSHHBIX (hOpM JTst
3aKOHa paclpeieNieHus, T0TOMY B IIpeularaeMoil craTbe OyIyT pacCMOTpEeHBI OOOCHOBaHHE M IIOy4YEHHE YCEUeHHOU
¢opmsbl 3akona Puimepa-Tumnmera ¢ TpeMs mapameTpaMy | HOCIIELYIOIIEE NCTIONB30BAHNIE €€ B PACUETHBIX METOIHMKaX. B
CBSI3M C OTUM II€Jb aBTOPa — IMOJyYCHHE JICBOCTOPOHHEH yceueHHOW (opmbl 3akoHa Purnepa-Tummera ¢ Tpems
rapaMeTpamHy I MOJEIMPOBAHNS CIy4aiHbIX BEIMYMH B 33JaHHOM HHTEpBAJIE.

Mamepuanvt u memoodv.. B cratbe MOAPOOHO ONMCaHAa WCTOPHA MONYyYEHHs, MNPEACTABICHO ONHCAaHHWE WU
OTJIMYUTENbHBIE 0COOEHHOCTH 3akoHa Duinepa-Tunmera ¢ TpeMs: napameTrpamu, a Tak)ke 000CHOBaHa HE0OXOIMMOCTh
TIOJTYYEHHS €T0 yCEUEHHOH (POPMBIL.

Pesynemamut uccnedoeanusn. B pesynprare nccieqoBaHHs OOOCHOBaHA M IIOMyYeHa ycedeHHas (opMma 3aKoHa
@umiepa-Tunnera ¢ Tpems napamerpaMu B quddepeHnnaisHOM 1 MHTETpaIbHOM BUJe. [IpencraBieHbl pe3yibTaThl
BBIYHMCIICHUH U rpaduky GYHKIMH, TOATBEP>KAAI0IINEe HOPMUPOBKY CITy4aifHOI BEIMYMHBI B 3aJaHHOM MHTEpBAJIC.
O6cyscoenue u 3axnoyenue. Crienad BBIBOJ O IIPEHUMYIIIECTBAX M HEAOCTATKAX ycedeHHON (GopMel 3akoHa Durepa-Twurmmera.
OrmpezieneHa BO3MOXKHOCTh MPAKTUYECKOTO TPHUMEHEHWS! YCEUEHHOIO 3aKOHAa IPH CXEMATH3alWH CIIy4YaiHBIX MPOLECCOB
Harpy»kKeHHs, BO3HUKAIOIIUX B YCIOBUSIX KCIUTyaTal[UX WIIU UCIIBITAHUI AJIEMEHTOB MAILIH U KOHCTPYKLUH IS OLIEHKH! yCTa-
JIOCTHOH JTOJITOBEYHOCTU U OIPEIETICHUS XapaKTEPUCTHK COMPOTHUBIICHHS ycTanocTu. HamnpasneHye qanpbHeHmX ucenenoBa-
HHI CBS3BIBACTCS C MPAKTHYECKUM MPHUMEHEHHEM YCEUeHHOH ()OPMBI, B YaCTHOCTH € HEOOXOMMOCTBIO Pa3pabOTKH METOMKH
JUTSL OLICHKU [TapaMeTpOB YCEUEHHOTO 3aKOHA U TIPOBEPKU COMVIACHS MPEIOKEHHON MOJIEIIH.

KuroueBsble ciioBa: ciyvaiiHas BeJIUYHHA, 3aKOH PacIpeeIeHus, yceueHHass popma, HAarpyKEHHOCTb, HAISKHOCTh

Bﬂaronapnocnl. ABTOp BbIpakacT 6J'Ial"0ﬂapHOCTI> PCUOCH3CHTAM, 4Ybsl KPUTHYCCKAd OLCHKA MPCACTABJICHHBIX
MaTe€prUaIOB U NPEIIIOKEHUSA 10 UX COBEPIICHCTBOBAHUIO CII0COOCTBOBAIH SHAYUTECIIbHOMY ITOBBINICHUIO Ka4Y€CTBa
H3JI0OKECHHUA PE3YJbTATOB UCCICAOBAHUA, TPEACTABJICHHBIX B HACTOSIIEH CTaThe.

Mo uutupoBanms. KorecoB A.A. YceuenHas popma 3akona ®umrepa-Tunmera [yt MOJAEIUPOBAHUS HAIPY>KEHHOCTH
MaIIMHOCTPOUTENBHBIX KOHCTPYKIHHA. besonacHocmv mexnoeeHHvlX U npupoOHuix cucmem. 2024;8(4):39—-46.
https://doi.org/10.23947/2541-9129-2024-8-4-39-46

Introduction. Ensuring the reliability of mechanical engineering structures remains a crucial task at the present
time. Failure of load-bearing elements in these structures during operation can lead to dangerous situations and
economic losses. Consequently, the issues of determining reliability indicators, as well as the development of methods
for a more accurate and reliable assessment of these indicators, as well as related research, are undoubtedly important
and relevant.

In particular, the works of Professor V.E. Kas'yanov [1] emphasize that a reliable car is not necessarily expensive
or more expensive than a less reliable one. Low reliability can be caused by various factors. One possible cause of
sudden failures is the imperfection of calculation methods and the incompleteness of statistical data used to assess
reliability indicators [2].
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In practice, the laws of distribution of an exponential family with infinitely decreasing distribution functions are
usually used to model random variables characterizing the bearing capacity, load, and resource of machine-building
structures. This is described in detail in the works of V.V. Moskvichev and M.A. Kovalev [3], I.A. Panachev and
I.V. Kuznetsov [4], G.Sh. Khazanovich and D.S. Apryshkin [5]. To increase accuracy, truncated forms of distribution
laws are usually used, which allow us to consider a random variable in a given interval, focusing on available statistical
data to determine the appropriate boundaries. V.E.Kas'yanov, L.P.Shchulkin[6], D.B.Demchenko [7],
A.A. Kotesova [8] have proposed using the Fisher-Tippett law with three parameters for modeling random variables
characterizing the loading of machine-building structures. The advantage of this law is the parameter that limits the area
of definition of the random variable in question on the right, but at the same time the left part of the distribution
function decreases infinitely, which is not entirely correct for load characteristics. Therefore, in order to increase the
accuracy of modeling random variables characterizing the load, it is advisable to have a restriction on the left by the
Fisher-Tippett law. Truncated forms for the most commonly applied laws are known and used in computational
methods!. However, there is currently no description of a truncated Fisher-Tipet law in scientific literature. Therefore,
this article addresses the issue of substantiating and obtaining a truncated form of the Fisher-Tippett law with three
parameters and its subsequent use in calculation methods.

Materials and Methods. When modeling random variables, the Gaussian distribution (normal law) is most often
used, and this is largely justified [9]. The limits of determining random variables in this model are set by the interval
(—o0; ), which is not entirely correct for the characteristics of strength, load, and resources. Therefore, for modeling
such random variables in the works of V.E. Kas'yanov, it is proposed to use the Weibull model with three parameters,
which differs from the Gaussian model and the two-parameter Weibull in that it sets a slightly different interval for a
random variable [c; ), where ¢ is the shift parameter that determines the minimum value of a random variable, i.e. it
has a restriction on the left.

The density function of the distribution of Weibull's law with three parameters defines the expression:

b-1 [x—c b
f(x|a,b,c)=§(%j e [ a ] , (D

where x — value of a random variable; a, b, c — parameters of scale, shape and shift of the distribution, respectively.

It is also proposed to use one of the three limiting forms of distributions attributed to type III by R. Fisher and
K. Tippett to model the load characteristics. The distributions of Gumbel and Frechet were assigned to the first and
second types, respectively [10].

The density function of the distribution of the third type defines the following expression:

F )= k(=) e @
where x — value of a random variable; k — shape parameter.

It is obvious that this distribution is similar to the one-parameter Weibull distribution, which is also a special case of
the generalized distribution of extreme values [11], only oriented to minimum values. By specifying the notation and
adding additional parameters to expression (2) by analogy with the three-parameter Weibull's law, namely scale
parameter — a and shift parameter (position) — ¢, we obtain the following expression for the distribution density
function:

b1 [(e=xY
f(x|a,b,c)=§(c;xj e [ a4 j , (3)

where x — value of a random variable; a, b, c — the parameters of scale, shape and shift of the distribution,
respectively.
Integrating expression (3) with respect to x, we obtain the distribution function of the law:

F(x)= jf(x |a,b,c) dx,

F(x)= 67[7] . (4)

The resulting expression is proposed to be called the Fisher-Tippett law with three parameters, which, unlike the

Weibull law, has a restriction on the right and defines the domain of determination of a random variable in the
interval (—oo;c].

'RTM 24.090.25-76 Lifting cranes. Calculation of the probability of failure-free operation of the elements. (In Russ.) URL:
https://gostrf.com/normadata/1/4293827/4293827795.htm (accessed: 15.05.2024).
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As you can see, the Fisher-Tippett law with three parameters does not have a restriction on the left. The assumption
of this model, given by the interval (—o0;0], may contradict the physical meaning of the random variables under
consideration. In particular, the interval [0;c] will be more correct for load characteristics. Therefore, it is necessary to
define the left-hand truncated form of the Fisher-Tippett law.

To solve this problem, it is proposed to use an approach similar to the approach considered in [12] and [13] to obtain
a right-sided truncated Weibull law.

