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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 3, 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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PenakuunoHHas KoJuierus

Tnasnwiii pedaxkmop, Mecxu becapuon Yoxoesuu, O0kmop mexHuveckux HAayk, npogeccop, HOHCKOU 20CYOapCMBEHHbIN MeXHUYeCKUll
yHusepcumem (Pocmos-na-/lony, Poccuiickas ®edepayust);

3amecmumensy 2nagnozo pedakmopa, Kopomxuii Anamonuii Apxadvesuy, 00Kmop mexuuieckux Hayx, npogeccop, JJonckoil cocyoapcmeenuiil
mexnuueckuil ynueepcumem (Pocmos-na-/lony, Poccutickas @edepayust);

3amecmumens 21aenoz20 pedakmopa, Azapos Banepuii Huxonaeguu, 0okmop mexnuieckux Hayk, npogeccop, Boneoepaockuii cocyoapcmeennuiii
mexnuueckutl yrusepcumem (Boneozpao, Poccuiickaa @edepayus);

svinyckatouguit  pedakmop, Komaxuose Manana [usueena, Kanouoam Xumuueckux Hayk, JOHCKOU 20Cy0apCmeeHHblll MexXHUYecKull
yHusepcumem (Pocmos-na-/lony, Poccuiickas ®edepayust);

omeemcmeennslii cekpemaps, Xazanosuu Ipucopuii Illneeposuu, Ooxmop mexuuueckux Hayk, npogpeccop, [omnckou eocydapcmeennwiil
mexnuueckuil ynueepcumem (Pocmos-na-/lony, Poccutickas @edepayust);

omeemcmeennwlii cekpemapy, [llesuenko Haoeoicoa Anamonvesna, /lonckou cocyoapemeennvlii mexuudeckuil ynusepcumem (Pocmos-na-/lony,
Poccuiickas @edepayus).

AbnpaxvanoB Hawmns XaguToBW4, [OKTOp TEXHHYECKHX HAyK, mOpodeccop, Y(GHUMCKHHA TrocylapcTBEHHBIH HEDTSHOW TEXHUUECKUH
yuuBepeuteT (Y da, Poccniickas Oenepanus);
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Poccuiickas @eneparus);
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TexHnueckuil yauBepcureT (Mocksa, Poccuiickas denepanus);

Becnanos Bagum HMropeBud, NOKTOp TEXHMYECKUX HayK, npodeccop, JJOHCKO# rocynapcTBeHHbIH TexHU4YecKuid yHuBepcuter (PocToB-Ha-
JHony, Poccuiickas @eneparus);
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JHony, Poccuiickas @eneparus);
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(IlaxTe1, Poccniickas denepanns);

TanonoB Biamumup JlaBpeHTbeBHY, IOKTOpP TEXHHYECKHX HayK, mpodeccop, JOHCKOW TrOCYIapCTBEHHBIH TEXHHYECKHIl YHHBEPCHTET
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Poccuiickas @enepanus);

I'yrapesuu Bukrop OJieroBu4, IOKTOp TEXHMYECKUX HAyK, JOLUEHT, JlOHEIKHMH HAlMOHAJIbHBIA TeXHUYECKUH yHuBepcuter (JloHeuk,
Jlonernkas Haponuas Pecry6ivka);

Hees Biaagucna BopucoBu4, JOKTOP TEXHMYECKHX Hayk, npodeccop, HaumoHanbHbINH HCCIIEI0BATEIbCKUI TEXHOJIOIMYECKUH YHUBEPCUTET
«MUCuC» (Mocksa, Poccuiickas ®enepauus);

JlepromieB Buktop BiaaguMupoBH4, TOKTOp TEXHHYECKUX HAyK, podeccop, JIOHCKOH rocyiapcTBeHHBII TexHIIeckuil yauBepcuteT (Poctos-
Ha-Jlony, Poccuiickas ®enepanus);

JopodeeB Baamumup IOpbeBu4, [TOKTOp TeXHHYECKHX HaykK, mnpodeccop, HOxHo-Poccuiickuii rocymapcTBEHHBIH —TEXHHYECKHI
yuusepcureT (HITN) umenn M. U. TTnarosa (HoBouepkacck, Poccuiickas @enepanusi);

EropoB Cepreii HuxosaeBU4, JOKTOp TEXHUYECKUX Hayk, npodeccop, FOxHO-Poccuiickuii rocynapcTBEHHBIH —TEXHUYECKHUH
yausepcutet (HITN) umenu M. U. TlnatoBa (HoBouepkacck, Poccuiickas deneparnus);

EpemeeBa JKanna BiaguMupoBHa, IOKTOp TEXHHYECKHX Hayk, mnpodeccop, HanuoHanmbHBIH MCCIEIOBATENbCKUH TEXHOJIOTHUSCKUH
yausepcuter «MUCuC» (Mocksa, Poccuiickas deneparnms);

KonuenkoB BsiuecsaB I'puropbeBuy, JOKTOp TEXHHYECKHX HAyK, podeccop, CeBepo-Kaskasckuit penepanpibiii yauBepcutet (CTaBpomons,
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Jlarepe AJiekcanap BasieppeBu4, TOKTOp TEXHMYECKHX HayK, mpodeccop, BpsHCKHil rocyaapcTBEHHBIH YHUBEPCUTET MMEHM aKaJeMHKa
. T'. Ilerposckoro (bpsiack, Poccuiickas @eneparnus);

Jlarepes Uropn AJleKCaHAPOBHY, IOKTOp TEXHHYECKHX HAyK, MOLEHT, DBpSHCKHII TOCYZapCTBEHHBI YHHBEPCHTET HMEHH aKaJIeMUKa
W. T. Tlerposckoro (bpsack, Poccuiickas enepans);

Man:kyna Koncrantun IlaBioBuY, TOKTOp TEXHHYECKUX Hayk, mpodeccop, Cankr-IletepOyprekuit monurexHudeckuii yausepeurer [lerpa
Bemmxoro (Cankt-TletepOyprekwit, Poccuiickas ®enepans);

Menseannnena Hanexxna BacmiibeBHa, TOKTOp TEXHHYECKUX HayK, Ipodeccop, Bonrorpancknii rocyrapcTBEHHBIIH TEXHHIECKUH YHHBEPCHTET
(Bonrorpan, Poccuiickas @enepanusi);

Mpunko BceBosion AdaHackeBHY, JOKTOP TEXHHYECKUX HAyK, Ipodeccop, benropoackuii rocytapcTBEHHBIH TEXHOJIOTHUECKHI YHHBEPCUTET
nmenn B. T. llyxosa (benropos, Poccuiickas ®exepanmst);

MockBuyeB Biaagumup BuUKTOpOBHY, TOKTOp TEXHHYECKHX Hayk, mpodeccop, KpacHospekuii dunnan OemepaabHOTO HCCIEIOBATEIFCKOTO
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Hocenko Amnekceii CTaHmcIaBOBHY, JIOKTOp TEXHHYECKHX Hayk, mnpodeccop, IlaXTHHCKMH aBTOZOPOXKHBIH WHCTUTYT ((rmman)
IOPI'TIY (HITN) (IlaxTel, Poccuiickas ®enepars);

