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be30nmacHOCTb TEXHOT€HHBIX U IPUPOAHBLIX CUCTEM

Penensupyemblii Hay4YHO-NIPpaKTHYECKUI skypHaJ (u3gaercs ¢ 2017 roga)

elSSN 2541-9129
DOI: 10.23947/2541-9129

Tom 7, Ne 2, 2023

Co3maH B IENSX OCBELICHHS PE3yJbTaTOB HCCIENAOBAaHMH M peasbHBIX AOCTHXKEHMH IO aKTyaJbHBIM BOIPOCAM
MAaIIMHOCTPOCHUs, TeXHOC(EepHOU Oe30MacHOCTH, COBPEMEHHON METaUIypruM W MaTepHuanoBelcHus. B xypHane
OCBEIIAIOTCS NpOOJIeMBl pa3BUTHS (YHAAMEHTAJIbHBIX HCCIEJOBAaHUH M WH)XXEHEPHBIX pa3padOTOK B psje
Ba)XHEHIIMX 007acTel TeXHWYeCKHX HayK. OZHMUM W3 TTIABHBIX HANPaBJICHHUN AEATEIBHOCTH XXypHasa SIBISETCS
HHTETpaLysl B MEXTyHApOIHOE HHPOPMAIMOHHOE TPOCTPAHCTBO.

JKypHasl BKJIIOYeH B IlepedyeHb peleH3MPYeMbIX HAYYHbIX M3JaHMii, B KOTOPOM [0JLKHbI OBITh
ony0JMKOBAHbI OCHOBHbIE HAy4YHbIe Pe3yJbTAThl JUCCEPTALMI HA COMCKAHME YYEHOHl cTemeHW KaHIAMIATA
HAYK, Ha COHMCKaHuUe Yy4YeHOil crenmeHu AokTopa Hayk (Ilepeyenr BAK) mno cieayommmM Hay4YHbIM
CHenuaJIbHOCTAM:

2.5.11 — Ha3emHBIE TPaHCTIOPTHO-TEXHOJIOTHYECKHE CPEICTBA M KOMIUIEKCHI (TEXHUIECKHE HAYKH)
2.5.21 — MamuHsl, arperaThl ¥ TEXHOJIOTHIECKHE TPOIECCH (TEXHUYECKUE HAYKH)

2.6.1 — MeramnoBeneHne U TepMUIecKas 00padOTKa METAILIOB U CILIABOB (TEXHUYECKIE HAYKH)
2.6.5 — [lopomnrkoBas METaLTyprusi 1 KOMIO3UIIMOHHBIC MaTePHAJIbl (TEXHUIECKHE HAYKH)

2.6.17 — MarepuanoBeeHue (TEXHIUSCKUEC HAYKH)

2.10.1 — Ioxapnast 6e30MacHOCTb (TEXHUUECKHE HAYKH)

2.10.2 — Dxonoruyeckasi 0€30MacCHOCTh (TEXHUYECKHE HAYKH)

2.10.3 — bezonacHOCTh Tpyia (TEXHUYECKUE HAYKH)
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Abstract

Introduction. The state of the population health depends on the ecological and hygienic well-being of the territory. In
places with developed oil production, there is a long-term impact of pollutants on the human body and, as a result,
corresponding diseases develop. This is evidenced by numerous domestic and foreign studies, but the territory of the
Irkutsk region is not covered by such studies. Therefore, the work objective is to assess the impact of oil production
processes on the incidence of the population of oil-producing regions of the Irkutsk region.

Materials and Methods. The source materials were the statistical indicators of overall and primary disease incidence of
the population of the regions of the Irkutsk region for the period from 2016 to 2019, posted on the website of medical
statistics of the Irkutsk region. For the calculation of the non-carcinogenic risk, we have used environmental monitoring
data from an oil-producing company based on average daily concentrations of pollutants in oil-producing areas.

Results. It is shown that oil-producing areas are characterized by extremely high incidence rates for such groups of
diseases as respiratory diseases, diseases of the circulatory system, diseases of the musculoskeletal system, diseases of
the digestive system, diseases of the genitourinary system, as well as deviations in pregnancy, childbirth and the
postpartum period. Infant mortality rates in these territories are up to 4 times higher than the corresponding average
indicators for the Irkutsk region as a whole. The calculation of non-carcinogenic risk showed an excess over the
permissible values accepted in Russia.

Discussion and Conclusions. The results of the analysis testify to the unfavorable medical and demographic situation in
the territories under discussion. The pronounced excess of the incidence rate for the presented groups of diseases in the
oilfield areas in comparison with the territories taken for comparison reflects the possible impact of environmental
pollution on the health of the population. A connection between the growth of infant mortality in the territories under
consideration and the beginning of the industrial development of hydrocarbon deposits in these places has been
revealed. The contribution of oil companies to the socio-economic development of the regions, including co-financing
of medical care for the population, could partially offset the negative impact of industrial processes.

Keywords: oil production, public health, overall and primary disease incidence, non-carcinogenic risk.
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Onenka BJMAHUSA NPoueccoB HedTe00bIYN HA 310POBbE HACETCHUSA
HedTeno0bIBaOIUX pailoHoB UpKyTCcKoii 001acTn

E.A. Xamuayaiauna = D<, B.B. BacuiibeBa

HpkyTckuii HallMOHAIBHBINA UCCIIE0BAaTEIbCKUN TEXHUUECKUI YHUBEpCUTET, Poccuiickas denepanys,
r. UpkyTck, yn. JlepmonToBa, 83

D4 elena.irk.mail@list.ru

AHHOTAIHUSA

Beeoenue. CocrosiHUE 370pOBbSI HACEJIEHUsS] 3aBUCHT OT 3KOJIOTO-THUTHEHHYECKOro OJaronoiyuust tepputopuu. B
MecTax C pa3BuUTOM HedTenoOblYel MPOMCXOMUT JJIHUTENILHOE BO3/CHCTBHE 3arps3HSIONIMX BELIECTB HAa OpPraHH3M
YeNoBeKa, YTO B UTOTE BIIEYET 3a cOo0OW BO3HMKHOBEHHE DA3NMUYHBIX 3a0oieBaHmil. OO0 3TOM CBUAETEIBCTBYIOT
OoTedecTBEHHBIE W 3apyOekHble ucciemoBanus. Ha Tteppurtopmm VpkyTckoii o0nacTw TakWe WCCIEIOBaHUS HE
MpoBOMMINCE. [loATOMY TIenmbI0 JaHHOM pPa0OTHI SBISUIACH OIEHKA BIHSAHHUSA TIPOIeccoB HedTemoObun Ha
3a00JIeBaeMOCTh HaceJIeHUs HeTeAoObIBAIOINX paiioHOB U pKyTCcKoit 00macTw.

Mamepuanvt u memoost. VICXOTHBIMI MaTepHaJaMH ITOCTYKUIIA CTATUCTHYSCKUE MOKa3aTelIn OOmell U MepBUIHOM
3aboneBaeMocT HacedeHus Mpkyrckoit obmactu 3a mepuon ¢ 2016 mo 2019 roael, pa3MmellicHHbIE Ha cailTe
MEJIMIIMHCKOM CTaTUCTUKU. B pacueTe HEKaHIIEPOr€HHOro PHUCKa MCIOIb30BaIH JaHHbIE SKOJIOIMY€CKOT0 MOHUTOPHHTA
HedTenoObIBaIOIICH KOMIIAHHUM 110 CPEJHECYTOYHBIM KOHLEHTPAIMsSIM 3arps3HAIONIMX BELUIECTB B paloHax
HedTen00bIYH.

Pezyromamut uccnedosanusn. IlokazaHo, 9YTo paiioHbI HEPTEIOOBIYM OTIMYAIOTCS KpaiHE BBHICOKAMH IMOKa3aTeISIMU
3a00JIeBa€MOCTH CO CTOPOHBI CHCTEM OPTaHOB JBIXaHHSA, KPOBOOOpAIICHHUS, MUIIEBAPCHUS, MOYCBBIICICHHUS, KOCTHO-
MBIIIIEYHOW CUCTEMBI, a TAaKKe MO MATOJOTHUAX BHYTPHUYTPOOHOTO DPa3BHUTHS IUIONA, NPH POJAX U B IOCICPOIOBOM
neprone. Ilokazarenn MilaneHYECKOW CMEPTHOCTH HA JAHHBIX TEPPUTOPHUSAX MHOYTH B UYETHIPE pa3a IPEBHIMIAIOT
COOTBETCTBYIOIIIE CpPEeIHHUE IMOKa3aTenH 1mo MpkyTckoil obmactu. Pacder HEeKaHIIEPOTCHHOTO PHCKA TaKXKe ITOKa3all
MIpEeBEIIICHIE Hal IPUHATHIME B Poccru IOy CTUMBIMU 3HAYCHISIMH.

Obcyacoenue u 3aknrouenus. Pe3ynapraThl MPOBEICHHOIO aHAIKM3a CBUACTEIBCTBYIOT O HEOJArOMPHUSITHON METUKO-
JeMorpapuyeckoil CHTyalM Ha OO0CYXJaeMbIX TEPPUTOPHSX. BbIpaKeHHOEe IpeBbILIEHHE 3a00JIeBAEMOCTH II0
MIPEJCTAaBICHHBIM I'pyHIaM OoJie3HeW B paiioHax HedTenmpoMmbICia, MO CPaBHEHUIO C TEPPUTOPUSAMH, B3ATBIMHU IS
CpaBHEHUS, OTpaXKaeT BO3MOXKHOE BIIMSHUE 3arpsI3HEHHOCTH OKpPYJKarolllei cpesbl Ha 3[J0poBbe HaceleHus. [lokasana
CBSI3b POCTA MJIJICHUYECKONH CMEPTHOCTH C HayalloM IPOMBIIUIEHHOTO OCBOCHUS YIJIEBOJOPOJIHBIX MECTOPOKICHUM
9THX MecT. Bkmax HedTemoOBBaOIMX KOMIAHWH B COIMAIBHO-YKOHOMHYECKOE PpA3BUTHE PETHOHOB, BKIFOYAs
copHAHCHPOBAHUE METUIIMHCKOHN IMOMOIIH HACEICHHI0, MOTJIIO OBl YaCTHYHO KOMIICHCHPOBATh HETaTHBHOE BIHSHUE
MIPOMBITIICHHBIX TTPOIIECCOB.

KnaioueBnbie cioBa: HedrenoObIva, 370poBbe HAceNeHUs, 0Omas M NepBUYHas 3a00J1€BaeMOCTh, HEKaHIIEPOTECHHBIN
PHCK.

BaaronapHocTu. ABTOpBI BHIPaXKalOT MCKPEHHIOK MPU3HATENBLHOCTD 3aBEYIOIIEH, a Takke COTPYTHHKaM KadelIpbl
MIPOMBIIIJICHHON 3KOJIOTHH M 0€30MacHOCTH JKHU3HEAEATENBHOCTH VIPKYyTCKOro HAlMOHAJIBHOTO HCCJIEIOBATEIBCKOTO
TEXHUYECKOTO YHHBEPCHUTETA 3a TOMOIIb U MOAIEPKKY, OKa3aHHYIO IIPH BHITIOJIHEHUH JaHHOW PaOOTHI.

Jas mutupoBanns. Xamunyuiuaa E.A., BacuiseBa B.B. Ouenka BiausiHus mpoieccoB HedTea00bun HA 310POBHE
HaceneHuss HedTenoObBaOmMuUX paiioHOB HWpkyTckol obOmactu. besonacnocmv mexHo2eHHbIX U NPUPOOHBIX
cucmem. 2023;7(2):7-16. https://doi.org/10.23947/2541-9129-2023-7-2-7-16

Introduction. The problem of oil production impact on the health of the population is discussed at different levels.
A number of studies show the negative environmental impact of oil production, affecting the health of the
population [1-6].

As noted in [1], over 4 billion tons of crude oil is produced annually in the world. At each stage (extraction, storage,
transportation), the environment is polluted with about 50 million tons of oil and petroleum products. Each process
(exploration, drilling, production, gathering, storage, transportation of oil), under appropriate conditions, makes a
change in the initial ecological state of the oil-producing area. It is believed, that the greatest environmental pollution
occurs during accidental releases and spills [7, 8]. However, the problem is that the issue of using associated petroleum
gas remains unresolved. The combustion products of associated petroleum gas are intensively released into the
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environment: soot, benz(a)pyrene, ammonia, nitrogen oxides, sulfur dioxide, aromatic hydrocarbons, dioxins, unburned
oil. Pollutants enhance their toxic effect with simultaneous action.

Health condition of the population in most cases depends on the ecological and hygienic well-being of the territory.
In territories with developed oil production, long-term exposure of the human body to harmful substances occurs and, as
a result, corresponding diseases develop, pathologies appear, the risk of childhood morbidity, birth defects,
miscarriages, stillbirths, oncological diseases and diseases of the endocrine, pulmonary, and cardiovascular systems
increases [9-14].

The work objective is to assess the impact of oil production on the incidence of the population of oil-producing
areas of the Irkutsk region. The presented work is a continuation of the authors' research in this field [15].

Materials and Methods. The source materials were statistical indicators of the overall and primary disease
incidence of the population of the districts of the Irkutsk region (Katangsky, Kirensky and Ust-Kutsky districts) for the
period from 2016 to 2019, posted on the website of medical statistics'. For comparison, similar indicators of the
Kazachinsko-Lensky district of the Irkutsk region and the Irkutsk region as a whole were used as background
indicators. In non-carcinogenic risk calculation, we turned to the environmental monitoring data of the oil company on
the average daily concentrations of pollutants in the oil-producing areas?.

Results. The Irkutsk region is rich in minerals: coal, iron ore, rock and potash salts, hydromineral raw materials,
gold, ore raw materials, as well as significant raw hydrocarbon deposits (estimated recoverable oil resources —
2050 million tons®).

Hydrocarbon production is in the north of the Irkutsk region — these are the Katangsky, Kirensky and Ust-Kutsky
districts. The Verkhnechonskoye oil and gas condensate field is located in the Katangsky district of the Irkutsk region,
in the upper reaches of the Chona River, 1100 km from the city of Irkutsk and 420 km from Ust-Kut, is one of the
largest deposits in Eastern Siberia®. The main fields of the Ust-Kutsky and Kirensky districts are the Yaraktinskoye oil
and gas condensate field (OGCF), located 140 kilometers from the city of Ust-Kut®; Markovskoye OGCF is named after
the nearby village of Markovo, 100 km from Ust-Kut and 60 km from the city of Kirensk; the Ichedinsky oil field
occupies the territory of the Kirensky district; the Ayansky licensed subsoil plot is located on the territory of the Ust-
Kutsky, Kirensky and Katangsky districts, 40 km from Kirensk®.

Figure 1 provides population dynamics indicators of the three districts under consideration and demonstrates the
situation of demographic decline of the population for the period from 2012 to 2022,
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Fig. 1. Population dynamics of the Katangsky, Kirensky and Ust-Kutsky districts of the Irkutsk region

1 Medical statistics. Ministry of Health of the Irkutsk Region. URL: https://miac-io.ru/uslugi-resheniya/meditsinskaya-statistika/
(accessed 25.01.2023). (In Russ.).

2 Arkhiv dokumentov dlya uchastiya v reitinge ekologicheskoi otvetstvennosti neftegazovykh kompanii. URL: https:/irkutskoil.ru/sustainable-
development/environmental-protection/arkhiv-dokumentov-dlya-uchastiya-v-reytinge/ (accessed 25.01.2023). (In Russ.).

8 Otsenka izvlekaemykh resursov nefti. Ministry of Natural Resources. Irkutsk region. URL:
https://www.mnr.gov.ru/activity/regions/irkutskaya_oblast/ (accessed 25.01.2023). (In Russ.).
4 Istoriya. Rosneft. URL: https://veng.rosneft.ru/about/Glance/Operational Structure/Dobicha_i_razrabotka/Vostochnaja_Sibir/veng/

(accessed 25.01.2023). (In Russ.).

® Yarakstinskoe. Edinyi fond geologicheskoi informatsii o nedrakh. URL.: https:/efgi.ru/object/17579691?num=1 (accessed 25.01.2023). (In Russ.).

¢ Glavgosekspertiza odobrila proekt INK po stroitel'stvu neftegazoprovoda na Ichedinskom. URL.: https://irkutskoil.ru/press-center/glavgosekspertiza-
odobrila-proekt-ink-po-stroitelstvu-neftegazoprovoda-na-ichedinskom-mestorozhdenii/ (accessed 25.01.2023). (In Russ.).

" Chislennost' postoyannogo naseleniya. Official website of the Irkutsk region for municipalities. URL: https:/irkutskstat.gks.ru/
(accessed 25.01.2023) (In Russ.).
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The health of the population is determined by lifestyle and socio-economic, hereditary and genetic factors, the
quality of the environment and medical care [16].

To assess the health of the population of the oil-producing areas of the Irkutsk region, the incidence indicators
(overall and primary) of the Katangsky, Kirensky, Ust-Kutsky districts were compared with an area close in climate, but
without oil-producing facilities the — the Kazachinsko-Lensky district and the indicators of the Irkutsk region as a
whole. The Kazachinsko-Lensky district is bordered in the north by the Kirensky district, in the west by the Ust-Kutsky
district and the Zhigalovsky district, and in the south by the Kachugsky district. 85 % of the territory of the
Kazachinsko-Lensky district is occupied by forest area, which determines the main activities of the population (logging,
sawmilling, wood processing).

Initially, groups of diseases with the greatest prevalence in the studied oil-producing areas were identified for the
study. To do this, we have studied the indicators of available statistics on overall incidence for the period from 2016
to 2019. Respiratory diseases turned out to be one of the most common types. The highest excess was recorded in the
Katangsky district of the overall incidence indicator for this type over the corresponding indicator of the Kazachinsko-
Lensky district and the Irkutsk region as a whole. In some cases, the indicators were exceeded several times, for
example, in 2016 — almost 5 times, compared with the indicators in the Kazachinsko-Lensky district, and 2.4 times,
compared with the indicators of the Irkutsk region as a whole.

Diseases of the circulatory system were in the second place in terms of prevalence. According to them, the overall
incidence of the population in 2018 exceeded 2.1-2.4 times in the Katangsky and Ust-Kutsky districts, respectively, the
indicators of the Kazachinsko-Lensky district and 1.3 times the indicators for the Irkutsk region as a whole. This is
followed by diseases of the musculoskeletal system and digestive organs. The indicators for diseases occurring in the
perinatal period and the number of congenital anomalies were also high in importance.

The diagram (Fig. 2) shows the average (for the period under review) indicators of overall incidence in the oil-
producing areas of the Irkutsk region and in the districts taken for comparison.
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Fig. 2. Average indicators of the overall incidence of the population of the oil-producing areas of the Irkutsk region in comparison
with the Kazachinsko-Lensky district and the Irkutsk region as a whole. The following categories of diseases are presented:
1 — respiratory organs; 2 — circulatory system; 3 — digestive organs; 4 — musculoskeletal system; 5 — genitourinary system;
6 — pathology during pregnancy, childbirth and in the postpartum period
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From a hygienic point of view, the impact of environmental factors on the residents of the studied areas is
manifested mainly in the overall incidence indicator, since the appearance of new cases of diseases is associated with
the intensity of exposure to pollutants contained in the habitat of the population.

The comparison of the indicators of overall and primary disease incidence of the population in the selected
territories (Fig. 3) indicates a pronounced excess of incidence in the presented groups of diseases in the oilfield areas,

10
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compared to the territories taken for comparison, which is a reflection of the possible impact of environmental pollution
on public health.
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Fig. 3. Comparison of overall and primary disease incidence indicators of the population in municipalities for the following diseases:
a — respiratory organs; b — circulatory system; ¢ — musculoskeletal system;
d — pathologies during pregnancy, childbirth and the postpartum period;
e — digestive system; f — genitourinary system
It is known that infants are extremely sensitive to the quality of the environment [17]. Diseases caused by
environmental changes are quite common in infancy. In this regard, the dynamics of infant mortality (the number of

dead children under one year per 1000 live births) in the districts of the Irkutsk region was considered. Figure 4 shows

the corresponding data® for the period from 2001 to 2019.

8 Demografiya. Irkutskstat. URL.: https://irkutskstat.gks.ru/ (accessed 25.12.2022). (In Russ.).
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According to the presented diagram (Fig. 4), the infant mortality rate in all areas of the oil field exceeds the level of
the Irkutsk region as a whole. It should be noted that the indicators of the Ust-1limsky, Ziminsky, Bratsky, Bodaybinsky
districts, which are also industrial districts of the Irkutsk region, also lie above the line of the Irkutsk region, but their
indicators are several times lower than those of the Katangsky district (exceeding the indicators of the Irkutsk region up
to 4 times in the period under review). The values of infant mortality indicators of the Kirensky district had been
growing since 2011 and by 2013 they were close to the corresponding indicators of the Katangsky district. The diagram
also shows the excess of infant mortality rates of the Ust-Kutsky district over the corresponding indicators of the Irkutsk
region from 2006 to 2018. In the opinion of the authors, there is an obvious connection between the increase in infant
mortality with the beginning of industrial development of hydrocarbon deposits in these areas (Ust-Kutsky — 2003,
Katangsky — 2006, Kirensky — 2012).

During the experiment, an assessment of the non-carcinogenic risk to public health in the oil-producing areas of the
Irkutsk region was carried out, using the Guidelines® and the environmental monitoring results of the oil company in
2018 and 2019 in the territories of the Danilovsky OGCF, Yaraktinsky, Markovsky and Ayan fields as initial data®.
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Fig. 4. Dynamics of infant mortality rates in the administrative districts of
the Irkutsk region from 2001 to 2019

It should be noted that during the assessment, the average daily concentrations of pollutants averaged over the
corresponding year were considered. The risk was calculated based on the fact that pollutants have a long-term effect,
therefore, in accordance with the Guidelines, the largest concentration value out of two available ones was used. In
accordance with the methodology, it was accepted that the daily air consumption by a person is 20 m%/day, the average
body weight of a person is 70 kg, the life time of a person is 70 years. Table 1 presents the calculation results of the
probability of the development of non-carcinogenic effects on the health of the population living in the studied

territories.

9 R2.1.10.1920-04. Rukovodstvo po otsenke riska dlya zdorov'ya naseleniya pri vozdeistvii khimicheskikh veshchestv, zagryaznyayushchikh
okruzhayushchuyu sredu. Federal Center of State Sanitary and Epidemiological Supervision of the Ministry of Health of the Russian Federation;
2004. 143 p. (In Russ.).

0 Arkhiv. INK. URL: https:/irkutskoil.ru/sustainable-development/environmental-protection/arkhiv-dokumentov-dlya-uchastiya-v-reytinge/
(In Russ.).
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Table 1
Assessment results of non-carcinogenic risk to the health of the population of the Katangsky, Kirensky and Ust-Kutsky
districts from atmospheric air pollution during oil production

5 Polluting substance Non-carcinogenic risk assessment
B MPC.. Hazard | RFC* RfD, C, ADD,
o
Substance (mg/m?) class (mg/kg-day) (mg/m) (mg/kg-day) INR
NO, 0.1 3 0.06 0.006 0.01 0.003 0.48
S0, 0.05 3 0.05 0.0025 0.05 0.015 6
> H,S 0.008 2 0.002 0.000016 0.0012 0.00006 0.38
S | Sarated 50 4 0.071 20 2.1 0.63 0.03
£ | hydrocarbons
X
Suspended 0.035 _ 0.075 0.003 0.23 0.0006 2
substances
Methanol 05 3 4 2 55 1.595 0.80
Total 9.69
NO, 0.1 3 0.06 0.006 0.009 0.0026 0.43
S0, 0.05 3 0.05 0.0025 0.06 0.00174 6.96
. H,S 0.008 2 0.002 0.000016 0.001 0.00003 1.88
4
% | Saturated 50 4 0.4 20 22 0.638 0.034
£ | hydrocarbons
\'4
Suspended 0.035 _ 0.075 0.003 0.54 0.00157 0.52
substances
Methanol 0.5 3 4 2 3.7 1.1 0.55
Total 10.37
NO, 0.1 3 0.06 0.006 0.007 0.0021 0.35
S0, 0.05 3 0.05 0.0025 0.03 0.00017 35
> H,S 0.008 2 0.002 0.000016 0.0002 0.0000058 3.75
g | Saturated 50 4 0.4 20 11 32 0.16
= | hydrocarbons
-]
Suspended 0.035 _ 0.075 0.003 051 0.0015 5
substances
Methanol 0.5 3 4 2 11 2 1
Total 13.76

* ADD — the average daily dose of the pollutant absorption (mg/kg x day); C — the average concentration of the pollutant in the air (mg/mq);
RfD — the reference dose of MPC (mg/m®); RFC — reference concentrations for chronic inhalation exposure.

Values of individual non-carcinogenic risk exceeding one, in accordance with the method used, mean the presence
of a risk of harm to health with daily inhalation of polluted air. The greatest impact on health is the content of sulfur
dioxide, suspended solids, methanol and hydrogen sulfide in the air. A comparative analysis of risks with established
incidence indicators in these areas demonstrates the relationship between the content of priority pollutants in the
atmospheric air and the incidence pattern of the population in the form of a significant indicator of diseases of the
respiratory, circulatory and musculoskeletal systems.

The Irkutsk region is one of the ten most polluted regions of the country. It is believed that the industrial centers —
Angarsk, Bratsk, Shelekhov, Zima, Irkutsk — have the greatest negative impact. However, the active development of
oil fields in recent years has also begun to have a significant impact, which could not but affect the health of the

population of nearby territories.
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Discussion and Conclusion. The unfavorable medical and demographic situation in the territories under discussion
is shown. The Katangsky district ranks first among all the considered districts and the region as a whole in terms of
diseases of the respiratory system, circulatory system, musculoskeletal system, digestive organs, genitourinary system,
as well as deviations during pregnancy, childbirth and the postpartum period. The Kirensky district is characterized by
extremely high overall and primary indicators of deviations during pregnancy, childbirth and in the postpartum period.
In this area, the indicators are exceeded by more than 2 times, compared with the rest of the territories considered. In
the Ust-Kutsky district, the indicators of overall and primary incidence of the circulatory system and respiratory
diseases exceed the indicators of the territories taken for comparison. There are examples in Russia when the negative
impact of industrial production on the health of the population is compensated by the high level of socio-economic
development of the region [18]. Perhaps such a solution to the problem would be a solution in these territories if oil-
producing companies took part of the costs of financing healthcare, including the costs of attracting highly qualified
medical personnel, as well as improving other socio-economic indicators of the production regions themselves.
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Abstract

Introduction. In the study of the problem of the impact of negative factors from explosions at gas stations on people
and the infrastructure of settlements, a probabilistic approach is often used. The limitation of this approach is that when
it is implemented, the concept of clutter of the surrounding space does not reflect the relationship between the area
occupied by buildings and the total area affected by the shock wave. Therefore, this article is devoted to the
development and justification of an approach to assessing the consequences of explosions of fuel-air mixtures (FA),
taking into account the peculiarities of the development of settlements. The work objective is to develop an approach
for assessing the consequences of explosions of fuel-air mixtures, taking into account the development features. The
solution to this problem will facilitate decision-making for the development of effective protective measures for
surrounding objects.

Materials and Methods. The authors have conducted an analytical review of the research results in the field of study
and the existing approaches to assessing the consequences of explosions at filling stations (FS) and gas stations (GS),
based on the specific conditions of their location on the territory of settlements.

Results. An approach has been developed to assess the consequences of explosions of fuel-air mixtures, taking into
account the development features. The main causes, types of accidents with an explosion at a gas station and the scale
of their consequences have been identified. Along with the theoretical justification of the issue under consideration, the
authors provide a detailed description of the applied research methodology, as well as the characteristics of the objects
of research, taking into account their location. When calculating the consequences of explosions of fuel-air mixtures, it
was proposed for the first time to use a development density factor equal to the ratio of the area of the existing facilities
to the total area of the territory affected by the shock wave. This approach justifies the need to apply additional
protective measures in the areas where gas stations are located. The methods of analysis used are described in detail
with justification of the reliability of the measurement results.

Discussion and Conclusion. The application of the approach proposed in the article for calculating the consequences of
an explosion of fuel-air mixtures, taking into account the development density, makes it possible to control the location
and the level of risk from possible explosions at gas stations in a real situation. The proposed approach for calculating
the consequences allows you to quickly assess possible risks in real time and plan specific measures to minimize them
in accordance with the existing situation in the area of the gas station.

Keywords: filling (gas) station, risk assessment, methodology, deflagration, explosion, calculations, experiment,
development.
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Hayunas cmamos
Pa3p360TKa nmoaxoaa aJjid OIECHKH HOCJIelICTBI/Iﬁ B3PbIBOB TONJVIMBHO-BO3AYIIHbIX cMecei

€ Y4eTOM 0COOEeHHOCTel 3aCTPOKH

AIL Tropun"= X, U.M. SIaHUKOB
WxeBckuil rocyqapcTBeHHbIN TexHudeckuil yausepeuteT umeHn M. T. Kanamnukosa,

Poccuiickas ®enepanus, 1. xesck, yn. CtyneHuyeckas, 7

> asd1978@mail.ru

AHHOTAIUSA

Beeoenue. Ilpu wuccienoBanuu mnpoOneMbl BO3/ACHCTBUS Ha JIOJeH M HMHQPACTPYKTYpPY HACEIEHHBIX ITyHKTOB
HETaTUBHBIX (JAKTOPOB, BO3HHMKAIOIIMX TIPH B3pbIBAX HAa 3alpPaBOYHBIX CTAHIMAX, 3a4acTyl0 IPHMEHSETCS
BEPOSITHOCTHBIH Toxaxox. OrpaHWdeHHe AAaHHOTO MOAXO0Ja COCTOMT B TOM, YTO NPH €ro peaau3aluyl IOHSATHE
3arpOMOYKICHHOCTH OKPY’KaIOIETO MPOCTPAHCTBA HE OTPayKaeT COOTHOLICHHUS MEX/y IUIOIAABI0 3aCTPOUKU U 00Imeit
IUTOIIA b0, OABEPKEHHON BO3JEHCTBHIO YAapHOU BOMHEL. [103TOMY aHHAs CTaThs MOCBSIIEHA BOIIPOCaM pa3pabOTKH
n 0OOCHOBaHMS IIOJXOAAa K OLIEHKE IOCIEICTBUHA B3PHIBOB TOIUIMBHO-Bo3AymHBIX cMmecedt (TBC) ¢ yuérom
0COOEHHOCTEH 3acTpOMKHM HacelIE€HHBIX NyHKTOB. Llenpio paboTel siBUiIach pa3paboTka MOIXOJa Ul OLEHKH
MOCJIEAACTBUH B3PHIBOB TOIUIMBHO-BO3IYLIHBIX CMeCEd C y4eToM OcCOoOeHHOCTeH 3acTpoiiku. Pemienue naHHOM
npoOemMbl OyJieT crocoOCTBOBATh MPHUHATHIO PEIeHUH Juis pa3paOboTKu 3 (HEKTHUBHBIX 3alUTHBIX MEPOIPHATHH s
OKPY’KaIOIINX 0OBEKTOB.

Mamepuansl u memoodsl. ABTOpaMH IPOBEAEH AHATMTHUCCKHH 0030p pE3ysIbTATOB HCCIEIOBAaHWI B H3ydacMOW
obmacTn ¥ CyMIECTBYIOIIMX IIOAXOAOB K OIEHKE IIOCIEACTBUHA B3PHIBOB HAa AaBTOMOOWMIBHBIX 3alPaBOYHBIX
crannusax (A3C), razosamnpaBouHbix cTaHIusIX (AI3C), mcxons M3 KOHKPETHBIX YCIOBHM HX pAacHOJIOXKEHHS Ha
TEPPUTOPUHU HACEIEHHBIX ITyHKTOB.

Pezynomamut uccnedoganus. Pazpabotan moaAX0 IS OLICHKH MTOCTEICTBIH B3PHIBOB TOIUIMBHO-BO3YIITHBIX CMECEH C
y4eToOM 0COOEHHOCTEH 3aCTpOMKH. BEIsBIIEHBI OCHOBHBIE IPHUUYUHBI, BHJIBI aBapuii co B3psIBoM Ha A3C u MaciTabbl UX
nocieacTBUd. Hapsimy ¢ TeopermueckuM OOOCHOBaHHMEM pacCMaTpHBAaeMOro BOINPOCA, aBTOpaMU IPHBEICHO
MOJPOOHOE ONKCAaHWE MPUMEHEHHOW METOAMKH HCCIIEIOBAHMS, a TAKXKE XapaKTEPHCTHKAa OOBEKTOB MCCIIECAOBAHUS C
y4éToM HX MecTopacnoyoxkeHus. IIpu pacuere mocinencTBUI B3PHIBOB TOILUIMBHO-BO3AYIIHBIX CMECEH BIEpBBIC
MIPEATI0KEHO HCIONIB30BaTh KOA((UIMEHT IIOTHOCTH 3aCTPOWKH, PaBHBIN OTHOIICHWIO IUIOMIAAM CYIIECTBYIOMINX
00BEKTOB K OOIIEH IUIOMAAX TEPPUTOPUH, TMOABEPKEHHONW BO3ICHCTBUIO yIAPHOW BONHBL JIaHHBIA MMOAXO]
000CHOBBIBAaET HEOOXOJMMOCTh IIPUMEHEHUsI JOTOJHUTENbHBIX 3aIMTHBIX MEPONPUATHH B PallOHAX pPaCIIOJIOKEHUs
3anpaBoYHBIX CTaHIMH. IlogpoOHO omMcaHBI HCMONB30BAaHHBIE METOIBI aHajH3a ¢ OOOCHOBAHHMEM JIOCTOBEPHOCTH
pe3yJIbTaTOB U3MEPEHUI.