Research Results. To obtain the left-hand truncated form of the Fisher-Tippett law, it is necessary to set a condition
under which all values of random variable x will be greater than a certain predetermined value t, which, in turn, will
determine the truncation point of the law on the left, i.e. x€[#;c]. Let us suppose that X; (¢ > 0) denotes a left-truncated
random variable distributed according to the Fisher—Tippett law, such that F;=c—x|c—x > t, where x € W (a, b), a, b
>0 and ¢ > ¢. Since ¢ > 0, the value of the integral of the distribution density function f'(x) in the interval [#;c] will be

less than in the interval [—oo;c]:

c

c
J.f(x|a,b,c) dx < Jf(x la,b,c)dx=1.
t —0
Therefore, to obtain a truncated form, it is necessary to redistribute the random variable in the interval [—o0;f] by

determining the normalizing coefficient dependent on t:

K, J.f(x |a,b,c)dx = jf(x|a,b,c) dx,
t —00

K. ~If(x |a,b,c)dx =1,
t

1
Kpg=m——".

t:c] c

jf(x|a,b,c) dx

t

1
K= "7
T F(c)=F(1)
where F(c) and F(f) — distribution function of the Fisher-Tippett law with three parameters, respectively, for x =c and x=+.
Therefore, the truncated distribution function will be determined by the following expression:

Je(xla.b.c) =Ky, g f(xlab.c),
f(x|a,b,c)

f[m](x|a,b,c)= F(x=c)-F(x=t)’
since F(c) = 1, we get:
f(xlab,c)
f[z,-c](x|a;b»0)=m-

As a result, we obtain a distribution density function for the left-hand truncated form of the Fisher-Tippett law with

three parameters in the range [#;c]:

b
b (c—xjh_l ‘(7)
— e
a\ a
fig(xlab.e)= ,,

[t

l-e ( “ )
where x — value of a random variable; a, b, c — parameters of scale, shape and shift of the distribution, respectively;
t — truncation point of the distribution (the minimum possible value of a random variable).

; 6))
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Obviously, taking ¢ = 0, we get the following expression for the interval [0;c]:

b

fe=r)
a

Jioag(xlab,c)=5 =
1- e_(gj

In order to demonstrate the result obtained, the distribution parameters (¢ = 10; b =2.5; ¢ = 15) are arbitrarily set,
graphs of the distribution density functions of initial (3) and truncated form (6) of the Fisher-Tippett law are
constructed (Fig. 1). According to the specified parameters, certain integrals from the initial density function are
calculated (3) and density functions of the truncated form (6) in the intervals (—oo;c], (—o0;0], [0;c] are calculated. The

(6)

calculations were performed in the Mathcad 14.0.0.163 software package with an acceptable convergence 1-107.
Table 1 presents the calculation results.

0.15

0.10 / 2N
g ’ , 4 "-\‘l\‘
x,.f / ‘v"\‘\

0.05 ,r \

0.00 I \

-10 0 10 x

Fig. 1. Graphs of density distribution of the Fisher-Tippett law with three parameters (a = 10; b =2.5; ¢ = 15):
1 — initial density function; 2 — density function of the truncated law

Table 1
The results of calculating certain integrals from the density functions of the initial and truncated forms
of the Fisher-Tippett law

Integration function and variable
Interval of a random Limits of integration
variable f(x|ab,c)dx Jio:e (x | a,b,c) dx
lower upper
(—o05¢] —00 c 0.99999999997581260 1.06788096063614480
(—0;0] —00 0 0.06356603700150229 0.06788096066197107
[0sc] 0 c 0.93643395954036040 0.99999999631045600

The graphs of the functions in Figure 1 and the results of the numerical solution presented in Table 1 allow us to
conclude that the analytically obtained distribution density function for the left-hand truncated form of the Fisher-
Tippett law with three parameters (6) is correct and normalizes a random variable in the range [0;c]:

J.f[o,-g] (x|ab,c)dx=1.
0
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But at the same time, the function retains the definition area to the left of the truncation point, i.e. in the interval
(—0;0], which must be taken into account when using the truncated form of the law in calculation methods:

c

0 c
J. J0:] (x|a,b,c)dx+ J‘f‘[O;c] (x|a,b,c)dx= I So:] (x|a,b,c)dx>1.

-0 0

To obtain the distribution function of the truncated Fisher-Tippett law, we integrate expression (5):

F[t;c] (x) = J-f[tc] (x | a,b,c)dx,

[c—x]b
e a

Fuq(x)= — @)

1- e_(Tj

Graphs of initial (4) and truncated (7) distribution functions are shown in Figure 2.
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Fig. 2. Graphs of distribution functions of the Fisher-Tippett law with three parameters:
1 — original form; 2 — truncated form (¢ = 0); P — probability; x — random variable

From expression (7) we get the inverse function:

F[l (x)=c—ap|—In B (x)- l—ei(ij . ®)

;,'C]

Discussion and Conclusion. Thus, a left-sided truncated form of the Fisher-Tippett law with three parameters has been
obtained, which can be used to schematize random loading processes that occur under operating conditions or tests of
machine elements and structures according to GOST 25.1012. The use of the truncated form of the law makes it possible to

2 GOST 25.101-83 Strength calculation and testing. Representation of random loading of machine elements and structures and statistical evaluation
of results. (In Russ.) URL: https://docs.cntd.ru/document/1200012857 (accessed: 15.05.2024).
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limit the interval of a random variable and exclude the area of impossible values to the left of the truncation point, which
makes it possible to increase accuracy when using in computational methods for assessing the fatigue life of elements of
mechanical engineering structures according to criteria for accumulation of fatigue damage, modeling the loading process
during fatigue tests and calculating the characteristics of fatigue resistance. The calculation results shows that the
distribution density function of the truncated law is correct and normalizes a random variable in a given interval, but at the
same time retains the area of determination to the left of the truncation point, which is a disadvantage of the resulting
model. Therefore, for the adequate application of the truncated law in calculation methods, it is necessary to introduce an
appropriate restriction. The subject of future research is practical application of the truncated law, in particular, for
statistical data processing, it is necessary to determine the methodology for estimating the parameters of the truncated law
and determining confidence intervals. This includes obtaining expressions for estimating mathematical expectation and
variance, as well as consider the possibility of using existing criteria of agreement.
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Abstract

Introduction. One of the most significant challenges in modern materials science is increasing the reliability and
durability of tools and machine parts. To address this issue, it is essential to develop high-hardness coatings with
enhanced properties. Typically, high-energy techniques are employed for this purpose, but they require complex and
costly equipment, limiting their widespread use. Therefore, problem of creating such coatings remains a significant
challenge. An effective and affordable approach to creating these coatings on steel products is microarc surface alloying
from a coating pre-applied to the surface of the hardened products. The aim of the work was to assess the potential of
diffusion molybdenum saturation for creating such coatings. Ammonium molybdate was used as the diffusant agent.
Materials and Methods. To achieve the aim of this study, we used thermodynamic analysis of chemical reactions that
can occur within the temperature range of the microarc heating process. For each reaction, we calculated the change in
standard Gibbs energy, which allowed us to determine the feasibility and range of occurrence. An experimental study of
the microarc molybdenum saturation process was conducted using ammonium molybdate on steel 20 samples using a
laboratory setup. The surface current density was set at 0.53 A/cm?, and the duration of the process was 6 minutes.
Results. The Gibbs free energy changes for chemical reactions that can occur during the thermal decomposition of
ammonium molybdate have been calculated. An experimental study has shown the formation of a molybdenum coating,
and the concentration of molybdenum in the diffusion layer has been determined. On the surface of the samples,
carbides Mo,C and Fe;Mos;C have been found. The dependence of the coating depth on the content of diffusant in the
coating and its thickness has been determined.

Discussion and Conclusion. Thermodynamic analysis has shown that atomic molybdenum can be formed through
direct reduction or with the intermediate formation of molybdenum dioxide. The research has confirmed the formation
of a diffusion coating on steel after microarc saturation with molybdenum, and the depth of this coating depends on the
amount of diffusant in the coating and its thickness. These findings will be used to develop technological processes for

microarc molybdenum plating of steel products.
Keywords: microarc surface alloying, diffusion molybdenum saturation, formation of a high-hardness coating
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

Mukpoayrosoe MoJiM0IeHMPOBAHUE CTAJIM ¢ UCNIOJb30BAHUEM MOJIMOIaTa AMMOHUS

M.C. CrenanoB = D<, FO.M. TlomOpoBcKmii
JloHCKOM rocyaapcTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust

>4 stepanovms(@yandex.ru

AHHOTALMSA

Begeoenue. OnHoli M3 akTyaJbHBIX MPOOJIEM COBPEMEHHOI'O MaTEpPHAIOBECHUS SIBJISIETCS MOBBIILICHUE HAJAEKHOCTH U
JONTOBEYHOCTH WHCTPYMEHTAa W JAeTaleid MmammuH. [ ee pemeHns menecooOpa3HO CO3JaHHE BBICOKOTBEPIBIX
NOKPBITHH C TOBBIIIEHHBIMH JKCIUTyaTallMOHHBIMH XapaKTepucTukamu. Kak mpaBmiio, Ui 3TOTO HCIHOJIB3YETCs
BBICOKOPHEPIeTHYECKOe Bo3felcTBHe Ha MaTtepuan. OpHako OHO TpeOyeT WCIOIb30BAaHMSA CIIOKHOTO M
JIOPOrOCTOSAIIEro 000pyAOBaHUS U HE OIYYHIIO IIMPOKOTo pacnpocTpaHenus. [loaroMy B HacTosiiee BpeMst mpobdiema
CO3JJaHUS TAKUX MOKPBITHH OCTaeTCs aKTyaldbHOW. D(P(PEKTHBHEIM M HEAOPOTUM METOJOM CO3AAHMS TAKUX MOKPBITHH
Ha CTalbHBIX M3JENUSIX SIBISIETCS MHUKPOJIYTOBOE IIOBEPXHOCTHOE JIETMPOBaHWE W3 OOMasKM, IpeIBapUTEIILHO
HaHOCHMOH Ha TIOBEPXHOCTh YMPOUYHSIEMBIX M3Aenil. Llenpio paboThl ABIAIACH OLIEHKa BO3ZMOXXHOCTH CO3JaHHS TAaKUX
TOKPBITHH € TIOMOILBI0 AU (PY3MOHHOTO MOJIMOJCHUPOBAHUS C HCIIOJIB30BAHHEM MOJIMOJaTa aMMOHHUSI B KauyecTBe
nctoyauka auddyzanta.