Inemko Muxann CTemaHOBHY, JOKTOP TEXHHYECKUX HAyK, JOLEHT, HalMOHaJIBHBIH HCCIIEOBATENbCKUN TEXHOJOTHYECKUI YHHBEPCHUTET
MUCuC (Mocksa, Poccuiickas ®eneparus);

IycroBoiit Buktop Huko/1aeBHY, TOKTOP TEXHUYECKUX HayK, mpodeccop, JJOHCKOH rocy1apCTBEHHBIH TeXHUYecKuii yHuBepcuteT (Poctos-
Ha-JloHy, Poccuiickas ®enepanus);

Iymenko Cepreii JleonapaoBu4, JOKTOp TEXHUYECKHX HayK, mpodeccop, JloHCKoif rocyqapcTBeHHbII TeXHUYecknii yruBepeuteT (PoctoB-Ha-
JHony, Poccuiickast ®eneparus);

Iopomnn AunekcaHap AJiekceeBHY, JOKTOp TEXHMYECKHMX HayK, Bcepoccuiickuii oppeHa «3Hak Ilodera» HayuyHO-MCCIEIOBATENbCKUH
MHCTHUTYT npoTuBomokapHoit 06oporsl MUC Poccun (banammxa, Poccuiickas ®enepars);

CeBactbsiHoB Bopuc BiaguMupoBu4, JOKTOp TEXHUUECKHUX HAyK, KaHAUIAT MEIarOrMYecKUX HaykK, npodeccop, MKeBCKuii rocy1apcTBeHHbIH
TexHn4eckuit yansepcntet nmenn M. T. Kanamankosa (MoxeBck, Poccuiickas ®enepans);

Tiopua Anexcanap IlaBaoBHY, [JOKTOp TEXHHYECKHX HayK, JOLEHT, VDKeBCKMH TIoOCyIapCTBEHHBIH TEXHHYECKHIl YHHBEPCUTET
umenu M. T. Kanamnukosa (Mxesck, Poccuiickas deneparms);

Xa3zanoswnu I'puropnii IllHeepoBuy, TOKTOp TEXHMYECKUX HayK, podeccop, JJoHCKo# rocynapcTBeHHBII TexHIYecknii yruBepcuteT (Poctos-
Ha-JloHy, Poccus)

Xaduzos Unsaap daHuieBHY, JOKTOP TEXHHYECKHX HAYK, JOLUCHT, Y (UMCKHH TOCYIapCTBEHHBIH HE(QTAHONW TEXHUUYECKUI YHHBEPCHUTET
(Ya, Poccniickas ®enepanms);

Xaduzop @Danmanr [lammabeBud, JTOKTOp TEXHHYECKHX HayK, npodeccop, YPUMCKHHA TrocynapcTBEHHBIH HE(TAHOH TEXHUUECKMH
yuuepcuret (Y da, Poccuiickas ®enepanus);

Yykapun Anexcanap HuxosaeBHY, TOKTOp TEXHUUECKUX HayK, npodeccop, POCTOBCKHIT ToCyAapCTBEHHBIH YHHBEPCUTET ITyTel COOOIICHUS
(PoctoB-Ha-Jlony, Poccuiickas ®enepars).
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Conep:kanue

TEXHOC®EPHAS BE3OITACHOCTb

TemoycToiYMBOCTh TeTypHAA KaaMus B HWHPPAKPACHBIX [E€TEKTOpaxX /Uisi MOHHTOPHHIA
TOKAPHOM OOCTAHOBEH ........ovititiiiiiit sttt
A.B. Mosocepun, H.H. Ilaxnun

CpoiicTBa caJHIIIIHIEH-aHIUINHA KAK HHTHOUTOPA KOPPO3UHU B CHCTEMAaX TPAHCIOPTHPOBKH HeTH
H HE(PTEIIPOIYKTOB. .........cuiuiuiutetitttresestttsesesetesetsssese st st stsesesssebebebeseseeae et seseb e b e b et et essE sS4 e et s eheb e b e bbb e s nEne et e se b e b e b et et et b nn et
C.I'. Kypens, C.A. Bonanuk, M.A. Casenkosa, 3.4. 3aiiyesa

IpodeccuonanbHasi 3a00/1eBa€MOCTh SKEHIIHH, CBSI3aHHAsl C YCJIOBHSIMH TpyAa B CeJbCKOM

D 13 07 (ot U T OSSPSR
B.FO. Koumapesa

MAIINMHOCTPOEHUE

OneHKa BJIMAHUS BHYTPEHHUX (DAKTOPOB HA MOKA3AaTEN 3arPy:KEHHOCTH MACCAKUPCKHUX JTHPTOBBIX
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Thermal Stability of Cadmium Telluride in Infrared Detectors for Monitoring Fire
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Abstract
Introduction. Thermal effect of fire on technical means is a common and serious problem. In this regard, it seems an

urgent task to study physicochemical and thermal transformations in devices based on cadmium telluride during man-
made or natural fires. For a number of materials, such studies have not been conducted, and the available results are
insufficient or narrowly focused. The proposed article presents new data on the defect resistance and applicability of the
material depending on the thermal effect. The work objective is to study the features of degradation under the influence
of extreme temperatures to create new materials with specified properties.

Materials and Methods. Cadmium telluride (CdTe) samples used in solar panels and detectors were studied. In the
practical part of the work, the thermal effect on the sample of normal and extreme temperatures was evaluated, followed
by the study of the material by transmission electron microscopy methods. The experiments simulated a zone of thermal
impact of a fire. The computational and theoretical work consisted in improving the mathematical model of physical and
chemical transformations and the evolution of defects under thermal influence up to 1092 °C. The mathematical model
took into account the heat dose characteristic of uncontrolled combustion. The Maple software package was used to solve
the equations.

Results. The formation of defects in a CdTe sample at significantly different levels of thermal exposure was visualized.
The lower limit was about 20 °C, the upper one was more than 600 °C. Transformations in CdTe control samples under
the influence of temperatures up to 1092 °C with a step of 15 °C were worked out in detail. Point defects caused by the
influence of temperature were presented as a factor of destruction of the material, and consequently, failures in the
operation of the device. A system of equations was solved that takes into account a set of parameters: the frequency of
vibrations of atoms in the lattice, temperature, concentrations of CdTe nodes, interstitial atoms and vacancies, migration
and attachment of interstitial atoms and vacancies. The concentrations of vacancies and interstitial atoms in CdTe samples
depending on thickness and temperature were graphically presented. The results of scientific research allowed us to assert
that CdTe-based detectors worked relatively correctly only at a heat dose of up to 400 °C. In the ranges of 400-600 °C,
the defective network of the material actively evolved, preventing destruction. However, a further increase in thermal
exposure led to complete degradation of the equipment, which did not allow the use of cadmium telluride in extreme
conditions, even for a short time.

Discussion and Conclusion. The proposed improved model of physical and chemical transformations in CdTe-based
devices in heat-affected areas will allow a more selective approach to the use of equipment. In addition, it is necessary to
improve materials and increase their resistance to extreme temperatures.