Oobcyscoenue u 3aknouenusn. IlpuMeHeHne mpeayaraéMoro B CTaThe MOAXOAA Ul pacdeTa IOCIEICTBUN B3phIBa
TOILIUBHO-BO3YIIHBIX CMECEH C y4yeTOM BEIHUYUHBI IJIOTHOCTH 3aCTPOHKH JaéT BO3MOXHOCTB KOHTPOJIHMPOBATh
pacloyiokeHHe M ypOBEHb pHCKa OT BO3MOXHBIX B3pPBIBOB Ha 3alpaBOUYHBIX CTaHIMAX B YCIOBUSX pealbHON
oOctaHoBKU. [IpeyiaraeMblii oIXo/1 K pacyeTy IOCIEeICTBUI MTO3BOJISIET ONEPATHBHO B pealbHOM MaciuTade BpEeMEHH
U B COOTBETCTBHH C CYIIECTBYIONIEH 00CcTaHOBKOH B paiione pacmonoxenuss A3C OIeHMBATh BO3MOJKHBIE PUCKU

IJIAaHUPOBATH KOHKPETHBIC MECPOTIPUATHUSA 110 UX MUHUMHU3AIUH.

KnroueBble cjoBa: aBro3anpaBodHasl (ABTOra303ampaBOvYHAs) CTAaHIMS, ONEHKA PHCKA, METOMHMKa, aedarparus,

B3DbIB, BBIUYUCIICHUS, SKCIIEPUMEHT, 3aCTpOiKa.
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BaaronapaocTn. ABTOpBI BBIpaXKalOT 0J1arolapHOCTh KOJUIEKTHBY pa3pabOTYMKOB aBTOPCKOTO Kypca «DJIEKTpOHHAs
nHdopmannoHHo-oOpazoBarenbHas cpega» B june CynrtanoBa P.O., MaiiopoBoii M.A. u CwmupaoBa C.B. 3a
npodeccHOHaNbHBIE KOMIICTEHIMH, IIOJY4YEeHHbIE MpPU €ro W3Y4YeHHHM M HCIIOJIb30BaHHbIE B JalbHEHIIEM IpH

BBINIOJIHCHHUH JJAHHOT'O UCCJICOBaHUs.

Jaa uurupoBanus. Tiopun A.Il., Sxauko W.M. Pa3paboTka momxoma aisg OLEHKH IOCIEICTBHI B3PHIBOB
TOITUBHO-BO3AYIIHBIX CMECeH ¢ y4€TOM 0COOCHHOCTEH 3acTpOiiku. be3onacHocms mexHO2eHHbIX U NPUPOOHDBIX

cucmem. 2023;7(2):17-26. https://doi.org/10.23947/2541-9129-2023-7-2-17-26

Introduction. Accidental explosions often occur at automobile gas stations located in the immediate vicinity of
places where a large number of people stay. The assessment of the consequences of such explosions is relevant and
extremely important. The severity of negative impacts depends primarily on the presence and quality of obstacles to the
propagation of the shock wave. Subsequent assessments are necessary to carry out corrective measures aimed at
reducing the impact of negative explosion factors. These include the installation of any mechanical obstacles —
protective barriers, trees, shrubs, etc. The effectiveness of protective measures in quantitative terms should be sufficient
to reduce the risks to the minimum permissible values. At the same time, the assessment of hazards should have a visual
representation.

In practice, it is not uncommon for regulated and unregulated pedestrian crossings, various buildings or public
transport stops to be located near gas stations, including multi-fuel ones. At the same time, there are often no
elementary obstacles from explosive objects on the way to them that contribute to reducing the explosive load.

The danger of severe consequences in case of accidents at gas stations is confirmed by Russian and international
statistics. In particular, during the period from 2005 to 2016, 2-3 fires with victims occur annually at gas stations in our
country, in which 4 people are injured or killed [1]. Similar cases occur in other countries, for example, [2] describes
50 typical cases of accidents at gas stations in China over the past 20 years.

The leading approach to the study of the problem of the impact of negative factors of explosions at gas stations on
people and the infrastructure of settlements is the use of well-known techniques [3] implemented in various software
packages. For example, the module "Fuel-air mixtures explosions. Calculations of the affected areas during fuel-air
mixtures explosions"! allows us to comprehensively consider all the above mentioned parameters. For practical and
research purposes, the methodology makes it possible to control the entered parameters, calculation logic, and
assessment of the magnitude of the consequences in case of changes in local building conditions.

To analyze hazards, the researchers use methods of analyzing modes and consequences of failures. The type and
cause of equipment failure of the most frequent accidents is an explosion caused by static electricity. In this regard,
effective measures are usually proposed to eliminate accidents and mitigate the consequences. The research results are
aimed at ensuring the possibility of risks reduction of operating gas stations.

Scientific sources devoted to the analysis of accidents with the explosion of liquefied petroleum gases indicate that
their consequences often lead to significant material losses and human casualties. Hazard analysis for deflagration and
detonation mode is usually performed by the analytical method described in detail in above methodology [3]. However,
more complex numerical calculation methods are also used [4]. For example, with the software? help, the explosion
scenarios are considered in conditions of complex area development in a three-dimensional representation, including in
the case of an explosion inside a building. To analyze the deflagration hazard of fuel-air mixtures, the explosion

pressure and flame propagation features of a pre-mixed mixture of liquefied petroleum gases (LPG) with air can be

1 Modul' «Vzryv TVS». Raschety zon porazheniya pri vzryvakh. URL: https://toxi.ru/produkty/programmnyi-kompleks-toxirisk-5/moduli-toxirisk-
5/modul-vzryv-tvs-raschety-zon-porazheniia-pri-vzryvah-tvs (accessed 22.12. 2022). (In Russ.).

2 BREEZE ExDAM. Modeling Software for EHS Professionals. Trinity Consultants. URL:
https://www.trinityconsultants.com/software/explosion/exdam (accessed 15.09.2022).
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studied numerically. For example, in a closed pipeline at elevated initial pressures and temperatures. The results of such
studies allow us to identify the greatest influence on the parameters of the explosion, for example, the initial pressure.
Due to the general observed trend, there is an approach to predicting accidents and their consequences using the concept
of risk. Features of the risk of LPG deflagration in difficult work situations, explosion risk assessment of related
procedures and devices for the development of scientific and effective explosion protection measures are considered in
work of Chinese researchers [5].

Safety and risk assessments studies are increasingly being used to manage hazardous materials management
activities. The resulting models in risk analysis studies can be used, for example, for land use planning or for calculating
the consequences of emergencies of already existing facilities. Some works present models for calculating the
consequences of fires, explosions and toxic gas emissions for people, buildings and structures. The source of such
models, as a rule, is a handbook on the calculation of consequences developed for the Ministry of Housing and
Environment of the Netherlands, which provides a significant number of models [6]. In foreign literature, one can find
sources that reveal the basic concepts in terms of the acoustic effects of the explosion and their physical
characteristics [7].

Filling stations, their multi-fuel variants, single gas filling stations are quite complex socio-technical systems with
dynamic relationships between various risk factors. Currently, the causal analysis of accidents related to the explosion
of fuel-air mixtures is mainly focused on the study of aspects of human fault and equipment malfunction. In [8], 28 risk
factors for gas explosions were identified. Nine of them, such as a flash, an electric spark and a local accumulation of
gas, are the direct causes of gas explosion. 17 factors are related to operating actions, malfunction of ventilation systems
and errors in safety management. They are indirect. The probability of gas explosion increases with an increase in the
number of risk factors. The risks associated with the imperfection of state policy and legislative acts are among those
that are poorly subject to management. It has been established that, compared with subjective risk factors, objective
factors have a higher probability of causing a gas explosion due to associated risks.

There are a number of studies devoted to the comparative explosion consequences assessment based on different
approaches. For example, in[9], simplified empirical models were used to assess explosion consequences.
Nevertheless, in most cases, a methodology adopted by the international community and based on probabilistic models
is used to assess the degree of vulnerability of people. The calculation results using different approaches have some
differences, but all reproduce the real damage and predict the explosion consequences with sufficient accuracy.

Among Russian scientists, work is also underway to systematize the results of research on the damaging effects of
air shock waves during gas-air mixtures explosions. Thus, in [10], various empirical dependences of the main
parameters of the air shock wave on the distance were obtained on the basis of the universal method of energy
similarity. A method has been developed for calculating the power of the damaging effect for a person who is in shelters
of various degrees of protection.

The simplest example of noise impact assessment during explosions of fuel-air mixtures is presented in source [11].
According to the information presented in this paper, it is possible to determine the distance from the epicenter of the
explosion, at which the sound pressure level is 140 dB, which is a critical value for a human auditory analyzer.

This article is aimed at developing an approach to identify the calculated values of the probability of occurrence of
an event — the impact of a shock load on a person and environmental objects due to a possible explosion of the fuel-air
environment, taking into account the development features on the ground, which are determined by a specially
introduced formula. Such a calculation is carried out in a single computational paradigm with the possibility to set

initial parameters and visually present the results to the user.
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The analysis of the previously described research materials allowed us to establish that the nature and dynamics of
the behavior and consequences of emergency situations at stand-alone gas stations directly depend on the characteristics
of the surrounding area. The disadvantage of the analyzed methods is the absence of a factor in the calculations that
takes into account the development features of the area. The objects that need to be considered may include public
transport stops, residential buildings, regulated pedestrian crossings and other gas stations. They are characterized by a
close location to places of one-time congestion and even mass stay of people with a population of 50 and more people.

The authors have also analyzed another type of materials — regulatory legal acts of the Russian Federation and
came to the conclusion that at present there is some legal uncertainty in the application of a number of concepts used in
justifying approaches to the placement and design of gas stations on the territory of settlements. In particular, the
concept of "a place of mass stay of people”, introduced by the law "On Countering Terrorism"3, means the simultaneous
presence of 50 or more people in a certain place. By the Decree of the Government of the Russian Federation* these
places were ranked in three categories: with a population of up to 200 people — the third category, up to
1000 people — the second one and more than 1000 people — the first category. An object with a mass stay of people is
a building or structure (except residential buildings) in which 50 or more people can be at the same time®. That is, in
order to justify the risk of placing a potentially hazardous object or a place with a mass stay of people, it is necessary to
consider only objects with a population of 50 or more people. It is quite difficult to imagine a stop with simultaneous
presence of more than 50 people with the current saturation of cities with public transport. Current documents
regulating the placement of gas stations, NPB-111-98* and SP 156.13130.2014°%7 establish specific standards for the
remoteness of gas stations from certain objects, buildings and structures, public roads, etc. However, instead of the
concept of "public transport stop”, as a rule, the wording "place of mass stay of people™ is used. Since human life is the
highest value and an absolute priority in justifying any approaches, it seems advisable to reduce the threshold for the
number of places (objects) of mass stay of people or introduce the concept of "a place of gathering of people” with the
establishment of a number of 20 or more people. Then public transport stops, regulated and unregulated crossings, etc.
will fall under this definition.

Thus, the conclusion is that the use of the established approaches to assessing the consequences of possible
explosions at gas stations can lead to a revision of the standards for their location within the boundaries of settlements,
the degree of their emergency protection and the protection of objects located in the zone of possible impact of negative
explosion factors.

Materials and Methods. To achieve the goal set in the work we use analytical modeling of the consequences of
explosions of fuel-air mixtures with building density assessment on the territory of a hazardous object. This approach
makes it possible to clarify the characteristics of the type of surrounding space, expressing it not only with a qualitative,
but also with a quantitative measure and substantiate the need and priority of carrying out protective measures to reduce

possible risks and damage.

% O protivodeistvii terrorizmu. Federal law of 06.03.2006 No. 35-FZ. State Duma. URL.: http://www.consultant.ru/document/cons_doc LAW_58840/
(In Russ.).

4 Ob utverzhdenii trebovanii k antiterroristicheskoi zashchishchennosti mest massovogo prebyvaniya lyudei i ob"ektov (territorii), podlezhashchikh
obyazatel'noi okhrane voiskami natsional'noi gvardii Rossiiskoi Federatsii, i form pasportov bezopasnosti takikh mest i ob"ektov (territorii). Decree
of the Government of the Russian Federation No. 272 of 25.03.2015 (ed. 29.07.2020). Government of the Russian Federation. Electronic fund of legal
and regulatory documents. URL: https://docs.cntd.ru/document/420264843?section=text (In Russ.).

5 Ob utverzhdenii Pravil protivopozharnogo rezhima Rossiiskoi Federatsii (s izmeneniyami i dopolneniyami). Decree of the Government of the
Russian Federation No. 1479. Government of the Russian Federation. Electronic fund of legal and regulatory documents. URL:
https://docs.cntd.ru/document/565837297?section=text (In Russ.).

6 SP 156.13130.2014 Car refueling stations. Fire safety requirements. Approved and put into effect by Order of the Ministry of Emergency Situations
of Russia No. 221 of May 05, 2014. URL: https://docs.cntd.ru/document/1200110842 (accessed 15.12.2022). (In Russ.).

" Normy pozharnoi bezopasnosti. Avtozapravochnye stantsii. Trebovaniya pozharnoi bezopasnosti. NPB 111-98*. Date of introduction 01.05.1998.
Put into effect by Order of the GU GPS of the Ministry of Internal Affairs of Russia No. 25 of 23.03.1998. (In Russ.).
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The methods of basic calculations are based on the use of the provisions of methodology [8], which allows
determining the consequences of detonation or deflagration combustion of fuel-air mixtures containing propane,
methane or gasoline. Additionally, area or length measuring instruments in 2GIS and similar programs were used. This
made it possible to perform online measurements of areas or lengths on the displayed terrain.

As calculated parameters, the parameters laid down in manual [3] were evaluated, taking into account the provisions
of [6]: significant or complete structural damage to buildings, the probability of eardrum rupture, survival as a result of
pressure wave or lung damage. Due to the availability of mathematical logic of calculations, it is possible to implement
an assessment of consequences as a result of the action of fragments as secondary factors of damage.

In total, the terrain features near seventeen gas stations located on the territory of Izhevsk, where such fuels as
propane, methane or gasoline are used, were analyzed. Characteristic objects of key interest are presented in Table 1.

For obvious reasons, these objects are depersonalized.

Table 1
Characteristics of the studied objects
No. Fuel type Features of the location, including the proximity of Possibility of gathering of
similar objects people
1. Propane In the line of sight there is a gas station at a distance No
of 95 m, next to which there is a bus stop
2. Methane Bus stop at a distance of 60 m Yes
3. Propane High-rise building (5 or more floors) at a distance of No, but the effect of secondary
25m explosion factors — glass
fragments is possible.
4, Gasoline In the line of sight there is a transport stop, as well as Yes
a 5-storey residential building

Results. Before performing the calculations, two tasks were set that were necessary to verify the reliability of the
calculations:

— assessment of the correctness of the calculations of probabilities of the estimated parameters based on the
probability function;

— assessment of the correctness of measuring areas and lengths in relation to objects on the ground.

Verification of the correctness and completeness of the solution to the first problem was performed on the
conditions of solving the problem given in example No. 1 of methodology [3]. The solution to the second problem was
confirmed in an experiment using a measuring "ruler" on the website of the public cadastral map of the Udmurt
Republic®. The use of characteristic measurement points in the measurement experiment on the cadastral map showed
the results of measurements along the length. Hence, the conclusion was made about the reliability of the measurement
and the area on the ground. Figure 1 provides an explanation of the principle of performance of measurements.
(obtained by the authors using a public cadastral map https://eqrp365.org/map/?id=g2ApXz ), Figure 2 provides a visual

representation of the calculation result.

8 Public cadastral map of the Udmurt Republic EGRP 365. Checking real estate. URL.: https://egrp365.0rg/ (accessed 23.10.22). (In Russ.).


https://egrp365.org/map/?id=g2ApXz
https://egrp365.org/

AP Tyurin, et al. Development of an Approach to Assess the Consequences of Fuel-Air Mixtures Explosions Taking into Account the Development Features

Kapra SHperc
Kap e

w A CryTHUK SHEKT
CryTHYK Google
CryTHUK Bing

N
N\

\
NN N

N Manepnts paccromite n nnowaas

N\

56° 50 41.35" N /53" 11 18.19"E
56844810/ 53.188386

36 M (136 1)

Fig. 1. Measurements on the public cadastral map

Fig. 2. Visual representation of the calculated zone, for the boundary of which the probabilities of consequences were determined
The next stage of the model experiment was the assessment of building density coefficient on the territory of the
selected objects. A graphical representation of the measured areas is also shown in Fig. 2.
Building density coefficient p was determined by the formula:

21 5n
=& 1
Sref ( )

where n — the number of measured plots; S, — the area of one measured plot, m?; S s — the base area, m2.

The area of a circle with a radius of 200 m was chosen as the base area. For all analyzed gas stations, the building
density coefficient does not exceed the value of 26.7 %. It should be noted that this value does not include the area of
green spaces such as shrubs or trees, which in summer to a certain extent perform barrier functions due to the presence
of foliage, but in winter do not lead to a decrease in the impact of an air shock wave. With a density coefficient
of 26.7 %, according to definitions [3], the situation can be characterized as slightly cluttered. In practice, it is necessary
to take into account the building orientation in relation to the epicenter of the explosion and the material from which it
is built. Out of seventeen initial objects, four were selected as meeting the research criteria. Further, on the basis of the
measured values of distances to places of possible mass stay of people, the probabilities of occurrence of events —
damaging factors of the explosion of the fuel-air mixture were determined. Table 2 provides the results of research and

calculations.
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Table 2
Results of calculations of the model experiment
Probabilities of damaging factors, %
Coefficient of Serious . Probability of
- . Complete Probability of ]
No. building density / structural . survival as a Lung damage,
i i destruction of eardrum
calculation radius, m damage to o result of pressure P5
. buildings, P2 rupture, P3
buildings, P1 wave, P4

1. 0/95 84 27.1 2.2 14 0
2. 13.2/60 23 2.9 0.7 0.6 0
3. 22.4/25 92.6 39.6 44 29.1 0
4. 26.7/60 87.6 317 2.9 23.6 0

Based on the analysis of the results obtained (Table 2), it can be stated that the probabilities of injury to people is at
a sufficiently high level, while they can be reduced by special measures — the construction of barriers to the spread of
negative explosion factors.

Discussion and Conclusion. As the study has showed, the prediction of the consequences of explosions of fuel-air
mixtures can be justified by the presence of characteristic terrain features near gas stations with such fuels as gasoline,
propane or methane. The terrain features, as a rule, consist in the fact that in the zone of significant consequences there
may be places of mass stay or congestion of people, for example, public transport stops.

From the point of view of the completeness of consequences manifestation, two options are possible:

— there may be no barrier obstacles both in winter and in summer;

— the presence of green spaces in winter has a weak barrier effect in relation to the affected objects. Identification of
such dangerous objects can be carried out with a comprehensive examination of the entire territory of the settlement.

It is proved that the measurement of building density can be defined as the ratio of the area of objects enclosed in a
circle of the target diameter to the area of this circle. To conduct the study, the consequences of the explosion of fuel-air
mixtures were calculated based on the probability function. This approach has proven itself on the positive side,
including in international practice. It is able to give accurate predictive results with lower computational costs compared
to computational procedures. The novelty implemented in the project is the use of the "Ruler" module, which allows
you to estimate areas and linear distances on a geographical map of the area. This module allows you to determine the
building density coefficient as the ratio of the sum of the areas to the area of a circle with a radius of 100 m, although
you can choose distance. In this case, the center of the circle is the "conditional” middle of the gas station. In the best
case, it is necessary to take into account the relative location of buildings or structures located near the target object,
which can be either "longitudinal” or "transverse" to the epicenter.

According to the measurement results for the objects observed in the framework of this study, the coefficient of their
building density does not exceed 26.7 %, which makes it possible to characterize the type of surrounding space as
"open" or "slightly cluttered" in accordance with [3], and thus is confirmed quantitatively.

As the calculation results show, the probability of human survival in pressure wave for two of the four gas stations is
at the level of 29.1 % and 23.6 %. The comparison with the maximum permissible values is not possible due to the lack
of such. However, in relation to the acceptable probability, these values are significant. The acceptable probability can
be calculated as the probability value of this criterion for the distance specified in method [3]. For liquid motor fuel
filling stations with above-ground tanks located outside the territories of settlements, the minimum distances from them
to such objects as places of mass gathering of people should be at least 50 m.

It is proposed to introduce the concept of "a place of gathering of people™ as a place where 20 or more people can be
at the same time. It is proposed that it should include public transport stops, regulated and unregulated crossings,
including ground, underground, etc.
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The accessibility and simplicity of the methodology with the use of open cartographic data makes it possible to carry
out these types of calculations. The results of cartographic studies, along with computational procedures, have shown
that currently there are those among gas stations that are characterized by the possibility of people crowding at close
distances from them.

As the study has showed, the presence of conditions allowing the probability of explosions is quite common,
although their implementation is episodic. Perhaps, their occurrence is due to historical reasons. The aforementioned
public transport stops and similar temporary structures may not exist during the design and construction of gas stations,
and may be installed by the decision of local administrations much later. The application of the proposed approach
makes it possible to control their location and the level of risk from possible explosions at gas stations in a real
situation.

Ultimately, the proposed approach to assessing the consequences of explosions of fuel-air mixtures allows you to
quickly assess possible risks in real time and in accordance with the real situation in the area of the gas station location
and plan specific measures to minimize them.
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Abstract

Introduction. Recently, much attention has been paid to the issues of long-term development of specialized fire and
rescue units of the Federal Fire Service of the State Fire Service. In this regard, there is a need to develop criteria to
justify the use of a particular service as part of specialized fire and rescue units. Therefore, the objective of this study is
to develop a mathematical model to justify the need to use radiation and chemical protection services as part of
specialized fire and rescue units in the subjects of the Russian Federation.

Materials and Methods. Justification of the need to use radiation and chemical protection services as part of specialized
fire and rescue units has been carried out using the theory of fuzzy sets. The mathematical model takes into account the
climatic and geographical features of the subjects, indicators of social, technical and economic development, and the
risks of emergencies and fires. It also takes into account the availability of forces and means of a Unified State system
for the prevention and liquidation of emergency situations in each subject of the Russian Federation. In total,
15 indicators were selected that characterize the need to use radiation and chemical protection services as part of
specialized fire and rescue units. A desirability function is defined for each indicator, which shows which values of the
indicator are the most acceptable from the point of view of the need to use radiation and chemical protection services as
part of specialized fire and rescue units.

Results. Using the developed model, the subjects of the Russian Federation are identified in which the need for
radiation and chemical protection service as part of specialized fire and rescue units is the highest. It is proposed to
create a radiation and chemical protection service of the 1st category in the Moscow, Sverdlovsk and Rostov regions, in
the Krasnoyarsk and Primorsky Territories and in St. Petersburg. In 21 subjects it is proposed to use the radiation and
chemical protection service of the 2nd category. In other subjects, it is proposed to assign the 3rd category to the
radiation and chemical protection service.

Discussion and Conclusion. The mathematical model developed using the theory of fuzzy sets will allow a more
differentiated approach to the creation of a radiation and chemical protection service as part of specialized fire and
rescue units and increase the efficiency of the functioning of this service and specialized fire and rescue units as a
whole. The presented model can be applied to justify the need to use other services and groups as part of specialized fire
and rescue units.

Keywords: fuzzy set, specialized fire and rescue unit, emergency, fire, risk, radiation and chemical protection.

Acknowledgments. The authors express their gratitude to the editorial board of the journal and the reviewer for their
professional analysis and recommendations for correcting the article.

For citation. Mashtakov VA., Bobrinev EV., Udavtsova EYu, et al. Justification of the Need to Use the Radiation and
Chemical Protection Service as Part of Special Fire and Rescue Units in the Subjects of the Russian Federation. Safety
of Technogenic and Natural Systems. 2023;7(2):27-37. https://doi.org/10.23947/2541-9129-2023-7-2-27-37

© VA Mashtakov, EV Bobrinev, EYu Udavtsova, AA Kondashov, ES Treshchin, 2023

Technosphere Safety

27


https://doi.org/10.23947/2541-9129-2023-7-2-27-37
https://doi.org/10.23947/2541-9129-2023-7-2-27-37
mailto:otdel_1_3@mail.ru
https://doi.org/10.23947/2541-9129-2023-7-2-27-37
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2023-7-2-27-37&domain=pdf&date_stamp=2023-05-31
https://orcid.org/0000-0002-6256-9273
https://orcid.org/0000-0001-8169-6297
https://orcid.org/0000-0002-1343-0849
https://orcid.org/0000-0002-2730-1669
https://orcid.org/0000-0002-3257-4856

https://bps-journal.ru

28

Safety of Technogenic and Natural Systems. 2023;7(2):27-37. eISSN 25419129

Hayunas cmamos
Ob6ocHOBaHME HEOOXOAUMOCTH MCIOJIb30BAHMS CJIY:KObI PaIMAMOHHOM
¥ XHMHY€CKOM 3allIMThI B COCTABE CIENHAJIN3HPOBAHHbBIX
NMOKAPHO-CIacaTeJbHbIX YacTeil B cy0bekTax Poccuiickoii ®@egepanun

B.A. Mamrakos <, E.B. Bo6punes ', E.IO. YnasuoBa =, A.A. Kongamos* , E.C. Tpemun

Bceepoccuiickuit Opaena «3Hak [Toueray HaydHO-HCCIEIOBATEIbCKUN HHCTUTYT
npotuBonokapHoit 06opons! MUC Poccnm, Poccniickas ®enepanns, r banammxa, mxp. BHUUIIO, 1. 12

> otdel 1 3@mail.ru

AHHOTAIHSA

Beeoenue. B mocnenHee Bpems Oonblloe BHUMAHHWE YJETSETCS BOIPOCAaM  IEPCHEKTUBHOTO  Pa3BUTHS
CHeLUaIM3UPOBaHHBIX TT0JKapHO-ClIacaTeNIbHbIX YacTeld PenepanbHO NpOTHBONOKapHOH ciyx0bl ['ocynapcTBeHHOM
npotuBonoxapaoi ciyx0sl (PIIC I'TIC). B cBs3u ¢ 3TUM cymiecTByeT NOTpeOHOCTh B pa3pabOTKE KPUTEPUEB IS
00OCHOBaHHMS HCITIONIB30BAHHUSI TOM WIM HHOW CIy)XOBI B COCTaBe CIICIHMAIN3UPOBAHHBIX I10’KapHO-CIIACATEIBHBIX
gacreit (CIICY). IloaTromy menp OAaHHOTO HCCIIENOBAaHUS COCTOsUIa B pa3paboTKe MaTeMaTHYECKOW MOJCTH IS
000CHOBaHMSI HEOOXOJMMOCTH HCIIOIB30BAaHMS CIYKOBI paJualliOHHOW M XMMH4YEeCcKOH 3amutel B cocraBe CIICY B
cybonexTax Poccuiickoit @enepanuu.

Mamepuanst u memoosi. OO0CHOBaHHE HEOOXOIMMOCTH HCIIONB30BAHMS CIYXKOBI pajlalMOHHON M XUMHYECKOH
samuthl (PX3) B cocraBe CIICU mpoBeneHO ¢ KCIMOJIB30BaHWEM TEOPUU HEUYETKHX MHOXKECTB. B Marematndeckoit
MOJIENIM  YYUTHIBAIOTCS MPHUPOAHO-KIMMATHYECKHEe U Teorpaduyeckue OCOOCHHOCTH CYOBEKTOB, IOKa3aTelln
COLIMAIBHOTO M TEXHHUKO-3KOHOMUYECKOT0 Pa3BUTHUS U PUCKUM BO3HHKHOBEHHS YPE3BBIYAIHBIX CHUTyaI[Uil U IOXapoB.
Taxxe yunthiBaeTcst Hamuuue cui u cpeactB PCUC B kaxaom cyobekte Poccuiickoit denepanuu. Beero oTrodpano
15 nokazatenei, XxapakKTepu3yONHX HEOOXOAUMOCTh HcIoyb3oBanusa ciyxk0bl PX3 B coctaBe CIICY. [[ns kaxmoro
TOKazaTelsl ompenesicHa (YHKIUS JKENaTelNbHOCTH, KOTOpas IOKa3bIBACT, KaKWe 3HAUCHMS IOKAa3aTelsl SBILIFOTCS
HamboIee MPUEeMIIEMBIMH C TOYKH 3PCHHS HEOOXOJUMOCTH UCTIONB30BaHms ciyk0bsr PX3 B cocrase CIICU.
Pe3ynomamut uccnedosanusn. C WCTONB30BaHUEM pa3pabOTaHHONH MOJENN OIpeneNleHsl cyOBeKThl Poccuiickoii
®deneparyn, B KOTOPHIX MOTpeOHOCTE B ciyk0e PX3 B coctae CIICY nanbonee Beicokas. Ciryx0y PX3 1-ro pa3psima
mpejyiaraeTcs co3nats B MockoBckoit, CBepanoBckoit u PoctoBekoit obmactsax, B KpacHospckom u [Ipumopckom Kpasx
u B T. Cankr-llerepOypre. B 21 cyObexre mpeanaraercs HCIoOib30BaTh ciayxk0y PX3 2-ro paspsma. B ocranbHBIX
cyOBEeKTax MpeIoKeHO MPUCBOUTE ciyk6e PX3 3-nit paspsn.

Obcyacoenue u 3axniouenus. Pa3paboTaHHas C HUCIOJIB30BAHHEM TEOPUH HEUCTKUX MHOXKECTB MaTeMaTHUYECKas
MOJIeNb MMO3BOJUT Oosiee nuHEepEeHIIUPOBAHHO MOAXOIUTh K co3maHuio ciy)0bl PX3 B cocraBe CIICU u MOBBICHUTH
s¢dexTHBHOCTh (HyHKIMOHUPOBaHUs naHHON ciayxObt u CIICY B menom. IlpenctaBiieHHas MOJE/b MOXET OBITh
IIPUMEHEHa /111 000CHOBaHUS HEOOXOMMOCTH UCIIONB30BAHMS IPyTUX ciyk0 u rpynn B coctaBe CITICY.

KiaroueBble ci10Ba: HEYETKOE MHOKECTBO, CIICHUAIU3UPOBAHHAA [IOKAPHO-CHIaCaTClibHasA 4YacCThb, qpeaBanﬁHaﬂ
CUTyalusd, rnoxap, puck, paidalliOHHAd U XUMHUYCCKas 3aliuTa.

BaaronapHocTn. ABTOpHI BBIpaKaroT OJIaroJapHOCTh PEAAKIMOHHOW KOJUISTMM JKypHaJla M pPELEH3EHTY 3a
npodecCHOHANBHBIN aHANIM3 U PEKOMEHJAUH AJIsl KOPPEKTUPOBKH CTaThU.

Jaa uurupoBanus. Mamtakos B.A., bo6punes E.B., Ynasmora E.}0. u ap. ObocHOBaHME HEOOXOAMMOCTH
HCIIONB30BAaHMS CIyKOBl paJuallMOHHOM M XMMHYECKOH 3aIIUTHl B COCTaBE CIEIMATU3MPOBAHHBIX MOXKAPHO-
crmacaTelbHBIX 4acTeld B cyObekTax Poccuiickoit ®enepanuu. beszonachocmv mMexHOSEHHLIX U NPUPOOHBIX
cucmem. 2023;(7)2:27-37. https://doi.org/10.23947/2541-9129-2023-7-2-27-37

Introduction. Specialized fire and rescue units of the Federal Fire Service of the State Fire Service (hereinafter
referred to as SFRU) in the territorial garrisons of fire departments are assigned the tasks of extinguishing xs in
settlements and facilities, carrying out emergency rescue, diving and other special engineering works related to the
elimination of fires, the elimination of the consequences of technogenic and natural emergencies [1, 2].

According to the standard staffing table (Order of the Ministry of Emergency Situations of 21.03.2014 No. 129 "On
Amendments to Order of the Ministry of Emergency Situations of Russia of 30.12.2005 No. 1027 and Invalidation of

the Orders of the Ministry of Emergency Situations of Russia and Certain Provisions of the Orders of the Ministry of
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Emergency Situations of Russia") the following services and groups may be part of SFRU:

— diving service;

— medical and psychological service;

— telecommunications and communications service;

— engineering service;

— radiation and chemical protection service;

— fire extinguishing and emergency rescue service;

— cynological group;

— pyrotechnic work group;

— technical support and maintenance group;

— robotics and unmanned aerial vehicles group.