Mamepuanst u memoost. J]js1 JOCTVOKEHUS LETN UCCIISIOBAHUS UCIIONIB30BAIN TEPMOIMHAMMYECKUH aHaIN3 XUMHUYECKUX
peakuuii, MpoTeKaHHe KOTOPBIX BO3MOXKHO B TEMIIEPATypPHOM IHAIa30HE MpOIlecca MUKPOAYTOBOro Harpesa. st Kaxaon
peaKlnK paccCUNTHIBAIIM N3MEHEHNE CTaHIapTHOW sHeprun ['mb0ca, 4To MO3BOJIMIIO ONPENEIUTh BO3MOXKHOCTD M JIUANA30H
MX TPOTEKaHMs. DKCIIEPUMEHTAIbHOE HCCIIEJOBAaHNE IPOIIECCa MUKPOLYTOBOTO MOJIMOACHUPOBAHMS C HCIOJIB30BAaHUEM
MOJIMO/IaTa AMMOHWS BBITTOJTHEHO C UCIIONB30BaHKUEM JIAOOPATOPHOM YCTaHOBKH Ha oOpasiax u3 cramu 20; MoBepXHOCTHAS
IUIOTHOCTB TOKa cocTanisina 0,53 A/cM?; IIpOIOIDKHTENBHOCTD IPOLECCa — 6 MUHYT.

Pesynomamol uccnedosanusn. Paccuntanbl 3aBUCUMOCTH M3MEHEHHUsSI CBOOOIHOW »Heprun ['mbOca i XUMHYECKUX
peaknuii, IpoTeKaHHe KOTOPBIX BO3MOXHO MPH TEPMHUYECKOM Pa3I0KEHHN MOJIHOAAaTa aMMOHHMS. DKCHEPHUMEHTAIBEHO
yCTaHOBJIEHO ()OPMHUPOBAHUE MOJMOJCHUPOBAHHOTO TIOKPBITUSI W OINpeJelieHa KOHLEHTpalus MoJMOJeHa B
muddy3noHHOM cioe. Ha moBepxHOCTH 00pa3noB o0HapyxkeHbl kapouasl Mo,C u FesMosC. Omnpenenena 3aBUCHMOCTh
[IIyOMHBI IOKPBITUS OT cozieprkanus nuddysanra B 00Ma3Ke U e TOJIIUHBL.

Oébcysycoenue u 3akniouenue. AHamM3 TIONYYECHHBIX YPaBHEHMI MOKa3al BO3MOYKHOCTH OOpa3OBaHMS aTOMAapHOTO
MOJMO/EHa TIPSIMBIM BOCCTAHOBJIEHHMEM WJIM 4epe3 IPOMEXyTouHoe oOpa3oBaHWe AMOKcHAa. PesynbraThl
9KCIIEPUMEHTAIBHBIX HCCIIEIOBAHNA TOATBEpAWIN o0Opa3oBaHne IU(O(Y3MOHHOTO TOKPBHITHS HA CTAIN IIOCIE
MHUKpPOJYTOBOTO HACBHIIIEHUST MOJHOAEHOM. [JyOMHa Takoro IMOKPBITHS 3aBHCUT OT cojiepkaHus nuddysanra B
oOMa3Kke W ee TomuMHBI. [lomydeHHBIE Pe3ysbTaThl MOTYT OBITH HCIIONB30BAHBI NMPH Pa3pabOTKE TEXHOJIOTHYECKHX
MIPOIIECCOB MUKPOLyTOBOTO MOJIMOJCHUPOBAHUSI CTAJIBHBIX U3/IETHH.

KiioueBble cj10Ba: MHKPOIYTOBOC MOBEPXHOCTHOE JIETHpOBaHWe, AU(P(Y3MOHHOE HACHIIICHHE MOIHOICHOM,
(hopMUpOBaHKE BEICOKOTBEPIOTO MOKPHITUS

baaronapHocru. ABTOpbI 0JarofapsiT COTpy JAHHKOB pENaKlMd M PELEH3CHTOB 3a BHUMAaHHE, MPOSBICHHOE K
My OJIMKAIMY U IEHHBIC 3aMEYaHHs1, KOTOPBIC MTO3BOJIMIIN YIYUIIUTh €€ COACPIKaAHUE.

Jas  umurupoBanusa. CremanoB M.C., [lomOpoBckuit FO.M. MukponyroBoe MOIHMOICHUPOBAHHE CTAIH C
HCIIOJH30BAHUEM MOJIMONAaTa aMMOHUS. bBe30nacHocms MexHO2eHHbIX U npupooHvix cucmem. 2024;8(4):47-53.
https://doi.org/10.23947/2541-9129-2024-8-4-47-53

Introduction. The formation of high-hardness coatings on steel products is one of the most important tasks of
materials science [1]. Therefore, methods for obtaining coatings due to a highly concentrated energy flow to the
material have been proposed, including laser treatment [2], plasma heating [3], electro-chemical thermal treatment [4],
heating in an electrolyte [S], microarc oxidation [6], ion plasma treatment [7], electric spark alloying [8], and
combinations of these techniques [9]. However, these methods are not widely used due to high energy consumption and
the need to use complex and expensive equipment. Therefore, the problem of creating reinforcing coatings on steel
products remains relevant.

An effective method of surface hardening is microarc alloying. In this process, the products are placed in a metal
container filled with carbon powder, and an electric current is passed through the container. Microarc discharges
occur between the product and the powder medium, which results in diffusion saturation of the steel surface with
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carbon and an alloying element [10]. This method accelerates diffusion processes and significantly reduces the
duration of saturation compared to other methods. It also does not require complex and energy-intense
equipment [11]. Microarc alloying can be used to create carbide coatings. The source of alloying elements is a
coating applied to the treated surface [12]. Diffusion coatings can also be created by saturating the surface with
molybdenum. For this purpose, inexpensive and widely available compounds can be used. For example, an
inexpensive and complex microelement fertilizer — ammonium molybdate (NH4)>Mo0O,4 can be used. However, the
possibility of using it in the composition of a coating can only be determined through thermodynamic analysis.

The aim of the study was to investigate the potential and conditions for using ammonium molybdate for surface
molybdenum plating of steel.

Materials and Methods. To achieve the aim of the study, we used a thermodynamic analysis method. According to
this method, the change in free energy of a chemical reaction was represented as the sum of enthalpies of formation of
substances obtained as a result of reaction, minus the sum of the enthalpy of formation of the initial substances [13].
The possibility of a reaction was determined in the temperature range at which the Gibbs energy change had a negative
value. This took into account the dependence of heat capacity on temperature [14]:

Cp=a,+b -T+d, -T7. (D
Gibbs energy AGy was calculated as:
0 0
A—?T:%—Asg’gg—(MOAa+M1Ab+M_2Ad), (1)

where Aa, Ab, Ad — algebraic sums of coefficients a;, b; and d; in formula (1); My, M, and M, — integral
functions [13].
Table 1 presents the initial data [15] for calculations.

Table 1
Initial data for thermodynamic calculations
fAHozgg, 80298, szgs’ Co=a+ b T+ dlrz’
Substance kJ/mol J/molK J/molK Y/mol
a b-103 d-10°
C 0.000 5.744 8.540 17.170 4270 -8.790
CO 110.600 197.680 29.130 28.430 4.100 —0.460
COs 393.777 213.820 37.140 44.170 9.040 —8.540
H, 0.000 130.520 28.830 27.300 3.270 0.500
H,O 241.990 188.850 33.599 30.020 10.720 0.330
CH,4 74.850 186.190 35.710 14.320 74.660 —-17.430
Mo 0.000 28.600 24.100 21.670 6.950 -
MoO, 589.100 46.280 55.980 67.800 12.600 -13.000
MoOs 745.200 77.740 75.020 56.900 56.500 -
NH; 45.940 192.660 35.630 29.800 25.480 -1.670
N 0.000 199.900 29.100 27.880 4.270 -
NO» 33.500 240.200 37.500 42.160 9.550 —6.990

To experimentally verify the calculation results, microarc alloying of cylindrical steel samples with a diameter of
12mm and a length of 35 mm was performed. An electrically conductive gel with the addition of ammonium
molybdate powder was used to make the coating.

Microarc alloying was performed according to method [10], surface electric current density was 0.53 A/cm?, heating
duration was 6 minutes. After processing, the samples were sanded and polished according to the standard procedure,
followed by etching with Rzheshotarsky reagent. A Neophot-21 microscope, an ARL X'TRA-435 diffractometer in Cu-
Ka radiation, and a ZEISS CrossBeam 340 electron microscope with an Oxford Instruments X-max 80 microanalyzer
were used for metallographic studies.

Research Results. When ammonium molybdate was heated, a reaction occurred:

(NH4)2MOO4 = MoOQOs + H,O + 2NH3

During thermal decomposition of coal powder, gaseous substances were released [16], which could be reducing
agents of atomic molybdenum according to schemes MoO3—Mo or MoO3—MoO,—Mo.

Chemical reactions and calculation results according to the above-described method are presented in Table 2. For
each reaction, dependence AG{ was calculated, the possibility (Yes/No) and the temperature range of the reaction

during microarc heating were determined.
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Table 2

Calculation results and the possibility of chemical reactions in the process of microarc heating

No. Reaction Dependence AG? Possibility of reaction
1 MoO3+3C=Mo+3CO 383.100 — 0.490-T Yes, > 509°C
2 2Mo00;3+3C=2Mo+3CO; 130.600 — 0.230-T Yes, >295°C
3 MoO3+C=Mo0O,+CO 33.500 - 0.147-T Yes, the entire range
4 2Mo00O3+C=2Mo00,+CO, —41.550-0.061-T Yes, the entire range
5 MoOs+3CO=Mo+3CO, —103.550 + 0.008-T No
6 MoO;+CO=Mo0O,+CO, —~134.760 + 0.026-T No
7 MoO;+3H,=Mo+3H,0 -24,830.000 — 61.180-T Yes, the entire range
8 4Mo0;+3CHs =4Mo+3CO,+6H,0 463,800.000 — 903.200-T Yes, > 240°C
9 4Mo0O;+CH4=4Mo00,+CO,+2H,0 -221,800.000 —238.200 T Yes, the entire range
10 3Mo0O;+CH4=3Mo00,+CO+2H,0 -86,300.000 — 263.800 T Yes, the entire range
11 TMo0O3+2NH3=7Mo00,+2NO,+3H,0 —258,000.000 + 554.200-T Yes, < 190°C
12 3Mo0O;3+2NH3;—3MoO,+N,+3H,0 —446,900 + 143.800-T Yes, the entire range
13 MoO; + C=Mo + CO, 181.070 - 0.169 T Yes, > 799°C
14 MoO; +2C =Mo +2CO 350.500-0.353 T Yes, > 720°C
15 MoO; +2CO = Mo + 2CO, 76.050 - 0.094 T Yes, > 536°C
16 MoO:; + 2H, = Mo + 2H,0 77,612.000 — 56.472 T Yes, > 1,100°C

Thus, thermodynamic analysis confirmed the possibility of using ammonium molybdate as part of the coating during
molybdenum plating. Reactions 1, 2, 7, 8 provided direct reduction, reactions 3, 4, 9, 10, 11, 12 — reduction with an
intermediate stage of dioxide formation and further reactions 13, 14, 15, 16.