Keywords: cadmium telluride, formation of defects in a CdTe sample, density of nodes, vacancy concentration, CdTe
interstitial atoms
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TemnoycTroi4yuBOCTh TEJIYPHAA KAAMUA B HHPPAKPACHBIX JeTEKTOPax

AJIA MOHUTOPHUHT A nomapnoﬁ 00CTaHOBKH

A.B. Mo3z:xepun' <, H.H. Ilakiiun

Cubupckuii GpenepanbHbIil yHUBEPCUTET, I'. KpacHosapck, Poccuiickas Peneparms

> Amozzherin@sfu-kras.ru

AHHOTALUA

Beenenne. TemnoBoe Bo3AEHCTBHE MOXApa HA TEXHUIECKUE CPEACTBA — PACIPOCTPAHEHHAs U cepbe3Has Ipoodiiema.
B aTo#i cBsI3M mpencTaBisieTCs aKTyalbHOW 3ajadeil ucclieloBaHue (U3MKO-XMMUYECKUX M TEIUIOBBIX MpEeBpaIleHHH
B YCTPOMCTBAaX HAa OCHOBE TEJUTypHAa KaaMHs NPH TEXHOTEHHBIX WM NPUPOAHBIX Moxapax. Ilo psmy marepuanoB
MOJOOHBIE HCCIICAOBAHUS HE IPOBOMMINCH, a HMEIOLIMECS pe3yibTaThl HENOCTaTOYHBl WM y3KOHNPO(UIBHBI.
B npensioxkeHHOW CTaThe IpEACTaBICHbl HOBBIE IaHHbIE IO Je(PEeKTOCTONKOCTH W NPUMEHHMOCTH MaTepHana
B 3aBUCHUMOCTH OT TEIUIOBOTO Bo3AeHCTBUA. llenp uccinenoBaHMs — H3ydeHHE OCOOEHHOCTEHM nerpajaluu Moj
BO3/IEHICTBHEM 3KCTPEMalbHBIX TEMIIEPATyp A CO3JaHuUs HOBBIX MAaTEpPHAIOB C 3alaHHBIMU CBOWCTBAMHU.

Marepuansl u Metoabl. UccnenoBanucy o6pasnsl Temutypuaa kaamus (CdTe), uermosp3yeMble B COMHEYHBIX MAHENAX
U IeTeKTOopax. B mpakTuyeckoil uYacTh pabOTHl OLIEHMBAJIOCH TEIUIOBOE BO3/CHCTBME Ha o00pasel OOBIYHBIX
1 9KCTPEMAIBHBIX TEMIIEpaTyp ¢ MOCIEIYyIOIINM HM3yYeHHEM Marephajia MEeTOJaMH MPOCBEYMBAIONICH AIIEKTPOHHOM
MHUKPOCKOIIHH. DKCIIEPUMEHTH IMUTHPOBAIIM 30HY TEIUIOBOTO BO3AEHCTBUS MOXkapa. PacueTHo-TeopeTndeckas padbora
3aKJIoYyaiach B COBEPIICHCTBOBAHMM MaTEMaTH4YeCKOW MOJeNH (U3MKO-XUMHYECKUX IPEBPAIICHUH M 3BOJIOIMHU
nedeKToB npH TeIoBoM BozaeiicTBuu 10 1092 °C. MaTtemarndeckas MOAEb YUUTHIBAIA TEIJION03Y, XapaKTepHYIO IS
HEYyNpaBJIsieMOro ropeHus. s penieHus ypaBHeHUH 3a1efiCTBOBAIM IPOrpaMMHBIH maket Maple.

Pe3yabTaTsl ucciienoBanusi. Busyanusuposano GpopmupoBanue nedextoB B 00pazue CdTe mpu cylmecTBeHHO pa3HbIX
YPOBHSIX TEILIOBOTO Bo3aeicTBust. HuxHss rpanuiia — okoso 20 °C, Bepxusis — 6osee 600 °C. JletansHo mpopaboTaHb
npeBpalieHns B KOHTPOJIbHBIX 00pasiax CdTe npu Bo3aeiictBuu temmepatypbl 1o 1092 °C ¢ marom 15 °C. Toveunsie
nedexTsl, 0oOycIOBIEHHBIE BO3ACHCTBHEM TEMIIEpATyphl, IPEICTAaBIEHBl Kak (akTop paspyLIeHUs MaTepuana,
a ciefoBareNbHO, W cOoeB B pabore ycrpoiicTBa. PelieHa cucrema ypaBHEHHWil, KOTOpas YYHTHIBAET KOMILIEKC
MapaMeTpoB: YacTOTy KoJieOaHUil aTOMOB B pelIeTke, TeMIeparypy, KoHieHTpanuu y3nos CdTe, Mexa0y3enbHbIX
aTOMOB M BaKaHCHH, MHIPalUI0 M IPUCOCAMHEHHE MEXA0Yy3eNbHBIX aTOMOB M BakaHcui. ['paduuecku
NPEJCTABICHBl KOHLICHTPALWH BaKaHCHH M MEXI0Yy3eJbHbIX aToMOB B oOpazuax CdTe B 3aBUCHMOCTH OT TOJNIIUHBI
U TeMrepaTypsl. ITOTH Hay4YHBIX M3BICKAHUI MO3BOJISIOT YTBEPIKIATh, YTO JIETEKTOPHI Ha ocHOBe CATE OTHOCHTEBHO
KOPPEKTHO paboTaroT TOIbKO mpu Terionose 10 400 °C. B nuanazonax 400-600 °C nedexTHas ceTh MaTepraia ak THBHO
9BOJIIOLMOHUPYET, MPEMATCTBYS paspylieHuo. OJHaKo AalbHEHIIee yBEIUYEHUE TEMIOBOTO BO3AECUCTBHS IMPUBOIUT
K MTOJTHOHM AeTpaganii 000pYIOBaHU, YTO HE TIO3BOJISIET MCIIOIB30BATh TEJUTYPHI KaJMHS B OKCTPEMAaIbHBIX yCIOBHAX
Jake HEIIPOJOJDKUTEIBHOE BPEMSL.

O0cy:xnenne n 3akia0veHne. IIpeutoskeHHass yCOBEPUIEHCTBOBaHHAs MOJENb (PU3NKO-XMMHUECKHX IIpEeBpaleHUI
B ycTpoiicTBax Ha ocHoBe CdTe B 30HaX TEMIOBOro BO3ACHCTBHS MO3BOIHUT Gosiee H30UPATENBHO MOAXOAUTH K BOIIPOCY
HCTIONB30BaHus 00opynoBanus. Kpome Toro, HEOOXOIMMO COBEPIIEHCTBOBATh MaTEPHAJIbl M MOBBIIIATh UX CTOMKOCTH

K OKCTpEMaIbHBIM TeMIIEpaTypaM.
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KaroueBble cioBa: Temnypun Kaamus, (opmupoBanue nedexrtoB B obOpasne CdTe, KOHLEHTpauus Y3JIOB,

KOHICHTpauus BaKaHCI/II‘/‘I, MECKI0Y3€CIbHBIC ATOMBI CdTe

BaaronapHocTn: aBTOpPBHl  BHIp@KAOT MPHU3HATENBHOCTh KoOJUIETaM M3  J1abOpaTOpuM  HAaHOJMCHEPCHBIX U
komno3uoHHEIX MaTepuanos ®I'BHY «®UI[ KHI[ CO PAH». Kpome Toro, 6maromapuM peqakIHOHHYI0 KOMaHITy

XKypHaJla 1 PEIEH3CHTa 32 KOMIIETEHTHYIO 3KCIIEPTH3Y M IIEHHBIC PEKOMEH/IAINH 110 YIYUIICHUIO CTaThH.