Currently, much attention is paid to the issues of the SFRU long-term development [2]. In this regard, it became
necessary to formulate criteria for justifying the use of a particular service as part of the SFRU.

The study objective is to develop a mathematical model using the theory of fuzzy sets [3-6] to determine the need to
use the radiation and chemical protection service (RCP) as part of the SFRU to ensure fire safety and protect territories
from emergencies in the subjects of the Russian Federation.

The RCP service in the SFRU of Chief Directorates of the Ministry of Emergency Situations of Russia for the
subjects of the Russian Federation is created to ensure safety measures and improve the SFRU readiness for emergency
situations to extinguish fires, eliminate emergency situations at facilities with chemically hazardous substances, as well
as extinguishing fires and conducting primary emergency-rescue works related to them at facilities with radioactive
substances and other sources of ionizing radiation.

Materials and Methods. In order to develop a mathematical model, a list of indicators was formed that characterize
the need for the use of SFRU and individual services (groups) of SFRU in the subjects of the Russian Federation. A
total of 34 indicators were selected. From these indicators, those that characterize the need to use the RCP service are
highlighted. All indicators are divided into three groups.

Natural-climatic and geographical features of the subject characterize the following indicators:

— area of the territory;

— seismic hazard,;

— presence of mountain ranges;

— social, technical and economic factors, which include the following indicators:

— share of industrial production in the total volume of production;

— degree of depreciation of basic production assets;

— length of highways;

— length of railways;

— number of radiation-hazardous objects;

— number of chemically hazardous objects;

— number of explosive and fire-hazardous objects.

The third group includes the risks of emergencies and fires, as well as indicators characterizing the availability of
forces and means of the Russian System of Prevention and Response to ES (RSChS) in the considered and neighboring
subjects of the Russian Federation:

— average distance to the nearest SFRU, in which there is a RCP service;

— average distance to the nearest unit of the RSChS forces, in which there is a RCP service;
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— presence of the RCP service in the SFRU in the subject of the Russian Federation under consideration;

—risk of emergencies related to chemical and radiation hazards;

— risk of emergencies related to explosions, collapses.

For each indicator, a desirability function is determined [7, 8], the values of which lie in the range from 0 to 1. The
desirability function demonstrates which values of the indicator are the most acceptable from the point of view of the
need to use the RCP service as part of the SFRU.

If, with an increase in the value of the indicator, the demand for the RCP service increases, the desirability function
has the form:

0, x < Xq,
X—X1 < <
) =9 5o A SXS X, (1)
1, X > Xy
If a higher value of the indicator corresponds to a lower demand for the RCP service, the desirability function has
the form:
1, x < Xq,
X2—X < <
() =45, XSXSX 2)
0, x> x,.

Boundary values of x, and x, are determined by analyzing statistical data for each indicator. Functions y, (x)
and u, (x) are used for indicators, the values of which change continuously.

To formalize the indicators set at the qualitative level, linguistic assessments of the degree of expressiveness of the
indicator are used. The desirability function for such indicators takes discrete values.

For the "seismic hazard" indicator, the desirability function has the form:

0, y<6
[ 0;21 y = 6;
04, y=7,
.U3(Y) = { 0,6, z — 8, ) (3)
018) y = 91
1, y=10,

where value y characterizes the presence in the subject of the Russian Federation of settlements with the specified
seismic intensity for the C degree of seismic hazard (according to the set of rules of SP 14.13330.2011 "Construction in
Seismic Areas").
For the "presence of mountain ranges" indicator, the desirability function has the form:
0, z =0,
0,25, 0<z<0,2
Us(z) =4 05 02<z<04,, 4)
0,75, 0,4 <z<0,6,
1, z=0,6,

where value z characterizes the share of the territory of the subject of the Russian Federation occupied by mountain
ranges.
For the "availability of the RCP service in the SFRU" indicator, the desirability function has the form:

0, if the RCP service is created,
1, if there is no RCP service.

us() = { (5)

The integral assessment of the need to use the RCP service in the SFRU in the subject of the Russian Federation is
determined by the formula:
W = X5=1 BnWm, (6)
where B,, — weight coefficient for the m-th group of indicators.
Generalized w,,, estimator for the m-th group of indicators for the subject of the Russian Federation is determined by
the formula:

Wn = ZZZ1 ety (Xg), (7)
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where N,,, — number of indicators in the m-th group; a,,, — weight coefficient for the k-th indicator in the m-th group;
ur — desirability function for the k-th indicator; x,, — value of the k-th indicator for the subject of the Russian
Federation.

To determine weight coefficients for each group of indicators, the method of pair-wise comparisons based on the
linguistic scale of assessments was used [9, 10]. When comparing the i-th and j-th indicators, a;; score is set depending
on the degree of importance of these indicators from the point of view of the need to use the RCP service in the SFRU
from 1 (if the indicators are equally significant) to 9 (if the i-th indicator is strictly preferable to the j-th). The
assessment of the comparison of the j- th indicator with the i- th i has the inverse value of 1/a;;.

As an example, Table 1 shows a matrix of pair-wise comparisons for indicators characterizing social, technical and
economic features of a subject of the Russian Federation. The names of the indicators are given in Table 2.

The desired values of weight coefficients a1, az, ..., an for each group of indicators are the solution to the
optimization problem

S =2 X (aa — ai)z - min; Rl a; =1, ®)
which is found by the method of indefinite Lagrange multipliers [11]. Optimization problem (8) is reduced to a system
of N+1 linear equations, the solution to which is the desired weight coefficients «; and the Lagrange multiplier 1.

Table 1
Matrix of pair-wise comparisons for indicators characterizing social, technical and economic features of the subject of
the Russian Federation from the point of view of the need to use the RCP service in the SFRU

No 1ok. 1 2 3 4 5 6 7
1 1 1 0.33 0,50 0.25 0.25 1
2 1 1 0.33 0,50 0.25 0.25 1
3 3 3 1 3 1 1 5
4 2 2 0.33 1 0.33 0.33 1
5 4 4 1 3 1 1 4
6 4 4 1 3 1 1 4
7 1 1 0.20 1 0.25 0.25 1

Table 2 shows the type of desirability function and its parameters, the calculated values of weight coefficients ay,,
for the indicators included in each group, as well as weight coefficients 3, for each of the three groups of indicators.

Table 2
Parameters of the desirability function and weight coefficients for indicators characterizing the need to use the RCP
service in the SFRU
Weight
No. Indicator name Function Value x; Value x, coefficient
Akm
Natural-climatic and geographical characteristics (8, = 0.127)
1 |Area of the territory, thousand km? wuq (%) 20 200 0.583
2 |Seismic hazard Us(x) - - 0.258
3 |Presence of mountain ranges g () 0.159
Social, technical and economic characteristics (8, = 0.222)
1 |Share of industrial production in the total volume|  p,(x) 20 50 0.063
of production, %;
2 |Degree of depreciation of basic production assets,| g, (x) 40 60 0.063
%
3 |Length of highways, thousand km uq (%) 5 20 0.239
4 |Length of railways, thousand km Uy () 0.5 2 0.084
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Weight
No. Indicator name Function Value x; Value x2 coefficient
Akm
5 |Number of radiation-hazardous objects, units wq () 0 5 0.247
6 |Number of chemically hazardous objects, units q (%) 30 100 0.247
7 |Number of explosion- and fire-hazardous objects,|  u, (x) 50 150 0.057
units
Risks of emergencies and fires (8; = 0.651)
1 |Distance to the nearest SFRU, in which there isa|  p,(x) 50 500 0.075
RCP service, km
2 |Distance to the nearest RSChS unit, in which there| — u, (x) 50 500 0.075
is a RCP service, km
3 |Availability of the RCP service in the SFRU s (x) - - 0.703
4 |Risk of emergencies related to chemical and| u,(x) 0 0.2 0.085
radiation hazards, year
5 |Risk of emergency situations related to| u,(x) 0 0.4 0.061
explosions, collapses, year*

Results. The developed mathematical model was applied to determine the need to use the RCP service as SFRU part
to ensure fire safety and protect territories from emergency situations in the subjects of the Russian Federation. The
values of indicators of socio-economic development of the subjects are determined according to the data of the Federal
State Statistics Service. The number of hazardous objects in the subjects is determined using data [12]. The risks of
emergencies are determined based on the analysis of data on the types of sources of occurrence and nature of
emergencies in the subjects of the Russian Federation for the period from 2010 to 2021.

At the first stage, the subjects of the Russian Federation were identified, in which it is necessary to use the 1st-class
SFRU. For these subjects, the condition must be met:

W= W, = zwmax;wmm’ )
where W — value of the integral indicator of the need to use the SFRU in the subject of the Russian Federation; W,,;,
and Wy, — the minimum and maximum values of the integral indicator among the subjects of the Russian Federation.
Boundary value W, was obtained equal to 0.650.

According to the calculation results, the 1st-class SFRU is proposed to be used in six subjects of the Russian
Federation: in the Moscow, Sverdlovsk and Rostov regions, in the Krasnoyarsk and Primorsky Territories and in
St. Petersburg. In all the 1st-class SFRU, the RCP service is assigned the 1st class.

At the second stage, for the rest of the subjects of the Russian Federation, the values of the indicator "average
distance to the nearest SFRU" were determined, taking into account the 1st-class SFRU, and the values of the integral
indicator of the need to use the RCP service in the SFRU were calculated.

The 2nd-class RCP service is proposed to be used in the SFRU, if the condition is met:

_ 2Wpx3,maxtWpx3min
Wexz = Wexzrp = 3 ) (10)

where Wpy3 — value of the integral indicator of the need to use the RCP service in the SFRU in the subject of the
Russian Federation, Wpy3 min and Wpyz ;ma, — the minimum and maximum values of the integral indicator among the
subjects of the Russian Federation in which there is no 1st-class SFRU. Boundary value Wpys ., Was obtained equal
to 0.759.

In the remaining subjects of the Russian Federation, it is proposed to use the 3d-class RCP service in the SFRU.

The obtained values of the integral indicator of the need to use the RCP service in the SFRU in the subjects of the
Russian Federation Wpyxs are shown in Fig. 1. It is proposed to use the 1st-class RCP service in 6 subjects of the
Russian Federation (highlighted in red in the figure), the 2nd-class RCP service — in 21 subjects (highlighted in
yellow), the 3d-class RCP service — in 58 subjects (highlighted in green).

The calculation results based on a mathematical model are compared with the actual presence of the RCP service in
the SFRU in the subjects of the Russian Federation. For this purpose, information was collected from the Chief



VA Mashtakov, et al. Justification of the Need to Use the Radiation and Chemical Protection Service as Part of Special Fire and Rescue Units

Directorates of the Ministry of Emergency Situations of Russia in the subjects of the Russian Federation on the
availability and need for the RCP service as part of the SFRU.

Of the subjects included in the red group, the RCP service was not created only in the SFRU of St. Petersburg.

Of the subjects included in the yellow group, the RCP service in the SFRU was created in 19 subjects out of 21.
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Fig. 1. Distribution of the subjects of the Russian Federation according to the integral indicator of the need to use the RCP service
in the SFRU in the subjects of the Russian Federation

33



https://bps-journal.ru

34

Safety of Technogenic and Natural Systems. 2023;7(2):27-37. eISSN 25419129
T N — — ——  — ——  — — — — ——— S ——————

Of the subjects included in the green group, there is a RCP service in the SFRU in 40 subjects of the Russian
Federation out of 58, 9 subjects declared the need to create a RCP service, 5 more subjects in which this service was
created declared no need for it.

The existence of a statistical relationship between the calculation results based on a mathematical model and the
actual presence of the RCP service in the SFRU in the subjects of the Russian Federation was verified using the ¥?
Pearson criterion [13, 14]. The results can be displayed as a conjugacy table (Table 3).

Table 3
Conjugacy table to verify the relationship between the calculation results based on a mathematical model and the actual

presence or declared need for the RCP service in the SFRU in the subjects of the Russian Federation

Number of subjects of the Russian Federation in which ]
_ Total number of subjects
) RCP service is .
Group name RCP service has been created o ) of the Russian
. . missing or there is no )
or there is a need to do it Federation
need

Red group 5 1 6
Yellow group 19 2 21
Green group 44 14 58
Total 68 17 85

The value of y?-statistics for two-field Table 3 is 2.11. The critical value of criterion y? for two degrees of freedom at
a significance level of 0.05 is 5.99. The calculated value is less than the critical one, which indicates that there is no
relationship between the calculation results based on the mathematical model and the actual presence of the RCP
service in the SFRU in the subjects of the Russian Federation. This indicates that the RCP services as part of the SFRU
are currently created without taking into account the risks of emergencies and fires and other features of the subjects of
the Russian Federation. The use of the approach proposed in the article will allow for a more differentiated approach to
the creation of the RCP service as part of the SFRU and increase the efficiency of the functioning of this service and the
SFRU as a whole.

Discussion and Conclusion. The mathematical model based on the theory of fuzzy sets has been developed to
justify the need for a radiation and chemical protection service as part of specialized fire and rescue units to ensure fire
safety and protect territories from emergencies in the subjects of the Russian Federation. The model takes into account
the climatic and geographical features of the subjects, indicators of social, technical and economic development, and the
risks of emergencies and fires. It also takes into account the presence of forces and means of RSChS in the considered
and neighboring subjects of the Russian Federation.

It is proposed to assign a class from the 1st to the 3rd to each SFRU, depending on the scale of the tasks to which the
SFRU is involved, taking into account the risks of emergencies and fires. Similarly, it is proposed to assign classes for
services and groups as part of the SFRU.

On the basis of the developed model, the calculations of the integral assessment were carried out to justify the need
to use the RCP service in the SFRU for each subject of the Russian Federation. The subjects of the Russian Federation
are identified in which the need for the RCP service as part of the SFRU is the highest. In these subjects, it is proposed
to use the RCP service of the 1st and 2nd classes.

The developed model can be applied to substantiate the need to use other services (groups) as part of the SFRU.
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Abstract

Introduction. The paper considers the problem of fire resistance assessment of building structures with intumescent fire
protection. For the results reliability, a fire test should be carried out only when the intumescent coating at the facility is
ready, which will make it possible to detect hidden factors of violation of its quality and prevent collapse in case of a
possible fire. The work objective is to test the express analysis of intumescent coatings in comparison with standard
methods for fire resistance assessment.

Materials and Methods. The elements of building structures covered with fire-resistant intumescent paint Defender
M Solvent with different diluent content were studied. The fire resistance of the coatings was determined by two
methods. The first one is an express analysis. The following indicators were recorded:

— general appearance of the coked cellular material (CCM);

—swelling coefficient;

— CCM compressive and shear-tear strength of the boundary layer.

The second one is a standard approach according to the requirements of ISO 834-75 (GOST 30247.0-94). The
indicators were:

— time to reach the critical temperature;

— critical deflection during heating.

Results. In addition to the above indicators, testing also took into account the amount of diluent. The CCM swelling
coefficient, CCM compression force, tensile strength and density were considered. The revealed patterns are
systematized in a table. The obtained indicators were compared with the technical requirements for the material. The
period during which the steel substrate of the sample reaches a critical temperature is recorded. It is established that
with an increase in this time, the coefficient of swelling of the protective layer (CCM) and its shear-tear strength
increases. At the same time, the values of compressive strength and CCM density decrease. When the intumescent paint
is diluted beyond the norm, the fire protection parameters deteriorate and the fire resistance limit R45 is not reached.
The research results are visualized in the form of diagrams. They confirm that the express analysis makes it possible to
reasonably judge the suitability or unsuitability of the paint for fire protection, if the required fire resistance limit is
R45.

Discussion and Conclusions. In comparison with the results of the application of standard techniques, the effectiveness
of the express analysis technique and the correctness of the results of the assessment of intumescent fire protection were
confirmed. In construction conditions, an express CCM analysis will be sufficient to determine the quality of an
intumescent fire retardant coating.

Keywords: fire resistance, intumescent coating, coked cellular material, express analysis method, tensile strength,
critical temperature, swelling coefficient, fireproof structures.
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OTrHE3aIHUTON: CTAHIAPTHAN OLIEHKA M IKCIpecc-aHAJIN3
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1000 «Ctpourenscreo Kauecto Besonacuoctsy, Poccuiickas ®epepanus, r. Poctos-Ha-Jlony, np. KocMonasros, 37, od. 68, 69
2 JIOHCKOIi TOCYIapCTBEHHBIH TEXHMUECKUH yHUBEPCUTET, Poccuiickas @enepanus, r. Poctos-na-Jlony, mi. I'arapuna, 1

< olvp2808@rambler.ru

AHHOTAIUSA

Bgeoenue. PaccmarpuBaercss npoOiieMa OLIEHKH OTHECTOWKOCTH CTPOWTENbHBIX KOHCTPYKIHMH C HHTYMECLEHTHOMN
orHe3amuTon. J{nd mojydeHHs AOCTOBEPHBIX PE3yIbTATOB HY)KHO IPOBOJUTH OTHEBOE HCIBITAHHUE TOJIBKO IIOCIE
MIOJTHON TOTOBHOCTH MHTYMECLIEHTHOTO HOKPBITUS Ha oOBekTe. Takoi MOIXOA MO3BOJNMT BBIIBUTH HHU3KOE KaueCTBO
MaTepualia W MPEeJOTBPATUTh OOpYIICHWE MPHU BO3MOXHOM moxkape. Llenb mccrnemoBaHUS — HCIBITAHHE DKCIIPECC-
aHaJM3a HHTYMECIICHTHBIX MTOKPHITHH B CPABHEHUH CO CTAaHAAPTHBIMU METOAMH OIIEHKH OTHECTOUKOCTH.

Mamepuanvt u memoowt. ViccrenoBanmuch 3IEMEHTHI CTPOUTEIBHBIX KOHCTPYKLIWH, IOKPHITHIC OTHE3alIHTHON
uHTyMecieHTHou kpackoit Defender M Solvent ¢ pasnuunbiM cofepkanuem pazbaButens. OrHECTORKOCTh MOKPBITHIH
onpenessIn 1ByMs MeTofaMu. [lepBriit — skcnpecc-aHanu3. @UKCHPOBAINCH CIIeAyIONINE TOKa3aTeIH:

— o0mwmii Bua neHokokca (I1K);

— k03¢ HUIMEHT BCIyYHNBaHUS,

— npouHocTs [1K Ha cxaTne u Ha CIBUT-OTPHIB IPUTPAHUIHOTO CIIOS.

Bropoit — cranmaptHeIii mogxox cornacHo TpedoBarmsaM |SO 83475 (TOCT 30247.0-94). Iokazarenu:

— BpeMs IOCTH)KCHUS KPUTHIECKOU TEMITEPATyPHL;

— KPUTHYECKUH MPOTHO MPU HarpeBaHUH.

Pe3ynomamut uccnedosanus. Kpome 3asBICHHBIX BBINIC NOKa3aTeNell TECTHPOBAHUE YUHUTHIBAIO TAKKE KOJIHIECCTBO
paszbasurens. PaccmarpuBanucey ko3 ¢uunent BenyunBanus 1K, cuna cxarust [1K, npenes npo4HOCTH U TIIOTHOCTS.
BrIsiBeHHBIE 3aKOHOMEPHOCTH CHCTEMAaTH3UPOBAHBI B TaOIMIHOM BHJE. [lomydeHHBIe OKa3aTeN COMOCTaBIIINCH C
TEXHHYECKUMH TPEeOOBaHMIMHU K MaTepuaiy. 3aQuKCHpOBaH MEpUO/, B TeUEHHE KOTOPOTO CTalIbHAS TI0/JI0KKa 00pasiia
JIOCTUTAET KPUTUYECKON TeMIepaTypsl. Y CTAHOBJICHO, YTO C YBEJIMYEHUEM 3TOTO BPEMEHH IMOBbIIIAETCS KOI((GHUIHUEHT
BermyunBanus 3amuTHOro ciios (IIK) m ero mpouHocTn Ha cOBUT-OTPHIB. OTHOBPEMEHHO YMEHBIIAIOTCS 3HAYCHUS
npouyHocTd Ha ckatre u mwiotHocTu [IK. [Ipm pa3daBneHHH WHTYMECHEHTHOH KpPacKH CBEPX HOPMBI yXYIIIAIOTCS
rapaMeTpbl OTHE3alIUTHl M HE JJOCTUTaeTCs Mpezies oruectoikoctn R45. MiTorn n3bickaHuil BU3yaln3upOBaHbl B BUJIE
nuarpamMM. OHH TIOATBEPKAAIOT, YTO DSKCIPECC-aHAJN3 I03BOJISIET OOOCHOBAaHHO CYAWTH O TIPUTOJHOCTH WIIH
HEMPHUTOTHOCTH KPACKH IS OTHE3AIIUTHI, €CJIA TPeOyeMbIH Tpeiesl OTHECTOUKOCTH — R45.

Oébcyscoenue u 3axkniouenus. B comocTaBIeHNN ¢ pe3ynbTaTaMH IPUMEHEHHUS CTAaHJAPTHBIX METOAWK HMOJTBEPIKICHA
3¢ EeKTHBHOCTh METOIHMKH SKCIIPECC-aHAIM3a M KOPPEKTHOCTh PE3yJIbTaTOB OIICHKH MHTYMECIIEHTHOW OTHE3aIlNTHL. B
YCIOBHUSIX CTpOiKHM 3Kcnpecc-aHanuza IIK Oyzmer mocraToyHo sl ONpeseNeHHs KadecTBa HMHTYMECLEHTHOTO

OTHE3alIUTHOI'O IOKPBITHSA.

KiaoueBble cioBa: OFHGCTOﬁKOCTB, HWHTYMECHCHTHOC TMOKPBITUC, MEHOKOKC, MECTOJ JIKCIpEeCC-aHaln3a, HOpeacI

MPOYHOCTH, KpUTUIECKAsA TEMIICPATYypa, K03(1)(1)I/IIII/I€HT BCIIy4YMBaHUs, HO)KapO6C3OHaCHLI€ KOHCTPYKIIUH.
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Bnarouapﬂocnl. ABTOpLI BbIpaxKaroT 6HaFO[[apHOCTB peHaKHHOHHOﬁ KOJUICTUM JKypHaJla U PCLUCH3CHTY 3a

HpO(l)eCCI/IOHaJ'ILHHﬁ aHaJIU3 U pCKOMEHAAlUU 111 KOPPEKTUPOBKU CTATHU.

Jas nwurupoBanus. MapteiHoB A.B., I'pexos B.B., Ilonosa O.B. OraecToHKOCTh CTPOUTENBHOIO 3JIEMEHTa C

HHTyMeCHeHTHOﬁ OTHE3aIUTOM: CTaHJapTHad OLUCHKA U SKCIpECC-aHaIn3. bezonacnocmv mexHo2eHHbIX U npupodubzx

cucmenm. 2023;7(2):38—46. https://doi.org/10.23947/2541-9129-2023-7-2-38-46

Introduction. Intumescent coatings are widely used in the design of relatively fireproof reinforced concrete and
steel structures. This explains the interest of researchers in assessing the fire retardant effectiveness of such
materials [1-3]. The publications criticize uninformative methods based on standard fire resistance tests. To solve the
problem, comprehensive approaches are proposed to study the effectiveness of intumescent coatings that swell under
the action of fire [1, 2]. They must meet certain standards. In academic research, it is difficult to establish the
compliance of the material with industrial standards. There are two main reasons for this:

— the necessary stationary equipment is usually not available;

— the experiments require a long time and significant resources (in particular, energy).

However, the authors of [4, 5] use some industrial standards — curves of nominal temperature and time. Let us note
that the parameters of a real fire in a modern building may differ significantly from the nominal curves defined in
industrial standards [6-8]. Nevertheless, industrial standards remain the main guideline. The international standard for
fire resistance testing of building structures 1SO 834-75 (GOST 30247.0-94)! defines general requirements for methods
of fire exposure to establish limit conditions.

Research and development of intumescent coatings take place in different conditions. Different test equipment is
involved. This allows you to quickly check new formulations of coatings [4, 5, 9, 10], conduct tests in non-standard fire
conditions [11, 12] and measure additional parameters [13, 14]. Most authors pay attention to the strength and adhesion
of the paint itself, not paying attention to the mechanical properties of coked cellular material (CCM). However, the
finished paint layer is not fire protective. It is more correct to present it as a stock of materials for the formation of such
protection, i.e. for transformation into another material — coked cellular material. The authors of publications [15-17]
investigated the strength of coked cellular material on stationary laboratory equipment.

The effectiveness of the coating is determined mainly by the thickness of the intumescent layer and the degree of
dilution of the finished paint immediately before application. All this affects the quality of the CCM — the thickness of
the layer and the density. Modern standards do not allow establishing these indicators during external examination of
the paint layer, measuring its thickness and fixing conditional adhesion [18].

The authors of the presented work have developed an express analysis method that allows you to quickly identify
the actual suitability of fire protection. At the same time, simple and inexpensive equipment is used, there is no need for
special laboratory conditions and high energy costs. The quality of fire protection can be determined directly on the
building structure [19, 20].

The work objective is to substantiate the effectiveness of the express method developed by the authors for
evaluating the effectiveness of intumescent coatings of building structures. The proposed approach is tested and
compared with standard methods for fire resistance assessment.

Materials and Methods. When testing fire retardant properties of elements of a metal building structure, three
different variants of intumescent (swelling) material were used:

— mid-priced paint Defender M Solvent OOO "Laboratoriya "Evrostil" with the parameters stated in the technical
documentation (composition 1);

1 GOST 30247.0-94 (1SO 834-75). Elements of building constructions. Fire-resistance test methods. General requirements. Electronic fund of legal
and regulatory documents. URL: https://docs.cntd.ru/document/9055248 (accessed 10.04.2023). (In Russ.).
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— the same paint, diluted by orthoxylene (6 % of weight), which slightly exceeds the maximum stated in the
technical documentation (composition 2);

— the same paint, excessively diluted with orthoxylene — 10 % of weight. (composition 3).

Let us note that excessive dilution is often found in practice. We are talking about cases when the viscosity of the
paint is corrected using unsuitable, cheap coating equipment or it is excessively diluted in order to save paint [18].
According to the instructions, the dilution should not exceed 5 %.

As part of the work, two types of structures were protected.

1. Hot-rolled I-beams with parallel flanges No. 12 (GOST R 57837-2017). The thickness of the finished paint
coating layer after drying is 1-1.2 mm. The vertically oriented structure (column) in the furnace was tested for fire
retardant efficiency according to the parameter "time to reach the critical temperature".

2. Beams of the 35SH1 grade with a length of 4.2 m with a thin-layer fire retardant coating of 0.87 mm. The loaded
beam horizontally oriented in the furnace was tested for fire resistance of the structure according to the parameter
"critical deflection during heating".

The coatings after application to the structures were dried until the diluent was completely removed — 10-14 days
at a temperature of +20 °C and a humidity of no more than 80 %. The tests were carried out for each sample according
to the developed method of express analysis [19], after which the coatings were restored at the test sites. Further, the
tests were carried out for each sample in a flare furnace according to GOST R 53295-2009? and GOST 30247.1-94%.

The test results using the express analysis method were evaluated according to the following indicators:

— CCM general appearance;

— swelling coefficient;

— CCM compressive strength;

— CCM shear-tear strength of the boundary layer with a thickness of 1 mm from the substrate (according to the
method described in [19]).

Additionally, the CCM density was measured in the laboratory.

The time of reaching the critical temperature of the protected material according to GOST R 53295-2009 was
estimated. For this purpose, a temperature curve was constructed — the dependence of the critical temperature of the
steel substrate on the time of the fire test. Test conditions:

— ambient temperature — +18° C;

— relative humidity — 30 %;

—air velocity — less than 0.5 m/s.

The average temperatures in the fire chamber of the furnace did not exceed the permissible deviations. Fire
resistance of the structure before reaching the maximum permissible deformation of the beams under fire exposure was
determined in a special horizontal furnace. Beams with coatings were tested under a point load of 16 tons every
1/3 span. During the tests, the time of occurrence of the limiting states and their type, the temperature in the furnace, the
temperature on the unheated surface of the sample, the deformation of the beam, and the temperature regime in the
chamber were recorded.

Results. After conducting fire tests according to the standard methodology and express analysis methodology [19],

the samples were examined and their physical and mechanical parameters were measured. The results are summarized

2 GOST R 53295-2009. Fire retardant compositions for steel constructions. General requirement. Method for determining fire retardant efficiency.
Electronic fund of legal and regulatory documents. URL: https://docs.cntd.ru/document/1200071913 (accessed 10.04.2023). (In Russ.).

3 GOST 30247.1-94. Elements of building constructions. Fire-resistance test methods. Loadbearing and separating constructions. Electronic fund of
legal and regulatory documents. URL.: https://docs.cntd.ru/document/9055247 (accessed 10.04.2023). (In Russ.).
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in Table 1. The results of CCM density measurements not provided for by the express analysis methodology are also

presented [19].

Table 1

Test results of intumescent fire protection by express analysis and according to GOST R 53295-2009

Parameter Composition 1 Composition 2 Composition 3

Amount of diluent in IP, % wt. 0 5 10
Time to reach the critical temperature of the substrate (+500 °C), min 47 34 27
CCM swelling coefficient 36 17 11
CCM compression force outside gas bubbles, with an indenter with a 6 14 27
diameter of 3 mm, g.wt

CCM compressive strength, g.wt/cm? 86 200 360
CCM shear-tear strength of the boundary layer from the substrate, 78 56 42
g.wt/cm

CCM density outside large gas bubbles, g.wt/cm?3 0.28 0.44 0.51
CCM density taking into account large gas bubbles, g.wt/cm? 0.28 0.14 0.45

Fig. 1 shows the fire resistance test in a standard furnace and the formation of coked cellular

intumescent paint compositions 1-3 on a metal column of I-section.

a)
Fig. 1. Fire test result in a standard furnace of I-beam column with an intumescent coating of composition 1:
a — 10 minutes after the start of firing; b — after 30 minutes

b)

material from

Let us consider the test results by the standard method. When the sample coated with composition 1 is heated, after

47 minutes, the limit state is fixed according to the parameters "time to reach the critical temperature™ (Fig. 2) and

"critical deflection during heating" (Fig. 3). This confirms the compliance of composition 1 with the time stated in the

technical documentation for reaching the critical temperature (45 min).
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Fig. 2. Time to reach the critical temperature of the sample coated with composition 1 (without dilution). The solid line is the heating

temperature; the dotted line is the surface temperature under the CCM layer. The vertical axis shows the temperature (°C), the
horizontal axis shows the time (min)
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Fig. 3. Dependence of sample deflection with a fire retardant coating of composition 1 (without diluent) on the time of thermal
exposure in the furnace fire chamber

The express analysis results regarding the compliance of the fire retardant composition with the technical
documentation (CCM swelling coefficient, see Table 1) indicate the correctness of the proposed methodology.

When testing a sample coated with composition 2 according to the standard procedure, the time to reach the limit
states was 34 minutes (Fig. 4). That is, the tested material does not comply with the technical documentation. The

composition cannot be used for fire protection if the required fire resistance limit is R45.
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Fig. 4. Dynamics of temperature changes in the fire chamber (curve 0) and the temperature of the protected surface during the testing
of samples 1-3 (curves 1-3)

The results of the tests using the express analysis method confirm the unsuitability of the paint, despite the fact that
the coefficient of swelling of the coating exceeds the minimum value specified in the regulatory documentation. The
resulting CCM is externally heterogeneous, large gas cavities are noticeable. The CCM layers outside of these defects
have increased strength and density, as well as relatively low adhesion to the protected material.

Tests of sample 3 gave the following results. The steel substrate reaches its limit state after 27 minutes when tested
according to the standard procedure (Fig. 4). This indicates the unsuitability of composition 3 according to the indicator
"time to reach the critical temperature” (45 min). This fact was confirmed by the results of tests by the express method.
The CCM is heterogeneous, there are large gas cavities. The strength and density of the CCM layer outside these
defects is increased, the adhesion to the protected material is low.

The express analysis allowed us to establish that at a given critical deflection value of 200 mm, the loss of bearing
capacity in sample 1 was observed after 47 minutes, in sample 2 — after 42 minutes, in sample 3 — after 35 minutes.

Therefore, the longer the heating time of the steel substrate of the sample to the critical temperature, the higher the
coefficient of swelling of the CCM protective layer and the lower the index of the CCM compressive strength
(Table 1, Fig. 5).
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Fig. 5. Results of fire resistance tests according to GOST 30247.0-94 (time to reach the critical temperature of the substrate) and by
express analysis (CCM swelling coefficient, CCM strength)

The relatively high compressive strength of CCM, established by the express analysis method for sample 3, assumes
a high density of CCM (Table 1) and an increase in the thermal conductivity of the protective layer, which reduces the
time to reach the critical temperature of the substrate and is confirmed by the test results according to GOST 30247.0-
94,

Discussion and Conclusion. The express analysis of fire resistance of intumescent coatings proposed by the authors
was tested on I-beam building structures. The results were compared with a similar test according to GOST 30247.0-94.
The comparison demonstrated the correctness of the authors' approach.