To experimentally verify the results obtained, microarc surface alloying of the samples was performed using a
coating containing ammonium molybdate. The analysis of the samples confirmed the formation of a layer of a-solid
molybdenum solution on their surface, followed by a zone with high carbon content and then the initial

structure (Fig. 1).

Fig. 1. Microstructure of the surface of steel 20 after saturation with molybdenum

Molybdenum content in steel by layer depth is shown in Figure 2.
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Fig. 2. Mo distribution by diffusion layer depth.
The content of the diffusant powder in the coating — 50%, its thickness — 1.0 mm
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The formation of Mo0,C and FesMosC carbides on the surface of the samples was established by X-ray phase
analysis (Fig. 3).
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Fig. 3. X-ray diffractogram of the surface

Figure 4 shows the dependence of the coating thickness on the amount of diffusant powder in the coating.
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Fig. 4. Dependence of depth H of the diffusion layer on thickness h of the coating layer and the content of the diffusant powder:
dependencies 1, 2, 3 correspond to 10; 30; 50 (vol. %)

To achieve the highest coverage, the diffusant content in the coating should be 50 vol. %, and the thickness of the
coating layer on the treated surface should be 1 mm.

Discussion and Conclusion. The calculation results shows that a coating consisting of ammonium molybdate
powder and a binder can be used for the process of microarc molybdenum plating of steel. As a result of microarc
saturation, a molybdenum coating is formed, consisting of an a-solid solution of molybdenum with inclusions of
carbides, then a carbonized zone is located, passing into the initial structure. The thickness of the coating is determined
by the content of the diffusant in the coating and its thickness. The largest coating thickness (50—55 pm) was obtained
at a diffusant content of 50 vol. % and coating thickness of 1 mm. The results of the study are planned to be used in the
development of technological processes for microarc molybdenum plating of steel products.
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Abstract

Introduction. After hardening, a product has residual stresses: structural and thermal. The magnitude of the total stresses in
the finished part determines its crack resistance under the influence of operational loads. Quenching in a constant magnetic
field affects the process of martensite nucleation, and the kinetics of martensite transformation, as well as the processes of
martensite decomposition. However, there is currently no data available on how these changes in structure affect the stress
diagram in a heat-treated product. The aim of this study was to investigate the influence of a constant magnetic field during
hardening of iron-carbon alloys on the stress distribution across the cross-sectional area of parts.

Materials and Methods. The studies were conducted on samples of technical iron, steel 45, and ferritic malleable cast
iron. Cylindrical samples with a diameter of 16 mm and ring samples with an outer diameter of 20 and 55 mm were
used. The samples were heated in an electric furnace or an induction heating lamp generator LZ-13, and quenched in
water or mineral oil. A constant magnetic field with strength of 768 to 1600 kA/m during hardening was created in the
bore of a FL-1 electromagnet. Residual stresses were determined using the original method developed by
V.A. Blinovskii based on measuring bending deformations in hollow bodies of revolution.

Results. The change in temperature on the surface, in the core, and the temperature difference across the cross-section
of a cylindrical sample during cooling in water with and without a magnetic field was obtained. The distribution of
stresses over the cross-section after quenching with and without a field for industrial iron in still water was studied. The
stress distribution over the cross-section was studied after quenching in a field and without a field in calm water, as well
as during spray cooling of steel 45 and ferritic ductile cast iron at different rates.

Discussion and Conclusion. The obtained calculated and experimental data allowed us to evaluate possible changes in
the residual stress diagrams under the influence of a magnetic field after quenching with volumetric and surface heating.
A study of the kinetics of cooling in water under the influence of a magnetic field showed that the temperature
difference across the cross-section remained practically unchanged, but there was a decrease in the cooling capacity of
the water, which contributed to a reduction in the level of thermal stress. Hardening in a magnetic field led to a
reduction of residual stresses in iron-carbon alloys. The change in the distribution of total residual stresses during
magnetic tempering was due to a change in their structural component. The magnetic field influenced the distribution of
structural, thermal and total residual stresses. The reason for the observed effects was the change in the structural state
of steel and cast iron and the cooling ability of water-based quenching liquids under the influence of a magnetic field.
The reduction of the level of residual stresses during heat treatment in a magnetic field reduced the likelihood of brittle
fracture and cracking, led to a decrease in deformation and warping of hardened steels, and created favorable conditions
for the operation of parts under conditions of alternating loads and abrasive friction.

Keywords: hardening, steel, cast iron, residual stresses, magnetic field, structural stresses, thermal stresses
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Opueuﬁaﬂbﬂoe amnupudeckoe uccnedosatue

(I)OpMI/IPOBaHI/Ie SMIOPbI OCTATOYHBIX Hanpmlce}mﬁ mocJje 3aKaJiIKu B MATHUTHOM I10J1€

B.H. Iycrosoiit ', FO.B. Joaraues "= D<

JloHCKOM rocyaapcTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-Jlony, Poccuiickas deneparust

P4 yuridol@mail.ru

AHHOTAUMSA

Bgeoenue. Tlocne 3aKanky B U3IEIUN UMEIOTCSI OCTATOYHbIE HAIPSDKEHMA: CTPYKTYpHBIE U TEIUIOBbIe. BennunHa cym-
MapHBIX HalpsHKEHU B TOTOBOM IETANM ONpEAeseT €€ TPEIIMHOCTOMKOCTh MOJ JEHMCTBHEM 3KCILTyaTallMOHHBIX
Harpy3ok. 3akajka B IMOCTOSHHOM MarHUTHOM IIOJI€ OKa3bIBACT BIMSHHE HA MPOIECC 3apOXKICHUS MapTeHCHUTA, KHHE-
THUKY MapTEeHCHUTHOTO IPEBPAIICHHs, a TAaK)Ke MPOLECChl paclaja MapTeHCUTa. B HacTosiiee BpeMsi OTCYTCTBYIOT JIaH-
HBIE O TOM, KaK yKa3aHHbIC H3MCHEHHS B CTPYKTYpE BIUSIOT HA DIIOPY HANPSHKEHUH B TEPMUUECKH 00pabOTaHHOM H3-
nenvn. Llenb paboTel — MccnenoBaHne BIMSHUS TOCTOSHHOTO MarHUTHOTO TIOJIS TIPH 3aKaJIKE JKEJIe30yTIePOANCTHIX
CIJIaBOB Ha paclipeieJIeHUe HANPSDKEHUH 110 CEUCHUIO JieTaei.

Mamepuanst u memoost. ViccienoBaHus IpOBOIMIN HA 00pa3iiax TEXHUYECKOTo Xkene3a, craii 45 1 GpeppuTHOro KoB-
KOro uyryHa. [IpuMeHsITUCh MMIMHAPHYSCKUE 00pasiibl JMaMETPOM 16 MM K KOJIBLIEBbIC 00Pa3Ilbl ¢ HAPY)KHBIM JHa-
metpoM 20 u 55 Mmm. OOpa3ibl HarpeBaJiu B 3J€KTPOIEYH WM HHAYKIHOHHBIM HarpeBOM TOKAMH BBICOKOI YacTOTHI OT
nmamnoBoro reseparopa JI3-13. 3axkanky npoBOAWIM B BOJE WM MHUHEpalbHOM Macie. IlocTosHHOe MarHWTHOE moJjie
HanpsDKEHHOCTRIO 0T 768 mo 1600 kKA/M mpu 3akaike co3maBanoch B 3azope snekrpomarHuta @JI-1. Onpenencaue
OCTaTOYHBIX HAINPSDKEHUH OCYIIECTBIBIIOCH 10 OpPUTHHANBHOW MeToanke B.A. BruHOBCKkOro, OCHOBaHHOW Ha M3Mepe-
HUM Ae(hopMaIiK U3TH0a B MOJIBIX TEIAaX BPAIICHHS.

Peszynomamut uccnedosanus. IloaydeHo n3MeHeHHE TEMIIEPaTyphl HAa TOBEPXHOCTH, B CEPJLIEBHHE U TI€pEMal TeMIIe-
patyp IO CEYCHHUIO IMIMHAPHYECKOT0 00pasia MpH OXJIaXICHUH B BoJe 03 Mo M B MarHUTHOM 1oiie. MzydeHo pac-
IIpezieieHNe HaNpsDKeHUH 110 CeUYEHMIO MOCIIe 3aKaJIKU B I10JIe M 0e3 IMoJIsl TEXHHYECKOTO JKelle3a B CIOKOWHON BOJe.
HccnenoBaHo pacnipenenenne HAIPSDKEHUH 10 CEYESHUIO MTOCTIe 3aKaJIKY B TI0JIE M Oe3 IMOJIsl B CIOKOMHOMN BOJIE, a TakkKe
TIIPY CIIPEEPHOM OXJIAXIEHUH C PA3INYHON CKOPOCTHIO cTaly 45 U (heppUTHOTO KOBKOTO YyTyHa.