Jos muTupoBanms. Mo3zxepun A.B., Ilakimn H.H. TermmoycroiumBocTh TeIypuaa KaaMmus B HH(PpPaKpacHBIX

JIeTeKTOpax Uil MOHHUTOPHHrA IIOXKAPHOH OOCTAaHOBKHU. be30nacHOCMb MeXHO2EeHHbIX U NPUPOOHBIX CUCEM.
2023;7(3):7-13. https://doi.org/10.23947/2541-9129-2023-7-3-7-13

Introduction. Cadmium telluride (CdTe) is a binary chemical compound of cadmium (Cd) and tellurium (Te), a
direct-band semiconductor of the A2Bg group. Due to its high melting point and insolubility, it is one of the most stable
Cd compounds. CdTe is a strategically important material for creating thin-film solar cells, universal infrared detectors
and other devices.

An important issue from the point of view of production practice is the operation of devices and equipment in various
environmental conditions, their durability and fire and explosion safety®. It is well known that any semiconductor
compound tends to degrade and change its physicochemical properties. This is due to the processes of defect formation,
which occur, among other things, due to thermal exposure [1]. It is extremely important to understand these processes for
the use of materials in extreme conditions while maintaining the specified properties, with minimal risk of fires, accidents
and other emergencies.

It should be noted that so far scientific research in this area has not yielded exhaustive results. Studies have not been
conducted on a number of materials, and the available data are insufficient or narrow-profile. The authors of the presented
article offer new information concerning the resistance to defects and the applicability of the material experiencing
thermal effects. The work objective is to study the features of degradation under extreme temperatures to create new
materials with specified properties.

Materials and Methods. The operation of the device was studied in the event of extreme events — a natural or man-
made fire. The objects of the study were three control samples of cadmium telluride. They were removed from the solar
battery and subjected to constant thermal exposure from 20 °C to 1092 °C. Table 1 presents the general data of the studied
materials.

Table 1
Individual properties and characteristics of cadmium telluride [2—4]
Chemical formula CdTe
Density, g/cm? 5.8585
Melting point, °C 1092
Solubility in water and other solvents Insoluble
Crystal structure Cubic, sphalerite (zinc blende)
Lattice parameter, nm 0.648
Poisson's ratio, v 0.41
Shear modulus, GPa 9.2
Stacking fault energy, MJ/m? 11+1.9
Fire and explosion safety Incombustible
Toxicity Toxic, especially dangerous in the aquatic

1 GOST 2.1.004-91. Occupational safety standards system. Fire safety. General requirements. Electronic fund of legal and regulatory documents. URL.:
https://docs.cntd.ru/document/9051953 (accessed: 17.04.2023).
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Basic experimental study was carried out by transmission electron microscopy on a JEOL JEM-2100 device with
preliminary sample preparation of samples according to basic techniques [5]. Theoretical work was based on the creation
of a mathematical model of physical-chemical transformations in devices based on cadmium telluride, taking into account
the heat transfer that occurs during the development of the uncontrolled combustion process. Systems of equations were
solved in the Maple software package.

Results. The experimental part of the work was described in [2, 4]. The data obtained showed that the effect of thermal
radiation led to the formation and active evolution of a defective network (Fig. 1), represented mainly by growth
dislocations. In some cases, in the presence of cadmium or other substances in the atmosphere, precipitates appeared with
the transformation of dislocations into dislocation loops or stacking faults [3, 6-7].

100 nm 50 nm

a) b)
Fig. 1. Formation of defects in the CdTe sample under thermal exposure:
a— ~ 20 °C; b — more than 600 °C. Scale in nanometers

Theoretical part of the study included a detailed study of transformations in CdTe control samples when exposed to
temperatures up to 1092 °C in increments of 15 °C. With this type of operation of the devices, especially near the melting
point, the destruction of the material occurred, which was directly related to the formation and development of point
defects.

Taking into account the fixation of the temperature mode and previous experimental data, the formation of interstitial
atoms and vacancies, as well as their clusters in the form of dislocation loops and pores in CdTe, was modeled. The
effective values of the energy of thermal dissociation of the lattice (E,) and the coefficient of thermal generation of point
defect pairs (P) allowed us to improve the system of equations for the equilibrium distribution of defects, given in [8-9]
to the following form:

Pc0+D,«C,'L—R»C,-CV—ZA,-C,Z:O, 1)
Pc,+D, -G ~R-C,-C, —2A,-CF =0,
where P = v-exp (—Ep/KT), v — frequency of oscillation of atoms in the lattice, k — the Boltzmann constant, T —
temperature, co — concentration of CdTe nodes, C, and Cy — effective concentrations of interstitial atoms and
vacancies, D, and Dy — diffusion coefficient (migration) of interstitial atoms and vacancies, A, and Ay —
agglomeration coefficient (joining) of interstitial atoms and vacancies, respectively, R — recombination coefficient.
Numerical values of the indicated values were used for calculations (Table 2).

Table 2
Numerical values of the parameters of the cadmium telluride crystal [3, 8-9]
Co D, Dv Al Ay R v Ep P
cm3 cm?st cm?st cmis?t cmss? cmss? st eV cmist
1.5-10% 4.2-107 8.3-10? 7.5-10% 1.1-10% 1.7-108 1083 1.4 2.6-10

Solution to system of equations (1) is shown in Fig. 2, 3. As noted above, the upper curve corresponds to 1092 °C,

the step is 15 °C.
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Fig. 2. Vacancy concentrations in CdTe samples depending on thickness (z) at different temperatures
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Fig. 3. Concentrations of interstitial atoms in CdTe samples depending on thickness (z) at different temperatures

The data obtained allowed us to assert that up to a temperature of 400 °C, point defects (vacancies and voids) affected
the physicochemical properties weakly, with a linear increase. When the specified boundary increased, nonlinear changes
were recorded. This could be explained by the reverse effect of defects (countering the destruction of the semiconductor).
Active degradation was especially noticeable at temperatures above 600 °C. Under the influence of a temperature of
1000 °C, cadmium telluride began to break down.

Discussion and Conclusion. The presented study confirmed active physical-chemical transformations in cadmium
telluride samples at equilibrium thermal exposure up to 1092 °C. The results of solving modified system of equations (1)
allow us to assert that with increasing temperature, the destruction in cadmium telluride samples increases, and the
defective network grows. These processes cause equipment failure with this material.

Devices and equipment based on cadmium telluride show high thermal stability and reliable operation up to 100 °C.
However, their use is limited and becomes extremely ineffective at high temperatures. In extreme conditions,

semiconductor materials such as silicon and germanium are more suitable.

References
1. Glas F. A simple calculation of energy changes upon stacking fault formation or local crystalline phase transition

in semiconductors. Journal of Applied Physics. 2008;104(9):093520. https://doi.org/10.1063/1.3009338

Technosphere Safety

11


https://doi.org/10.1063/1.3009338

https://bps-journal.ru

12

Safety of Technogenic and Natural Systems. 2023;7(3):7-13. eISSN 2541-9129

2. Mozzherin AV, Paklin NN. Defektoobrazovanie v telluride kadmiya. In: Tr. XXV Mezhdunar. nauch.-prakt. konf.,
posvyashchennoi pamyati general'nogo konstruktora raketno-kosmicheskikh sistem akademika M.F. Reshetneva.
Krasnoyarsk: Reshetnev Siberian State University of Science and Technology; 2021. P. 581-582.