The results of the tests for both methods are divided into three groups. The first category includes the results
obtained for coatings with high-quality undiluted fire retardant paint that meet the requirements of regulatory
documentation in all respects. The second is the results of testing coatings that do not provide the specified fire
retardant parameters. At the same time, the CCM coefficient of swelling and its adhesion to the substrate decreases,
strength and density increase. The third group is characterized by significant deviations from the required parameters.
Based on the results obtained, it can be argued that the assessment of CCM parameters by the express analysis method
in the conditions of a construction object is sufficient to decide if the intumescent coating is suitable or unsuitable for

fire protection.
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Abstract

Introduction. Ensuring safe and comfortable working conditions is one of the most important tasks in the organization
of modern production processes that have a direct impact on employee productivity, injuries and occupational diseases.
Despite all the efforts made both at the state and departmental levels, the current state of occupational safety and health
of industrial workers in the Republic of Kazakhstan continues to remain at an insufficiently high level. The main cause
of occupational injuries and occupational diseases is the impact on working personnel of dangerous and harmful
production factors, one of which is an increased level of noise and vibration from production equipment. The authors
analyze statistical data on the number of cases of injuries, their types and causes of occurrence in workers by sectors of
the economy of the republic. The influence of noise and vibration on the health of workers is considered. It is found that
an increased level of noise and vibration effects causes injuries to a lesser extent, and occupational diseases to a greater
extent. The work objective is instrumental measurement of noise and vibration levels in the workplaces of production
sites of a machine-building enterprise and assessment of working conditions there to develop effective measures to
reduce the harmful effects on the health of workers.

Materials and Methods. Statistical data on occupational injuries and occupational diseases were used as basic
information, as well as the results of instrumental measurements of the level of noise and vibration effects on workers
using the methods set out in GOST ISO 9612-2016 and GOST 31319-2006, taking into account Order of the Minister of
Health of the Republic of Kazakhstan of February 16, 2022 No. KR DSM-15 "On approval of hygienic standards to
physical factors that have an impact on a person".

Results. The results of the conducted research allowed us to conclude that about 22.6% of workplaces at production
sites are characterized by harmful and dangerous working conditions in terms of noise and vibration effects on workers.

Discussion and Conclusion. Based on the results of the study, a plan of priority measures was developed to reduce the
harmful effects of increased noise and vibration in the workplace. The authors also recommend a special working
regime, benefits and additional payments to employees for working conditions that do not meet safety requirements.

Keywords: occupational health and safety, occupational injuries, occupational diseases, workplace, dangerous and
harmful production factors, noise, vibration.
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AHHOTALUA

Beseoenue. ObecrieueHre 0e30MacHbIX U KOM(OPTHBIX YCIOBUIl Tpy/a SIBISETCS OIHOW M3 HauOoyiee BaKHBIX 3a1ay B
OpraHM3allii COBPEMEHHBIX MPOHU3BOJCTBEHHBIX IIPOLIECCOB, OKAa3bIBAIOIIUX HEMOCPEICTBEHHOE BIHMSIHHUE Ha
MIPOU3BOUTENBHOCTD TPYJa paOOTHHKOB, TPaBMaTH3M M IpodeccnoHanbHbIe 3a00neBannsa. HecMoTps Ha Bce ycuius,
IpeanpuHIMaeMble KaKk Ha TOCyJapCTBEHHOM, TaK M Ha BEAOMCTBEHHOM YpPOBHIX, COBPEMEHHOE COCTOSIHUE
6e3zomacHoctu u oxpansl TpyAa (buOT) pabotHHKOB mpombinuieHHBIX npeanpusitiii B Pecyoinke Kazaxcran (PK)
MIPOJIOIKAET OCTaBaThCSI HA HEJOCTATOYHO BBEICOKOM ypoBHE. [ JTaBHOW NMPUYHMHON NMPON3BOJICTBEHHOTO TPaBMaTH3Ma U
poeCCHOHANBHBIX 3a00JIE€BaHMN SBIACTCS BO3/ACHCTBHE HA pPa0OTAIOMMII TEpPCOHAN OMACHBIX M BPEAHBIX
MIPOM3BOJICTBEHHBIX (DaKTOPOB, OIHWUM H3 KOTOPBIX SIBJISETCS NOBBIIICHHBIH YpPOBEHb IIymMa M BHOpaunud OT
IIPOM3BOJICTBEHHOTO 000pYIOBaHMSA. ABTOPHI aHAIM3UPYIOT IO OTPACISM SKOHOMUKH PECIyONMKH CTaTHCTHYECKHUE
JaHHBIE O KOJIMYECTBE CIIyYacB TPaBMATH3Ma, MX BUAAX M NPUYMHAX BO3HHKHOBEHHs y PabOTHHKOB. PaccMoTpeno
BJIMSHHE [IyMa U BUOpAIMK Ha 3/10pOBbE paOOTAIOIINX, IIPH STOM YCTaHOBJICHO, YTO MOBBIIICHHBIN YPOBEHb IIIyMOBBIX
1 BHOpAIIMOHHBIX BO3/CHCTBUHM B MCEHBINEH CTEIEHHW BBHI3BIBACT TPABMATH3M, a B OOJsbIIel — MpodeccHoHaIbHbIC
3abosieBanus. Llenpro JaHHOTO MCCIENOBaHMS SIBISIETCS] MHCTPYMEHTAIBHOE M3MEPEHHE YPOBHS IIyMa W BUOpaluy Ha
pabounx MecTax HPOM3BOJCTBEHHBIX yYaCTKOB MAaIIMHOCTPOUTEIHHOIO MPEANpPUATHS U OIEHKa YCJIOBHM Tpyna Tam
JUTSL BBIPAOOTKH JICHCTBEHHBIX MEp 1O CHIKEHHIO BPEHOTO BO3JICHCTBHS HA 37I0POBbE PAOOTHHKOB.

Mamepuanet u memoowvi. B xadectBe 0a30BOM HHPOPMAIMK HCIIOIB30BaHBl CTATHCTHYECKHE J@HHBIE IO
MIPOM3BOJICTBEHHOMY TPaBMaTH3My W NMPOQECCHOHAIBbHBIM 3a00J€BaHHsIM, 4 TAK)KE Pe3yJbTaTbl HHCTPYMEHTAIbHBIX
W3MEpPEeHUH YPOBHSA NIYMOBBIX U BHOpAIIMOHHBIX BO3JEHCTBUII Ha paOOTHHKOB C WCIIONB30BAaHHEM METOJHK,
mnoxeHHpix B ['OCT ISO 9612-2016 u T'OCT 31319-2006 ¢ ydYeToM mpHKa3a MHHHCTpPa 30paBOOXpPAHCHUS
Pecniyosiuku Kasaxcran ot 16 despans 2022 roga Ne KP ICM-15 «O6 yTBEp»KISHUH TMTHEHUYSCKUX HOPMATHBOB K
¢usnyeckuM akTopam, OKa3bIBAIOLIMM BO3JCHCTBHE HA YEIOBEKAY.

Peszynemamut uccnedosanus. Pe3ynpTaTbl IPOBEACHHBIX WCCIIEIOBAHUN MTO3BOJIMIIN C/IENATh BBIBOJ O TOM, YTO OKOJIO
22,6 % pabouux MeCT Ha MPOM3BOJCTBEHHBIX YYacCTKaX XapaKTEPU3YIOTCs BPEIHBIMU M OMACHBIMHU YCJIOBUSIMU TPYZAa
10 YPOBHIO HIYMOBBIX M BUOPALIMOHHBIX BO3ACHCTBHUII HA PaOOTHHUKOB.

Oécyacoenue u 3axniovenus. 1o uroraMm mccnenoBaHus ObLT pa3paboTaH IUIAH NEPBOOYEPEHBIX MEPONPHUATHH IO
CHIDKEHHIO BPEIHBIX BO3JCIHCTBUI IOBBIIIEHHOTO YPOBHA IyMa W BHOpalMd Ha pabodyMx MecTax, a TaKKe
PEKOMEHAOBaHBI OCOOBIH PEXUM TpyAa, JBIOTHI M AOIUIATHI PaOOTHMKAM 3a YCIOBHA TpyAa, HE OTBEYAIOIINE

TpeOoBaHUAM 0€30ITaCHOCTH.

KinwueBble ci1oBa: 0€30I1aCHOCTh U OXpaHa TpyJa, HpOPI3BO,HCTB€HHI:Iﬁ TpaBMaTu3M, HpO(l)CCCI/IOHaJ'II)HI)IC

3abomneBaHus, pabodee MECTO, OMIaCHBIC U BPEIHbIE TPOU3BOICTBEHHBIE (DaKTOPHI, IITyM, BUOpALns.

Jos murupoBanusi: [llupsanos P.b., Kymarames M.K. K Bonpocy oneHku ypoBHS HIYMOBBIX W BHOpalMOHHBIX

BO3/IeiicTBUI Ha paOOTHUKOB IPOMBINIIEHHBIX Npeanpuatuii Pecrryonmuku Kazaxcran. besonacnocms mexHozenHwix u
npupoonvix cucmem. 2023;7(2):47-57. https://doi.org/10.23947/2541-9129-2023-7-2-47-57

Introduction. Guarantees of ensuring safe working conditions at enterprises in the Republic of Kazakhstan are
established at the state level: article 24 of the Constitution of the country declares the right of every citizen "... to
working conditions that meet the requirements of safety and hygiene ...", and article 31 proclaims that the State aims to
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"... protect the environment favorable for human life and health". Explaining these provisions, the Labor Code of the
Republic of Kazakhstan defines that the safety of workers is understood as the level of their protection from the effects
of hazardous and harmful production factors (workplace hazards, WH), and safety is ensured by the compliance of the
labor process and the production environment with the requirements of safety and labor protection?. The above aspects
are also fixed by other regulatory legal acts of the country in the field of safety and labor protection [1].

Nevertheless, according to the data of the Industrial Safety Committee of the Republic of Kazakhstan, out of
1.6 million workplaces checked in 2019, 373 thousand workers were exposed to hazardous and harmful production
factors, that is, every fourth employee (22.3 %) was employed in production with the presence of workplace hazards®.
Figure 1 shows the statistical data on the number of deaths and victims of accidents at work in the republic from
2017 to 2021 [2, 3].

2500
2045 2160 2111 .0 2133

2000

1500

1000

500 215 190 20 176

2017 2018 2019 2020 2021

o Number of death in accident, people

@ Number of victims in accident, people

Fig. 1. Indicators of occupational injuries in the Republic of Kazakhstan from 2017 to 2021

In general, in the Republic of Kazakhstan and its regions in recent years, there have been no positive changes in the
direction of occupational injuries reduction; its level remains quite high. According to the data presented in Fig. 1, it can
be seen that in 2021, as a result of accidents, 176 people died at work (in 2017 — 211 people). Even if the mortality rate
decreased by 16.5 %, this is explained not by an increase in the level of safety and labor protection of workers, but by
the downtime of enterprises due to quarantine, as well as the subsequent shut down of some of them in the period from
2019 to 2021. The number of industrial injuries, on the contrary, has increased — from 2,045 people in
2017 to 2,133 people in 2021, or by 4.3 %.

Another negative side of industrial injuries is its high material consequences, or losses to the country's economy,

data on which are presented in Fig. 2.

L cConstitution of the Republic of Kazakhstan. Official website of the President of the Republic of Kazakhstan URL:
https://www.akorda.kz/ru/official_documents/constitution (accessed 05.11.2022).

2 Labor Code of the Republic of Kazakhstan. No. 414-V dated November 23, 2015. URL: https://kodeksy-kz.com/ka/trudovoj_kodeks.htm
(accessed 06.04.2023).

3 Results of work for 2020, 2021. Official website of the Industrial Safety Committee of the Ministry of Emergency Situations of the Republic of
Kazakhstan. URL: https://www.gov.kz/memleket/entities/kpb/documents/details/198142?lang=ru (accessed 06.11.2022).
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Fig. 2. Material consequences from accdents in the Republic of Kazakhstan
from 2017 to 2021, thousand tenge

In 2021, these losses amounted to 2 billion 636 million 722.8 thousand tenge in the Republic (or at the exchange rate
of the Central Bank of the Republic of Kazakhstan 383 million 802.4 thousand rubles of the Russian Federation).

Let us consider in more detail the causes of the occurrence of accidents at industrial enterprises of the Republic of
Kazakhstan in 2021 (Table 1)**.

Table 1
Number of workers Killed and injured due to accidents in the Republic of Kazakhstan in 20214
Cause of the accident — Nurmber, people..
injured killed

Impact on the victims of an increased level of dust and air pollution of the air of the production environment 10 1
Violation of safety requirements in the operation of vehicles 54 10
Violation of traffic rules requirements 165 20
Accidents and other emergencies 63 13
Unsatisfactory organization of work 266 26
Poor technical condition of buildings, structures and shortcomings in the organization of workplaces 34 3
Shortcgmings in the organization of employee training in the rules and requirements of safety and labor a 5
protection

Absence or non-use of personal protective equipment by victims 19 1
Increased noise exposure 1 -
Presence of workplace hazards and their impact on victims 88 14
Exposure to elevated levels of ionizing radiation 1 -
Absence or non-use of collective protective equipment 11

Violation of the norms and rules of industrial and labor discipline by the victims 39 9
Violation of safety and labor protection rules 276 19
Violation of the established work and rest regime by the victims 6 -
Gross negligence by the victims 688 61
Impact of increased physical activity 3

Design flaws or the use of faulty equipment 25 1
Gross violation of technological regulations and processes 17 3
Others 63 4

4 Health statistics. Bureau of National Statistics of the Agency for Strategic Planning and Reforms of the Republic of Kazakhstan. URL:
https://stat.gov.kz/ru/industries/social-statistics/stat-medicine/publications/ (accessed 08.11.2022).

® Occupational safety and health for 11 months of 2022. Official website of the Committee of Labor and Social Protection of the Population of the
Republic of Kazakhstan. URL: https://www.gov.kz/memleket/entities/Ispm/activities/292?lang=ru (accessed 08.11.2022).
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Thus, according to the data provided, it can be concluded that the main causes of deaths and injuries at work were
violations of the requirements and rules of safety and labor protection by the personnel of enterprises, shortcomings in
the organization of work, the presence of workplace hazards in the workplace and their impact on workers, and so on.
Thus, in 2021, the unsatisfactory organization of work was the cause of the death of 26 and injury to 266 workers, and
violations of basic rules of safety and labor protection by workers — 19 and 276 people, respectively. One of the main
causes of industrial injuries at the enterprises of the republic was the gross negligence by the victims themselves in the
performance of their duties (for this reason, 61 people died and 688 people were injured).

At industrial enterprises, along with other workplace hazards, the most common negative production factors are
noise and vibration [2, 4, 5]. Thus, every third employee of enterprises works in conditions of noise and vibration that
specifically affect the human body. A large number of various technological equipment has been installed at production
sites and workplaces, which, being a source of increased noise and vibration, has a negative impact on the health and
general well-being of workers [3, 6-8]. For these reasons, which can be partially attributed to the indicators presented in
Table 1, such as increased noise levels, exposure to workplace hazards, lack of individual and collective protective
equipment, design flaws and operation of faulty machines and mechanisms, 16 people died and 144 people were injured
in 2021.

However, the increased level of noise and vibration cause injuries to workers to a lesser extent, and to a greater
extent — the occurrence of occupational diseases, as evidenced by the data in Table 2.

Of the 351 identified cases of occupational diseases of workers in the republic as a whole, 167 (47.5 %) were
occupational diseases, the cause of which was an increased level of noise and vibration, which caused the victims to
develop vibration disease, conductive and sensorineural hearing loss, bilateral sensorineural hearing loss, bilateral
mixed conductive and sensorineural hearing loss.

Materials and Methods. The basis for conducting research to assess the level of noise and vibration from the
equipment were the workplaces of the production sites of the Ural Plant for the production of transformers. The
research was carried out according to the methods set out in GOST ISO 9612-2016 "Interstate standard. Acoustics.
Noise measurement for the purpose of evaluating human exposure to noise", GOST 31319-2006 "Vibration.
Measurement and evaluation of human exposure to whole-body vibration. Practical guidance for measurement at the
workplace"’, taking into account the provisions of Order of the Minister of Health of the Republic of Kazakhstan
No. KR DSM-15 dated February, 16, 20228, In the course of instrumental measurements of noise and vibration, the
following instruments and equipment were used: a sound level meter (sound level measuring device) of the ATT-
9001 brand and a vibration parameter meter (vibrometer) of the Vibrotest-MG4.01 brand.

Table 2
Number of employees who received occupational diseases in 20214

. . Number of victims,
Name of occupational disease
people

Total for the Republic of Kazakhstan, 351
including:

impact of vibration 73
sensorineural and conductive hearing loss 46
bilateral conductive hearing loss 1

6 GOST ISO 9612-2016. Interstate standard. Acoustics. Noise measurement for the purpose of evaluating human exposure to noise. Method of
measurements at workplaces. URL: https://online.zakon.kz/Document/?doc_id=39455237 (accessed 10.11.2022). (In Russ.).

" GOST 31319-2006. Vibration. Measurement and evaluation of human exposure to whole-body vibration. Practical guidance for measurement at the
workplace. URL: https://online.zakon.kz/Document/?doc_id=30979214 (accessed 10.11.2022). (In Russ.).

8 Ob utverzhdenii gigienicheskikh normativov k fizicheskim faktoram, okazyvayushchim vozdeistvie na cheloveka. Order of the Minister of Health of
the Republic of Kazakhstan No. KR DSM-15 dated February 16, 2022. Information and legal system of regulatory legal acts of the Republic of
Kazakhstan. URL: https://adilet.zan.kz/rus/docs/\VV2200026831 (accessed 10.11.2022).
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unilateral sensorineural hearing loss with normal hearing in one ear 2
bilateral sensorineural hearing loss 22
mixed conductive and sensorineural hearing loss 20
bilateral unspecified mixed conductive and sensorineural hearing loss 1

By comparing the measured parameters of the actual values of noise and vibration with the maximum permissible
levels (MPL), a working conditions class (WCC) was assigned to workplaces according to the "Rules of mandatory
periodic certification of production facilities according to working conditions"®. According to the above Rules,
depending on the degree of deviation of the actual levels of workplace hazards from hygienic standards, working
conditions were divided into four classes according to the degree of harmfulness and danger: 1 — optimal, 2 —
acceptable, 3 — harmful and dangerous (with subclasses 3.1, 3.2, 3.3 and 3.4 depending on the degree of excess over
the standards), 4 — unacceptable.

Results. The results of the studies conducted to assess the level of noise and vibration effects on humans from the

operation of production equipment are presented in Tables 3 and 4.

Table 3
Results of the study of the level of noise and vibration effects on workers
Name Workol Total Noise, dBA Vibration, dB
of the orkplace numb
No. produc- charactSristics er of MPL MTea\S/l;ed E;(:ess over MPL MTasu:ed Excess over | WCC
tion site WP e MPL eve the MPL
Foreman of
insulation 15 No more than 713 None No more 83.1 None 2
. 80 than 97
materials
Machine operator No more than 69.7 NO more 81.3
(plasma cutting of 3 80 70.1 None than 97 80.6 None 2
metal) 70.5 82.1
90.7 +10.7 102.3 +5.3 3.2
90.4 +10.4 101.9 +4.9 3.2
89.8 +9.8 102.4 +5.4 3.2
Machine operator No more than 90.3 +10.3 No more 101.5 +4.5 3.2
(transverse metal 9 80 91.8 +11.8 than 97 102.4 +5.4 3.2
cutting) 90.5 +10.5 101.5 +4.5 3.2
91.2 +11.2 101.5 +4.5 3.2
92.1 +12.1 102.4 +5.4 3.2
Areas 91.1 +11.1 101.6 +4.6 3.2
. 90.3 +10.3 101.7 +4.7 3.2
Machine operator No more than No more
’\;?161 (metal slitt?ng) 3 80 89.2 *92 thang7 | 1009 39 32
90.4 +10.4 100.2 +3.2 3.2
1| Ne.2 703 832
of the | Sheet bending No more than ’ No more '
assemb | machine operator 3 80 69.2 None than 97 82.1 None 2
ly shop . 70.4 82.4
Machine operator No more than 88.7 +8.7 NO more 100.7 +3.7 3.2
(quillotine 3 80 89.5 +9.5 than 97 99.6 +2.6 3.2
scissors) 87.8 +7.8 100.8 +3.8 3.2
Carpenter No more than
(Wo?)dworking 2 80 78l None No more 923 None 2
. 77.1 than 97 90.9
machine)
Argon arc welding No more than No more
welder 7 80 71.9 None than 97 81.1 None 2
70.7 82.3
70.4 81.9
69.8 82.4
Charge maker 9 No mgge than 70.3 None '\tlr? mg;e 81.5 None 2
718 an 82.4
70.5 81.5
71.2 81.5

® Pravila obyazatel'noi periodicheskoi attestatsii proizvodstvennykh ob"ektov po usloviyam truda. Order of the Minister of Health and Social
Development of the Republic of Kazakhstan No. 1057 dated December 28, 2015. Information and legal system of regulatory legal acts of the
Republic of Kazakhstan. URL: https://adilet.zan.kz/rus/docs/\V1500012743 (accessed 10.11.2022).
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Name Workol Total Noise, dBA Vibration, dB
of the orkplace numb
No. produc- charaCtSristics er of MPL MTZ\S;:Ed E;(:ess over MPL MTasu:ed Excessover | WCC
tion site WP e MPL evel the MPL
72.1 82.4
71.1 81.6
Area
No. 3 Transformer No more than No more
2 of the 23 70.3 None 81.7 None 2
assembler 80 than 97
assemb
ly shop
Electric welder
(welding 13 | Nomorethan 69.1 None Nomore 1 g, None 2
WEIdC:ng machine) 80 than 97
an
3 | painting | Painter 13 | Nomorethan 60.4 None Nomore | ¢, None 2
area 80 than 97
Driller (drilling No more than No more
machines) 4 80 84.2 42 than97 | 989 19 31
91.7 +11.7 100.4 +3.4 32
92.5 +12.5 101.2 +4.2 3.2
91.8 +11.8 100.1 +3.1 3.2
Mecha Turner (t_urning 8 No more than 92.5 +12.5 No more 101.4 +4.4 3.2
4 nical workstation) 80 934 +13.4 than 97 100.7 +3.7 3.2
area 92.8 +12.8 99.8 +2.8 3.2
91.9 +11.9 100.2 +3.2 3.2
91.4 +11.4 101.4 +4.4 3.2
Miller (milling ’ No more than 84.8 +4.8 No more 98.4 14 31
machines) 80 84.1 +4.1 than 97 99.3 13 31
Windin
5 g f'md Winder NN 1 No more than 68.9 None No more 80.4 None 2
wire 80 than 97
section

Table 4
Generalized results of WCC assessment in the workplace by the level of noise and vibration effects on workers
Name Number Distribution of the number of WP by WCC
Number of
of the WP ofworkers class 1 class 2 class 3 class 4
production site on WP 3.1 32| 33 | 34
Areas No. 1 and
No. 2 of the 45 28 — 30 - 15 - - —
assembly shop
Area No. 3 of -
the assembly 23 23 23 - - - - -
shop
Welding and 30 18 B 26 4 | - | - | - -
painting area
Mechanical 10 6 - ) 8 B B B B
area
Winding and 11 11 B 11 N _
wire section
Totsl: 119 86 - 92 12 15 - - -

More clearly, the results of the assessment of working conditions at the workplaces of the production sites of the
plant by the level of noise and vibration effects on workers and their certification according to WCC are presented in
Fig. 3.
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Number of WP with dangerous and harmful working conditions of subclass 3.2

Fig. 3. Results of working conditions assessment at workplaces and their certification according to WCC

Discussion and Conclusion. According to the data presented in Table 4 and in Fig. 3, it can be seen that 27 out of
119 workplaces, or 22.6 % of their total number, are characterized by the presence of workplace hazards in terms of
noise or vibration factors, as well as their combined influence. However, it is often difficult, and sometimes impossible,
to completely localize or eliminate increased noise and vibration levels of equipment, machines and mechanisms, as
well as other workplace hazards, in real production conditions, since they are an accompanying part of technological
processes. Moreover, this problem is characteristic not only for Kazakhstan, which many domestic scientists and
specialists explain with outdated equipment and backward technologies, but also for industrially developed Western
countries [9-14]. Nevertheless, the parameters of noise and vibration, as well as the degree of their impact on
employees, should be constantly monitored, and if a negative impact is detected, technical and organizational measures
to reduce them to safe levels should be developed and implemented in a timely manner.

The results of the research revealed another problem, which is that the certification of workplaces of the production
sites of the plant, previously carried out by an accredited organization, did not reveal any deviations in working
conditions from the acceptable ones, and according to its results, all workplaces were assigned the 2nd class. The fact is
that accredited organizations are engaged in certification of workplaces, with which the employer enters into a contract
for its conduct and pays for all work, therefore, in the results obtained, such organizations do not reflect the actual state
of affairs, but the wishes of the employer [15].

Since, according to the results of the research, part of the workplaces of the plant's production sites was assessed
according to WCC as corresponding to subclasses 3.1 or 3.2, i.e. characterized by harmful and dangerous conditions in
terms of noise and vibration effects, the personnel engaged in the labor process at these places, in accordance with the
current labor legislation of the Republic of Kazakhstan, have the right to a number of benefits and compensations.

When calculating wages, determining work and rest regimes in accordance with these benefits and compensations, it
is necessary to provide:

a) additional payments to the basic rate up to 10 % (according to Paragraph 1 of Article 105 of the Labor Code of

the Republic of Kazakhstan) for work in conditions of exposure to workplace hazards (increased noise and vibration);
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b) additional annual leave for at least six days (Paragraph 1 of Article 88 of the Labor Code of the Republic of
Kazakhstan);

c) reduction of working time — no more than 36 hours per week (Paragraph 2 of Article 69 of the Labor Code of the
Republic of Kazakhstan), and the working shift — no more than eight hours;

d) two intra-shift breaks during the shift (Paragraph 1 of Article 82 of the Labor Code of the Republic of
Kazakhstan), included in working hours, lasting no more than 20 minutes. 1.5-2 hours after the start of the shift and
after a break for rest and meal (lunch);

e) a break for rest and meal approximately in the middle of the shift lasting no less than 30 min. (as a rule, the
duration is set as one hour.) (Paragraph 1 of Article 81 of the Labor Code of the Republic of Kazakhstan).

Recruitment proposals:

— age of employees — at least 18 years old;

— prohibition on the employment of women and adolescents (Subparagraph 2, Paragraph 1 and Subparagraph 4,
Paragraph 2, Article 26 of the Labor Code of the Republic of Kazakhstan).

It provides for the following mandatory medical examinations: preliminary (indicating contraindications for hiring if
there are workplace hazards at the workplace) — before concluding an individual employment contract and periodic —
once every two years.

A plan of technical measures was developed for the implementation at production sites and workplaces of the plant
to reduce the increased noise and vibration effects on workers from production equipment.

The results of the conducted research allowed us to conclude that about a quarter of the workplaces at the production
sites of the plant are characterized by dangerous and harmful working conditions in terms of noise and vibration effects
on workers from production equipment, therefore, the working regime, benefits and additional payments to workers for
working conditions that do not meet safety requirements were recommended. Providing employees with safe and
comfortable working conditions, including such factors as increased noise and vibration, helps to reduce the potential
risks of injuries and occupational diseases and, as a result, to increase the overall efficiency of labor activity and labor

productivity.
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Abstract

Introduction. At the stage of designing technical devices and performing appropriate strength calculations of metal
structures, sufficiently large reserves of strength are taken, which, theoretically, exclude any failures of parts. In fact,
the machines work with frequent failures. Of interest are undiagnosed failures that lead to a critical decrease in safety,
especially at hazardous production facilities. It is assumed that the previously applied approaches of selective
determination of the maximum (minimum) reliability value, based on point estimates of the distribution parameters of
the two-parameter Weibull law, lead to an overestimation of the calculated indicators of the probability of failure-free
operation, i.e. underestimation of risk. Therefore, the work objective is to consider an approach to assessing the risk of
operating production facilities in a situation of accidental occurrence of dangerous and undiagnosed failures in systems.
Materials and Methods. Methods for technical devices safety assessment based on probability theory were used in the
work, and the probability of machine failure was determined based on the well-known method of reliability theory. This
method consists in calculating and constructing distribution functions of random variables (load-bearing capacity and
loading) that influence the occurrence of failure. The level of increase in the reliability index was determined, leading to
frequent unpredictable failures of technical devices (machines) and a decrease in the safety of their operation.

Results. The signs of inconsistency of strength calculations based on overestimated safety margins, which in theory
exclude failures of parts and machines in general, are identified and substantiated. A new approach to risk assessment of
operating production facilities in a situation of accidental occurrence of dangerous and undiagnosed failures by safety
systems has been developed and implemented. An algorithm for determining the three parameters of Weibull's law for a
population based on sample data has been developed. The resource distribution densities of the boom of the single-
bucket excavator EK-14 are constructed. The recommendations are given to increase the probability of failure-free
operation to 0.9989.

Discussion and Conclusion. The results of the conducted research allow us to substantiate a new approach to risk
assessment of operating production facilities in the event of dangerous and undiagnosed failures of basic parts by safety
systems, leading to negative consequences.
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Hayunas cmamos

OIIeHKa 0e3omacHOCTH NMPOU3BOJACTBCHHBLIX 00bEKTOB
mo nmpeacjJbHbIM 3HAYCHUAM 0€30TKa3HOCTH MAIIUH

, C.B. TennsikoBa <], M.M. 3aiineBa

JloHCKO# rocy1apcTBeHHBIN TeXHHYECKU yHUBEpcuTeT, Poccuiickas @enepanus, r. Pocros-nHa-/lony, mi. [arapuna, 1
D4 svet-tpl@yandex.ru

AHHOTALUA
Beeoenue. Ha sTame mpoeKTHPOBAHHUS TEXHUYECKHX YCTPOWCTB M BBINIOJTHEHUS COOTBETCTBYIOIIMX INPOYHOCTHBIX

pacyeToB  METAIOKOHCTPYKLHMH NPUHMMAIOTCS  JIOCTAaTOYHO OOJBIIME 3amachl MPOYHOCTH, TEOPETHYECKU
UCKJIIOYAIOIINe KaKue-TM00 0TKa3bl eTaneil. B neficTBUTENPHOCTH MallMHBI PabOTaIOT ¢ YacThIMHU OTKa3aMu. VlHTepec
BBI3BIBAIOT HEJUArHOCTUPYEMbIE OTKa3bl, MPUBOJLINE K KPHUTHUYECKOMY CHIKEHHIO O€30MacHOCTH, OCOOCHHO Ha
ONaCHBIX IPOM3BOACTBEHHBIX 0ObekTax. Ilpexamonaraercs, 4YTO paHee IpPUMEHSEMBIE IIOJXOAbI BBIOOPOYHOTO
OTIpENCTICHUs TIPEEeNbHOr0 (MUHHUMAIBHOTO) 3HAUYEHHS OE€30TKa3HOCTH, OCHOBBIBAIOIIMECS Ha TOYCYHBIX OLIEHKAX
IIapaMeTpOB pacIpeAeiIeHUsl JBYXIIapaMETPHIECKOTO 3aKkoHa BeliOyiuia, TPUBOAAT K 3aBBIIICHUIO PACUCTHBIX
MoKazaTeleld BEpOATHOCTH O€30TKa3HOW padOTHI, T.€. 3aHWKEHUIO pHcka. [loaToMy mnenbio paboTHl SIBHIOCH
paccMOTpEeHHE TIOX0/1a K OLEHWBAHMIO PUCKA SKCIUIyaTAllMH MPOHU3BOJCTBEHHBIX OOBEKTOB B CHTYAIMH CIy4allHOTO
BO3HHUKHOBEHUS OIIACHBIX M HEAUATHOCTUPYEMBIX OTKAa30B B CHCTEMaXx.

Mamepuanst u memoodsi. B paboTe NPUMEHSINCh METOIbl OLCHUBAHUSI OE30IMACHOCTH TEXHHYECKHX YCTPOMCTB,
OCHOBaHHBIE Ha TEOPHM BEPOSATHOCTEH, a BEPOSITHOCTh OTKa3a MAIIMHBI ONpEAEIIIach Ha OCHOBE M3BECTHOTO METOa
TEOpHU HAAEKHOCTH. J[aHHBIH METOZ 3aKiIloYyaeTcs B pacyeTe M MOCTPOeHWHM (DYHKUUH pacrhpenesieHus: CiaydaiHbIX
BeNMMYMH (HECYyIIEH CIIOCOOHOCTH M Harpy)KeHHOCTH), OKAa3bIBAIOIIMX BJIMSHHE HAa BO3HMKHOBEHHE OTKa3a.
Omnpenenuics ypoBeHb MOBBIIIEHUS MTOKA3aTelNsl HAJEKHOCTH, IPUBOIAIIMN K 4acThIM HENPOTHO3UPYEMBIM OTKa3aM
TEXHHMYECKHX YCTPOWUCTB (MAIINH) M CHIDKEHHUIO O€30IaCHOCTH MX SKCIUTYaTal|H.