Obcyxcoenue u 3axknrouenue. IlonyyeHHbIe pacyeTHBIE U IKCIIEPUMEHTAJIBHBIE TaHHBIC NTO3BOJIMIIN OLIEHUTh BO3MOX-
HBIE U3MEHEHHMS 110]] ACHCTBUEM MarHUTHOTO IMOJISI S0P OCTATOYHBIX HANPSHKEHUH MOCHe 3aBAIKU ¢ 00BEMHBIM H I10-
BCPXHOCTHBIM HAarp€BOM. I/ICCHe}IOBaHHe KHHECTUKHU OXJIAXXACHUS B BOJC IO }IeﬁCTBHeM MAar"HuTHOTI'O IIOJIA ITOKa3sallo,
YTO TIeperiajl TeMIIEPaTyphl 110 CEYSHUIO OCTABAJICS NPAKTHYECKH HEM3MEHHBIM, HO HaOI0JalIoCh CHUYKEHHE OXJIaXja-
fomIel CIIOCOOHOCTH BOABI, YTO CIIOCOOCTBOBAJIO CHIDKCHMIO YPOBHS TEIUIOBBIX HANPSDKEHWH. 3aKaka B MarHUTHOM
TI0JIe CTIIOCOOCTBOBAJIAa CHIDKEHUIO OCTATOYHBIX HANPSDKEHUH B )KENE30yTIEpPOANCTHIX cIulaBax. V3mMeHeHHe pacmpene-
JICHUS! CYMMAapHBIX OCTAaTOYHBIX HANPSKEHUH NMPH MAarHUTHOM OTITyCKE OOYCIIOBIEHO M3MEHEHHEM HMX CTPYKTYPHOH
cocTapistroniell. MarHuTHOE TOJIe OKa3bIBaeT BIMSHHE Ha paclpelelieHHe CTPYKTYPHBIX, TEIUIOBBIX W CYMMAapHBIX
OCTaTOYHBIX HampspkeHni. [IpudamHol HabmomaeMbIX 3(GQEKTOB SBISETCS M3MEHEHHE II0J ACHCTBHEM MAarHUTHOTO
IOJIsI CTPYKTYPHOTO COCTOSIHMSL CTaJM M YYT'YHa M OXJI&XKJArolled CHOCOOHOCTH 3aKaJOYHBIX JKUAKOCTEH Ha BOAHOU
ocHoBe. CHIDKEHHE YPOBHSI OCTaTOYHBIX HANpsDKEHHH NMPHU TEPMHYECKOH 00pabOTKe B MarHUTHOM IIOJI€ yMEHbIIAeT
BEPOSITHOCTh XPYIKOTO pa3pylIeHUs] W TPEIMHOOOPa30BaHus, MPUBOJUT K CHIDKCHHIO jaedopMaluii 1 KOpoOJIeHHs
3aKaJIeHHBIX CTaJleld, Co3/1aeT OJIaroNnpHsTHBIC YCIOBHS Ul pabOThI eTaleil B yCIOBUSIX 3HAKOIIEPEMEHHBIX HAarpy30K
1 abpa3uBHOTO TPEHHMSI.

KiawueBble ci1oBa: 3aKaJIka, CTaJlb, YyT'YH, OCTAaTOYHBIC HANPSIKCHUSA, MArHUTHOE II0JIE, CTPYKTYPHBIC HAIIPSKECHUS,
TCIUIOBBIC HAITPAKCHUA

BaaronapHoctu. ABTOpHI OnarofapsT peAaklUio JKypHalla 3a IEHHbIE 3aMevaHus W COTPYAHHKOB Kadeapsl
«MatepuanoBenenne u TexHonorun MeramwioBy JI'TY: 3aBemyromero kadenpoit M.C. Eropora, mpodeccopa
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3aKaJKH B MAarHUTHOM TMoJie. be30onacHocms mexHo2eHnvlx u npupoouvix cucmem. 2024;8(4):54—61. https://doi.org/
10.23947/2541-9129-2024-8-4-54-61

Introduction. Residual stresses after quenching are usually divided into two main categories: structural [1, 2]
and thermal [3, 4]. Thermal stresses arise from the simultaneous influence of two factors: changes in the specific
volume of the metal with temperature and the presence of a temperature gradient in the product undergoing heat
treatment. Structural stresses are caused by dilation effects from phase transitions, especially when phase
transformations occur inhomogeneously throughout the volume of a part. Thus, the resulting stresses in a processed
product are formed through the addition of structural and thermal stress. It is known [5, 6], that the main factor
determining the magnitude of stress after quenching is the moment when the sign of thermal stresses changes relative
to the moment when structural stresses occur. The appearance of structural stresses prior to changing the sign of
thermal stresses leads to an increase in the resulting stresses in the product. Accordingly, the occurrence of structural
stresses before the sign of thermal stresses changes lowers the total stresses. The magnitude of the total stresses in a
finished part determines the reliability of machine-building products during operation [7, 8]. The influence of a
constant magnetic field during quenching of steels and cast irons is manifested through the process of martensite
nucleation, changes in the kinetics of martensite transformation, as well as changes in tempering processes occurring
directly during quench cooling. It is currently unknown how a magnetic field affects the residual stress in a heat-
treated product. The aim of this work is to investigate the influence of a constant magnetic field during iron-carbon
alloy quenching on the stress distribution over the section of parts.

Materials and Methods. In this work, samples of technical iron, steel 45, and ferritic ductile iron were studied.
Cylindrical samples with a diameter of 16 mm and annular samples with outer diameters of 20 and 55 mm were used.
The samples were heated in an electric furnace or by induction heating using high-frequency currents from a lamp
generator LZ-13. During quenching, a constant magnetic field with strengths ranging from 768 to 1,600 kA/m was
created in the FL-1 bore of the electromagnet.

The determination of residual stresses was carried out according to the original methodology developed by
V.A. Blinovskii [9]. This technique is based on measuring bending deformation in hollow rotational bodies. It provided
for cutting out an annular sector from a sample and measuring the resulting diameter changes. The resulting
deformation curve served as the initial input for calculating residual stresses using a computer.

Research Results and Discussion. When quenching steel, the temperature gradient, which caused inhomogeneous
changes in specific volume over the cross-section of the part, influenced the formation of a residual stress diagram. With a
significant temperature difference between the surface and the core at the time of martensitic transformation (such as
during through-quenching with water cooling after heating in a furnace), compressive tangential and axial stresses
developed on the surface of a solid cylinder. Conversely, quenching in oil, where the temperature difference between core
and surface was minimal at the time of martensitic transformation, resulted in tensile stresses on the surface. In this case,
the stress diagram developed in the following manner. Rapid cooling of the surface caused volume reduction, but a higher
temperature persisted within, counteracting volume decrease and leading to tensile stress in the outer layer. At the same
time, plastic deformation of  the outer layers was possible up to temperatures
Tyup(~500-550°C). With further cooling, plasticity decreased, or increased and only elastic deformations remained
possible, which led to an increase in tensile stresses. Their growth continued until the cooling of inner layers, which shifted
the maxima of tensile stresses to the center and slightly reduced surface tensile stresses. With a sufficient heating depth
(almost more than 2 mm), the reduction in the volume of central layers led not only to the complete elimination of initial
tensile stresses, but also to the appearance of compressive stresses on the surface, which persisted after the end of cooling.

When surface layers were cooled to point M, the quenching process led to an increase in volume. At the same time,
inner layers that did not undergo hardening prevented this increase, which formed tensile stresses in the inner layers and
compressions in the surface layers. As the quenching front moved away from the surface, the compressive stresses
decreased and their maximum shifted to the center. As a result, after quenching, the stresses on the surface might have a
different sign (although they might remain unchanged). The magnitude of compressive stresses in the surface layer
increased with decreasing depth of the hardened layer.

Figure 1 shows the results of the study on the kinetics of cooling in water of a 16 mm diameter sample made of
armco-iron. As can be seen, when a magnetic field was applied, the temperature drop across the cross-section of the
samples remained almost unchanged, however, time dependence Af shifted towards longer cooling durations. This was
due to a decrease in the cooling capacity of water in a magnetic field [10, 11] and contributed to more intense stress
relaxation by plastic deformation, as a result of which a decrease in the level of thermal stresses was observed (Fig. 2).
Consequently, a magnetic field during quenching affected the formation of both structural and thermal components of
residual stresses.
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Fig. 1. Temperature changes in a cylindrical sample during cooling in water:
solid line — without a field; dashed line — in a magnetic field with a strength of 1.6 MA/m;
a — on surface 1 and in core 2; b — difference in cross section
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Fig. 2. Stress distribution over the cross section after quenching of technical iron from 800°C in calm water:
solid line — without a field; dashed line — in a magnetic field with a strength of 1.4 MA/m

To assess the effect of the magnetic field on the distribution of total residual stresses in hardened and tempered
alloys, the experiments were conducted, the results of which are shown in Figure 3. After the usual hardening of annular
samples with an outer diameter of 20 mm, tensile stresses were observed on the surface. This was explained by the
small temperature difference between the periphery and the center during martensitic transformation. Therefore, their
structural component had a predominant effect on the distribution of total residual stresses. Quenching in a magnetic
field helped to reduce residual stresses in alloys with both negative (steel 45) and positive (ferritic ductile iron) changes
in the volumetric effect of martensitic transformation. This indicated that the main reason for the reduction of residual
stresses was their intense relaxation under the action of a magnetic field. An increase in the degree of martensite decay
under the influence of a magnetic field [12] caused an increase in this effect.
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Fig. 3. Stress distribution over the cross section after quenching from 1000°C in calm water,
solid line — without a field; dashed line — in a magnetic field with a strength of 1.4 MA/m;
a — steel 45; b — ferritic ductile iron

Similar patterns were observed during spray cooling with water of annular samples with a diameter of
55 mm (Fig. 4). The difference was in the fact that exposure to a magnetic field caused a decrease in surface
compressive stresses due to the prevailing influence of the thermal component of residual stresses on the total stress

diagram.
c(a), MPa o,(a), MPa
100 100
50 50
0 . 0
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-100 \,Y 1 -100
~150 Q 1 150
—200 1 -200
-250 1 250
-300 -300

1 2 3 a, mm
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Fig. 4. Stress distribution after quenching from 1000°C with spray cooling with water v = 2 m/s: solid line — without a field; dashed
line — in a magnetic field with a strength of 768 kA/m; a — steel 45; b — ferritic ductile iron