3. Loginov YuYu, Braun PD, Dyurouz K. Zakonomernosti obrazovaniya strukturnykh defektov v poluprovodnikakh
A2Bs. Moscow: Logos; 2003. 304 p.

4. Loginov YuYu, Mozsherin AV, Brilikov AV. The electron microscopic study of the defect formation in the doped
single crystals CdTe, ZnS and ZnSe. Vestnik Sibirskogo gosudarstvennogo aerokosmicheskogo universiteta imeni
akademika M.F. Reshetneva. 2013;3(49):209-211. https://vestnik.sibsau.ru/en_US/vestnik/902/ (accessed: 25.07.2023).

5. Sindo D, Oikava T. Analiticheskaya prosvechivayushchaya elektronnaya mikroskopiya. Moscow: Tekhnosfera;
2006. 256 p. URL.: https://www.technosphera.ru/lib/book/83 (accessed: 25.07.2023).

6. Loginov YY, Mozzherin AV, Paklin NN. Particularities of the interstitial atoms and vacancies clusters formation

in a thin cadmium telluride foil during in situ electron irradiation in a TEM. IOP Conference Series: Materials Science
and Engineering. 2022;1230:012013. https://doi.org/10.1088/1757-899X/1230/1/012013

7. Gorichok IV. Enthalpy of formation of schottky defects in semiconductors. Physics of the Solid State.
2012;54(7);1373-1376. URL: http://journals.ioffe.ru/articles/viewPDF/665 (accessed: 25.07.2023).

8. Loginov YuYu, Mozzherin AV, Paklin NN. Modeling structural defect formation in cadmium telluride during

electron irradiation. 1OP Conference Series: Materials Science and Engineering. 2019;467:012007.
https://doi.org/10.1088/1757-899X/467/1/012007

9. Paklin NN, Loginov YuYu, Mozzherin AV. Equilibrium distribution of defects in cadmium telluride before
exposure to external factors. The Siberian Aerospace Journal. 2022;23(2):315-320. https://doi.org/10.31772/2712-8970-
2022-23-2-315-320

Received 28.07.2023
Revised 08.08.2023
Accepted 11.08.2023

About the Authors:

Aleksandr V. Mozzherin, Cand. Sci. (Phys.-Math.), Associate Professor of the UNESCO New Materials and
Technologies Department, Siberian Federal University (79, Svobodny Ave., Krasnoyarsk Territory, Krasnoyarsk,
660041, RF), AuthorID, ORCID, Amozzherin@sfu-kras.ru

Nikolay N. Paklin, Cand. Sci. (Phys.-Math.), Associate Professor of the Theoretical Physics and Wave Phenomena
Department, Siberian Federal University (79, Svobodny Ave., Krasnoyarsk Territory, Krasnoyarsk, 660041, RF),
ORCID, AuthorlD, Npaklin@sfu-kras.ru

Claimed contributorship:
The authors have made an equal contribution to the formulation of research objectives and goals, conducting

experiments, calculations, drawing conclusions and correcting the text of the article.
Conflict of interest statement: the authors do not have any conflict of interest.

All authors have read and approved the final manuscript.


https://vestnik.sibsau.ru/en_US/vestnik/902/
https://www.technosphera.ru/lib/book/83
https://doi.org/10.1088/1757-899X/1230/1/012013
http://journals.ioffe.ru/articles/viewPDF/665
https://doi.org/10.1088/1757-899X/467/1/012007
https://doi.org/10.31772/2712-8970-2022-23-2-315-320
https://doi.org/10.31772/2712-8970-2022-23-2-315-320
https://elibrary.ru/author_profile.asp?authorid=623661
https://orcid.org/0000-0003-4677-6210
mailto:Amozzherin@sfu-kras.ru
https://orcid.org/0000-0002-6863-1509
https://elibrary.ru/author_profile.asp?id=653274
mailto:Npaklin@sfu-kras.ru

Mozzherin AV, et al. Thermal Stability of Cadmium Telluride in Infrared Detectors for Monitoring Fire Conditions

Hocrynuia B pexaxumio 28.07.2023
Hoctynuia nocjie peuenzupopanus 08.08.2023

Hpunsara k nydauxanun 11.08.2023

06 asmopax:
Adekcanap Baagumupouy Mo3:kepuH, KaHIAAAT (PU3NKO-MATEMaTHUECKUX HayK, HoueHT kKadeaps: OHECKO

HOBBIX MarepHanoB u TexHonoruit Cubupckoro ¢enepansroro yuupepcurera (660041, PD, KpacHospckuid Kpaii,

r. Kpacuosipck, ip. CBob6oausiii, 79), AuthorlD, ORCID, Amozzherin@sfu-kras.ru

Huxonaii Hukosaesnu IlakiauH, KaHAHIAT (QU3MKO-MaTeMaTHYECKNX HAYK, JOICHT Kadeaphl TeopeTHUECKOH
¢u3uk W BOJHOBEIX siBieHuMi CuOupckoro demepambHoro yuusepcutera (660041, PD, KpacHospckuii Kpaif,

r. KpacHosipck, mip. CBo6oausrii, 79), ORCID, AuthorlD, Npaklin@sfu-kras.ru

3asenennviii 6K1A0 COABMOPOS:

ABTOpLI BHCCJIN paBHOHeHHbeI BKJIaJl B IMMOCTAHOBKY 3aJa4 W LCJIW UCCICIAOBAHUA, MPOBCACHUEC SKCICPUMCHTOB,
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Abstract
Introduction. Risks of accidents and fires during transportation and pumping of oil and petroleum products is a

significant problem of technosphere safety. The reasons may be leaks due to corrosion damage to pipelines, tanks and
oil storage tanks. In view of the possible serious financial, environmental and social consequences of such incidents, it
is important to constantly seek new, more effective approaches to preventing corrosion processes. It is obvious, for
example, that at present not all chemical compounds capable of suppressing or inhibiting the destruction of metals and
alloys have been thoroughly studied. The presented scientific work is partly aimed at overcoming the lack of data in this
area. The objective is to investigate an insufficiently studied compound salicylidene-aniline, which can be a corrosion
inhibitor similar to other nitrogen-containing compounds similar in structure and composition.