Peszynemamei. BbisBieHBI 1 000CHOBaHBI NPHU3HAKM MPOTUBOPEYMBOCTH INPOYHOCTHBIX PAacdYeTOB, OCHOBAHHbIE Ha
3aBBIIEHHBIX 3allacax IPOYHOCTH, B TEOPUH MCKIIIOYAIONINE OTKa3bl JAeTaJiell M MamuH B nenoMm. PazpaboraH u
peanu30BaH HOBBI TOAXOJ K OIIGHMBAHWIO PHCKAa SKCIUIyaTalldd IPOU3BOJCTBEHHBIX OOBEKTOB B CHTyallUH
CIly4yaiiHOrO BO3HMKHOBEHHS ONACHBIX M HEAMAarHOCTHPYEMBIX OTKa30B cUcTeMaMHu Oe3omacHoctu. Paspaboran
AJITOPUTM ONpeIeIeHHs TPeX apaMeTpoB 3aKoHa BeliOyiuna st COBOKYITHOCTH 110 BEIOOPOYHBIM IaHHBIM. [locTpoeHs!
IUIOTHOCTH PpacHpefeNieHuss pecypca CTpenbl OJHOKOBHIOBOro skckaBatopa EK-14. Jlanel pekoMeHIalMH IO
YBEJNMYCHUIO 3HAUYCHUS BEPOATHOCTH Oe30TKa3HOM paboTer 10 0,9989.

Oécyryncoenue u 3axniouenusn. Pe3ynbTaTel NPOBEICHHBIX MCCIIEIOBAaHMN MO3BOJISIIOT 0OOCHOBAaTh HOBBIM MOAXOA K
OLICHMBaHHIO pHUCKA OJKCIUTyaTallud IPOM3BOACTBEHHBIX OOBEKTOB B Cilyyae BO3HHKHOBEHMS ONACHBIX U
HEIMaTHOCTHPYEMBIX CHCTEeMaMH O€30MacHOCTH OTKa30B 0a30BBIX JIeTajel, MPHUBOAAIIMX K HETaTUBHBIM

MOCIEACTBHSM.

KiiloueBble cjioBa: TpOMBINUIEHHAasS  0€30MacHOCTh, HAJEXKHOCTh, 0O€30TKa3HOCTh, PEMOHTOIPHUTOJIHOCTD,

AOJTOBCYHOCTD, COXPAaHACMOCTb, OTKAa3, MalllnHa, peCypcC.

BJIﬂI‘OIIapHOCTI/I. ABTOpLI BbIPpAXKAIOT 6J'Ial“0ﬂapHOCTB peaakuMu U PEUCH3CHTaM 3a BHHUMATCIIBHOC OTHOIICHUE K

CTaTbC U YKa3aHHbIC 3aMC€UYaHUs, KOTOPBIC ITO3BOJIUIIN NOBBICUTH €€ Ka4€CTBO.

Jas nurupoBanus. Jepromes B.B., Temskosa C.B., 3atinesa M.M. Ouenka 6€30MaCHOCTH IPOHU3BOICTBEHHBIX
O0OBEKTOB MO MPENEbHBIM 3HAYEHHSIM O€30TKa3HOCTH MAIlUH. He30nacHOCmb MeEeXHO2eHHLIX U NPUPOOHBIX

cucmenm. 2023;7(2):58-69. https://doi.org/10.23947/2541-9129-2023-7-2-58-69
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Introduction. Key factors that determine safety of hazardous production facilities are the so-called "human factor",
the availability of safety systems and the reliability of machines and mechanisms used at the facility. As it is known [1-
4], reliability is a complex parameter, including reliability, maintainability, durability and persistence. This article
examines the impact of the reliability of the machine, as one of the main reliability parameters, on the safety of its
operation. At the same time, for the analysis of reliability indicators, traditional methods of reliability theory and some
new approaches to determining the parameters of random variable distributions are used to estimate the maximum
values of reliability [1]. It should be noted that the safety assessment methods used here are based on the basic concepts
of probability theory, the main one of which is the concept of a random variable®. Therefore, this paper considers only
accidental failures that lead to a decrease in safety. At the same time, it should be noted that not all machine failures are
accidental. For example, failures related to systematic errors of measuring instruments and the "human factor" are not
accidental®. In this case, the proposed approaches cannot be used for their analysis without strict mathematical
justification®.

There are four types of accidental failures that occur during the operation of machines and mechanisms used at
hazardous production facilities (Table 1).

The study of the diagnosed failures within the framework of the described work is not of interest, since in this case
the equipment (devices, sensors) of the industrial facility safety system perform their functions in full and a catastrophic
decrease in safety is excluded. In case of dangerous and undiagnosed failures, a situation may arise when the safety
system is vulnerable. At the same time, in accordance with GOST 1SO 12100-2013, safety is understood as the ability

of a machine to perform its function(s) throughout its service life with adequate (sufficient) risk reduction.

Table 1
Types of accidental failures of machines and mechanisms
Type of failure Description of failure Example of failure
Dangerous It has a significant impact on safety up Destruction of load-bearing structures
to the occurrence of an accident with possible of machinery (equipment) due
injury to personnel to fatigue failures
Safe It does not affect the safety of operation. Manifestation of corrosion phenomena,
As a result of the occurrence, the parameters occurrence of paintwork defects
of economics, aesthetics, ergonomics and others
may decrease
Diagnosed Equipment (devices, sensors) of safety security Occurrence of a malfunction
system diagnose failures of this type of the hydraulic system of the machine
(equipment).
Violation of load capacity limits
Undiagnosed Equipment (devices, sensors) of safety security Manifestation of hidden defects during
system do not diagnose failures of this type expansion, for example, fatigue cracks

It follows from the definition that the key concept of safety here is risk, which is defined as the possibility of an
undesired event, that is, a combination of the degree of negative consequences with the possibility of its occurrence.

Materials and Methods. Usually, a negative consequence is the infliction of injuries or other harm to health during
the operation of the machine. At the same time, the consequence of an accidental dangerous failure of the machine can
be economic damage. In this case, the risk is assessed by the so-called functional safety of the production facility [3-5].

Consequently, the methods of reliability theory as part of probability theory should be applied to the study of the safety

1 GOST R 53195.3-2015. Functional safety of building/erection safety-related systems. Part 3. Requirements for systems. Electronic fund of legal and
regulatory documents. URL.: https://docs.cntd.ru/document/1200124221 (accessed 23.01.2023). (In Russ.).

2 GOST R 51901.14-2007. Risk management. Reliability block diagram and boolean methods. Electronic fund of legal and regulatory documents.
URL.: https://docs.cntd.ru/document/1200065647 (accessed 23.01.2023). (In Russ.).

3 GOST R 50779.27-2017 Statistical methods. Weibull distribution. Data analysis. Electronic fund of legal and regulatory documents. URL:
https://docs.cntd.ru/document/1200146523 (accessed 23.01.2023). (In Russ.).
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of the production facility in which an accidental dangerous and undiagnosed machine failure occurs. It is the risk that is
the link between the reliability of machines and the safety of hazardous production facilities, including their functional
safety.

An increase in the probability of an undesired event due to the occurrence of a dangerous and undiagnosed failure
leads to the need to predict and assess the risk of negative consequences, the severity of which is difficult to determine.
In the work, the severity of the likely negative consequences arising from a dangerous and undiagnosed failure is
assumed to be the same, and risk assessment is reduced to assessing the probability of an undesired event.

The probability of machine failure is determined by the well-known methods of reliability theory [6], which consist
in constructing distribution functions of random variables that influence the occurrence of failure. When considering the
power elements of the structure, the distribution functions of the load-bearing capacity and loading characteristics were
constructed.

To construct the distribution function of the general population of a random variable, a representative sample of
values obtained on the basis of tests is usually formed. However, in real conditions, it is often difficult to conduct tests
due to financial, technological and time constraints. To save costs, a number of studies [6-10] use the approach of
adjusting the parameters of sample distributions. This approach is used in the work to determine the maximum
(minimum) reliability value, which makes it possible to ensure maximum safety of the object under consideration by
increasing the minimum calculated reliability and minimizing the risk of an undesired event. The required reliability is
achieved by adjusting the parameters of the distribution of random variables that affect the probability of a dangerous
and undiagnosed failure.

From the point of view of reliability, the machine is ideally trouble-free if there is no failure within a given life. In
this case, the parts of this machine will fail approximately at the same time, having worked out the specified life
value T, [10, 11].

The practice of determining the reliability of domestic machines shows that the average failure interval is T = 20—
200 hours, therefore, for a time between overhauls T,=8 000—10 000 hours, from 40 to 500 failures occur, that is, tens
and hundreds of failures [12-15]. Many of them are dangerous and undiagnosed. In this case, the actual life of Ty is
significantly less than the specified one T, and the probability of failure tends to one. At the same time, to ensure the
required level of safety, it is necessary to reduce the risks of undesired events, i.e. the probability of failures.

It is impractical to consider the option of increasing the machine safety by reducing the probability of failure of one
part, since hundreds and thousands of parts are operated simultaneously in the machine, so the risk of undesired events
is growing.

When drawing up a structural diagram of reliability among all machine parts, we will single out a group of parts,
which we will call the basic one. This group includes parts, the failure of one of which leads to a dangerous and
undiagnosed failure of the machine. In this case, it is necessary to use the sequence of the structural scheme of the
reliability of the machine. Then the risk of failure is determined by the well-known formula [15]:

Q=1-T1" 01— Q) (1)
where Q — risk (probability) of machine failure; Q; — probability of failure of the i-th part, m — volume of a group
of parts.

For example, if the probability of failure of one part in the base group is the same and is equal to Q; = 0.05, which is
a completely acceptable condition for the reliability of the part in operation, and the volume of all parts in the base
group of the machine is m = 200, then the probability of a dangerous and undiagnosed failure of the machine will be:

Q =1-]12%(1 - 0,05) = 0,997.
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Such a risk indicator is unacceptable. That is, it can be assumed that in order to reduce the risk, it is necessary to
increase the life of each part, in this case the risk will decrease. For example, if you increase the life of each part by an
order of magnitude, namely, if the probability of failure is Q1 = 0.005, then the probability of machine failure will
remain significantly high:

Q =1-TI2°9(1 - 0,005) = 0,63.

The development of recommendations to increase the life of the second group of parts (all other parts and
assemblies that are not included in the first group), which includes consumables and spare parts, leads only to
minimizing the total costs of eliminating failures, without affecting the safety of operation in any way.

Improving reliability by reducing the dispersion of failures of parts from the base group reduces the risks associated
with dangerous and undiagnosed failures. As a result, the average time to failure will increase, and failures will occur
less frequently. The number of failures will decrease, but it will not be possible to completely eliminate them, the risk of
undesired events will remain. The actual life, although it will approach the specified one that determines the acceptable
risk, will be lower.

Then an increase in the life of parts from the base group within the specified limits does not allow achieving a high
level of reliability and a different methodological approach is needed to solve this problem. The proposed new approach
should provide for the appearance of calculated failures of parts from the base group only outside the specified machine
life. In the future, we will talk only about the parts from the base group, which we will call critical parts.

New approach to assess reliability

The study of the reliability of machines has shown that the life of parts can be dispersed within significant limits.
Let us consider this fact on the example of one part from some set of the same parts. Its life is a random value
determined by the parameters of the aggregate, the true parameters of which are unknown and are estimated only by the
parameters of the sample distribution. The relative scope of the sample distribution can be determined by the formula:

where Tpmax— the maximum life value in the sample; Tpmin— the minimum life value in the sample.

R = Tpmax—TPmin (2)
TPmin

It should be noted here that for the sample, as for the aggregate, the fundamental condition is fulfilled: Tpmin> 0.
Therefore, to describe statistical patterns, it is recommended to apply the probabilistic Weibull shift law (for strength
and life) and the Fisher-Tippett law (for operating stresses). The distributions obtained using these laws have
restrictions on the left and right, respectively. In addition, the shape of the distribution function can be used to analyze
the change in the failure rate over time.

Then the relative range estimated by formula (2), reflecting the deviation of the extreme upper value of the sample
distribution relative to the extreme minimum value, can range from several units to hundreds or more. Therefore, the
distribution density of the parts life for the sample and the aggregate may be located differently relative to a given

machine life, for example, as shown in Fig. 1.
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Fig. 1. Curves of the density distribution of the probability of failure for the sample (1) and the aggregate (2)
for the three-parameter Weibull law

It can be concluded that the result of estimating the probability of trouble-free operation of a part is determined by
the degree of adequacy of transferring the results of sample tests to the aggregate. It is obvious that the spread of point
estimates of the distribution parameters of the two-parameter Weibull law obtained by the least squares method can lead
to an overestimation of the calculated indicators of the probability of trouble-free operation, i.e. underestimation of risk.
The main reason for this lies, as noted in [1], in the estimation of the shift parameter only based on the results of sample
tests. At the same time, the volume of the aggregate is not taken into account in any way. However, we can assume that
by increasing the volume of the considered aggregate, there will be a decrease in the real value of the minimum life
Tp"

random tests: Tp” . < Tpmin-

mine 1-€+ In the aggregate, there will always be a part, the life of which is less than the specified value during

Therefore, in order to increase the reliability of the safety assessment of parts from the sample and bring it closer to
the true value determined from the aggregate, it is necessary to adjust the distribution density curve for dangerous and
undiagnosed failures.

To adjust the distribution parameters, it is proposed to use the following methodology.

At the first stage, according to the test results, in accordance with recommendations [4], parameters of shape B, and
scale n, for a sample of volume n are determined. The minimum life value in the sample is taken as a sample parameter
of shift Tos = Tpmin-

At the second stage, the shift parameter for the aggregate is determined. First of all, the shift parameter requires a
physical justification. For the random variable under consideration — technical life — such a physical limitation is zero
life. Therefore, a probabilistic approach is proposed here. In accordance with it, the volume of population N is set, the
quantile of Student's distribution d = t,(N — 1), which has degree of freedom (N — 1) and confidence probability level p.
Next, the shift parameter for the population is determined by the following formula:

Toc = Too(1 = & P (3)

It follows from formula (3) that as (N — n), increases, i.e. as the volume of the population increases, the shift
parameter decreases in the limit to zero, which corresponds to the existing physical constraint.

At the third stage, there is a correction of parameters of shape . and scale n for the aggregate in accordance with
the formulas proposed in [5, 6]. The reliability of such an adjustment is proved in [5].

The algorithm for constructing a three-parameter Weibull's law for a population based on sample data is shown in
Fig. 2 and represents the following scheme for calculating parameters.

1. The following numerical characteristics are estimated from the initial sample series X: average value X, standard
deviation oy, coefficient of variation C,, coefficient of asymmetry Csand the minimum value Xmin.
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2. Depending on Cs coefficient of variation C, for the population is determined using the approximating
expression:

Cy = 0.0009 X C¥ — 0.0105 x €3 + 0.0277 x C2 + 0.3234 x C; + 0.31,

3. Coefficient of variation C, determines the value of the coefficient of the distribution form of set . according to
the formula:

B. = 0.9889 x C;;10%,

To confirm the methodology, we will conduct a numerical experiment, the essence of which is to carry out the
following sequence of actions:

—recognition of the parameters of a given set as true;

— modeling of the variation series of the aggregate of the required volume;

— formation of a true sample distributions set of volume n in the amount of m;

— determination of the most unfavorable option with the maximum value of the sample shift;

— correction of the shift and calculation of shape and scale parameters for the adjusted sample;

— comparison of the corrected parameters with the true ones.

It is obvious that in real conditions of observations (tests) during the operation of the machine, only the initial
section of the left branch can be obtained. At the same time, the batch of machines should be representative and
consist of at least 30 machines with an operating time of 8-10 thousand hours. Obtaining experimental data for
statistical processing and constructing the entire distribution curve of the object's resource over the entire period of
operation is an impossible task.

1 Initial data: sampling of life values xi, n

Y

Finding parameters of form a and scale b of Weibull's law for sampling
according to GOST

¥

Determination of the shift parameter of Weibull's law for the sample
3 Tos = Tpmin

Y

Volume of the aggregate N and the quantile of the Student's distribution are
4 selected d = t,(N — 1)

Y

Determination of the shift parameter for the aggregate
d
° Toe = Toy(1— & BN=7)
Determination of the parameters of form a and scale b for the aggregate
<Tp minB TOB>ﬁB _ <Tp minc — T0c>ﬂC

6 Ty 1
1 1
B, — 1\ B.— 1\A

T0B+ 77}3< ﬂB =T0c+ 770 Cﬂc

Fig. 2. Algorithm for determining the three parameters of the Weibull's law for a population based on sample data
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Therefore, a computational experiment was carried out, during which the parameters of the three-parameter
distribution of the Weibull sample were determined for the sample data of the part (parts) life with volume of n=50.

Results. According to the algorithm and sequence of actions proposed above, a numerical experiment was carried
out. Initially, the parameters of the true population were set, a variation series of population N=10* was modeled,
samples of n=50 in the amount of m=5 were randomly extracted from it; n=100 in the amount of m=1; n=150 in the
amount of m=1 and n=1000 in the amount of m=1 were selected. Next, we chose the worst sampling option
corresponding to the maximum deviation of the shift value from the shift of the population. The distribution densities of

the Weibull's law for the initial population and the samples obtained from it are shown in Fig. 3.

f(Tp)
0.05

0.04

0.03

0.02

0.01

9

11

13

Tp, th.h
7 P

Fig. 3. Distribution densities of population (1), samples modeled from it with a volume of n=50 (2)

Based on the calculation results, we estimate the parameters by comparing the shift value of the true

population and samples taken from it (Table 2).

Table 2
Parameters of samples and aggregates
Samples of volume n=50
Parameters Aggregate
1 2 3 4 5
Initial 132 787 154 333 143 348 138 096 167 488
a 155 900
Corrected | 135008.7 | 159917.03 | 151 330.36 | 143957.4 166 778.2
Initial 1.07 0.98 0.96 1.02 0.92
b 1.07
Corrected 1.19 1.20 0.95 1.13 0.94
Initial 7344 6 007 6 813 5962 7 491
X min 5509
Corrected | 8 160.36 6 675.00 7 569.74 6 625.23 7 490.71
A% 10.004 10.007 9.997 10.011 0

The analysis shows that the sample parameters of the shift differ significantly from the shift of the population. The

probability of falling into the real value of the shift is minimal, and an increase in the volume of samples does not

guarantee that the minimum value of the population will fall into it. Therefore, in order to reduce the risks of a

dangerous failure, it is necessary to adjust the parameters.
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To determine the confidence level when adjusting the shift parameter of the three-parameter Weibull distribution, a
parametric confidence criterion is proposed:

Dgpp = e_(l_%)ﬂ 4)
where n and N — respectively, the volumes of samples and general aggregates of a finite volume; 4 — deviation of the
parameters of sample distributions from the true value of the parameters of the population.

The calculations have shown that the criterion of parametric reliability for a sample with the maximum shift value is 0.67.
To make the adjustment, we take the most unfavorable option, that is, with the maximum value of the sample shift
relative to the value of the population. A graphical representation of the distribution densities of these samples is shown
in Fig. 4.
f(Tp)

0.05
0.04

0.03

0.02

N

0.01

9 11 13 15
Fig. 4. Distribution densities of the initial (1) and the corrected (2) samples

Determination of the risk of uncontrolled dangerous failure of the boom part of the single-bucket excavator
EK-14

As an evaluation of the proposed method for determining the parameters of the aggregate based on sample data, an
example is considered for a responsible part of a single-bucket excavator —the side wall of the boom with a fatigue life
before write-off T,=20 thousand hours. The specified life is determined by the manufacturer as a life before write-off.
For the boom, as the basic element of the excavator, the specified life is 20 thousand hours.

The boom of the single-bucket excavator EK-14 has a box section made of St3rolled steel, with a side wall
thickness of 10 mm. The operational experience has shown that the boom failure consists in the appearance of a fatigue
crack in a dangerous section, and various kinds of repair measures did not solve the problem of crack growth. The only
solution to the problem is to replace it. Therefore, sample data on the life were determined for the boom and the
transition from sample data to aggregate parameters was carried out [14, 16, 17].

Numerical and full-scale experiments show that the reliability of determining the shift parameter of the aggregate
according to the data of sample tests does not meet the necessary requirements. Therefore, it is necessary to adjust the
data obtained according to the proposed methodology.

Further, according to the proposed sequence, a sample was obtained from the aggregate and corrected. The
adjustment of the parameters of the sample distribution allowed us to approach the parameter of the population shift, but
not to achieve it. Moreover, the shift parameter of the aggregate did not reach a value of 10 thousand hours, which is
twice lower than the specified life, and confirms the presence of premature failures.

Therefore, for parts from the base group, it is proposed to shift (increase) the life value by changing the design

parameters. For example, to increase the endurance limit of steel by replacing the steel of the serial production of the
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part with a stronger one, and (or) to reduce the effective stress by increasing the wall thickness or cross-section
dimensions. In [14, 15], the life values for the side wall of the boom were calculated and compared with the variants of
recommendations for the manufacture of the part. The recommendations provided for: increasing the wall thickness
from 10 to 12, and then to 14 mm of the rolling sheet in the dangerous section of the part; replacement of the used grade
of steel St3 (low-carbon) with low-alloy 09G2S or 15KHSND; increase in the dangerous cross section of the boom up
to 20 %.

Load parameters are set deterministically. The fatigue strength of the part is limited from below by the available
control of the material and the finished part, and the load is limited from above by the calculated operating modes and
the presence of safety elements (safety valves, torque-limiting clutches, etc.). Therefore, in case of fatigue failure of
parts for the general population, there are cases when the load parameters exceed the fatigue strength parameters due to
the influence of uncontrolled random factors. The consequence of this is the need to limit the resource of the part from
below, determined by the distribution of the general population, and not by the sample.

The calculations have shown that the probability of trouble-free operation is 0.9989 for the boom of a single-bucket
excavator made of 15KHSND steel with a rolling sheet thickness of 12 mm, and the probability of failure, respectively,
is 0.0011.

Discussion and Conclusion. To create safe machines, it is necessary that the minimum life of basic parts, justified
by the proposed methodology, tends to the value of the specified machine life. The exception to this rule is only some
parts with premature failures, the causes of which cannot be determined due to the lack of appropriate methods and
means. In addition, planned replacements of individual parts with a low life are acceptable (increasing their life is
impossible or impractical). Failures of such parts do not affect the safety of the machine.

Thus, a new approach to assessing the risk of operating production facilities in the event of dangerous and

undiagnosed failures of basic parts by safety systems, leading to negative consequences, is justifie.

References

1. Panfilov AV, Deryushev VV, Korotkii AA. Recommended Safety Systems for Risk-Oriented Approach.
Occupational Safety in Industry. 2020;5:48-55. https://doi.org/10.24000/0409-2961-2020-5-48-55 (In Russ.).

2. Moskvichev VV, Makhutov NA, Shokin Yul, et al. Prikladnye zadachi konstruktsionnoi prochnosti i mekhaniki

razrusheniya tekhnicheskikh sistem. Novosibirsk: Nauka; 2021. 795 p. (In Russ.).

3. Deryushev VV, Kosenko EE, Kosenko VYV, et al. Technical decisions in uncertain environment at risk. Safety of
Technogenic and Natural Systems. 2019;2:56-61.

4. Kotesov AA. Method for determining the parameters of the probability distribution of the population strength
characteristics of structural steels based on sample data. Vestnik Rostovskogo Gosudarstvennogo Universiteta Putey
Soobshcheniya. 2020;4:23-29. https://doi.org/10.46973/0201-727X 2020 4 23 (In Russ.).

5. Sikan AV. Practical procedures of estimating parameters of Weibull distribution for hydrological computations.

Proceedings of the Russian State Hydrometeorological University. 2011;19:37-45. (In Russ.).

6. Lepikhin AM, Moskvichev VV, Doronin SV. Reliability, survivability and safety for complex technical systems.
Computational Technologies. 2009;14(6):58-70. (In Russ.).

7. Doronin SV, Reizmunt EM, Rogalev AN. Erratum to: Problems on Comparing Analytical and Numerical
Estimations of Stressed-Deformed State of Structure Elements. Journal of Machinery Manufacture and Reliability.
2018;47(4):387. https://doi.org/10.3103/S1052618818040167

8. Doronin SV, Reizmunt EM, Rogalev AN. Problems on Comparing Analytical and Numerical Estimations of
Stressed-Deformed State of Structure Elements. Journal of Machinery Manufacture and Reliability. 2017;46(4)364—
369. https://doi.org/10.3103/S1052618817040069

Technosphere Safety

67


https://doi.org/10.24000/0409-2961-2020-5-48-55
https://doi.org/10.46973/0201-727X_2020_4_23
https://doi.org/10.3103/S1052618818040167
https://doi.org/10.3103/S1052618817040069

https://bps-journal.ru

68

Safety of Technogenic and Natural Systems. 2023;7(2):58—69. eISSN 2541-9129

9. Kotesova AA, Teplyakova SV, Popov SI, et al. Ensuring assigned fatigue gamma percentage of the components.
In: I0OP Conference Series: Materials Science and Engineering; 2019;698(6):066029. https://doi.org/10.1088/1757-
899X/698/6/066029

10. Lepikhin AM. Nerazrushayushchii kontrol' i otsenka opasnosti defektov svarki na stadii ekspluatatsii

oborudovaniya. Materials of science issues. 2007;3:208-213. (In Russ.).

11. Doronin S, Rogalev A. Numerical approach and expert estimations of multi-criteria optimization of precision
constructions. CEUR Workshop Proceedings. 2018;2098:323-337.

12. Makhutov NA. Bezopasnost' i riski: sistemnye issledovaniya i razrabotki. Novosibirsk: Nauka; 2017. 724 p. (In
Russ.).

13. Birger IA. Tekhnicheskaya diagnostika, 2" ed. Moscow: URSS: LENAND; 2018. 238 p. (In Russ.).

14. Klyuev VV, Lozovskii VN, Savilov VP. Diagnostika detalei mashin i mekhanizmov: in 2 parts. Part. 1. V.V.
Klyuev (Ed.). Moscow: Spektr; 2017. 176 p. (In Russ.).

15. Klyuev VV. (Ed.). Nerazrushayushchii kontrol': ref in 8 vol. Vol. 1 in 2 books. Book. 1: Sosnin FR. Vizual'nyi i
izmeritel'nyi kontrol'. Book. 2: Sosnin FR. Radiatsionnyi kontrol'. 2" ed., rev. Moscow: Mashinostroenie; 2008. 560 p.
(In Russ.).

16. Makhutov NA, Albagachiev AYu, Alekseeva Sl, et al. Prochnost', resurs, zhivuchest' i bezopasnost' mashin.
Moscow: LIBROKOM Publishing house; 2008. 574 p. (In Russ.).

17. Lepikhin AM, Moskvichev VV, Doronin SV, et al. Probabilistic modeling of safe crack growth and estimation
of the durability of structures. Fatigue & Fracture of Engineering Materials & Structures. 200;23(5):395-401.
https://doi.org/10.1046/j.1460-2695.2000.00303.x

About the Authors:
\Viktor V Deryushev|, professor of the Operation of Transport Systems and Logistics Department, Don State

Technical University (1, Gagarin Sg., Rostov-on-Don, 344003, RF), Dr. Sci. (Eng.), ORCID

Svetlana V Teplyakova, associate professor of the Operation of Transport Systems and Logistics Department, Don
State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), Cand. Sci. (Eng.), ScopusiD, ORCID,

svet-tpl@yandex.ru

Marina M Zaitseva, associate professor of the Operation of Transport Systems and Logistics Department, Don
State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), Cand. Sci. (Eng.), associate professor,
ScopusID, ORCID, marinchal@rambler.ru

Claimed contributorship:
\VV Deryushev|: academic advising, analysis of the research results. SV. Teplyakova: formulation of the basic
concept, goals and objectives of the study, calculations. MM Zaitseva: analysis of the research results, revision of the

text, correction of the conclusions, preparation of the text, formulation of the conclusions.

Received 04.04.2023.
Revised 22.04.2023.
Accepted 23.04.2023.

Conflict of interest statement

The authors do not have any conflict of interest.

All authors have read and approved the final manuscript.


https://doi.org/10.1088/1757-899X/698/6/066029
https://doi.org/10.1088/1757-899X/698/6/066029
https://doi.org/10.1046/j.1460-2695.2000.00303.x
http://orcid.org/0000-0003-1812-2834
https://www.scopus.com/authid/detail.uri?authorId=57214222442
https://orcid.org/0000-0003-4245-1523
mailto:svet-tpl@yandex.ru
https://www.scopus.com/authid/detail.uri?authorId=57194458227
https://orcid.org/0000-0002-5693-1053
mailto:marincha1@rambler.ru

\VV Deryushev, et al. Production Facilities Safety Assessment According to the Maximum Values of Machines Reliability

06 asmopax:

[epiomeB Bukrop BaagmmupoBuu, mpodeccop kaeapsl « IKCIUTyaTaIs TPAHCTIOPTHEIX CHCTEM M JIOTHCTHKAY

JIOHCKOTO TOCYJapCTBEHHOTO TeXHUIeckoro yHuBepcureTa (344003, PO, r. PoctoB-na-/lony, mr. ['arapuna, 1), nokrop

texanuecknx Hayk, ORCID

TenusikoBa CBetrs1ana BuxropoBHa, noueHT Kadeapbl «DKcIUTyaTaldsi TPAHCIIOPTHBIX CHCTEM M JIOTHCTHKA
JIOHCKOTO TOCYNapCTBEHHOTO TeXHHUYeckoro yHuBepcutera (344003, PD, r. Pocros-Ha-JloHy, i [arapuna, 1),

KaHIUIAT TeXHUUecKuX Hayk, ScopusiD, ORCID, svet-tpl@yandex.ru

3aiineBa Mapuna MuxaiJioBHA, JOUEHT Kadeapbl «DKCIUTyaTalys TPaHCIIOPTHBIX CHCTEM U JIOTHCTHKA»
JIOHCKOTO TOCYIapCTBEHHOTO TexHHUUYeckoro yHuBepcuteta (344003, PD, r. Pocrop-Ha-Jlony, mi. [arapuna, 1),

KaHUIaT TEXHUYEeCKUX Hayk, fnorent, ScopuslD, ORCID, marinchal@rambler.ru

3anenennwiii 6K1A0 COABMOPOS:

B.B. JlepromeB| — Hay49HOE pyKOBOJCTBO, aHANMN3 pe3ynbTaTtoB uccienoBanuii. C.B. TemmikoBa — dhopMupoBanme

OCHOBHOI KOHOCIINWH, LCIN WU 3aaa4r UCCICAOBaHUA, IMPOBECACHUC PACUCTOB. M.M. 3aﬁueBa — aHaJIn3 pe3yJibTaTOB

HCCJIe,I[OBaHPIﬁ, Z[Opa60TKa TCKCTA, KOPPCKTUPOBKA BBIBOJOB, IOATOTOBKA TCKCTA, (I)OpMI/IpOBaHI/Ie BBIBOJIOB.

Hoctynuiaa B pexaxnmio 04.04.2023.
HocTynuia mociie penensupoanns 22.04.2023.

Mpunsita k myéaukanuu 23.04.2023.

Kongpnuxm unmepecos

ABTOPBI 3a5BIISIIOT 00 OTCYTCTBHH KOH(JIMKTa HHTEPECOB.

Bce agmopur npouumanu u 0006punu OKOHUAMENbHBLIL BAPUAHM PYKORUCU.

Technosphere Safety

69


http://orcid.org/0000-0003-1812-2834
https://www.scopus.com/authid/detail.uri?authorId=57214222442
https://orcid.org/0000-0003-4245-1523
mailto:svet-tpl@yandex.ru
https://www.scopus.com/authid/detail.uri?authorId=57194458227
https://orcid.org/0000-0002-5693-1053
mailto:marincha1@rambler.ru

https://bps-journal.ru

70

Safety of Technogenic and Natural Systems. 2023;7(2):70-79. eISSN 25419129

MACHINE BUILDING
MAININHOCTPOEHUE

. SRR
BY

UDC 614.8: [377+621.873+004.032.26] Original article
https://doi.org/10.23947/2541-9129-2023-7-2-70-79

Influence of the Competencies of Lifting Crane Specialists
on the Probability of Emergencies
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Abstract
Introduction. The operation of lifting cranes is an integral part of the production processes. For the trouble-free

operation of these mechanisms, certain knowledge, skills and abilities are required, which should also be possessed by
specialists performing organizational and supervisory functions at facilities where such cranes are involved. Here there
is an important problem — the lack of a reasonable connection between the level of development of professional
competencies and possible emergency situations, as well as various incidents during the operation of lifting cranes.
The authors of this study are trying to solve it. Their goal in this regard is to assess the probability of an emergency
during the operation of lifting cranes, depending on the level of professional competence of specialists, through the use
of neural networks.

Materials and Methods. The competencies of workers in the operation of lifting cranes (knowledge, skills and work
responsibilities) provided for by the professional standard "Specialist in the operation of lifting structures” were used as
initial data to train neural networks. Based on them, a list of possible incidents was compiled. For the purposes
of training, the results of the certification of 200 conditional employees were generated. During the generation, the
Monte Carlo method was used, and the data were output to Excel tables. Neural networks were trained in Python 3.10
in the PyCharm development environment. Open libraries Keras and TensorFlow, as well as auxiliary libraries for data
representation and processing (Pandas, NumPy, Scikit-learn) were used for neural networks training.