An increase in the velocity of water flow through the sprayer to v =10 m/s led to an increase in the magnitude of
surface compressive stresses during conventional quenching. At such a flow rate, the cooling capacity and the degree of
“quenching” stress relaxation under the influence of a magnetic field changed slightly. Therefore, the observed changes
were mainly due to a structural factor: an increase in the degree of breakdown of martensite in steel 45 and an increase

in the amount of martensite in ductile iron.
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Table 1

The effect of cooling in a magnetic field after heating in a furnace on the level of residual stresses

Carbon-free alloys

Medium-carbon alloys

High-carbon alloys

Parameters Cooling medium
Water Oil Water Oil Water Oil
Compressive,
Stresses on the surface of P
. . . but less than . . . .
a solid cylinder after Compressive Compressive Tensile Compressive Tensile
. . when cooled
conventional cooling ;
in water

Change in stresses on
the surface of a solid
cylinder after cooling
in a magnetic field as a
result of:

reducing the cooling
capacity of quenching

Decrease in

Decrease in

Decrease in

.. compression compression compression

liquids P P P

increase in the amount Increase in Increase in
of martensite compression tension

increase in the decay
processes of martensite

Decrease in
compression

Decrease in
tension

Decrease in
compression

Decrease in
tension

(“in statu nascendi”)

Table 2

The effect of cooling in a magnetic field after induction (surface) heating on the level of residual stresses

Medium-carbon

Carbon-free alloys High-carbon alloys

Parameters alloys
Depth of the hardened layer
low high low high low high
Stresses on the surface of a
solid cylinder after Tensile Compressive Compressive Compressive

conventional cooling

Change in stresses on the
surface of a solid cylinder after
cooling in a magnetic field as a

result of:

reducing the cooling capacity of . . Decrease in Decrease in Decrease in
o Decrease in tension . . .

quenching liquids compression compression compression

Increase in
compression

increase in the amount of
martensite

increase in the decay processes
of martensite («in statu - -
nascendi»)

Decrease in
compression

Decrease in
compression

Discussion and Conclusion. The calculated and experimental data made it possible to estimate the possible changes
in the residual stress diagrams under the influence of a magnetic field after quenching with volumetric (Table 1) and
surface heating (Table 2). The change in the distribution of total residual stresses during magnetic release was due to a
change in their structural component.

Thus, the magnetic field affects the distribution of structural (during quenching and tempering), thermal (during
quenching) and total residual stresses. The reason for the observed effects is the change in the structural state of steel
and cast iron and the cooling capacity of water-based quenching liquids under the influence of a magnetic field. An
increase in the phenomena of martensite decay causes a decrease, and an increase in the completeness of martensite
transformation causes an increase in the level of structural stresses. A decrease in the cooling capacity of water-based
quenching liquids leads to a decrease in residual stresses as a result of intensive relaxation by plastic deformation. The
enhancement of relaxation processes under the influence of a magnetic field in most cases is the main factor in changing
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the residual stress diagram. In turn, reducing the level of residual stresses during heat treatment in a magnetic field can
reduce the likelihood of brittle fracture and cracking, as well as deformations and warping in hardened steels. This
creates favorable conditions for the performance of parts under alternating loads and abrasive friction.
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Abstract

Introduction. During pulsed laser processing and modification of the surface of non-ferrous alloys and coatings based
on them, several still unresolved issues arise. In particular, the extreme thermal deformation conditions of laser
processing are not linked to the peculiarities of structure formation and formation of properties in irradiated “coating —
copper substrate” compositions. A metal physical analysis of the possibility and reasons for increasing the adhesion
strength of coatings to a metal (copper) substrate during high-speed laser processing is insufficiently substantiated and
evidence-based. To make a reasonable choice of technological parameters for the surface hardening mode of non-
ferrous alloy products, as well as for obtaining high-quality workable composite layers on their surface, it is necessary
to solve the above issues and tasks. The aim of this article is to determine the possibility and conditions for increasing
the adhesion strength of a chrome coating to a copper substrate under laser irradiation of the composition.

Materials and Methods. Metal physical studies in the work were carried out on samples of non-ferrous alloys
of the Cu—Zn system with a chrome electrochemical coating with a thickness of 20 um. The “copper substrate —
chrome coating” composition was irradiated at a Kvant-16 installation with a radiation power density of 70—
250 MW/m?. Metallographic structural analysis, scanning probe microscopy, and durometric studies were used in the
work.

Results. 1t has been calculated that the dynamic and thermal stresses arising in the laser-irradiated compositions
“chrome coating — copper substrate” were about 320 MPa. Metal physical studies revealed that, in extreme thermal
deformation conditions of laser treatment, the effect of contact melting was manifested at the boundary of the coating
with the copper base. Dynamic recrystallization occurred in the surface layers of the irradiated L62 copper alloy,
resulting in the formation of grains with a size of 4.5-5.0 um on the surface of the alloy with an initial grain size of
25 pm.

Discussion and Conclusion. 1t has been found that the adhesion strength of a chrome coating to a copper alloy substrate
increased laser irradiation at a radiation power density of 150 MW/m? This was due to the formation of a transition
region 2—4 um deep in the contact zone with a structure consisting of sections of mutually insoluble solid solutions based on
chromium and copper. Based on the analysis of the copper —chromium state diagram and the model of the temperature field
under laser irradiation of the chromium coating, it was suggested that contact melting occurred in the transition zone from the
coating to the copper substrate. It was shown that thermostrictive stresses, the calculated quantitative values of which were
about 320 MPa, had an initiating effect on the observed processes of structure formation in the laser irradiation zones. It was
found that such a level of stresses arising in copper alloys under laser irradiation was sufficient for plastic deformation and
dynamic recrystallization of the metal and contributed to the formation of a fine-grained structure (4.5-5.0 um) with an initial
grain size of 25 um. An analysis of the results of studies of irradiated compositions "coating — copper substrate" allowed us
to conclude that they expanded the technological capabilities of the laser method of hardening materials and ensure
guaranteed high performance of irradiated products with coatings.
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Mopdonorus u cBOMCTBA JIa3epPHOO0Ty4eHHOH KOMIIO3HIIHH
«XpPOMOBO€ NOKPBLITHE — MEAHASA MOAJI0KKA»
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AHHOTANNSA

Beeoenue. Tlpu npoBeeHNN UMITYJIbCHOH Jla3epHON 00pabOTKK U MOAN(DHUIUPOBAHUS IIOBEPXHOCTH LBETHBIX CILIABOB
n HOKpI)ITI/lﬁ Ha UX OCHOBE BO3HHUKACT pAa A0 CHUX MOP HC PCIHICHHBIX HpO6ﬂeM. B YaCTHOCTH, HC YBA3aHbI SKCTPEMaJlb-
HbIe TepMOe(OPMAIIOHHBIE YCIOBUS Jia3epHON 00pabOTKH ¢ OCOOCHHOCTSIMH CTPYKTYpooOpa3oBaHusi u GopMupoBa-
HUSI CBOWCTB B OOJyYEHHBIX KOMIIO3MLUSIX «IIOKPBITHE — MEAHasl MOAJOXKKa». HenocTaToyHo apryMeHTHPOBaHHO
000CHOBaH M JI0KA3aTEIbHO MTPOBEICH METANIOPH3MIECKNI aHATN3 BO3MOXXHOCTH W MPUYUH MOBBIIICHHS TPOYHOCTH
CIICTICHUST TTOKPHITUH C METAINTMYECKOW (METHOW) MOAJIONKKOW MPH BBICOKOCKOPOCTHOH NazepHoil oOpabotke. s
00OCHOBaHHOTO BBIOOPA TEXHOJIOTHUECKHUX MAapaMETPOB PEXKHMMa IMOBEPXHOCTHOTO YNPOYHEHUS M3ACIUN U3 IBETHBIX
CIIABOB, a TAKKe JUIS MTOJY4YEHHS Ha MX IIOBEPXHOCTH KaUEeCTBEHHBIX PaOOTOCIIOCOOHBIX KOMITO3UIIMOHHBIX CJIOEB Tpe-
OyeTcst pelIeHne MTPUBEIECHHBIX BBIIIE BOIIPOCOB U 3aaad. L{esbio qaHHOI cTaThy SBUIIOCH ONpe/esieHne BO3MOKHOCTH
Y YCJIOBHH MOBBIILIEHNSI IPOYHOCTH CLEIJICHUS] XPOMOBOT'O ITOKPBITHSI C MEHOH MOJI0KKOW TIPH JIa3epHOM 00 Ty4eHUN
KOMIIO3UIIUH.

Mamepuanst u memoost. Meraynoduznyeckue 1UcciaeI0BaHus B padoTe MPOBOJMINCH HAa 00pa3nax HBETHBIX CILIa-
BOB cucteMbl Cu—Zn ¢ XpOMOBBIM 3JEKTPOXHMHYECKHM MOKpbITHEM TonmuHOW 20 MkM. Kommosumust «MemHas
MIOJUIOXKKA — XPOMOBOE IOKPBITHE» 00iIydasnach Ha ycTaHOBKe «KBaHT-16» ¢ IUNIOTHOCTBIO MOLIHOCTH HM3JIy4YEHUS
70-250 MB1/M2. B pa6oTe HCIIOIB30BAMCh METALIOrPaQUIECKH CTPYKTYPHBINA aHAIN3, CKAHUPYIOIIAs 30HIOBAs
MHUKPOCKOIIHS, JIOPOMETPUIECKNE HCCIIEJOBAHUS.