Materials and Methods. The gravimetric method was used to study the inhibitory, adsorption and complexing
properties of salicylidene-aniline. The experiments were carried out with St3 steel plates. The mass of metal samples
without an inhibitor and with an inhibitor was recorded before and after exposure in the test media. The effect was
determined by the change in the corrosion rate. When setting up experiments, the authors were guided by GOST 9.905-
82 "Unified system of corrosion and ageing protection. Corrosion test methods. General requirements”. The volume of
the corrosive medium was determined according to GOST 9.506-87 "Unified system of corrosion and ageing
protection. Corrosion inhibitors of metals in water-petroleum media. Methods of protective ability evaluation”. The
corrosion criteria were taken from GOST 9.908-85 "Unified system of corrosion and ageing protection. Metals and
alloys. Methods for determination of corrosion and corrosion resistance indices". The calculations were based on the
valuation principle, which sets the ratio of a multiplicative metrized linear order on a set of particular criteria. An
integral indicator based on mathematical and methodological approaches was wused for ranking.
Results. The effect of hydrochloric acid medium on steel samples St3 was studied. Four concentrations of the inhibitor
were taken: 0 %, 0.01 %, 0.1 %, and 0.2 %. The mass of metal samples without an inhibitor and with an inhibitor was
recorded before and after exposure in the test media. The effect was determined by the change in the corrosion rate. The
mass index of corrosion was calculated. The surface quality during destruction and corrosion inhibition was determined
in five stages: the elements to be evaluated were selected, the purpose of the evaluation was formulated, the elements of
the technical condition of the object under study were found, the essence of determining the usefulness or value of the
criterion was described, and the essence of optimization was explained. The studied properties were ranked with respect
to the multiplicative metrized linear order on a set of particular criteria. For the calculations, the task was set — to
determine the components of vector B in accordance with one of the evaluation stages. We are talking about the stage
when the usefulness or value of the criterion is analyzed by points on the numerical axis indicating the state of the
object "better — worse". We constructed an indicator z approximating a known or specified (learning) matrix of
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paired relationships between objects. The resulting indicator allowed us to assess the technical condition of the
surface during the course of corrosion and when it slowed down due to the addition of salicylidene-aniline. The
result was obtained for samples with a surface area from 10.1-10“% m? to 11.9-10* m2. During the experiment, the
mass of the metal decreased by 0.2-0.8 times with the inhibitor and almost by 3.5 times without it. The mass index
of corrosion was recorded from 0.15 g/m?-h to 0.48 g/m?-h. At the same time, the protective ability of the inhibitor
was quite high: the minimum was 77.4 %, the maximum was 94.8 %. This is a convincing indicator. It is also worth
mentioning such an advantage of salicylidene-aniline as a low danger. Its hazard class is Il (for comparison: the
hazard class of aniline is a level higher — 11).

Discussion and Conclusion. The authors propose to use salicylidene-aniline as a means to increase the safe service life
of oil pipelines and tanks. The potential of this composition as an effective corrosion inhibitor, highly soluble in oil and
petroleum products, has been proven. Such properties of salicylidene-aniline as slow oxidation and moderate toxicity
are noted

Keywords: inhibitory properties of salicylidene-aniline, protective ability of the inhibitor, inhibitory additives, ability
to complex formation, inhibitor concentration
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AHHOTALUA

Bgeoenue. 3naunmMas npodiema TexHochepHOil Oe30MacHOCTH — PUCKU aBapuil U M0XKapOB IPU TPAHCIIOPTUPOBKE
U rnepekauke HeTH M HedTenpoaykToB. [IpuuMHamMM MOTYT OBITH YTEUKH H3-32 KOPPO3HUOHHBIX IOBPEKICHHUN
TpyOONIPOBOZIOB, IIMCTEPH, peE3epByapoB HePTEXpaHWIUII. BBUIYy BO3MOXHBIX CEpPbE3HBIX (HHAHCOBBIX,
9KOJIOTUYECKUX W COLMAJbHBIX IOCIEACTBUH TaKWX IPOMCIIECTBHH BAaXKHO NMOCTOSHHO W3BICKMBATh HOBBIE, Ooiee
3¢ eKTUBHBIC, TOAXOAbl K MPEAOTBPALICHUIO KOPPO3HOHHBIX TpoueccoB. O4YeBHIHO, HANPUMEp, YTO B HACTOSIIEE
BpeMsl JOCKOHAJIBHO M3Y4YEHBl JAIEKO HE BCE XMMHYECKHE COCJUHEHMS, CIIOCOOHBIE MOAABIATH HIM TOPMO3UTH
paspylieHHe MeTauloB M ciuiaBoB. IlpexcraBneHHas HaydHas paboTa NpH3BaHa OTYACTH IIPEOJOJIETH HEIOCTaTOK
JIAHHBIX B 3TOW obmactu. Llenb — uccieoBaTh MaIOM3y4€HHOE COCAMHEHNE CANUIMINCH-aHWINH, KOTOPOE MOXET
OBbITH HHI'HOMTOPOM KOPPO3UH aHAJIOTHYHO JIPYTUM, CXOIHBIM TI0 CTPOEHHIO U COCTAaBY a30TCOJIEPIKAIIMM COCTABAM.
Mamepuansl u memoodst. [Ins nccie0BaHUS MHIMOMTOPHBIX, aCOPOLMOHHBIX W KOMIUIEKCOOOPa3yIOMINX CBOHCTB
CAITMIMIINICH-aHUIMHA HCIIOJIb30BAIM rPpaBUMETpUueckuii MeToa. [IpoBoamiy ombITel ¢ ruiactuHamu u3 cramu Ct3.
@ukcupoBanach Macca METAUIMYECKUX O0pasloB 0e3 MHIrHOMTOpa M C HHTHOMTOPOM J0 M IIOCHE BBIIAEPKKH
B MICIIBITYEMBIX cpeaax. D(dexT onpenesnsui no U3MEHEHHIO CKOpOCTH Kopposuu. [Ipu mocTaHOBKe SKCIEPUMEHTOB

opuentupoBanuck Ha ['OCT 9.905-82 «EauHas cucrema 3aliuThl OT KOPPO3UH U cTapeHus. MeTolbl KOPPO3HOHHBIX
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ucneitanuiiy. O6beM Koppo3uoHHOH cpenbl onpenenuan no 'OCTy 9.506-87 «ExnHas cucrema 3aliuThl OT KOPPO3UU
u crapeHus. MHruOWTOpHI KOPpO3MM METAIJIOB B BOAHO-HE(TSAHBIX cpemax». Kpurepunm Koppos3um B3sUIU
m3 'OCTa 9.908-85 «Meramunel © criaBel. MeTOIBI OIpeNeNieHHs MOoKa3aTeledl KOppo3MH M KOPPO3HMOHHOM
cTOMKOCTHY. PacyeTsl OCHOBBIBANINCH HA MPHHLMIIE OLECHUBAHUS, KOTOPBIA 337ae€T OTHOLIEHHE MYJIbTUILIMKATHBHOTO
METPH30BAaHHOI'O JIMHEHHOIO MOpsKa Ha MHOXECTBE YacTHBIX KpuTepueB. [yt paH)XKMPOBAaHUST HMCIHOJIB30BaJIH
MHTETPAIbHBIN TT0Ka3aTeNlb, OCHOBAHHBIM HA MATEMaTHIECKOM M METOJMYECKOM MOAXOAAX.