Results. As a result, a tool was obtained — a neural network in the form of executable program code, which makes it
possible to assess the probability of emergencies during the operation of lifting cranes by analyzing the degree
of proficiency of specialists in professional competencies. It is proposed to implement artificial intelligence
technologies based on neural networks in order to assess the knowledge, skills and abilities of specialists of facilities
operating lifting cranes, both during the certification of employees and in the course of work.

Discussion and Conclusion. The main result of using neural networks to assess the knowledge of employees
of facilities operating lifting cranes is the expected reduction in accidents, which can be ensured by timely identification
of incompetent personnel at the stages of primary certification and, most importantly, during periodic tests

of knowledge based on an impartial analysis and evaluation of data.

Keywords: accident, lifting crane, probability, assessment, competence, human factor, neural network.
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BiausiHne KoMIIeTEeHIIUM CIeIUAJTHUCTOB rpy3onoaAb€MHbIX KPaHOB
Ha BEPOATHOCTL BOSGHUKHOBCHUA aBapHﬁHBIX chyaunﬁ
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JloHCKO# rocyapCTBeHHBIN TeXHIHYeCKU yHIBepcuTeT, Poccuiickas @enepanus, r. Pocto-Ha-/lony, mi. ['arapuna, 1

> egelskaya72@mail.ru

AHHOTALUA

Bgeodenue. Dxcrutyatalys rpy30H0IbEMHBIX KPAHOB SBIISICTCS HEOTHEMIIEMOH YacThIO IIPOU3BOACTBEHHBIX MPOLIECCOB.
Jnst Ge3aBapuifHOM pabOThI ATHX MEXaHW3MOB HEOOXOIMMBI ONpECICHHbIC 3HAHMS, YMEHHUS U HaBBIKH, KOTOPBIMH
JIOJDKHBI 00J1a/1aTh B TOM YHUCIIE ¥ CIICLHAINCTHI, OCYIIECTBISIONINE OPraHU3alMOHHbIE M KOHTPOJIHUPYIOIIUE (YHKIINN
Ha 00BbeKTax, Iie 3aJIeHCTBOBAHbI TaKie KpaHbl. U 3/1ech CyniecTByeT BaxkHas MpodieMa — OTCYTCTBHE 000CHOBaHHON
CBSI3H MEXIY YPOBHEM OCBOCHUS MPO(ECCHOHANBHBIX KOMIICTCHLMHA M BO3MOXKHBIMH aBAPUITHBIMH CHTYaLlUSIMH, a
TaKOKe Pa3IMYHBIMH HHIUACHTAMHU IPH SKCIUTyaTallid I'PY30NMOABEMHBIX KPaHOB. ABTOPHI JaHHOTO HCCIICIOBAHUS
TBITAIOTCS PEIIUTh ee. VX Ienp B CBA3M C 3TUM — IOCPEICTBOM IPHMECHCHUS HEHPOHHBIX CeTed NaTh OLCHKY
BEPOSATHOCTH BO3HUKHOBCHUS aBapUIHOM CHTYaIlMH MPU KCIUTyaTalldy IPY30MOJBEMHBIX KPAaHOB B 3aBUCHMOCTH OT
YPOBHSI TPO(ECCHOHANTBHBIX KOMIIETEHIIMH CIIENATUCTOB.

Mamepuanvt u memoodvl. Jljis 0Oy4eHHS HEHPOHHBIX CETEH B Ka4eCTBE MCXOIHBIX MAHHBIX HCIOJIb30BAIUCH
KOMIIETCHIIMH Pa0OTHHKOB MO DKCIUTYyaTaIlMH TPY30MOJbeMHBIX KPAHOB (3HAHMS, YMEHHUSI U TPYAOBbIE OOS3aHHOCTH),
IpeyCMOTPEHHbIE MPOQECcCHOHANBHBIM cTaHIapTOM «CHEeUUaNuCT 10 IKCIUTyaTaluk MOJIbEMHBIX COoopykeHui». Ha
UX OCHOBE OBUI COCTABJEH MEPEYCHb BO3MOXKHBIX MHLMICHTOB. J[s 1eneil o0ydeHUs] CreHepUpOBaHbI PE3YIIbTAThI
arrectaiu 200 ycinoBHBIX paboTHHKOB. [Ipy reHepanuu ucnonbs3oBaics Meton MonTe-Kapio, v JaHHbIC BHIBEJCHBI B
tabnuipl Excel. OOy4enue HelipoHHBIX ceTell mpou3BoauiIoch Ha si3bike Python 3.10 B cpexne paspabortku PyCharm.
IMpu oOy4yeHur HEHPOHHBIX CETell HCMONB30BAINCH OTKpbIThie Oubmuotekn Keras u TensorFlow, a rtarke
BCIIOMOTaTesbHbIe OMOIMOTEKH MpeAcTaBIeHus u 06paboTku nanusix (Pandas, NumPy, Scikit-learn).

Pezynemamot uccnedoeanus. B pesynbraTe TONydyeH WHCTPYMEHT — HEHpOHHAsh CEeTh B BHUJE HCIOJIHSIEMOTO
MPOrPaMMHOTO KOJIa, IMO3BOJISIOINAS BBIOJHUTH OLEHKY BEPOSTHOCTH BO3HMKHOBEHHMS| aBapUIHBIX CHUTyalMd Npu
9KCIUTyaTallid  TPY30NONBbEMHBIX  KPaHOB  MOCPEACTBOM  aHalW3a  CTENEeHH  BIAJEHHS  CIICHHAINCTaMHU
podeCCHOHANBHBIME ~ KOMIIETEHIMSIMU.  [Ipe/uiaraercsi OCyIIECTBUTh BHEJAPEHHE TEXHOJIOTHH HCKYCCTBEHHOTO
HHTEJJIEKTa Ha 0a3e HeWPOHHBIX CETEeH C LENbIO aTh OLEHKY 3HAaHWH, YMEHHH M HaBBIKOB CIELUAIMCTOB OOBEKTOB,
SKCILTYaTUPYIOUIMX TPY30NOJbEMHBIE KpaHbl, KaK NPH IPOBEACHHM aTTECTAllMd PaOOTHUKOB, TaKk M B IpOIEcce
TPYAOBOM JEATENbHOCTH.

Oécyacoenue u 3axnroyenus. OCHOBHBIM PE3yJIbTATOM HCIOJIBb30BaHUSI HEHPOHHBIX CeTeil Uil OLEHKH 3HAHUHN
pabOTHUKOB OOBEKTOB, OSKCIUIyaTHPYIOIIMX TPY30IOAbEMHBIE KpPaHbI, SIBISIETCS IPEIoNiaraeMoe CHIDKEHHE
aBapUUHOCTH, YTO MOXKET OBbITh OOECIIEueHO 3a CUET CBOEBPEMEHHOI'O BBISBJICHHS HEKOMIIETEHTHOTO NepCcoHaj a Ha
CTaauAX TEPBUYHON aTTECTAllMU M, YTO OCOOEHHO Ba)KHO, NPH INEPUOJMYECKUX IPOBEPKax 3HAHWM HAa OCHOBaHWH

6GCHpI/ICTpaCTHOI‘O aHaJIn3a U OLICHKU JaHHBIX.
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KiaoueBble ciioBa: aBapus, I‘py?)Ol'[O[[”I)CMHI)Iﬁ KpaH, BECPOATHOCTb, OLICHKA, KOMIICTCHILIUA, YeJIOBEUECCKHI (baKTOp,

HEHUPOHHAs CETh.

Bnarouapﬂocnl. ABTOpI)I BbIpaXKalOT MPHU3HATCIBHOCTL KOJUICTaM 3a IOMOIb MHpH IOATOTOBKEC MATCpHAIOB

HUCCIICAOBaHMs.

Jdasi uutupoBanus. Erensckuii B.B., Hukonaes H.H., Erensckas E.B. nu np. Bnusaue xomnereHUui cnequalnucToB
IPy30MOIBEMHBIX KPAaHOB Ha BEPOSATHOCTh BO3HHKHOBEHUS aBApUUHBIX CUTYallWid. be3onacHocmev mexHO2eHHbIX U

npupoonsix cucmem. 2023;7(2):70-79. https://doi.org/10.23947/2541-9129-2023-7-2-70-79

Introduction. Enterprises operating lifting equipment (lifting cranes, loader cranes, lifts (towers), construction lifts,
etc.), in accordance with the legislation® belong to hazardous production facilities (HPF), as a rule, of hazard class IV,
but may also be part of objects of hazard class I, Il or Il1l. The Federal Service for Environmental, Technological and
Nuclear Supervision (Rostekhnadzor) is responsible for accounting, control of activities, investigation and accounting
of accidents that occurred at the HPF.

According to Rostekhnadzor?, in 2021, about 600 thousand lifting mechanisms were operated at enterprises and
organizations of the Russian Federation, of which 209,935 were lifting cranes. In 2021, there were 29 accidents during
the operation of lifting structures, 27 deaths. Compared to 2020, we can observe a slight positive trend — then there
were 30 accidents, 28 fatal injuries.

The largest number of accidents in 2021, as in 2015-2020, occurred during the operation of tower cranes:

— during the operation of tower cranes in 2020, 12 accidents occurred, in 2021 13 accidents occurred,;

— during the operation of vehicle-mounted cranes, four accidents occurred in 2020, and four accidents also occurred
in 2021;

— during the operation of overhead cranes there was one accident in 2020, in 2021 there was also one accident;

— during the operation of frame cranes there was one accident in 2020, in 2021 there were three accidents;

— during the operation of loader cranes, two accidents occurred in 2020, and two accidents also occurred in 2021.

Analyzing the above data, one can distinguish among others such a cause of accidents as the lack of proper control
over production processes at facilities by responsible specialists (human factor).

Causes of accidents are:

— lack of production control over the compliance with industrial safety requirements by the management of the
organization and owners of a hazardous production facility, as well as persons responsible for the maintenance of lifting
structures in working condition and for the safe production of works;

— in some organizations, the facts of non-assignment of specialists responsible for this area of control are recorded,
as required by regulatory legal acts®;

— involvement of personnel who do not have the necessary qualifications in the production of works;

— absence of work production projects, work production rules, job descriptions and production instructions at the
facility;

— untimely scheduled inspections, repairs and technical inspections of lifting structures.

o promyshlennoi bezopasnosti opasnykh proizvodstvennykh ob"ektov. Federal Law No.116-FZ of 21.0.1997. Consultant Plus. URL:
http://www.consultant.ru/document/cons_doc_LAW_15234/ (accessed 18.01.2023). (In Russ.).

2Otchet 0 deyatel'nosti Federal'noi sluzhby po ekologicheskomu, tekhnologicheskomu i atomnomu nadzoru v 2021 godu. Rostekhnadzor. URL:
https://www.gosnadzor.ru/public/annual_reports (accessed 18.01.2023). (In Russ.).

30b utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti "Pravila bezopasnosti opasnykh proizvodstvennykh obektov, na
kotorykh ispol'zuyutsya pod“emnye sooruzheniya”. Order No. 461 of the Federal Service for Environmental, Technological and Nuclear Supervision
dated November 26, 2020. Electronic Fund of Legal and Regulatory and Technical Documents. URL: https://docs.cntd.ru/document/573275657
(accessed 30.03.2023). (In Russ.).
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Often, the root cause of violations committed in terms of not properly organized production control over the
compliance with industrial safety requirements is the desire of owners of hazardous production facilities to reduce
financial costs.

However, as statistics show, as well as numerous studies on this topic, there is a direct dependence of the occurrence
of accidents on the level of qualification of managers and responsible specialists [1-3].

The probability of emergencies during the operation of lifting cranes is determined by assessing the degree of
proficiency of professional competencies of personnel. In order to evaluate such knowledge, it is proposed to use
artificial intelligence technologies based on neural networks during the certification of employees.

In accordance with the decree of the President of the Russian Federation* and the National Strategy for the
Development of Artificial Intelligence for the period up to 2030, it is necessary to use artificial intelligence technologies
based on neural networks to assess the residual knowledge of responsible specialists of organizations operating lifting
cranes in the following cases:

— on the eve of attestation in the attestation commissions of the enterprise or the territorial attestation commission of
Rostekhnadzor;

— in case of an accident or injury at the HPF, etc.

The level of competence of engineering and technical employees of the HPF operating lifting cranes, appointed by
responsible specialists, is determined not only by the availability of specialized higher professional education, but also
by periodic attestation in accordance with the requirements of the legislation of the Russian Federation, which is
preceded by obtaining additional professional education for certain categories of specialists®®.

Verification of the level of knowledge and competencies based on the results of advanced training in the field of
industrial safety is carried out by educational organizations through assessments developed for specific programs [4—6].

Verification of the level of knowledge and competencies during periodic examinations in the attestation
commissions of Rostekhnadzor or the operating organization is carried out through testing in a unified testing system®.
The results of the test tasks will contribute to the assessment of knowledge of legislative and regulatory documents
relevant to the field of attestation”.

There is also a need to evaluate the knowledge, skills and abilities of the HPF specialists operating lifting cranes in
accordance with professional standards for specific positions®. At the same time, not only answers to questions, that is,
theoretical knowledge, are taken into account, but also skills and abilities through practical tasks (solving thematic
problems, reading drawings, making relevant documentation).

Materials and Methods. During the attestation for each type of inspections, specialists put down points. The
attested person must score at least 80 % of the correct answers for admission to work. In this way, a data matrix can be

formed, and statistical data in the matrix can be linked to the causes of accidents, injuries and accidents. Then it

40 razvitii iskusstvennogo intellekta v Rossiiskoi Federatsii. Decree of the President of the Russian Federation No. 490 of 10.10.2019. URL:
https://www.garant.ru/products/ipo/prime/doc/72738946 / (accessed 30.03.2023). (In Russ.).

%0 podgotovke i ob attestatsii v oblasti promyshlennoi bezopasnosti, po voprosam bezopasnosti gidrotekhnicheskikh sooruzhenii, bezopasnosti v sfere
elektroenergetiki. Resolution of the Government of the Russian Federation No. 1365 of October 25, 2019. Information and legal base of the Russian
Federation. URL.: https://ipbd.ru/doc/0001201910290010/ (accessed 30.03.2023). (In Russ.).

0b attestatsii v oblasti promyshlennoi bezopasnosti, po voprosam bezopasnosti gidrotekhnicheskikh sooruzhenii, bezopasnosti v sfere
elektroenergetiki. Resolution of the Government of the Russian Federation No. 13 of January 13, 2023. Official Internet portal of legal information.
URL: http://publication.pravo.gov.ru/Document/View/0001202301170020 (accessed 30.03.2023). (In Russ.).

"0b utverzhdenii Perechnya oblastei attestatsii v oblasti promyshlennoi bezopasnosti, po voprosam bezopasnosti gidrotekhnicheskikh sooruzhenii,
bezopasnosti v sfere elektroenergetiki. Rostechnadzor Order No. 334 of September 4, 2020. Official Internet portal of legal information. URL:
http://publication.pravo.gov.ru/Document/View/0001202102040015 (accessed 30.03.2023). (In Russ.).

80b utverzhdenii professional'nogo standarta "Spetsialist po ekspluatatsii pod“emnykh sooruzhenii. Order of the Ministry of Labor and Social
Protection of the Russian Federation No.169n of March 20,2018. Electronic fund of legal and regulatory documents. URL:
https://docs.cntd.ru/document/542621605 (accessed 30.03.2023). (In Russ.).

Machine Building

73


https://www.garant.ru/products/ipo/prime/doc/72738946%20/
https://ipbd.ru/doc/0001201910290010/
http://publication.pravo.gov.ru/Document/View/0001202301170020
http://publication.pravo.gov.ru/Document/View/0001202102040015
https://docs.cntd.ru/document/542621605

https://bps-journal.ru

74

Safety of Technogenic and Natural Systems. 2023;7(2):70-79. eISSN 25419129

becomes possible to train a neural network, which will allow, if insufficient knowledge, skills and abilities of the
attested person are detected, predicting possible injuries and accidents at facilities [7-9].

The professional standard "Specialist in the operation of lifting equipment"” provides 132 competencies, divided into
knowledge, skills and labor functions. To train a neural network and make it easier to present data, it is necessary to
assign alphanumeric indexes to them. The results of the training of conditional attested specialists were obtained by the
Monte Carlo method [10-12].

The obtained values consist of 0 and 1, which corresponds to a negative and positive (more than 80 %) result of the
assessment of the possession of the relevant competence. The generation is performed in such a way that the data is
evenly distributed across the matrix and the neural network is trained on various combinations of positive and negative
assessments of competence acquisition. During the generation, the results of the attestation of 200 conditional
specialists were obtained (Fig. 1).

On the basis of Rostekhnadzor data on emergency situations on lifting cranes and the list of professional
competencies, possible incidents occurring due to insufficient development of professional competencies by specialists
are formulated. The probability of an incident is estimated in fractions of one and is in the range of 0.0-1.0. Each of the
possible incidents was correlated with a set of competencies from the matrix. The relevant incidents and the sets of

competencies affecting them are presented in Table 1.

Production of works, flowcharts, technological regulations and work permits

Labor actions Required skills

Organize their own activities
and the activities of lifting
equipment operators and
slingers, give instructions and
monitor their implementation

Monitor the compliance with the
requirements of industrial safety
and labor protection by machinists
of lifting equipment and slingers

Monitoring
compliance with the
brand system when

operating bridge cranes

Preparation of the
necessary
documentation

Fig. 1. Competence matrix (fragment) (the authors' figure)

Table 1
Possible incidents and competencies affecting them (the authors' table)
_— . N f
Type of incident Influencing competence umber 0.
competencies
Injury to unauthorized persons and workers Al, A2, B1, B7, C1, C2, C8, C9,
without access to the danger zone during the C11, D1, D4, D7, E2, E3, E5, F1, 20
operation of lifting equipment F2, F8, F9, F14
Injury to workers in violation of the performance A3, A4, A5, A6, B2, B3, B4, B5,
of slinging and cargo operations B6, B7, C6, D1, D2, D4, D7, E1, 22
E2, E3, E5, F1, F2, F6
Injury to personnel and damage to material assets C4, C14, D5, D6, D7, F4
in violation of the requirements for the laying and
maintenance of crane tracks 6
Injury to personnel and damage to material assets C4, C14, D5, D6, D7, F6, H12,
in violation of the requirements for laying, 14, 15, 18, J1, M11
maintenance and repair of crane tracks 12
Injury to personnel and damage to material assets C5, D3, F5
in violation of the requirements for the storage of 3
goods
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Type of incident

Influencing competence

Number of
competencies

Injury to personnel and damage to property in
case of electric shock

C7, C13, E4, F7, F13, H8, K1,

K14, M7, M18 10
Injury to personnel and damage to property in C3, F3, F11, G1, G2, G3, G4, G5,
violation of the rules of maintenance and repair G6, H1, H2, H3, H4, H6, H7, H8,
H9, H10, H13, H14, H15, H16,
H18, H19, H20, I1, 12, 13, 14, 15,
16, 17, 18, J1, J2, J3, J4, J5, J6, J8, 63
K1, K2, K3, K4, K5, K6, K7, K8,
K9, K10, K12, K14, L1, L2, L3,
L4, L5, M1, M2, M3, M4, M6,
M7
Injury to health and loss of life as a result of C12, F12, H5, H19, J7, K13, M5,
violation of the procedure and assistance in M17 8
emergency situations
Injury to personnel and damage to material assets C10, F10, H11, H17, K11, M8,
due to improper inspection and rejection of steel M9, M10, M11, M12, M13, M14, 5

ropes, lifting devices, lifting mechanisms

M15, M16, M18

The possible incidents indicated in Table 1 are assigned alphanumeric indexes for the convenience of using data

headers when training a neural network, and then the values of the probabilities of occurrence of incidents are

calculated depending on the completeness of the development of competencies [13, 14] (Fig. 2).

The data obtained were used to train a neural environment in Python 3.10 in the PyCharm Community Edition
development environment. The TensorFlow open library of deep machine learning, as well as the Keras open library
interacting with it, were used to train the neural network. The open Pandas library is used to import data from Excel to
Python. The NumPy open library was used to optimize the structure of data arrays in order to speed up neural network
learning. With the help of the open library Scikit-learn, the training data was divided into train — 70 %, test — 15 %

and validation — 15 %.

Injury to unauthorized persons and workers
without access to the danger zone during the
operation of lifting equipment
Injury to workers in violation of the
performance of slinging and cargo operations
Injury to personnel and damage to material
assets in violation of the requirements for the
laying and maintenance of crane tracks
Injury to personnel and damage to material
assets in violation of the requirements for
laying, maintenance and repair of crane tracks
Injury to personnel and damage to material
assets in violation of the requirements for the
storage of goods

Injury to personnel and damage to property in
case of electric shock
Injury to personnel and damage to property in
violation of the rules of maintenance and repair
Injury to health and loss of life as a result of
violation of the procedure and assistance in
emergency situations

Injury to personnel and damage to material
assets due to improper inspection and rejection
of steel ropes, lifting devices, lifting
mechanisms
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Fig. 2. Incident matrix (fragment)
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During the training, the method of "training with a teacher" was used, which was an array of training data [15-17].
The training lasted 1000 epochs. A multilayer perceptron (MLP) was used as a learning model as a subclass of the

Keras library's Model class. The general structure of the trained neural network is shown in Fig. 3.

Input layer Output layer

necessary conditions
Possible incidents

iy

Labor actions, necessary knowledge,

.: ‘-"/"“x‘
VA

G
/

Fig. 3. The neural network diagram for assessing the probability of incidents on lifting cranes

Results. During the training, the MLP 132-25-9 neural network was obtained (25 neurons are located in hidden
layers), which is a software product that makes it possible to assess the probability of incidents depending on the quality
of mastering professional competencies by specialists in the field of lifting cranes.

In the process of training the neural network, various activation functions were used for the hidden layers and the
output layer. The best results are obtained when using the hyperbolic tangent function (Tanh) in the hidden layer, and
the ldentity function in the output layer.

The mean squared error function was used as the error function. As a result, it was possible to obtain the following
error values on the training, test and validation sample, respectively:

— training sample — 0.0034;

— test sample — 0.0591;

— validation sample — 0.0573.

Based on the presented values, it can be concluded that the level of errors received is quite low, which means that

the neural network is trained sufficiently qualitatively for practical use [18-20] (Fig. 4).
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Fig. 4. Graphical representation of the results of the neural network on test data

Discussion and Conclusion. The software solution proposed by the authors, based on the use of neural networks to
assess the knowledge of employees of facilities operating lifting cranes, assumes a reduction in the level of accidents,
which can be ensured by timely detection of incompetence of specialists not only within the framework of attestation,
but also at any stage of their professional activities based on an impartial analysis and evaluation of data. As a result of
the application of the developed program, it is possible to expect informed decisions on the appointment or refusal of
appointment to responsible positions related to the implementation of the evaluated labor functions. The proposed
further development of this solution may be the creation of a cross-platform application that allows you to evaluate and
transfer results to devices with different architectures, including mobile ones.
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Abstract
Introduction. The application of functional coatings on products, the performance properties of which are localized in

the surface layer is a trend in modern mechanical engineering and materials science. The issues considered in this
regard are relevant, in particular, for thermal-barrier coatings of turbine blades of steam and gas turbine engines. It is
worth mentioning the materials that experience significant thermal loads during operation. In this case, the lack of
reliable methods for predicting the thermophysical properties of the coating seems to be a problem. The work objective
is to create a computational and analytical methodology for determining the thermal conductivity of coatings. This
approach is based on experimental data and takes into account structural parameters of the material.

Materials and Methods. The experiments were carried out with the blades of a high-speed gas turbine of a locomotive
engine made of heat-resistant chromium-nickel alloy Inconel 713LC. An experimental multiphase coating of the Nb-Ti-
Al intermetallic system with a thickness of about 80 microns was applied using vacuum ion-plasma technology. The
two-beam scanning electron microscope Zeiss CrossBeam 340 was used in the work. The thermal conductivity of the
coatings was determined by an experimental technique based on the measurement of the contact potential difference
(CPD). Numerical values of this difference were obtained using a mirror galvanometer with high voltage sensitivity. A
special signal amplifier and a USB oscilloscope were used to record the readings.

Results. The calculation apparatus of the thermal conductivity determination technique is based on the experimental
values of Ag CPD:

— for the base metal (Inconel 713LC) +846 mkV;

— for the coating Nb-Ti-Al — 90 mkV.

The solution to the problem of the distribution of particles in a force field with a potential difference Ao is described by
the Boltzmann distribution. Starting from the obtained result, we get:

— CPD at the boundary of the contacting metals;

— energy and thermal conductivity of the Fermi level;

— electron relaxation time.

The multidirectional influence that the dimensional differences of the particles of the second phase have on the effective
thermal conductivity is considered. For this case, a dimensionless value of the effective thermal conductivity in the
direction of each axis and the effective thermal conductivity of the composite are found. Porosity is taken into account
according to the Maxwell—Aiken dependence and introduced into the general calculation system. The thermal
conductivity of Nb-Ti-Al is established: Anprial = 4,76 W/m-K. Thus, the thermal barrier coating Nb-Ti-Al fully meets
its functional purpose.
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Discussion and Conclusion. The method of determining thermal conductivity described in the article is applicable only
to conductive consolidated materials or composites with a continuous conductive matrix. The presented work completes
the initial stage of creating a computational and analytical model for predicting the thermal conductivity of materials
and coatings. The results of testing the model for materials with a complex structure showed its satisfactory accuracy.
This indicates the expediency of using the two considered elements of the model. The first one is the instrumental
measurement of the CPD. The second one is taking into account the features of the structural and phase state of the
material. With the development of the model, it is expected to overcome its weaknesses:

— the impossibility of using non-conductive objects to determine the thermal conductivity;
— a significant decrease in the accuracy of determining thermal conductivity for materials and coatings with a gradient
structure.

Keywords: thermal barrier coatings of turbine blades, prediction of thermal properties of the coating, Inconel 713LC,
Nb-Ti-Al, determination of thermal conductivity, Boltzmann distribution, contact potential difference, Fermi level,
Maxwell—Aiken porosity, thermal conductivity of non-conductive objects, thermal conductivity of coatings with
gradient structure.
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Hayunas cmamos

HNnxeHepHO-(pU3HYECKUIT MeTO/I ONpeae/IeHHs TEIIONPOBOIHOCTH
00beKTOB MUKPOMETPUYECKOM TOJIIMHBI CO CJI0KHOM CTPYKTYPOil

O.B. Kyapsikos'™, B.H. Bapaska'“' <], JLII. Apedbesa
J1oHCKO# rocytapCTBeHHBIN TeXHIYeCKH yHIBEpcuTeT, Poccutickas Penepanus, r. Pocto-Ha-/lony, mi. [arapuna, 1
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Annomauyus

Beeoenue. HaneceHne QYyHKIMOHANBHBIX TIOKPBITHA HA W3IENHSA, Y KOTOPBIX OKCIUTyaTallMOHHBIE CBOMCTBa
JIOKAaJTM30BaHEl B MOBEPXHOCTHOM CJIO€, — 3TO TPEHI B COBPEMEHHOM MAIIMHOCTPOCHHHM M HayKe O MaTephaiax.
PaccmarpuBaeMBbIe B 3TOM CBSI3M BOMPOCH! aKTYalIbHBI, B YACTHOCTH, IJIS TePMOOAPhEPHBIX MOKPHITHH JIOMATOK TYpOUH
MApOBBIX M Ta30TypOMHHBIX nBurarenedl. CTOWT OTHENBHO YIMOMSHYTH MaTepHANbl, KOTOPBIE IPH SKCILTyaTalluu
HCTIBITHIBAIOT 3HAYUTENIbHBIE TEIJIOBbIE HATPY3KU. B TakoM citydae mpeacTaBisieTcsl IpoOIeMoil OTCyTCTBHE HaIEKHBIX
METOJIOB TIPOTHORHMPOBAHUS TEIIO(GHU3NIECKHX CBONCTB MOKPHITHS. OCHOBHOW IIenbi0 paboThl OBUIO CO3MAaHUE
pacyeTHO-aHATUTUUECKON METOUKH JJIs1 OTIpeIeNIEHUs] TETUIONPOBOTHOCTH MOKPBITHH. JlaHHBINM MOAX0.1 Oa3upyeTcs Ha
AKCIIEPUMEHTAIBHBIX TAHHBIX U YUYUTHIBACT CTPYKTYPHBIC ITapaMeTphl MaTepHaa.

Mamepuanvt u memoovl. DKCICPUMCHTHI TPOBOAWIH C JIOMATKAMH BBICOKOCKOPOCTHOTO Ta30TypOHHHOIO
JIOKOMOTHBHOT'O JIBUTATEINsI M3 YKapOCTOWKOro XpoMoHukeneBoro cruiaBa Inconel 713LC. C momompr BakyyMHOH
HMOHHO-TUTA3MEHHOW TEXHOJIOTUM HAHOCWIH OJKCIIEPHUMEHTAFHOE MHOTO(a3HOe TIOKPBITHE HHTEPMETAIUTUIHOMN
cuctembl Nb-Ti-Al tommuuoi# okono 80 MkM. B paboTe MCHONB30BaNU JBYITyYeBOW CKAHUPYIOIIMHA AJICKTPOHHBIH
mukpockon Zeiss CrossBeam 340. TemnonpoBOJHOCTh TOKPHITHHA OMPEAEIsIN MO0 JKCIEPUMEHTAILHON METO/HKE,

OCHOBaHHOM Ha W3MEpEeHHH KOHTAaKTHOH pasHocTu mnoTeHnuano (KPII). UwcnenHble 3Ha4eHHS 3TOH pa3HOCTH
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MOJYYHJIM C TIOMOLIBIO 3€PKaJIbHOTO TaJbBAHOMETPA C BBICOKOH UYBCTBUTEIBHOCTBIO IO HampspKeHMIo. Jlns
(UKCUpPOBaHMS TIOKA3aHUH 3a1eHCTBOBANH CIIEIHANBHBIN ycunuTens curHana 1 USB-ocunmnorpad.

Pezynomamut uccneooganus. PacdeTHBIN ammapaT METOIMKH OIPEIEICHUS TEIUIONPOBOJHOCTH Oazupyercst Ha
3KCIIEPUMEHTAIbHBIX 3HaueHusx A¢@ KPII:

— st ocHoBHOTO MeTama (Inconel 713LC) +846 mkB;

— st mokpeitust Nb-Ti-Al — 90 mxB.

Pemenne 3amaun o0 pacnpefeNeHMM 4YacTUI] B CHJIOBOM IIOJ€ C pPa3sHOCTBIO ITOTEHLIHAIOB AQ ONHMCHIBACTCA
pactpenenenueM boneimana. OTTanKkuBasCh OT MOJTYYEHHOTO TAKMM 00pa3oM pe3yJibTara, y3Halu:

— KPII Ha rpaHuIie conpuKacarouxcsi METaIoB;

— 3HEPTUIO U TEIJIONPOBOIHOCTh YpOBHS Depmu;

— BpeMs peakcaliy JIEeKTPOoHa.

PaccMoTpeHO pa3HOHAIIPaBIEHHOE BIHSHHE, KOTOPOE Pa3MEpHBIC Pa3NMdusl YacTHI BTOPOH (a3bl OKa3bIBAIOT Ha
3G QEKTUBHYIO TEIIONPOBOXHOCTE. [lnsi 3TOro ciydas HaiigeHo Oe3pasMepHOoe 3HaueHHE J(PPEKTUBHOH
TETUIONPOBOIHOCTH B HANpPABICHUH KaXI0H och 1 3((EeKTHBHAS TEIUIONPOBOJHOCTh KoMmmo3uTa. [lopucrocts yuTeHa
10 3aBHCHUMOCTH MakcBeiuta — DiiKeHa U BBeAeHa B OOIIYIO CHCTEMY pacueToB. Y CTAaHOBJIEHA TEIIONPOBOIHOCTH
Nb-Ti-Al: Anbrial = 4,76 Bt/M-K. Takum o6pasom, Tepmobapbeproe nokpsitre Nb-Ti-Al momHOCTRIO OTBEYaeT CBOEMY
(YHKIIMOHATEHOMY Ha3HAYEHHIO.