Pesynemamut uccnedoséanus. PacaeTHbIM MyTeM yCTaHOBJIEHO, YTO BO3ZHMKAIOIIME B JA3€PHOOOIYYEHHBIX KOMIO3MIMSIX
«XpPOMOBOE TTOKPBITHE — ME/HAs TOUIOKKa» JTUHAMHYECKUE W TEPMUUECKHE HAIpPSHKEHUs COCTaBisioT okoso 320 MIla.
Mertamiopu3n4eckuMy HCCIeIOBaHUAMI OOHAPYKEHO, YTO B SKCTPEMAIBHBIX TepMOJIe(hOPMALIOHHBIX YCIIOBHSIX JIa3ePHOM
00pabOTKK Ha TPAHHUIIEC MOKPHITUS C MEIHOW OCHOBOM MPOSsBIIIETCS 3P(EKT KOHTAKTHOIO IUIaBJICHUS. B MOBEPXHOCTHBIX
O0JIy4EHHBIX CJI0SIX MeIHOro ciuiaBa JI62 oOHapykeH 3P deKT THMHAMHUYECKOH PEKPUCTAINTU3AIMK. JTO BhIpakaeTcs B (op-
MHPOBAHUM Ha TOBEPXHOCTH CIIJIaBa C HCXOAHBIM Pa3MepOM 3epHa 25 MKM MEJIKHX 3epeH pasmepoM 4,5-5,0 MKM.
Oébcysycoenue u 3akniouenue. Y CTaHOBIEHO, YTO IPOYHOCTh CLEIUIEHHS XPOMOBOTO MOKPBITHS C MOIJIOKKON U3 Mea-
HBIX CIUIABOB TOBBIIIAET JIA3EPHOE OOIYYEHHE ¢ INIOTHOCTBIO MOITHOCTH M3nydeHus 150 MB1/M2. DTo mpoucxomut 3a
cueT (GopMUPOBaHHS B 30HE KOHTAKTa MEPEXOIHON 00JIACTH TIIyOMHOU 2—4 MKM CO CTPYKTYPOH, COCTOAIICH U3 ydacT-
KOB B3aMMHO HEPacTBOPUMBIX TBEP/BIX PACTBOPOB HA OCHOBE XpoMa W Menu. Ha ocHOBaHMM aHanm3a quarpamMMBbl CO-
CTOSIHHSL «ME/Ib — XPOM» U MOJIETIH TEMIIEPaTyPHOTO MOJIs IIPH JIa3€PHOM OOJIy4E€HHH XPOMOBOTO ITOKPBITHS BBICKa3a-
HO TIPEATOJIOKEHHE O NMPOTEKAHUH B NEPEXOHOIM 30HE OT MOKPBITHS K MEAHOW MOJUIOKKE KOHTAKTHOTO ILIABIICHUSL.
[TokazaHo, 4TO MHUIMUPYIOLIEE BIMSHUE Ha HAOJIOaeMble MPOLECCH CTPYKTYPOOOpa3oBaHMs B 30HAX JIa3epHOTO 00-
JIYUYC€HHS OKa3bIBAOT TCPMOCTPHUKIIUOHHBIC HAIIPSAKCHHUSA, PACYETHBIC KOJIMYCCTBCHHBIC 3HAYCHUA KOTOPBIX COCTaBUIIN
okoino 320 MIla. YcTaHOBIIEHO, YTO TaKOil ypOBEHb BO3HMKAIOUIMX B MEAHBIX CIUIaBaxX IMpH JIa3€pHOM OOIydeHUH
HaNpsDKEHUH JOCTaTOYEH Ul IUIACTHYECKOH AeopMalii U AUHAMHYECKOH PeKpUCTaUIM3alMyd MeTajla U CHOoco0-
CTBYeT (DOPMHUPOBAHHIO MEIKO3EPHUCTOH CTPYKTYpHI (4,5-5,0 MKM) IIpH MCXOTHOM pa3Mmepe 3epeH 25 MKM. AHamu3
PEe3yJbTaTOB UCCIIENOBAHUN OOIYyYEHHBIX KOMIIO3HIMH «IIOKPBITHE — MEIHAs IOUI0XKKay MO3BOJIMI CHEeNaTh BBIBOL,
YTO OHM PACIIMPSIOT TEXHOJOIMYECKHE BO3MOXKHOCTH JIa3€PHOTO METO/a YIPOUYHEHHUs] MAaTEpPHAIOB M MO3BOJISIOT Tra-
PAaHTHPOBAaHHO 00ECIIEYNBATH BBICOKYIO PA0OTOCIIOCOOHOCTH OOTyYEeHHBIX U3ICITUI ¢ TOKPBITHSIMH.

KiroueBble c10Ba: MeHbIE CIUIABBI, IIOKPHITHSL, JIa3epHOE 00IydeHHe, CTPYKTypa, CBOICTBa
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BaarogapHocTH. ABTOPBHI BBIPaXAIOT OJaroJapHOCTh PEICH3eHTaM, Ybsl KPUTHYECKas OLEHKAa IMPEICTaBICHHBIX
MAaTepUAIIOB W BBICKA3aHHBIC TIPCIJIOKCHHS IO HUX YCOBEPIICHCTBOBAHUIO CIIOCOOCTBOBAIM 3HAYUTEIHLHOMY
TOBBIILIEHUIO KAYECTBA HACTOSIIEH CTaThH.

Jas uuruposanus. bposep I[.U., ep6akosa E.E., bopucenko E.b. Mop¢omnorust u cBoiicTBa a3epHOOOIydeHHOM
KOMIIO3UIIUM «XPOMOBOE IIOKPBITHE — MEIHAs NOMJIOXKKa». be3onacHocmv mexHO2eHHbIX U NPUPOOHLIX CUCTEM.
2024;8(4):62—71. https://doi.org/10.23947/2541-9129-2024-8-4-62-71

Introduction. In the work of G.V. Lomaev and E.V. Kharanzhevskii, “Hardening Surface Treatment Using High-
Speed Laser Overcrystallization” [1], and in some other studies [2, 3], it has been shown that during laser irradiation,
high temperature gradients, thermostrictive stresses of various origins appear in the surface layers of the hardened
material, the relaxation of which leads to local plastic deformation, as well as the phenomena of dynamic return,
polygonization, and recrystallization of metal in irradiated zones. The possibility to achieve a sufficiently high defect
density in a crystalline structure and the desired level of mechanical properties in the surface layers is of practical
significance [4].

It should be noted that during pulsed laser treatment [5], hardening [6] and modification [7] of the surface of non-
ferrous alloys, in particular, copper alloys, several problems arise [8]. For example, the extreme thermal deformation
conditions of pulsed laser treatment are not linked to the peculiarities of structure formation and formation of properties
in irradiated “coating — copper substrate” compositions [8]. The reasons for increasing the adhesion strength of
coatings to a metal (copper) substrate during high-speed laser processing have not been sufficiently substantiated [9].

The solution of the above-mentioned problems is of significant importance, as it allows for the reasonable
assignment of technological modes of surface hardening and microalloying for copper alloy products. This, in turn,
contributes to the creation of high-quality, workable composite surface layers on copper parts, thus creating
conditions for trouble-free operation of irradiated components in mechanisms located in difficult-to-repair areas. In
this regard, the aim of this article is to obtain, analyze, and quantify the results of metal physical studies, as well as to
assess the degree of influence of pulsed laser treatment on the formation of structure and properties of the irradiated
“chrome coating — copper substrate” composition.

Materials and Methods. Metal physical studies were conducted on samples of non-ferrous alloys of the Cu-—
Zn system with a chrome electrochemical coating with a thickness of 20 pm. The “copper substrate — chrome coating”
composition was irradiated at a Kvant-16 installation with a radiation power density of 70-250 MW/m?.

Metallographic structural analysis, scanning probe microscopy, and durometric studies were performed. MIM-7 and
Neophot-21 microscopes were used for the metallographic analysis. Microhardness measurements were conducted on
the PMT-3 device with an indenter load of 0.49 N.

The adhesive properties of the coatings were determined based on indirect experiments to measure the
microhardness of the coatings under different indentation loads. Traces of destruction or peeling of the coatings from
the surface of the copper substrate, as observed on the cross-section of the coating—substrate composition, were
considered a criterion for insufficient adhesion strength.

Research Results. As a result of metallographic and durometric studies, we found that laser treatment improved the
adhesion strength between the chrome coating and the copper substrate (Fig. 1). This conclusion was based on the fact
that there was no chipping of the coating when the microhardness tester indenter was pressed into it, that is, when a load
was applied.

Fig. 1. Structure of the chrome coating on the copper alloy (brass L62)
with impressions from the microhardness tester indenter
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At the same time, as can be seen in Figure 2, in the transition zone at the boundary between the chrome coating and
the copper substrate, that is, at a depth of 20 pm, after laser treatment, there were clearly visible local areas of solid
solutions, apparently based on chromium and copper, penetrating each other at a distance of 2—4 um.

Fig. 2. Microstructure of the contact zone of the chrome coating with brass after laser irradiation

To study the features of the structure formation at the boundary of the coating and the substrate, an analysis of the
state diagram of the Cr—Cu system was conducted [10]. It was noted that at a temperature of 1767°C, monotectic
equilibrium was observed; the liquid phase was stratified to form two liquids of different chemical composition. It could
be assumed that the observed in Figure 2 structure of the contact zone of the coating and the substrate was also formed
from a state melted by laser exposure, that is, an immiscibility region of copper and chromium in the liquid state was
formed in the transition zone, in which two solid solutions based on Cu and Cr were fixed after high-speed
crystallization. But the quantitative analysis of the temperature field carried out using the Mathcad software package
during laser irradiation of the chrome coating [11] excluded the possibility of reaching melting temperatures at the
depth of the coating, that is, at a depth of 20 um (Fig. 3).

The “chrome coating — copper substrate” composition was exposed to radiation with a power density of
150 MW/m?. These energy conditions did not lead to evaporation of the coating and to the formation of “craters” on the
surface. Thermal calculations, which are shown in Figure 3, allowed us to determine that a temperature of 900—1000°C
was achieved in the transition zone. However, this temperature was not high enough for melting, and no formation of
two solid solutions based on the components of the “chrome coating — copper substrate” composition was observed
during the study. The possible cause of the described effect requires a separate discussion.
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Fig. 3. Temperature distribution over the depth of the chrome coating at the heating stage
(1 — the beginning of the laser pulse; 2 — he end of the pulse)

Layers of copper alloy at a depth of 5-10 pm were subjected to melting and subsequent high-speed crystallization.
A feature of the structure of the fused surface layer of brass, as shown by the results of studies on a scanning probe
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microscope (SPM), was a homogeneous dispersed structure consisting of solid solution dendrites with a cross section of
up to 25 nm (Fig. 4) and with a sufficiently high hardness of about 1 GPa.