Pezynomamut uccnedosanun. M3ydeHo Bo3neiicTBHE CONTHOKHUCIONW cpeabl Ha oOpasmsl ctamu Ct3. Bpamm getsipe
koHIneHTpauu uaruouropa: 0 %, 0,01 %, 0,1 %, 0,2 %. 3adukcupoBaiu MacCy METAUIMYECKHX 00pa3ioB 0e3
WHTAOWTOpA M C MHTHOUTOPOM IO W IOCTE BBIACP)KKH B HCIBITYEMBIX cpegax. D¢ (GeKT omnpenenuiy mo H3MEHEHUIO
CKOpPOCTH KOppo3uH. Paccumranmnm MaccoBblii mNOKa3zaTelnb KOppo3uu. KadecTBO MOBEPXHOCTH NPH pa3pyIICHHH
1 MHTUOMPOBAHUM KOPPO3UH ONPENEISUI B IATh JTAlOB: BHIOPAIHM OLICHHBAEMBIE AJIEMEHTHI, CHOPMYIMPOBAIH LENh
OLICHWBAHMA, HAILIM 3JIEMEHTHl TEXHHYECKOTO COCTOSHHUS MCCIEIyeMOro OOBEKTa, ONHCATN CyTh OIPEACICHUS
MIOJIE3HOCTH WM LEHHOCTH KpPUTEPHs, MOSICHWIM CyTh ONTUMM3AIMH. lccinexyemble CBOMCTBA PaHXHPOBAIN IIO
OTHOHMICHUIO MYJIbTHUIINIMKATUBHOTO MCTPU30BAHHOI'O JIMHEMHOTO nopsaaAKka Ha MHOKECTBE€ YaCTHBIX KPUTCPHCB. I[J'ISI
pacyeToB MOCTABWIIN 3a]lady — ONPEIEINTh KOMIIOHECHTHI BEKTOpa B B COOTBETCTBHHM C OAHUM W3 3TaIloB OLICHKHU. Peun
HUAET O CTagWd, KOTAA IIOJIC3HOCTh WM IICHHOCTh KPUTEPHS AaHAIM3UPYETCss MO TOYKaM Ha YHCIOBOH OCH,
YKa3bIBAIOLIMM Ha COCTOSIHUE 00BEKTa «JIyulie — xyxe». [TocTponu nokasarens Z, annpoKCUMUPYIOUIMH U3BECTHYIO
WK 3a]aBaeMylo (00y4alollyt0) MaTpUIly MapHbIX B3aUMOCBSI3eH MEXIY OOBEKTaMHU.

[TomydeHHslii B WTOre IOKa3aTelb IIO3BOJSIET OICHMBATh TEXHWYECKOE COCTOSIHME IIOBEPXHOCTH B Mpolecce
MPOTEKaHMsl KOPPO3UH U NPH €€ 3aMEIJICHUH 32 CUeT J00aBJICHMs CAIMIMIMICH-aHWIMHA. [lomydyeH pe3ynbTar s

2 o 11,910%Mm? 3a Bpems JKcHepHUMEHTa Macca MeTallia

00pa3loB ¢ IWIomaAbo moBepxHocTH or 10,1-10% M
ymenpmanack B 0,2-0,8 pa3a ¢ mHrHOUTOpOoM W mMOUTH B 3,5 pasa 06e3 Hero. OUKCHpOBAICS MAacCOBBIN IOKa3aTelh
kopposuu ot 0,15 r/mM?*u 1o 0,48 r/m>u. IIpu 3ToM 3amMTHAs CHOCOOHOCTh WHTHOMTOpA OKa3alach 0CTaTOYHO
BBICOKOW: MuHuManbHas — 77,4 %, makcumanbHas — 94,8 %. DT1o yOemutenbHbIl Mmokasarenb. CTOMT TaKkKke
YHOMSIHYTh TaKO€ IIPEUMYIIECTBO CANNIMINICH-aHWINHA, KaK HeBBICOKas omacHocThb. Kiace ero onacnoctu — 11T (qutst
CpaBHEHHS: KJIacC OMACHOCTH aHWIIHHA HAa ypoBeHb Boitie — |1).

Oécyacoenue u 3axniouenue. Ilpennaraercsa UCIONb30BaTh CATMLIMINACH-aHIINH KaK CPEJICTBO, MOBBIIIAIOIIEE CPOK
6e3omacHo ciryk0bl HEPTENPOBOIOB M IUCTEPH. JloKa3aH MOTEHIMAJ 3TOr0 COCTaBa Kak 3¢(dexTnBHOrO HHrudnuTOpa
KOPPO3HUH, XOPOIIO PacTBOPUMOTO B HeTH M HedTenpoxykrax. OTMEUeHbl TaKWe CBOMCTBA CAIHIMINIACH-aHWINHA,

KaK MCIJICHHOC OKHUCJICHUE U YMCPEHHAA TOKCUIHOCTb.

KiaoueBble cioBa: I/IFI/I6I/ITOpHBI€ CBOICTBa CaAIMIWINACH-aHUJIMHA, 3allluTHasa CITOCOOHOCTH I/IHFI/I6I/ITOpa,

I/IHFI/I6I/IpyIOH.[I/I€ ,IlO6aBKI/I, CIIOCOOHOCTH K KOMHJ’IeKCOO6paSOBaHI/IIO, KOHIICHTpalus I/IHFI/I6I/ITOpa

BanarogapHocTu: aBTOpPHI  BBIPAXKAIOT OJNArOJapHOCTh PEAAKIMOHHOM KOJJIETUHM JKypHaJla M PElEH3EHTY
3a Mpo(eCCHOHANBHBIA aHAallU3 W PEKOMEHIAIMH JJIS KOPPEKTHPOBKH CTATbU. ABTOPBI TaKKe BBIPAXKAIOT OCOOYIO
OmaromapHOCTh Koiulere 3aiimeBoii M.M., HOIEHTy, KaHIUIATy TEXHUYSCKUX HAyK, 3a 3HAYUTEIBHBIN BKIA]

B 00CyK/IeHUE Pe3yIbTaTOB U IICHHBIEC 3aMeYaHus IPH 0POPMIICHUN TaHHON pabOTHI.

s uutuposanus. Kypens C.I'., Bomsauk C.A., CaBenkoBa M.A. 3aiinieBa 3.A. CBoiicTBa canuumiInAeH-aHUINHA
KaK MHIHOMTOpa KOPPO3HMU B CUCTEMax TPAHCIIOPTHPOBKH He(PTH U HEDTENPOAYKTOB. Be30nacHocms mexHO2eHHbIX
u npupoonvix cucmem. 2023;7(3):14-23. https://doi.org/10.23947/2541-9129-2023-7-3-14-23

Introduction. Transportation and storage of aggressive liquids, including oil and petroleum products, generate risks
of accidents with severe consequences. Special attention needs to be paid to the condition of pipes and tanks and the
possibility of their damage. Qil pipelines, railway tanks and tank trucks are constantly in contact with an aggressive
environment. They are made of steel, which raises the question of preventing or slowing down corrosion processes. The
consequences of such destruction can be accidents and catastrophes accompanied by fires and explosions.
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Corrosion inhibitors can be nitrogen-containing organic bases, primarily aliphatic and aromatic amines and their
derivatives [1-3]. Azomethines are derivatives of amines. They are promising as weakly basic inhibitors (pKa bases
are 1-2 orders of magnitude smaller than those of the initial amines).

Aniline (phenylamine) CsHsNH: is used, in particular, to increase the anti-detonation of fuel. With 1 % of aniline,
the octane number of gasoline increases by 3—4 points. However, it is better not to use aniline in its pure form. During
long-term storage, such an additive is oxidized, which reduces the quality of gasoline. Aniline derivatives, such as
phosphates, are added to solutions of strong electrolytes to inhibit corrosion of carbon steel.