Obcyscoenue u 3axknwuenus. OnucaHHas B CTaTbe METOAUKA ONpEAEICHUS TEIUIONPOBOAHOCTH MPUMEHUMA TONBKO K
MPOBOJAIINM KOHCOJIMAMPOBAHHBIM MaTepHagaM WM KOMIIO3MTaM C HENPEpBIBHOW MNPOBOJSAIIEN MaTpHLEH.
IIpencraBnenHas paboTa 3aBepIiacT HAYAIBHYIO CTaAWI0  CO3JaHMS  pacyeTHO-aHAINTHICCKOW  MOJENH
MIPOTHO3UPOBAHUS TEIJIONPOBOJHOCTH MAaTEPHAJIOB M MOKPHITUH. MITOTM TECTHMPOBAaHUS MOAEIM AN MaTEpUAIOB CO
CIIOKHOH CTPYKTypoH MNOKa3zalu €€ YAOBICTBOPUTENBHYIO TOYHOCTb. OJTO CBUAETEIBCTBYET O IEIECOOOPa3HOCTH
HCTIONB30BaHUs JIByX PaCCMOTPEHHBIX 3IeMeHTOB Mozenu. [lepsriii — uHCTpyMeHTansHOe u3mepenue KPII. Bropoit
— yd4eT OCOOEHHOCTEH CTPYKTypHO-(pazoBoro cocrosHus Marepuana. C pa3sBUTHEM MOJENU IPEAIONAraeTcs
IIPEOJI0NETH ee cadble MecTa:

— HEBO3MO>KHOCTb MCIIOJIb30BaHUS [UIsl ONPE/IEJICHHS TEIUIOTIPOBOJHOCTH HETIPOBOISIINX OOBEKTOB;

— 3HAYNTEJbHOE CHM)KEHHE TOUYHOCTHU ONPEJCNICHNS TEIIONPOBOAHOCTH ISl MaTepHaioB M TOKPHITHI C rpaJineHTHON
CTPYKTYpPOH.

KiroueBble cj1oBa: TepMOOaphepHBIC MOKPBITUS JIOMATOK TYpPOWH, MPOTHO3MPOBAaHUE TEIIOGU3NISCKUX CBOWCTB
nokpbiThst, Inconel 713LC, Nb-Ti-Al, omnpeneneHue TeIIONPOBOIHOCTH, pacrpenesicHne bonblMaHa, KOHTAKTHas
Pa3HOCTh MOTEHIINATIOB, YPOBeHbh DepMH, MOPUCTOCTh MO MaKCBeITy — DUWKeHY, TETIONPOBOJIHOCTh HEMPOBOSIINX

00BEKTOB, TEIIONPOBOAHOCTD MOKPBITHH C TPAJIMEHTHON CTPYKTYPOH.

Baaronapuoctn. ABTOpPBl BHIpaXKalOT HWCKPEHHIOI IPHU3HATENBbHOCTh K.(.-M.H., mpod. CykumsasoBy A.I. 3a

IpeaOCTABIICHNUEC SKCIICPUMEHTAJIbHOTO 060pyﬂ0BaHI/Iﬂ 1 ICHHBIC PEKOMCHAAIINU METOJANYCCKOI'0 XapaKTepa.

s mutupoBanns. Kynpskos O.B., Bapaska B.H., Apednena JL.II. MnxeHepHO-pU3NUECKHH METOI ONpeEeNICHNs
TEIUIONPOBOIHOCTH 00BEKTOB MUKPOMETPHUYECKOM TOJIIIMHBI CO CIIOXKHOM CTPYKTYpOH. bezonacnocms mexno2enuvix u

npupoonvix cucmem. 2023;7(2):80-89. https://doi.org/10.23947/2541-9129-2023-7-2-80-89

Introduction. The results obtained in a number of leading universities and research centers of the world on ion-
plasma technology of surface modification and coating indicate the great possibilities of this method for the formation

of physical, mechanical, corrosion and functional properties of materials. One of the most promising areas of research
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in this area is the application of protective coatings to the blades of steam turbines and gas turbine engine
turbines (GTE). Such coatings are classified as wear-resistant, but in fact they are multifunctional. Thermal protection
should be considered as their main function. There is also a differentiation within the thermal protection function. So,
for example, the subgroup of thermal barrier coatings (TBC) includes coatings with low thermal conductivity designed
to relax the thermal load on the GTE turbine blades. The characteristic features of such TBC coatings are their chemical
composition based on refractory elements and a sufficiently large thickness for vacuum ion-plasma coatings — within
100 microns [1, 2].

Currently, ion-plasma technology is a well-managed process. However, the prediction and control of many physical
properties remains a serious problem, since, for example, the thermal conductivity of heterophase coatings depends on
many non-technological parameters: the microstructure of the matrix phase, the number and configuration of secondary
phases, porosity morphology, etc. [3, 4]. That is, the issue is that the problem of forming the necessary coating structure
is solved at the technological level, but the problem of determining the thermal conductivity of the formed coating has
not been solved to date. The lack of solutions is due to the complexity of instrumental measurement of the properties of
thin films and coatings and the lack of a calculation apparatus that takes into account the influence of structural
characteristics on the thermal conductivity of coatings. In this regard, the work objective is to develop a computational
and analytical methodology for determining the thermal conductivity of vacuum ion-plasma coatings based on readily
available measurement methods and reference data.

Materials and Methods. The coating of Nb-Ti-Al system was applied using a vacuum ion-plasma installation
"PLATIT=80" in an arc three-cathode mode with deposition on cast GTE blades made of heat-resistant Incone 713LC
superalloy. In addition to the task of creating a computational and analytical methodology and using it to determine the
thermal conductivity of the coating, the task was to verify the validity of the calculated values obtained. For this
purpose, the developed technique was used not only to determine the thermal conductivity of the coating, which is
currently not found in the scientific literature, but also to determine the thermal conductivity of the Inconel 713LC alloy
substrate, which, according to reference datal, is 11.2-4.5 W/m-K in the temperature range of 25-800 °C. Inconel
family alloys, as a rule, are solid solutions with refractory elements W, Co, Mo, etc. dissolved in nickel. They are
resistant to thermal fatigue and oxidation, heat resistant to temperatures of 950-1000 °C. However, during long-term
operation of the gas turbine engine in the range of higher temperatures, they experience softening, for protection from
which thermal barrier coatings are used. Among the requirements for TBC coatings, the main ones are the conditions
that allow the thermal barrier effect to be realized — low thermal conductivity and a sufficiently large thickness [5-9].
There are no requirements for the structure and phase composition. Therefore, the experimental intermetallic coating
Nb-Ti-Al include refractory components Nb and Ti with additives Al, have a multiphase composition, complex layered
morphology and a total thickness of ~80 microns

The magnitude of the contact potential difference (CPD), required to calculate the thermal conductivity by the
computational and analytical method, is determined using an experimental laboratory technique using an electrocontact
measurement method, in which one of the copper electrodes is heated to a temperature of +60 °C. From the point of
view of the theory of physical measurements, this method is aimed at determining the extent of the potential barrier at
the point of contact of the heated electrode and the object under study, on the basis of which the problem of electron
equilibrium in two touching dissimilar metals is solved. The instrumental implementation of the method is carried out
using a highly sensitive mirror galvanometer measuring the CPD on a microvolt scale. The measuring system also uses
a USB oscilloscope and a signal amplifier to output the measured values of the CPD to print on a given time scale.

Since the developed method for calculating thermal conductivity includes characteristics of the structural-phase state

of the measured object, microstructural studies are performed using a Zeiss CrossBeam 340 double-beam scanning

1 Engineering Properties of ALLOY 713C. Brussels: Nickel Institute. URL: https://nickelinstitute.org/media/2487/alloys-713¢c_337.pdf (accessed
10.04.2023).
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electron microscope (SEM). The elemental compaosition of the coating and substrate is studied on cross-sections using
X-ray energy dispersion analysis (EDAX) by point sensing and scanning over the area of an arbitrary contour. Based on
SEM and EDAX data, the phase composition of the coating is reconstructed.

Results. One of the distinctive features and signs of the novelty of the calculation and analytical methodology being
created is taking into account the structural and phase characteristics of the object when calculating its thermal
conductivity. Therefore, a coating with a complex structure consisting of several phases located along the depth of the
coating with different distribution densities is purposefully chosen as the object of research. There are pores in the
coating that have an uneven distribution in depth. In Fig. 1, in the NbTiAl coating structure, three layers are
distinguished by section, indicated by numbers. It is clearly seen that they differ from each other in thickness, phase
composition and porosity. Moreover, it should be noted that the uppermost layer of the coating (the outer one, which
does not have a digital designation in Fig. 1 a) has a very branched porosity, openly in contact with the atmosphere.
Therefore, its thermal conductivity is actually equal to atmospheric. Due to this circumstance, the outer porous layer is
excluded from consideration of the thermal conductivity of the coating.

Line Scan = Off | EHT = 200KV Signal A = SE2 Systenii w9 ste by
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Fig. 1. Microstructure of NbTiAl thermal barrier coating in cross section, SEM:
a— general view of the layered architecture of the coating; b — fragment of the coating area adjacent to the substrate. The
numerical designations refer to layers with different structural and phase composition
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The main function of thermal barrier protection is performed by layer 1. The results of detection by the EDAX
method show that its elemental composition includes: 49-54 at. % Ti, 34.7-41.2 at. % Al, 6-8 at. % Nb. Moreover,
according to the thickness of layer 1, the elements have a gradient distribution: Al increases to the surface by 15—
20 at. % due to the facilitated diffusion of the fusible element with prolonged coating application and a temperature
of 400-500 °C; Ti decreases by 5-10 at. % from the substrate to the surface, and Nb decreases by 2-6 at. %.

The reconstruction of the phase composition of layer 1 in Fig. 1, carried out on the basis of the obtained results of
the elemental distribution of EDAX analysis, as well as based on the data of a few literary sources [10-15], gives reason
to believe that the phase with the darkest shade in Fig. 1 is the TisAl intermetallic compound — phase 2 doped with
niobium. It consists of 49-54 at. % Ti, 34.7-41.2 at. % Al and 6-8 at. % Nb. The phase with the lightest shade in
Fig. 1 also represents phase 2, in addition to niobium (up to 8 at. % Nb), nickel-doped (9 at. % Ni). As it can be seen
from Fig. 1 a, the light phase — TisAl (Nb,Ni) intermetallic compound — occupies a small volume fraction in layer 1
(no more than 5-7 %), which is why it does not significantly affect the thermal conductivity of the layer. Nickel is not
part of the sprayed ion-plasma coating. It is detected in the lower part of the coating as a result of diffusion from the
substrate during a long sputtering process, which lasted about 20 hours (taking into account the 4-hour diffusion
annealing). During this time, nickel penetrates into the coating to a thickness of about 10-15 microns, displacing
aluminum into the upper part of the coating.

The thermal barrier coating is operated at high temperatures (>1000 °C) and in an aggressive atmosphere, which
is why it must be resistant to high-temperature gas corrosion. For this purpose, during vacuum ion-plasma spraying
of TBC coatings, a dense nonporous NbTiAl sublayer (boat coat) of relatively small thickness is formed on the
substrate, the main function of which is protection against the penetration of oxidants to the surface of the base metal.
During the subsequent spraying of the outer thermal barrier layer, the anticorrosive sublayer is saturated with
the elements of the substrate, so in Fig. 1 b in its place between the substrate and main layer 1 of the coating, two thin
layers are found — 2 and 3. Layer 2 is almost entirely TisAl (Nb,Ni) intermetallic. It makes a small contribution
(corresponding to its small thickness) to the overall thermal conductivity of the coating, which takes into account
the developed computational and analytical methodology. Layer 3 has a more complex heterophase composition, which
includes, in addition to the main intermetallic phase 2 o, also titanium and aluminum nickelides, which complicates
the calculations of thermal conductivity.

Due to the large thickness of the coating, a forced spraying mode with disabled magnetic separation was used to
reduce the time of its application. This leads to the formation of a significant number of droplets in the vacuum
chamber. The droplet phase in the ion flow leads to the formation of porosity in the coating. From the point of view
of the thermal barrier effect, porosity does not impair the properties of the coating, since the air filling the pores is a
good thermal insulator. If we talk about the thickness of the coating, then porosity is a limiting factor. If there are a lot
of pores and they open, then they greatly branch the surface relief. The coating becomes unstable even to weak external
influences. When assessing and calculating thermal conductivity, the volume fraction of pores and their morphology are
taken into account as one of the phase components of the coating with known thermophysical characteristics inherent in
the air atmosphere.

According to the depth of the coating, porosity P has a gradient distribution, since the drip phase partially heals the
pores of the underlying layers during the coating process. Porosity was estimated from multimodal microstructural
images of the coating with correlation settings set using the Zeiss Atlas5 software integrated into the
Zeiss CrossBeam 340 SEM. After statistical processing of the data, the following values were obtained, which were
later used in calculating the integral thermal conductivity of the coating of Nb-Ti-Al system: in the upper half of the
coating, the porosity P was 26 %, in the lower half — 4 %, the average value of P for the coating as a whole was at the
level of 10 %.

Physical basis and thermal conductivity calculation method. As an initial stage, the method of determining thermal
conductivity includes instrumental measurement of contact potential difference Ag. At the same time, the temperature
difference between the electrodes is fixed and is AT = 40 K. The measurements showed the following values:

—  A@inconel = +846 mkV — for the base metal of the blades of the Inconel 713LC alloy (substrate);

—  Aognprial = —90 mkV — for thermal barrier coating of the three-component Nb-Ti-Al system.

Physical significance of using the CPD value (at a fixed value of AT) in the process of calculating thermal

conductivity is that A determines the electromagnetic force field in which the distribution of electrons at the boundary
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of two metals (in our case, this is a copper electrode with an electron concentration no and the measured metal with an
electron concentration n;) is given by Boltzmann distribution (1), from which the energy value of the Fermi level Er can
be obtained [16]:

Q. -A¢
n, =N, -exp| ————|, 1
o= p( KT j @
A(p:kl.m&, (2)
qe r]O
2 %

EF :h(s‘noj exp(zqe A(pj, (3)

8m, \ w 3k AT

where me, ge — electron mass and charge; k, h — the Boltzmann and Planck constants.

Thermal conductivity of metals and metal alloys is determined by their electronic conductivity. Therefore, in the
process of calculations, the methodical transition from the energy of the Fermi level Eg to the thermal conductivity of
metal systems A is carried out indirectly — through the calculation of the electron relaxation time t, which is
determined by the expression [17]

; :
S22 a .M.\/m_.k.TD_[T_Dj_E;%l "

n’ h?.C? T

where a — the lattice constant; m* — effective mass of the electron, equal to 10?7 g; M — mass of an oscillating atom;
To — the Debye temperature; C = h?/ (2m -a% — the intensity constant of the interaction of an electron with lattice
vibrations.

Then, according to the classical theory of thermal conductivity [17]:

kzg:an-nl-kz-T-r. (5)

The calculation model consisting of expressions (1)—(5) is applicable to determine thermal conductivity of any
single-phase metal alloy with a homogeneous structure, including for the Inconel 713LC nickel superalloy used by the
authors as a substrate for NbTiAl thermal barrier coating. However, it is not sufficient for the coating itself. The
calculation model of the thermal conductivity of a multiphase system [18, 19], in addition to the thermal conductivity of
isotropic matrix Am, should take into account the number of phases, their shape, the dispersion of the distribution and the
thermal conductivity Ao. With respect to these parameters for such two-phase systems, to which the NbTiAl coating
belongs, the following approximations can be taken [19]:

— NbTiAl coating in each of its layers (see layers 1, 2, 3 in Fig. 1) is two-phase and can be considered as a two-
phase composite, for which it is customary to determine effective thermal conductivity A, averaged over three spatial

axes, that is, by values A, where o= 1,2, 3;
— inclusions of the second phase are approximated by the shape of an ellipsoid with the ratio of semi-axes d= d/I’;

— the orientation of the ellipsoids is arbitrary and equally probable, which corresponds to the real structure of
NbTiAl coating shown in Fig. 1, and makes it possible to exclude the influence of dimensional differences of inclusions
of the second phase in different spatial directions on the effective thermal conductivity of the coating;

— porosity can also be considered as the second phase in a homogeneous isotropic metal matrix, which makes it
possible to apply the approximations of sub-s 2 and 3 to it; however, unlike many intermetallic phases, porosity always
reduces thermal conductivity of metals and metal alloys; in accordance with classical theory [20] for thermal
conductivity of a solid with a continuous matrix and isolated pores, the universal Maxwell-Aiken equation is
applicable, in which porosity P appears as a fraction of the total volume of a solid, which is taken as one:

An=A-(1-10) - (1 +0,5 -10), (6)

Then the calculation model of thermal conductivity of a multiphase system, which includes NbTiAl ion-plasma
thermal barrier coating, along with expressions (1)—(5), will be supplemented with an expression for the dimensionless
effective thermal conductivity in the direction of each spatial axis:

7 _1-(A-1)(D,+(+D,)-C,) @
“ 1+(x-1)-D,-(1-C,)
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where Xu =A, A, szolkm, D1=D2=%(1—az Inij, D, =HZ(|n(£]_1j, Cv — volume fraction of
d d

inclusions, as well as an expression for the effective thermal conductivity of the composite:

A= % A, ®)

The method of determining the thermal conductivity of multiphase metal systems, based on the measurement of
CPD and expressions (1)—(8), allows us to calculate the effective thermal conductivity of both the base metal of the
blades —the Inconel 713LC alloy, and the thermal barrier coating of Nb-Ti-Al system, taking into account their
structural-phase state. Omitting the details of the calculations performed, due to the limited volume of the publication,
we present only the final results obtained using the MathCAD application software package.

According to X-ray energy dispersion analysis (EDAX), the base metal of the substrate, Inconel 713LC alloy, had
an elemental composition of Ni=69.6 at. %, Al=13at. %, Mo=2.8at. %, Cr=14.6at. % and homogeneous
structure of a solid solution of Cr, Al and Mo in nickel. In accordance with the calculation using expressions (1)—(8),
including the above value of the CPD ((Ap =+ 846 mkV), the value of its thermal conductivity is
Mnconel = 14.34 W/m-K. The obtained value corresponds with satisfactory accuracy to the reference data given earlier,
which makes up an interval of 11.2-14.5 W/m-K.for the Inconel 713LC alloy.

Compared with a single-phase base metal, the presence of multilayered and multiphase coating of Nb-Ti-Al
complicates the computational part of the developed technique associated with the influence of the material structure.
The coating included 4 layers. Their main phase is TisAl (Nb) intermetallic compound with a different volume fraction
in each layer and some variation in the composition of the components. Porosity was considered as the second phase.
Only in the thinnest layer adjacent to the base metal, the second phase with a volume fraction of about 20 % was a solid
solution based on TizAl (Nb, Ni) intermetallic compound containing up to 9 at. % Ni. The porosity in this layer had zero
value, so each layer was considered two-phase in the calculations. The influence of the structural-phase state of the
coating on its thermal conductivity was taken into account using expressions (6)—(8), based on the measured value of
the CPD for the coating as a whole (Ap = — 90 mkV).

The calculation of the thermal conductivity of NbTiAl coating showed that Anoriai = 4.76 W/m-K. The obtained
value is significantly lower than the thermal conductivity of the base metal Inconel 713LC and corresponds to the level
of heat-resistant ceramics. Thus, an experimental heterophase coating formed by vacuum ion-plasma technology based
on refractory metals Nb and Ti with the presence of Al can be used as a thermal barrier coating.

Conclusion. The developed computational and analytical technique allows us to predict and simulate the
thermophysical properties of heterophase materials with a complex structure. Its approbation in relation to coatings of
micrometric thickness opens up new opportunities in a fairly narrow field for the diagnosis of the properties of coatings
and thin films.

The features of the proposed method for determining thermal conductivity through the measurement of CPR,
calculation of the Fermi energy level and some other factors allow it to be applied only to conductive consolidated
materials or composites with a continuous conductive matrix. The number of phases in the alloy or composite being
measured is not limited, and the phases can be of a non-metallic and intermetallic nature (as in the coating of Nb-Ti-Al
system). To determine the thermal conductivity of a material or coating using the developed technique, the composition,
volume fraction and spatial morphology of phases are important. This makes it possible to determine the contribution of
each phase to the thermal conductivity of the material, as well as to apply the technique to porous materials (subject to
the continuity of their conductive matrix), identifying the pores as one of the phases of a non-metallic nature.

This work represents the completion of the initial stage of creating a computational and analytical model for
predicting the thermal conductivity of materials and coatings. The above model testing results obtained for materials
with a complex structure demonstrate a satisfactory level of accuracy. Thus, it is possible to assert the validity of the use
of the described physical principles and algorithms in the model. First of all, this is a method of CPD instrumental
measurement and consideration of the peculiarities of the structural and phase state of the material, on the basis of
which the computational part of the model is constructed. The results of scientific research suggest that the model
should develop, overcoming limitations and weaknesses:

— impossibility of using it to determine thermal conductivity of non-conductive objects,

— significant decrease in the accuracy of determining thermal conductivity for materials and coatings with a gradient
structure.
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Influence of Carbon Content on the Formation of a Contact
Interparticle Surface during Hot Post-Pressing

Maksim S Egorov <, Rimma V Egorova'*", Mark V Kovtun
Don State Technical University, 1, Gagarin Sq., Rostov-on-Don, Russian Federation

Abstract
Introduction. The technology for producing hot-formed powder steel is one of the most energy-intensive in powder

metallurgy, which includes a large number of operations. The study of the influence of technological modes on the final
properties of the part is an urgent task. Developed by the scientific team under the leadership of Yu.G. Dorofeev at the
end of the XX century, the technology of manufacturing hot-formed powder steels is currently one of the main ones in
the production of high-density products. However, the use of new materials that improve the mechanical properties of
products requires a modern approach to analyzing the quality of interparticle splicing of powder particles. The influence
of the following technological factors on the formation of qualitative interparticle splicing was established: the blank
density, the granulometric composition of the initial charge, the temperature and holding time of the blank during
heating, the ratio of its dimensions, the deformation rate. The study objective is to analyze the effect of a graphite-
containing component on the mechanical properties of hot-formed powder alloys due to the formation of high-quality
interparticle splicing.

Materials and Methods. The work used domestic and foreign powders produced by PAO Severstal and the Swedish
company Hoganés with the addition of carbon GC-1 (GOST 4404-78). Hot stamping was carried out on a crank
press of the K2232 model with a maximum force of 1600 kN. The heating temperature of the workpieces varied
between 800-1200 °C.

Results. As a result of the experiments, the influence of the sintering duration on the mechanical properties of materials
was established. The reason for the change in mechanical properties are local inclusions of graphite, which did not have
time to homogenize as a result of prolonged sintering. Technological modes of hot stamping for steels have been
developed that affect the preservation or destruction of the pre-formed contact interparticle surface.

Discussion and Conclusion. The studies have shown that additional hot plastic deformation contributes to the
formation of intracrystalline fusion on the entire contact surface. The addition of graphite to the charge improves
splicing for alloyed iron powder and practically does not affect the use of alloyed and unalloyed iron powder.

Keywords: hot stamping, splicing, plastic deformation, surface microstructure
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AHHOTALUA
Beeoenue. TexHONOTHA TONXYYCHHUS TopsueaeOpMHUPOBAHHOW MOPOIIKOBOM CTallMl SIBISETCS OITHOM W3 CaMbIX

9HEPro3aTPaTHBIX B IMOPOIIKOBOM METAaJUTypriH, KOTOpast BKIOYaeT B ce0st 00JIbIIOe KOINYECTBO onepanuii. M3yuenue
BJIMSIHUS TEXHOJIOTHUECKHX PEKMMOB Ha KOHEUHBIE CBOMCTBA JETANM SIBISICTCS aKTyallbHOM 3amadell. PaspaboranHas
HAay4YHBIM KOJUIeKTHBOM mon pykoBoactBoM IO.I'. lopodeeBa B koHme XX Beka TEXHONOT WS W3TOTOBJICHUS
ropsiueieOpMUPOBAHHBIX MOPOIIKOBBIX CTajlell Ha CErOMHSIIHHUN JICHb SIBJISIETCS OJHOW M3 TJIaBHBIX B IIPOU3BOJICTBE
BBICOKOIUIOTHBIX M31enuil. OTHaKO MPUMEHEHHE HOBBIX MaTEPHANIOB, YJIy4LIAIOMINX MEXaHNYEeCKUE CBOWCTBA U3/IENINH,
TpeOyeT COBPEMEHHOrO IOAX0Ja K AaHAINW3y KadecTBAa MEXKYaCTHYHOTO CPAIIMBAaHWSA IOPOIIKOBBIX YACTHIL.
VYCcTaHOBIIEHO BIHMSHHE Ha mponecc (OPMHPOBAHUS KAadECTBEHHOTO MEXYACTHIHOTO CpAIIMBAHUS CIEAYIONINX
TEXHOJIOTUYECKHX (DAKTOPOB: IUNIOTHOCTH 3ar0TOBKHU, IPaHyJIOMETPHYECKOTO COCTaBa MCXOJHOW IIMXTHI, TEMIEPATYPhI
1 BPEMEHH BBIJICP)KKU 3arOTOBKU TIPH HAarpeBe, COOTHOIICHHS €€ pa3MepoB, ckopocT Aedopmanun. Llenbio manHoro
WCCIICOBAHMS SIBIISICTCS aHANW3 BIMAHUS TpaduTCOAEpXKALIEro KOMIIOHEHTa Ha MEXaHHYECKHE CBOMCTBa
ropsiueieOpMUPOBAHHBIX ~ HOPOIIKOBBIX CIUIABOB 32 CYeT (OPMHPOBAHUS KAa4ECTBEHHOTO MEXKYaCTHYHOTO
CpaluBaHUsL.

Mamepuanst u memoowvi. B paboTe HCIONB30BATNCH OTEUECTBCHHBIC M 3apyOE)KHbIE IOPOIIKM HPOU3BOJCTBA
IMAO «Cesepcranp» u mBeackoi ¢upmer HOgands c¢ pobasnenue yriepona I'K-1 (IOCT 4404-78). Topsuas
LITAaMIIOBKAa OCYLIECTBJSUIaCh Ha KPUBOLIMITHOM mpecce Mmoxenu K2232 ¢ wmakcumanbHbiM  ycuaueM 1600 xH.
Temmeparypa HarpeBa 3aroTOBOK BapbHpoBaiach B npeaenax 800-1200 C.

Pesynemamut  uccnedogeanus. B pe3ynbTare IPOBEJCHHBIX OKCIIEPUMEHTOB OBUIO YCTaHOBJIEHO BIIHSHHE
MIPOJIOJDKUTENLHOCTH CIIEKaHHWsT Ha MEXaHWYeCKHe CBOIcTBa MaTepHayoB. [IpHUMHON H3MEHEHHsT MEXaHHYECKUX
CBOWCTB SIBJISIIOTCSL JIOKAJIbHBbIE BKIIOYEHUsS] TpaduTa, KOTOpblEe HE YCIEld TOMOTEHH3UPOBATHCS B PE3yJNbTaTe
JUTUTENBHOTO clieKaHusl. Pa3paboTaHbl TEXHOJOTMYECKHE PEXMMBI TOpsSYEi IITAMIIOBKH JUIA CTaleH, BIMSIOMINE HA
COXpaHEHHE WM Pa3pylIeHHe MpeaBapuTeNIbHO chOPMUPOBAHHOW KOHTAKTHON MEXYaCTHYHOM MOBEPXHOCTH.
Oébcyscoenue u 3akniouenus. VicciaeqoBaHus TOKa3aiH, 4YTO JOMOJHUTENbHAs ropsidas IulacThdeckas aedopmanus
croco6cTByeT (OPMHUPOBAHUIO BHYTPHUKPUCTAIUIUTHOTO CPAIIMBAHU Ha BCel KOHTAKTHOI moBepxHocTH. [lo6aBieHue
B MIMXTY TpaduTa COCOOCTBYET yIyHUIICHHIO CPAIIMBAHMS IS JIETHPOBAHHOTO JKEJIE3HOTO TOPOIIKA U NMPAKTHYECKH

HE CKa3bIBAETCS IIPH UCIIOJIb30BaHUH JIETMPOBAHHOTO U HEJIETUPOBAHHOTO YKEJIE3HOIO TIOPOIIKA.
KoaioueBble ci1oBa: ropsiuas IITAMIIOBKa, CpalllMBaHKE, TUIACTHYECKas! e(opMalusi, MUKpPOCTPYKTYpa MOBEPXHOCTH

Baaronapaoctn. ABTOpBI BEIpakaroT OJIaroJlapHOCTh HHXKeHepaM Kadeapsl «MarepuanoBeieHHEe W TEXHOJIOTUH
metauioBy»  FO.IL. IlyctoBoiity, B.U. IlompoBko 3a TOATOTOBKY 0Opa3loB © HACTPOHKY H3MEPHUTEIHHOTO
obopynoBaHHUs, a TaKKe HAYYHOMY KOHCYJBTaHTY, JOKTOPY TEXHWYECKHX Hayk, mpodeccopy JKanne BragummuposHe

EpCMCCBOfI 3a IIOMOIIIb B BLI60p€ METOAUK NPOBCACHNA SKCICPUMCHTOB.

s murupoBanusi. Eropos M.C., Eroposa P.B., Kosryn M.B. Bnusiaue conepkanust yriaepoga Ha (OpMHUpOBaHHE

KOHTAKTHOM MEXYaCTUYHOW TOBEPXHOCTH MHPHU TOpsSUel IONPeccoBKE. be3onacHocms mexHOSeHHbIX U NPUpOOHbIX
cucmem. 2023;7(2): 90-101. https://doi.org/10.23947/2541-9129-2023-7-2-90-101

Introduction. A formation feature of powdered porous blanks is the structure formation during their processing,
which has a fundamental difference from the corresponding processing of monolith materials. The features of the
technological processes of structure formation in powder metallurgy are due to the intense thermomechanical effect on
the processed powder steel. A large number of processes of forming and structuring of material under conditions of
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short-term thermomechanical action leads to the synthesis of scientific approaches of hot deformation in powder
metallurgy, materials science, pressure welding, metal processing under pressure, theory of strength, plasticity [1-3].

The main objective of the authors of the article is to study the technological modes of hot deformation of products
with different carbon content, as well as to study the microstructure in various zones of deformable products.

Materials and Methods. The formation of the contact surface of the powder material at the hot stamping stage is
considered from the position of its initial state, which changes during the compaction process, i.e. the sequential
increment of the contact surface.

Iron powders produced by the Hobganas (Sweden) and PAO Severstal (Russia) were used in the
work [2, 4] (Table 1).

Table 1
Types and characteristics of the powders used
Powder brand Manufacturer country Powder production method
PZhRV2.200.26 | Atomization of _the alloy by a strea_m of
TU 14-1-5365-98 RF, PAO Seversta compressed air, recovery annealing
PL-N4D2M Diffusion-reduction annealing of atomized
TU 14 -5402 2002 RF, PAO Severstal powder
ABC100.30 Sweden, Hoganéas Spraying of iron melt
. Spraying with water of an alloyed melt
Astal M H ..
staloy 85Mo Sweden, Hoganas containing 0,85 % Mo
. N Double diffusion alloying of powder
Distaloy HP-1 Sweden, Hoganas Astaloy 85Mo:1.5 % Mo+4 % Ni,2 % Cu

Data on the total chemical composition are presented in Table 2.

Table 2
Chemical composition of the powders under study
Powder brand Content of elements, mass content, %
C o] Mo Ni Cu Mn Si S P

PZhRV2.200.26 | 0.02 0.25 0.15 0.05 0.015 0.02
PL-N4D2M 0.02 0.25 0.4-05 | 3.6-4.4 1.3-1.7 0.15 0.05 0.02 0.02
ABC100.30 0.001 0.04 - - - 0.06 0.007 0.01 0.004
Astaloy 85Mo <0.01 0.07 0.85 - - 0.06 0.008 0.02 0.005

The main alloying element in the studied material is carbon introduced into the charge in the form of graphite
pencil GK-1 (GOST 4404-78). Table 3 provides the chemical composition.

Table 3
Chemical and granulometric composition of graphite powder
- Powder
Name of indicators &
Moisture content, mass., % 2.0
Ash content, mass., % 5.0
Sulfur content, mass., % 1.0
Granulometric composition, microns +100-300

The formation of the interparticle splicing surface is influenced by inclusions of the second phase, in particular,
graphite particles not dissolved in austenite [2, 4, 5]. Based on the results of the chemical analysis of the material, an
understanding of the process of carbon dissolution in the sample is formed, which allows us to assume that complete
dissolution of carbon takes no more than 60 minutes. The mechanical properties data presented in Table 4 indicate that
for samples containing 0.5% C (mass fraction) this time is insufficient, since it does not provide a high level.
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Dependence of the mechanical properties of hot-deformable alloys on the duration of sintering revled
Duration of sintering at Mechanical properties after postcompaction
Metal base of the charge
1000° C, hours G, MPA ¥, % KCU, MJ/m?

0.5 610 0 0

Astaloy 85M0+0.5% C 1 640 0 0
15 690 35 0.38

0.5 350 0 0

ABC100.30+0.5%C 1 370 0 0
15 450 45 0.7

The data presented in Table 4 show that the following indicators are most sensitive to the degree of homogenization
of alloys: ductility of the material and impact resistance.

The formation of sufficiently high mechanical properties of the materials under consideration with the addition of
carbon occurs when choosing the correct sintering modes. The complete homogenization of carbon in the iron matrix of
the base depends on this. To explain this dependence, the study of blank fractures by Auger-electron spectroscopy was
carried out on a PHJ-680 spectrometer by Physical Elecrtronics [2, 5, 6]. Figure 1 shows a fractogram of the surface of
a sample sintered for 60 minutes. The area of this surface, indicated by point 8, deserves attention.