Fig. 4. Scanned image of the surface of the L62 copper alloy (SPM)

Under the influence of heating alone, the recorded structural transformations could not occur during the laser pulse
action (1073 s). However, thermostrictive stresses appeared to have made a significant contribution to the acceleration of
structure formation processes.

In order to determine the level of stresses and local plastic deformations in the irradiated zones of alloys,
quantitative estimates were made using “model” single-component copper samples. As shown above, the melting point
was not reached in the contact zone of the coating and the substrate, therefore, the irradiation of uncoated copper
samples was carried out in a mode that did not lead to melting of the surface (with a radiation power density of
100 MW/m?). After laser irradiation, as can be seen in Figure 5 g, sliding lines appear on the pre-polished surfaces of
copper samples, that is, traces of local plastic deformation of the metal.
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Fig. 5. Microstructure and height distribution of the emerging surface relief on copper after laser irradiation:
a — sliding lines; b — height distribution of the surface relief

It should be noted that the sliding lines are formed due to the movement of dislocations in the areas of the metal that
have been irradiated [12]. Due to the appearance of different numbers of dislocations on the irradiated surface, a relief
with varying heights of the surface profile was created [13] (shear steps h in Fig. 6).

Sliding plane

Fig. 6. Diagram of the shear step on sliding lines [14]
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The analysis of the pattern of the sliding lines and the relief of the irradiated surface was carried out using the
computer image processing program Gwiddion. As can be seen in Figure 5 b, the average height of the profile of the
irradiated surface of the copper sample, and therefore the height of shear site 4, was 6.5-8.5 nm. Based on the results of
measurements of this height, it was possible to judge the degree of plastic deformation achieved during metal
processing and the level of stresses causing it.

Considering that during plastic deformation, the height of step /# was proportional to value nb, where n — number of
dislocations that have come to the surface, and b — Burgers vector of the irradiated material, we can write:

nb = h. 1)

To simplify the calculation of shear stresses, it was assumed that the elastic deformation preceding slid in the crystal could
be defined as #/G, where t — applied stress; G — shear modulus of the material. It was also taken into account that elastic
deformation during sliding could relax in an area with a diameter of 2L, where L — length of the dislocation slip lines.

Assuming the complete transition of elastic deformation (2L7/G) to plastic deformation equal to the value nb, we

obtain [14]:
T=h (gj
2L

By calculation, we determine shear stress (z), causing plastic deformation using expressions (1), (2) and, taking L =
103 mm, from expression [15]:
where 7 — height of the shear site, during laser processing was 6.5-8.5 nm; G — shear modulus, for copper
G = 4.3 x 10* MPa; L — length of the dislocation slip lines, we assume L = 10~ mm.

Shear stresses amounted to approximately 320 MPa, which exceeded the conditional yield strength of copper (40—
80 MPa) and led to plastic deformation of the surface layers of the irradiated metal.

The work also assessed the degree of local residual plastic deformation, which ranged from 5 to 9% in the case of
laser treatment of copper.

Possible structural processes in the laser irradiation zones of the “coating — metal substrate” composition, in
particular, in a copper substrate, were studied in detail using the Mathcad program. A temperature field was constructed
that spread along the depth after irradiation of the surface of the brass sample (Fig. 7).
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Fig. 7. Temperature field in a copper alloy during laser irradiation of the surface

As can be seen in Figure 7, at a depth of 15 um, the temperature dropped to 800°C. At this temperature, in the
thermal deformation conditions of pulsed processing, despite the extremely short time of thermal exposure to laser
radiation, there was a possibility of dynamic stress relaxation effects accompanying the process of high-speed laser
irradiation, that is, processes of polygonization and recrystallization in irradiated zones on copper alloys are possible.
The consequences of recrystallization of irradiated brass 162 are shown in Figure 8 a in the form of grinding of grains
of solid solution.

A similar recrystallization process was observed in a brass substrate under a chrome coating after laser irradiation. It
was found that in the presence of a coating, the metal grain was larger than on an uncoated copper sample. Apparently,
recrystallization in this case reached the stage of collective recrystallization. It can be concluded that there was a lower
level of residual stresses and a decrease in the risk of cracking in the composition during laser irradiation.
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Fig. 8. Microstructure, histogram of size distribution of the subgrains and hardness distribution over the depth

of the irradiated zone on the L62 copper alloy: ¢ — microstructure; b — size distribution of the subgrains;
¢ — hardness distribution over the depth of the alloy L62

The average size of the recrystallized grains, as shown in Figure 8 b, was 4-5 pm with an initial grain size of 25 pm.
At the same time, the highest hardness was achieved in the considered area of the irradiated spot on brass (Fig. 8 ¢).

Discussion and Conclusion. The increase in the adhesion properties of the “chrome coating — copper substrate”
composition after laser treatment can be indirectly assessed through the results of durometric tests. It is notable that
when the microhardness tester indenter was introduced into the coating, its peeling from the copper matrix was not
observed, whereas immediately after application the coating had insufficiently high adhesion strength to the
metal (copper) substrate.

The adhesion effects in the irradiated composition are positively influenced by grain grinding, i.e. recrystallization,
in a copper substrate, as well as local structural ensembles formed in the transition zone at the boundary of the coating
and the substrate from sections of solid solutions based on chromium and copper.

The observed processes of structure formation under the action of an “instantaneous” heat source are possible only
under conditions of joint action of high temperatures and stresses on the irradiated composition.

To evaluate the parameters of these thermal power factors and determine the degree of their influence on the
formation of structure and properties of irradiated materials, first of all, an analysis of the state diagram of the Cr—Cu
system has been conducted. It showed that the observed structural transformations can occur if the contact zone
between the chrome coating and copper substrate melts, that is, if the temperature is heated to 1767°C. At this
temperature, according to the diagram, the formation of two liquids is observed, that is, in the transition zone between
the coating and the substrate, an immiscibility region of copper and chromium in the liquid state should be formed, and
after high-speed crystallization, two solid solutions based on Cu and Cr should result. The quantitative analysis of the
temperature field, conducted using the Mathcad software package, during laser irradiation of the chrome coating,
excluded the possibility of reaching melting temperatures at a depth of 20-30 um, which is the depth of the contact zone
studied in the composition. On the other hand, an analysis of structural processes in the laser irradiation zone of a
copper brass sample has showed that melting and subsequent rapid crystallization of copper occur at a depth of 5—
10 um. Scanning probe microscope studies have confirmed that the surface fused layer of the copper sample has a
dispersed structure and a sufficiently high hardness of approximately 1 GPa.
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The most significant aspect is that the structure of the thin fused layer on the copper alloy is similar to the structure
of sections of a copper-based solid solution in the contact area between the copper substrate and the chrome coating.
This indirectly confirms that in the transition zone from the coating to the copper substrate, despite heating to
temperatures below the melting point, a liquid phase was still present. It can be assumed that contact melting occurs at
the studied boundary under extreme thermal deformation conditions of laser treatment, leading to the described
structure formation and, as a result, to an increase in the adhesive properties of the “chrome coating — copper
substrate” composition.

It should be noted that the results obtained are primarily related to the extreme temperature and force conditions of
laser irradiation. Significant temperature gradients combined with high laser processing speeds lead to the formation of
high levels of thermostrictive stresses and local plastic deformations in the irradiated areas of alloys. To confirm their
existence and perform a quantitative assessment of the values they achieve, as well as for the purity of the experiment,
research was conducted not only on copper alloys, but also on single-component copper samples [11]. After laser
irradiation, sliding lines appeared on the pre-polished surfaces of the copper samples, indicating traces of local plastic
deformation of the metal. The analysis of patterns of sliding lines and relief of the irradiated surface made it possible to
determine that the average height of the surface profile of the irradiated copper sample, and, consequently, the height of
the shear site was 6.5-8.5 nm.

Based on the measurements of this height and the calculations made, it was found that the shear stresses were
approximately 320 MPa. These values were higher than the conditional yield strength of copper (40—-80 MPa), which
led to plastic deformation of the surface layers of the irradiated metal, which ranged from 5 to 9% [3].

It should be noted that the actual values of stresses and plastic deformation that arise during the action of a powerful
thermal shock of a laser pulse on local metal sites will undoubtedly have much higher values.

Thermal deformation effects appearing in the areas of laser irradiation of alloys, despite the extremely short laser
pulse time (1073 s), lead to stress relaxation not only to local plastic deformation, but also to dynamic polygonization
and recrystallization of the structure in the surface layers of metals.

As shown by the results of quantitative assessment of temperatures in the irradiated copper substrate, at a layer
depth of 15 um, the temperature drops to 800°C, that is, the zone of laser treatment of a copper sample in a solid state
begins. It can be concluded that at this temperature, under the thermal deformation conditions of laser irradiation,
despite the extremely short time of thermal exposure, it becomes possible to manifest dynamic polygonization and
recrystallization in irradiated areas on copper. As a result, the copper grain is crushed from the initial size of 25 pm to
4-5 pum in the recrystallized metal. The evidence of dispersion of the structure of the surface irradiated layers of the
alloy is the results of durometric analysis, which indicate that the highest hardness is achieved in the recrystallized zone.

The described recrystallization process leads to an increase in the crack resistance of the irradiated “chrome coating
— copper substrate” compositions. This is due to the removal of stresses that appear in the coating during its application
and high-speed laser processing, which reduces the likelihood of brittle destruction of the composition.

Thus, it was found that laser treatment with a radiation power density of 150 MW/m2 contributes to an increase in
the adhesion strength of the chrome coating to a metal (copper) substrate due to the formation of a transition layer of
specific morphology at the boundary of the coating and the base material, as well as due to recrystallization processes in
the surface layers of the copper alloy.

An analysis of the results of studies of irradiated “coating — copper substrate” compositions has allowed us to
conclude that they expand the technological capabilities of laser method of hardening materials and ensure guaranteed
high performance of products with irradiated coatings.
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