Fig. 1. Inclusion on the destruction surface of the blank.
Sintering at 1000 °C for 1 hour: a — before argon etching; b — after argon etching

The results of argon etching of the sample at point 8 shows that this morphological structural element is a region
with a nonequilibrium carbon content (Fig. 2).
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Fig. 2. Dependence of the distribution of elements at point 8 on the etching depth

The carbon content is about ~40 at % when etched into the depth of the surface of 100 nm. Consequently, the area
under consideration is characterized by a three-dimensional inclusion formed as a result of diffusion during sintering of
iron ions into a former graphite particle. Judging by the results of Auger-electron spectroscopy, its chemical
composition corresponds to the formula of nonequilibrium carbide FegoC. A more even fracture surface of the
considered zone indicates that the destruction of the sample occurred by the mechanism of chipping, characteristic of
brittle fracture [1, 7, 8]. The structure, in which such an element is located, entails reduced mechanical properties of the
alloys in question

Results. The research of the dependence of the mechanical properties of hot-formed steels on the carbon content in
the charge were carried out. Pre-samples were sintered at a temperature of 1000 °C for 1.5 hours. Further, there was
post-pressing to porosity values close to zero at a temperature of 1050 °C. This sintering mode ensures complete
dissolution of carbon in the iron base of steel. The values of the ultimate strength, elongation and Vickers hardness of
hot-formed steels with different carbon content are shown in Fig. 3.
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Fig. 3. Influence of carbon content on the mechanical properties of hot-formed steels based on powders:
1 — Distaloy HP-1; 2 — N4D2M; 3 — Astaloy 85Mo; 4 — PZhR2.200.26; 5 — ABC100.30
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The nature of the presented dependencies is consistent with the theoretical provisions of classical and powder
materials science [2, 9, 6], which is confirmed by the results of microstructural analysis (Fig. 4). With an increase in the
carbon content in the steel composition, the amount of the ferritic component decreases and the amount of ferrite-
cementite eutectoid mixture increases. With a carbon content of 0.8% C, the steel structure consists of finely dispersed

troostite.

a) b) c)
Fig. 4. Microstructure of hot-deformed powder steel based on PZhRV2.200.26 powder with different carbon content, x250:
a—02%C;b—05%C;c—08%C

There are no pores on the microsections, this fact indicates an almost non-porous state of the material.
The influence of carbon on the development of the contact surface is considered on the dependence of the
mechanical properties of powder steel on the initial porosity (Fig. 5). Tested steels with a carbon content of 0.5% (wt.)

were obtained by hot post-pressing at 1050 °C.
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Fig. 5. Dependence of the mechanical properties of hot-deformed steels on the initial porosity:
1 — ABC100.30; 2 — PZhR2.200.26; 3 — Astaloy 85Mo; 4 — N4D2M; 5 — Distaloy HP-1

Comparing the data presented in Fig. 4 and Fig. 5, we can note the identical nature of the dependence of both
strength and plastic properties on the initial porosity. For steels based on powders PZhR2.200.26 and AVS100.30, the
extremum of properties is observed at the initial porosity of the workpiece of 30 %. In steels based on Astaloy 85Mo,
N4D2M and Distaloy HP-1 powders, the extremum of properties shifts towards an increase in the value of the initial
porosity. This circumstance can be interpreted as an increase in the quality of interparticle interaction, which is reflected
in the position of the line delimiting the areas of technological modes characterized by partial or complete destruction or

preservation and development of the pre-formed contact surface at the stage of hot pressing (Fig. 6) [10-12].
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Fig. 6. Areas of technological modes of hot stamping affecting the preservation or destruction of the pre-formed contact
interparticle surface for steels: 1 — PZhR2.200.26+0.5 % C; ABC100.30+0.5 % C; 2 — Astaloy 85Mo0+0.5 % C; N4AD2M+0.5 % C;
Distaloy HP-1+0.5% C

Table 5 provides a comparison of the results presented in Figures 5 and 6.

Table 5
Determination of the areas of technological modes of hot post-pressing for powder steels
Initial powder Carbon content, % Marking of the separation line
PZhR2.200.26; ABC100.30; 0 Line 1
Astaloy 85Mo; N4D2M; Distaloy HP-1
PZhR2.200.26+0.5 % C;
ABC100.30+0.5 % C; .

2 — Astaloy 85Mo+0.5 % C; NAD2M 05 Line 1
+0.5 % C; Distaloy HP-1+0.5 % C

Astaloy 85Mo; N4D2M; Distaloy HP-1 0.5 Line 2

The addition of carbon powder to the charge practically does not affect the application of optimal hot post-pressing
modes for materials based on unalloyed iron powders. In the case of alloying iron powders with molybdenum, copper,
nickel, when graphite is introduced into the charge and pre-sintering until complete homogenization of austenite, the
recommended value of the initial porosity is shifted towards higher values.

It is possible to evaluate the quality of interparticle splicing of hot-deformed steels by the value of the Young's
modulus. The value of the Young's modulus is taken as the criterion for additionally forged samples of the studied steels
to a nonporous state (Table 6) [2, 5, 13].

Table 6
Parameters of powder steels in a nonporous state
Material Density in the nonporous Young's module, GPa

Metal base Carbon content, % state, g/cm?®

PZhRV2.200.26 7.79 201
ABC100.30 7.79 201
Astaloy 85Mo 0.5 7.83 206
N4D2M 7.81 203
Distaloy HP-1 7.85 208

Let us consider the dependence of the parameters of hot-formed steels with a carbon content of 0.5 % on the
temperature of the hot post-pressing modes and the specific compaction work (W). As the parameters of the steels, we
use the values of density (p), the Young's modulus (E) and the relative contact surface with intracrystalline splicing
(UBKC) (Table 7)
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Table 7
Parameters of hot-deformed steels from hot post-pressing modes

Material T, °C W, MJ/m3 p, g/cm® E, GPa OBKC
60 6.5 112 0.56

100 7.3 189 0.94

950 120 75 193 0.96
160 7.75 194 0.965

180 7.79 195 0.97

60 7.25 181 0.9

PZhRV2.200.26 1050 20 75 193 0.96
100 7.75 195 0.97
120 7.79 196 0.975
60 75 190 0.945
1150 80 7.74 196 0.975

100 7.79 197 0.98

60 6.6 166 0.82

950 100 7.35 184 0.92

120 7.55 189 0.94

160 7.79 195 0.97

ABC100.30 60 74 187 0.93
1050 80 7.68 194 0.965

100 7.79 197 0.98
60 7.63 194 0.965
1150 80 7.79 198 0.985

60 6.57 168 0.81

100 7.49 191.2 0.92

950 120 7.57 1934 0.94

160 7.81 199 0.96

170 7.83 200 0.97

Astaloy 85Mo 60 7.42 1905 0.92
1050 80 7.69 197.5 0.96
100 7.83 201 0.975

60 7.65 197 0.96

1150 80 7.83 202 0.98

60 6.53 165 0.81

100 7.32 187 0.92

950 120 7.52 190 0.93

160 1.77 197 0.97

180 7.81 198 0.98

60 7.28 185 0.91

N4D2M 1050 80 7.62 194 0.95
100 1.77 198 0.97

120 7.81 199 0.98

60 7.53 193 0.95

1150 80 7.76 199 0.98
100 7.81 200 0.985

60 6.67 172 0.82

950 100 74 190 0.91

120 7.59 195 0.94

160 7.85 202 0.97

Distaloy HP-1 60 7.47 193 0.93
1050 80 7.73 200 0.96
100 7.85 203 0.975

60 7.69 200 0.96

1150 80 7.85 204 0.98

The experimental results presented in Table 7 show that in the entire temperature range of the study, a value of the
density of the material corresponding to its nonporous state is achieved (Table 8).
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Table 8
Specific compaction work (MJ/m?®) to achieve a nonporous state
T, °C Iron base of powder steel with a content of 0.5 % C
PZhRV2.200.26 ABC100.30 Astaloy 85Mo N4D2M Distaloy HP-1
950 180 160 170 180 160
1050 120 100 100 120 100
1150 100 80 80 100 80

Discussion and Conclusion. Despite the achievement of a nonporous state, the values of the Young's modulus show
that there are the opportunities to improve the functional properties of materials, that is, during hot post-pressing, the
formation of intracrystalline splicing on the entire contact surface is not achieved. Figure 7 shows a fractogram of a
destroyed sample of hot-deformed steel based on PZhRV2.200.26 powder with a density of 7.81 g/cm?. The fracture is
characteristic of the viscous fracture of steel. Ridges and depressions of the pit relief are visible, which are the result of
intense plastic deformation in the crack propagation center. With the predominance of the pit relief on the fractogram,
areas with a flat relief characteristic of intercrystalline or transcrystalline fracture are observed. The presence of such
zones on the fracture of steel indicates the incompleteness of interparticle splicing. The areas of intercrystalline
cleavage directly indicate the absence of transformation of the interparticle splice surface into a large-angle
intergranular surface. In the case of identification of flat fracture zones as a consequence of crack development by the
mechanism of transcrystalline fracture, one can assume the hereditary nature of the structure in the fracture zone.

FHT = J.00 WY wigual & lnLons Bl 13 Time :15:30 25
Mok Heilncdlen  Ling A

Fig. 7. Fracture surface of powder steel

The separation of the interparticle splice surface from submicropores, segregation atmosphere, dispersed inclusions
of another phase leads to the preservation of these morphological elements of the structure in the zone of the former
interparticle contact surface, which are factors contributing to the nucleation of the crack nucleus and its spread.

In relation to the studied steels with a content of 0.5% C, we use the technological technique proposed in [14, 15],
which consists in additional hot plastic deformation with the determination of the critical degree of deformation. Let us
consider the results of additional plastic deformation of a powder material based on powders PZhRV2.200.26 and
N4D2M, carried out at a temperature of 1050 °C (Fig. 8). The Young's modulus is used as a criterion for the formation
of intracrystalline fusion.
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Fig. 8. Dependence of the Young's modulus on the degree of additional plastic deformation of powder steels formed at the
temperature of hot post-pressing: 1 — 950 °C, 2 — 1050 °C, 3 — 1150 °C
Based on the conducted studies, we present the values of the critical degree of additional plastic deformation as a

function of the technological modes of hot post-pressing (Table9). The numerator shows data for steel
PZhRV2.200.26+0.5 %C, the denominator shows data for NAD2M+0.5%C.

Table 9
Critical degree of deformation at different temperatures of hot pressing
Temperature, 0C Initial porosity, % Critical degreeo/coﬁ deformation,
40 2/1.5
950 30 2.5/2
20 312
40 1.5/1
30 1.5/1
1
050 20 2/1.5
40 0.5/0.3
30 0.5/0.3
1150
20 1/0.5

Based on the conducted studies, it can be concluded that additional hot plastic deformation contributes to the
formation of intracrystalline fusion on the entire contact surface. The addition of graphite to the charge improves the
splicing for alloyed iron powder and practically does not affect the use of unalloyed iron powder.
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Influence of Texture Effects on the Laser-Irradiated Tool Performance

Galina I Brover, Elena E Shcherbakova <
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D4 sherbakovaee@mail.ru

Abstract
Introduction. Laser surface treatment of mechanical engineering products makes it possible to increase their durability.

However, the laser hardening process is not good at the consistency of results, since choosing the irradiation modes and
schemes of specific products, texture effects in the zones of laser exposure are not taken into account. This leads to
premature wearing and even destructing the working surfaces of irradiated products. Therefore, the work objective is to
study the mechanism of influence of the structure of the laser-hardened layer on the operational properties of the tool.
Materials and Methods. The materials for this study were tool steels: R6M5 and R18 (according to the EN 10027
standard tool steels: 1.3355, 1.3343). Pulsed laser irradiation was carried out at the technological device Kvant-16 with
a radiation power density of 70-250 MW/m?. Scanning probe and optical microscopy, X-ray diffraction and durometric
methods for analyzing the steels structure were used. The values of steel strength in bending and impact strength were
determined before and after laser treatment.

Results. It has been experimentally proven that it is necessary to strengthen the sections of the products working
surfaces that are subject to maximum wear and are under the action of compressive stresses during operation. It is
shown that textural effects in the laser treatment zones lead to a decrease in the friction coefficients and contribute to an
increase in the wear and adhesion resistance of the steels surface layers.

Discussion and Conclusion. The results of the research carried out make it possible to rationally select the surface laser
processing modes and schemes of products for various functional purposes and ensure their operability with a
guarantee. The possibilities increasing the structural strength and properties of the tool due to laser alloying the surface

layers of powder-coated steels and stabilizing tempering after laser irradiation are determined.
Keywords: laser irradiation, alloy steels, structure, properties, wear resistance, adhesion resistance.
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AHHOTALUA

Beeoenue. JlazepHas noBepXHOCTHast 00pabOTKa M3ICIUNA MAIIMHOCTPOCHHUS MO3BOJISCT YBEIUYUTH UX JOJITOBEYHOCTb.
OpmHAKO TPOIECC JIa3epHOTO YIPOYHEHUS HE OTIMYACTCS CTAOMIBHOCTBIO IIONyYaeMbBIX pe3yNbTaToOB, TaK KakK IPH
BEIOOpE PEXKUMOB M CXeM O0JTyUeHHsI KOHKPETHBIX M3JICIUN HE YUUTHIBAIOTCSA TEKCTYPHBIC dPPEKTHI B 30HAX JTa3¢PHOrO
BO3ICHUCTBUS. DTO MPUBOAMT K MPEKAECBPEMEHHOMY H3HOCY U JTaKe Pa3pyLICHUIO Pa0OYNX MOBEPXHOCTEH 0OIyIeHHBIX
m3genuii. [loaToMy 11enpio paboThI SIBUIIOCH UCCIIEIOBAaHUE MEXaHM3Ma BIMSAHUS CTPOCHHS JIA3€PHO-3aKAIIEHHOTO CIIOs
Ha 3KCHﬂyaTaHI/IOHHI)Ie CBOﬁCTBa I/IHCprMeHTa.

Mamepuanvt u memoov. MatepuanaMmu 1Ji1 JaHHOTO UCCIIEJOBAHMS MOCIYXWIN UHCTpyMEHTaIbHbIE cTaid POMS u
P18. NMmnynbcHOe na3epHOe OOJydeHHE MPOBOAMIOCH HA TEXHOJOTHYECKOW ycTaHOBKe «KBaHT-16» ¢ MIOTHOCTHIO
MOIIHOCTH u3dydeHus 70-250 MBt/M?. Mcnonp3oBanuch CKaHUPYIOMIAS 30HIOBAS M ONTMYECKAs MHKPOCKOIIHS,
PEHTTEHOCTPYKTYPHBIH M AIOPOMETPUYECKUN METOMbl aHalu3a CTPYKTYpbl crajeil. Omnpenessuiuch 3HaueHUs
MIPOYHOCTH CTaNeH Ha U3THO M YAApHYIO BA3KOCTH JI0 U MOCHE JTa3epHO 00pabOTKH.

Pesynemamut uccnedosanus. JKCIEPUMEHTAIBHO I0Ka3aHO, YTO YIIPOYHSTD CIIEAYET YUaCTKH padounX MOBEPXHOCTEH
W3JeNNH, MOABEepKEHHBIE MaKCUMAIBHOMY M3HOCY M HaXOISIUecs MPH SKCIUTyaTalldd MO NEHCTBHEM CHKUMAIOIINX
HanpspkeHuil. [lokasaHo, 4To TekcTypHblie 3G (GEKThl B 30HaX Ja3epHOH OOpabOTKM MNPHUBOISIT K MOHMKCHUIO
KOX(QPHUIHUEHTOB TPEHHUSI W CHOCOOCTBYIOT MOBBIMICHHIO W3HOCO- M aITre3MOHHOW CTOHKOCTH TOBEPXHOCTHBIX CIIOCB
cTayei.

Obcyrcoenue u 3axknrouenus. Pe3ympTaTel MPOBEACHHBIX HCCICIOBAHUI IO3BOJITIOT OCYIIECTBISATH paIllHOHAIBHBIN
BBIOOP PEKUMOB M CXEM ITOBEPXHOCTHO#! Jla3epHOil 00paboTKM U3/enuil pa3nuiHOro GyHKIHMOHAIBHOIO Ha3HAYCHUS U
rapaHTHPOBAHHO 00ECHEeYUBATh MX PaboTOCIOCOOHOCTh. OmpeneieHsl BO3MOXKHOCTH TOBBIMICHUS KOHCTPYKIIMOHHON
MIPOYHOCTH U CBOWCTB MHCTPYMEHTA 3a CUET MPOBEJIECHUS JIA3€PHOTO JISTHPOBAHMSI TIOBEPXHOCTHBIX CJIOEB CTajeil u3

TTOPOIIKOBBIX HOKprTI/Iﬁ 1 MMPOBEACHUS ITOCJIC JIA3€PHOT'O O6J'Iy‘leHI/I$I CTa6I/IJ'II/I31/IpyIOH.[€FO OTITyCKa.

KuaroueBble ciioBa: azepHoe 00IyUeHHe, JETUPOBAHHBIC CTAH, CTPYKTYPa, CBOMCTBA, H3HOCOCTONKOCTD, a/Ire3HOHHAS

CTOHKOCTb.

BJIaFO}.IapHOCTI/l. ABTOpBI BbIpaXKaroT 6Har0,£lapHOCTB peuCH3CHTaM, Ybs KPUTHUYCCKAsA OIICHKAa IPCACTABJICHHBIX
MaTepruaioB U BBICKA3aHHBIC TMIPCIJIOKEHUA 10 HUX YCOBEPIICHCTBOBAHUIO CII0COOCTBOBAIIH S3HAYUTCIIBHOMY

IIOBBINICHHUIO Ka4€CTBA HaCTOHHIeﬁ CTaThH.

Jast uuruposanusi. bposep I'.1., lllep6akosa E.E. Bnusaue TexcTypHBIX 3G heKTOB Ha pabOTOCIIOCOOHOCTH Ja3epHO-
OOJIy4eHHOTO  MHCTPYMEHTa.  be3onacHocmv — mMexHOeeHHbIX U npupoouwvix  cucmem. 2023;7(2):102-112.

https://doi.org/10.23947/2541-9129-2023-7-2-102-112

Introduction. Currently, machine-building enterprises pay great attention to improving the performance of tools
and technological equipment, especially of high-alloy expensive steels.

The analysis of literature sources has shown that during its operation the tool experiences high contact stresses and
pressures on the working surfaces [1-4]. In addition, the work of products of various functional purposes is

accompanied by heating and bending stresses, as well as shock loads or vibrations.
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Therefore, steels for the manufacture of tools should have high values not only of hardness, wear and heat
resistance, but also strength at a sufficient level of viscosity in order to prevent premature destruction of working
surfaces. Laser irradiation of tools and accessories, along with other methods of surface hardening, allows increasing
their durability, but the laser treatment process does not differ in the stability of the results obtained [5-9]. This is due to
the fact that the criteria for choosing modes and schemes of laser irradiation of products for various purposes are not
clearly defined. In particular, the degree of influence of textural effects arising from laser treatment with surface melting
on the structural strength of steels has not been considered.

To solve these problems, bending tests, impact strength, wear and adhesion resistance of irradiated samples are
required.

The results of such experiments will make it possible to make a rational choice of the parameters of the surface laser
treatment process.

The objective of this article is to study the effect of the structure of the laser-hardened layer on the operational
properties of the tool.

Materials and Methods. The materials for this study were P6M5 and P18 instrument steels.

Pulsed laser irradiation was carried out at the Kvant-16 process installation with a radiation power density of
70-250 MW/m?. Identification of the phase composition and the study of the structure of materials after laser treatment
were carried out by metallographic, scanning probe, X-ray durometric methods.

Metallographic studies were carried out on MIM-7 and Neophot-21 microscopes. X-ray diffraction analysis was
carried out on a DRON-type diffractometer. Microhardness was measured on a PMT-3 device with a load of 0.49 N.
The bending strength of the samples was determined using the IM-4A machine, the impact strength of the samples
without incision was determined on the KM-5T pendulum copra.

Results. Metal physical studies have established that during laser treatment of steels, a hardened layer is formed on
the surface, consisting in general of a melted quenching zone from the liquid state and an underlying quenching zone
from the solid (austenitic) state [10-12].

The material is melted to increase the overall depth of the hardened layer or during laser alloying of the irradiated
zones. In the latter case, this is caused by the need to melt the alloying coating and a thin surface layer of steel.

Special attention was paid to the study of the features of the structure formation of steels in the zone of laser
quenching from the liquid state.

It has been experimentally established that this zone has a dendritic structure (Fig. 1 a). Moreover, the dendrites are
directed in a certain way — towards the heat sink from the irradiated surface into the depth of the hardened layer.
The total thickness of the hardened layer is 80-100 microns, the average metal hardness of the surface
layers is 10-10.5 GPa.

X-ray diffraction analysis showed (Fig. 1 b) that the following phases are present in the melting zones: o-phase
(martensite), a certain amount of y-phase (residual austenite) and blurred reflexes of incompletely dissolved carbides.

At the same time, an abnormal ratio is observed of the intensities of the diffraction lines (200) and (111) of austenite
in the zones of laser quenching from the liquid state (Fig. 1 b, curve 2), compared with the quenching zone from the

solid (austenitic) state (Fig. 1 b, curve 1).
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Fig. 1. Location of dendrites in the zone of laser quenching from a liquid state on P6MS5 steel (a), X800 and fragments of

radiographs (b) of steel after laser treatment without melting (curve 1) and with melting of the surface (curve 2)

This indicates the appearance of texture effects in the surface irradiated layers.

The formation of the austenite texture is probably due to the predominant orientation of its subgrains in the surface
layer of materials, which occurs due to the directed crystallization of metal after the end of the laser pulse.

The described effect has a positive effect on the properties of products after laser treatment. In particular, the texture
lowers the friction coefficients in the friction pairs, especially if the texture type is consistent with the type of stress
state of the hardened products under operating conditions [13].

The paper considers some possibilities of using a texture that causes anisotropy of properties in the surface layers of
steels as a factor in improving the technological characteristics of irradiated products.

For this purpose, bending and impact strength tests were carried out on samples made of P6M5 steel irradiated in
different modes and according to different schemes, that is, the structural strength of laser-irradiated steels was
determined.

When choosing methods of experiments, it was assumed that bending tests create a stress state in the samples close
to that arising during the operation of a metalworking tool. Samples with a size of 4x6x55 mm were used.

The use of samples of non-standard cross-section is caused by the need to tighten the degree of influence of a thin
hardened layer on the measured properties.

Before irradiation, the steel was subjected to standard heat treatment. To relieve internal stresses after grinding the
samples to size, tempering was performed at 400 °C, as well as visual inspection for the absence of cracks or other
defects. One face of the samples (6x55 mm) was subjected to laser irradiation with a radiation power density of 70—
150 MW/m?, that is, without melting and with melting of the surface of the samples. Some of the samples were
subjected to laser alloying from powder coatings containing dispersed charcoal particles, followed by heating to a
temperature of 550 °C.

It should be noted that during the tests, the laser-hardened layer was under the influence of compressive or tensile
stresses, depending on its location relative to the loading element.

As a result of the tests, it was found that in the case of compressive stresses acting on the irradiated layer, the
strength of the samples practically does not decrease (Table 1). In case of exposure to tensile stresses, the tendency of
samples to brittle fracture increases. This is probably due to the fact that tensile bending loads initiate the nucleation and

propagation of cracks in the melted surface layers of steel along the inter-dendritic layers.
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Table 1
Mechanical characteristics of P6M5 steel before and after laser treatment
] Guwrx10, MPa ax10t, MJ/m?
Processing mode i : : :
compression stretching compression | stretching
Standard heat treatment
. . 272+7 27017 3.240.2 3.1+0.2
(quenching and tempering)
Laser hardening without melting the surface 258+7 32+7 2.840.2 0.2+0.2
Laser hardening with surface melting 23847 30+7 2.7+0.2 0.3+0.2
Laser hardening and tempering at 550 °C 25747 31+7 2.840.2 0.4+0.2
Laser alloying from coal powder 291+7 337 2.910.2 0.4£0.2
Laser alloying from coal powder and tempering

{550 °C 302+7 32+7 3.0+0.2 0.2+0.2

a o

It can be concluded that in order to stabilize the structural strength of irradiated products, it is necessary to harden
the sections of their working part that are exposed to compressive loads during operation.

Of particular interest, from the point of view of improving the operational properties of laser-hardened products, are
the results of experiments obtained on laser-alloyed carbon powder samples.

During metal physical studies, the microstructure features of laser alloying zones from powder coatings containing

activated carbon were revealed (Fig. 2).

Fig. 2. Structure of the melt in liquid-hardened P6M5 steel under laser alloying from a powder containing coal particles, X500

In particular, dispersed particles of coal are clearly visible, which are located in the irradiated metal at the
boundaries of growing dendrites. Simultaneously with textural effects, the presence of graphite plates in irradiated
zones lowers the friction coefficients on the working surfaces of products, acting as a solid lubricant [14]

As it can be seen from the table, under the action of compressive stresses, laser alloying and subsequent tempering
at a temperature of 550 °C increase the strength of irradiated products most effectively.

An additional contribution of tempering to improving properties, in particular hardness, of the surface layers of
P6MS5 steel is associated with the effect of dispersion hardening in irradiated and, especially, alloyed layers of steel. To
confirm the effectiveness of the process of laser hardening and alloying of the tool, taking into account textural effects
in the surface layers [15, 16], there have been carried out full-scale tests on the wear resistance of cutters made of
P18 steel under conditions of cutting parts made of steel 45.

Cutters made of P18 steel were subjected to volumetric quenching and tempering, as well as various surface
treatment options: laser quenching with and without melting the surface, laser alloying from powder coatings containing

dispersed inclusions of tungsten carbides.
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Laser irradiation was carried out along the back face of the working part of the cutter, which is exposed to
compressive stresses during cutting. As shown in the article above, this eliminates the brittle destruction of the cutting
edges of the tool. The experiments carried out to select the degree of overlap of the irradiated spots showed that the
overlap coefficient of the irradiated zones should be at least 0.7-0.8. The depth of the hardened layer was 80-
100 microns, the average metal hardness of the surface layers was 11-11.5 GPa.

The degree of wear was estimated by the size of the wear area on the back face of the cutter with the same cutting

path for different surface hardening options.
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Fig. 3. Wear resistance of P18 steel cutters after volumetric heat treatment (curve 1), laser hardening without partial melting
(curve 2), with surface partial melting (curve 3), laser alloying with tungsten carbides (curve 4)

As it can be seen in Fig. 3, at all cutting speeds, there is a decrease in wear by 1.5-2 times in the cutters subjected to
laser hardening. Moreover, minimal wear is achieved in the case of laser alloying of the working surfaces of the cutter
with tungsten carbides. At the same time, structures are formed in the surface layers of the cutters, which are a textured
matrix with WC tungsten carbides fused with solid particles.

The process of laser alloying of the surface of P18 steel with tungsten carbides having a high hardness (up to 15—
17 GPa) is evidenced by the WC reflexes present on the X-ray images, as well as the results of studies of coatings after
laser treatment obtained on a scanning probe microscope. In Fig. 4 a, the carbide particles protruding above the surface
of the sample are clearly distinguishable [17, 18].

Quantitative characteristics of the surface layers of steels after laser melting from coatings of WC particles were
obtained in the work. To do this, a computer image processing program (CIP) was used. The results of the analysis are

shown in Fig. 4 b.

3886

8
S S
+— C
c S
o ()
53
S o
g e

c
== 104

0 16 32 48 64
Size, microns
b)

Fig. 4. Scanned image of the surface of P18 steel: a — after laser melting of tungsten carbides;

b — histograms of WC particle size distribution
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As it can be seen in Fig. 4, inclusions of 5-10 microns are mainly present in the surface layers of steels.

The array of results of experimental determination of the wear resistance of cutters after laser alloying, processed in
the program "Statistica”, is shown in Fig. 5. From the analysis of the figure, it can be concluded that the minimum wear
of the cutters is observed after irradiation with a radiation power density of 110-130 MW/m?2. The white dots in Fig. 5
indicate the results of experimental verification of regression modeling of processes occurring in the zones of laser

treatment of steels.
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Fig. 5. Regression modeling maps of wear resistance of P18 steel cutters depending on the power density of laser radiation and the

hardness of the surface layers of steel

The results obtained are of practical importance, since they allow us to reliably assign laser treatment modes to
obtain the required hardness and wear resistance, that is, the operability of the irradiated products.

It should be noted that the adhesive stability of the working surfaces against "sticking™ of the processed material is
of no small importance for a guaranteed increase in the durability of products, especially tools. This changes the
geometric dimensions of the working surfaces, leads to an increase in the loads and stresses acting in the friction pairs,
causing the destruction of the surface layers of the products.

The possibilities of improving the operational properties of laser-hardened tool steel in contact with non-ferrous
aluminum alloys were determined in the work.

Samples made of P6MD5 steel were subjected to standard volumetric heat treatment and subsequent laser hardening
with a radiation power density of 100-120 MW/m? to obtain a textured state of the steels on the surface. Coatings
containing tungsten carbides were used during laser alloying.

Friction and adhesive stability tests were carried out on the MI-1M machine according to the "disc — pad" scheme.
The counterbody was aluminum alloys with different hardness and viscosity. Alloy AD31 had a hardness of HB 2,
D16 — HB 70 and AMg6 — HB 90. Damages and signs of setting on the friction surfaces were recorded using an
MBS-2 microscope.

The value of the specific load applied to the friction pair and resulting in a significant increase in the coefficient of
friction due to the adhesion of the aluminum alloy to the surface of the steel sample, that is, due to the adhesive process,
was chosen as a criterion for assessing the tendency to set tool steel and aluminum alloy [19, 20].

As it can be seen in Fig. 6 a and b, when laser-irradiated tool steel comes into contact with aluminum alloys such as
AMg6 and D16, the transfer of aluminum alloys to steel is practically absent. The friction coefficients are 0.07-0.09, in
comparison with volumetrically hardened samples, for which the friction coefficients reach values of more than 0.10.

Moreover, in contact with the D16 alloy, a jump-like increase in friction coefficients is observed for them, starting with
specific loads in a friction pair over 6 MPa. This indicates the course of adhesive processes.
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Fig. 6. Friction coefficients at contact of P18 steel with alloys AMgé (a), D16 (b), AD31 (c) before laser treatment (curves 1), after

It should be noted that in friction pairs with AD31 alloy, which has the lowest hardness, non-irradiated steel samples
have a catastrophic increase in friction coefficients at specific loads of 4.5 MPa, and in laser-hardened steels at higher

loads in friction pairs —6 MPa (Fig. 6 c). Only laser-alloyed samples have high adhesion resistance under these
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laser hardening (curves 2), after laser alloying with tungsten carbides (curves 3)

conditions [21].

The increase in adhesion resistance under laser irradiation is associated with the achievement not only of high
hardness (11-11.5 GPa) of the textured surface layer, but also, as in the case of laser alloying, also with the melting of

solid dispersed tungsten carbides from coatings.
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In order to predict and select the necessary friction coefficients that provide the specified values of wear and
adhesion resistance of P18 steel in contact with aluminum alloys after laser irradiation, regression modeling of
experimental results using the program "Statistica" was carried out (Fig. 7)

Discussion and Conclusion. It has been experimentally established that such features of the structural state of the
irradiated surface layers of steels as textural effects in a-and y-phases contribute to improving the basic properties and
improving the performance of irradiated steels. This is especially significant if the texture type is consistent with the
type of stress state of the hardened products under operating conditions.

It is established that it is necessary to strengthen the working surfaces of products that are in operation under the
influence of compressive loads. The preferred orientation of laser treatment structures reduces the tendency of the
surface layers of irradiated products to brittle destruction, reduces the friction coefficients in tribosystems compared to
traditional volumetric hardening of steel by 20-30 %. At the same time, the stability of the friction coefficients during
the operation of irradiated products also increases. This circumstance is important in ensuring the stationarity of
processes in the friction zone, creates prerequisites for the intensification of the modes of operation of friction pairs.

The practical use of the results obtained in the work makes it possible, by purposefully selecting the schemes and
parameters of the laser irradiation mode, to obtain structures on the surface that have the specified wear and adhesion
resistance under external loading conditions during operation.

The possibility of increasing the structural strength and operational properties of the tool due to laser alloying from

powder coatings and tempering after laser irradiation is determined.
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3asenenHvlil 6K1A0 COABMOPOE:

I''U. BpoBep — moOCTaHOBKa 3aJa4yu, BBIOOP METOJOB M METOAMK HCCIICAOBaHMIA, Y4acTHEC B IPOBEICHHUU
MCETAUIO(PU3UUCCKUX IKCIICPUMEHTOB W B OOCYXKJCHHHM UX pe3yJbTaTOB, IOCTPOCHHUEC MAaTEMAaTHYCCKOH U
komnbroTepHO# Moaenu. E.E. lllepbakoBa — KpUTHUECKHUIT 0030p JTUTEPATYPHBIX UCTOYHUKOB IO TEME UCCIICIOBAHHUS,
y4acTue B IPOBEACHHH METAUIOPH3NIESCKUX IKCIICPUMEHTOB U B 0OCYXKICHUU UX PE3yJIbTATOB.
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