The hazard class of aniline is Il (highly hazardous substance), and the hazard class of salicylidene-aniline is Il
(moderately hazardous). The lesser danger of salicylidene-aniline is a convincing reason for a close study of its
anticorrosive properties. In addition, the known protective capabilities of heteroaromatic compounds on the example of
piperidines have unequivocally confirmed their qualities as inhibitors of acid corrosion of non-alloy steel St3 [3]. At the
same time, poorly soluble substances are formed in interaction with positively charged ions of the corroding metal.
They are deposited in the form of ultrathin films (no more than 10 nm) and protect against further corrosion damage.

Anticorrosive protective chemicals are used as inhibitory additives — additives to aggressive media and in combination
with protective coatings [2-3]. Complexing agents with anticorrosive properties: complexones (for example, sodium
ethylenediaminetetraacetate (trilon B) Na,H(OOCCH,)> N — (CH),— N(CH2COO); Na,H), various complex compounds of
d-elements and mixtures based on them. The leading place in this group is occupied by phosphonates of alkaline and alkaline-
earth metals [1-5].

The other group includes nitrogen- and sulfur-containing heterocycles. Nitrogen-containing compounds form less
toxic products of interaction with a corrosive environment, therefore they are preferable for the development and
creation of effective anticorrosive additives [3].

Quaternary ammonium salts of aliphatic and heteroaromatic nitrogenous bases, including derivatives of alcohols,
aldehydes, and carboxylic acids, have proven themselves well as protective anticorrosive agents for St3 steel. They
dissolve well and are stable in working environments, act in a large pH range [6].

At the same time, in view of the potential serious financial, environmental and social threats associated with
corrosion of oil and petroleum products transportation systems, more effective approaches to preventing destructive
processes should be continuously sought. It is obvious, for example, that not all chemical compounds capable of
suppressing or inhibiting the destruction of metals and alloys have been thoroughly studied. The presented scientific
work is to supplement the data in this area.

The study objective is to create compositions with high anticorrosive properties based on aniline derivatives and
compounds of the azomethine class. An aniline derivative is a representative of the class of azomethines-salicylidene-
aniline. We believe that this composition or compositions based on it should be used as a corrosion inhibitor of steel,
which will eventually increase the safety of transportation of oil and petroleum products.

Materials and Methods. The following features of salicylidene-aniline were studied:

— inhibitory properties;

— anticorrosive activity;

— ability to complex formation;

— adsorption capabilities.

Inhibitor molecules form a contact layer on the metal surface due to the donor-acceptor bond between the electron
pairs of nitrogen atoms and the free d-orbitals of the complexing agent atom (in this case, iron). Such compounds form
a stronger film than many other inhibitors. As a result, micro-galvanic vapors are formed on the surface of the steel and
anodic and cathodic depolarization occurs, due to which the protective properties of the inhibitor are manifested.

The gravimetric research method was used in work [1]. It is based on fixing the mass of metal samples without an
inhibitor and with an inhibitor before and after the exposure in test media. The anticorrosive activity of the tested
compound is estimated by the change in the corrosion rate. For each sample, the holding time in an inhibited medium is
equal to the time in an environment without an anticorrosive agent [1-3].
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The authors of the research used plates made of steel grade St3 according to GOST 9.905-82 "Unified system of
corrosion and ageing protection. Corrosion test methods. General requirements”. The volume of the corrosive medium
(0.25n HCI) is 30 cm?® in accordance with GOST 9.506-87 "Unified system of corrosion and ageing protection.
Corrosion inhibitors of metals in water-petroleum media. Methods of protective ability evaluation”. 0 %, 0.01 %, 0.1 %
and 0.2 % salicylidene-aniline were added in the medium. Corrosion criteria was according to GOST 9.908-85 "Unified
system of corrosion and ageing protection. Metals and alloys. Methods for determination of corrosion and corrosion
resistance indices".

Results. The effect of hydrochloric acid medium on steel samples was considered. The results were recorded taking
into account different concentrations of salicylidene-aniline and thus the anticorrosive effect was determined (Fig. 1).

d)

Fig. 1. Photo of corrosion damage — a type of rust stain on the surface of St3 steel samples in hydrochloric acid medium at inhibitor
concentrations, %: a — 0; b — 0.01; ¢ — 0.1; d — 0.2. Samples are numbered from top to bottom, their images after exposure are
arranged vertically

Mass index of corrosion j was calculated by formula:
j=Am/(S-t),e/ M2 -wuru 2l m? - 200,

https://bps-journal.ru/

where Am — decrease in the mass of metal (g) during metal corrosion during time t (hour or year) on the surface S (m?).
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The surface quality during corrosion and its inhibition (Fig. 1) was evaluated in five stages [7].

1. Based on the preliminary analysis, the problem was defined, the evaluated elements were indicated.

2. Structural analysis allowed us to formulate the main objective of the assessment and the possibilities of achieving it.

3. For the analysis of uncertainty, the search for unifying elements of the actual technical condition of the object was
conducted.

4. The usefulness or value of the criterion was analyzed by the points of the numerical axis indicating the state of the
object "better — worse".

5. Optimization was the search for a way to achieve the necessary technical condition.

Methods of constructing the structure of goals and the formation of a list of criteria were discussed in [8]. It was
assumed that the initial array of objects was set and the study identified the best of them in terms of technical condition.
Ranking was carried out according to a special integral indicator based on mathematical and methodological
approaches. The main principles of selection were described in [9].

The main element of the approach under consideration was the rule (or principle) of estimating =, which set the ratio
of a multiplicative metrized linear order on a set of particular criteria.

For a pair of objects av and a, the choice was based on the following principles:

— av > a, — the first object was "better"” than the second by the factors considered;

— av ~ ay — the objects were evaluated equally;

— av < ay — the first object was "worse" than the second by the factors considered.

Pairs of objects were characterized by comparison vectors Sv.. The principle of generalized criteria and so-called
lexicographic approaches were useful for research — with a strong preference on a set of particular criteria. In this
variant, the objects were equivalent (av ~ @), and their estimates corresponded to the established minimum values [10].

Let us consider the condition:

a,~a, © x; = d;, xiu >d;,i=1,..,m,
where di — the given threshold value (sufficiency level); m — the number of indicators under consideration; xiv and
Xiu — the estimates of the objects being compared (v-th and p-th).
The direct use of this principle was limited by the possibility of its application in practice, since it implied a strong
preference on a set of criteria K = {Ky, K, ..., Kn} in the form:
Ki=2K,2K; = =K.
It was more expedient to set a metrized multiplicative relation of linear order, that is, to apply a generalized
criterion.

In this case,
m

m m
a, > a, & z al-Ki(au); a, ~a, & Z a; K;(a,) = Z a;K; (au).
i=1 i=1 i=1

Here a; — the coefficients satisfying, for example, the condition
m

Zai =1.

i=1
The task was to determine the components of vector B in accordance with the 4-th stage of evaluation and to
construct an indicator z, approximating an objectively known or specially specified (training) matrix of paired
relationships between artificial objects (in [11] these were vehicles):

Q =l grk lpp -
Here p — the number of artificial objects under consideration, which determined the size of the matrix Q; g — the
elements of the matrix; r, k — the artificial objects on the numerical axis "better — worse".

Technosphere Safety

19



https://bps-journal.ru/

20

Safety of Technogenic and Natural Systems. 2023;7(3):14-23. eISSN 2541-9129

On the z axis, the square of the distance between the r-th and k-th artificial objects (protection options) had the form:

dr(B) = (2. — z,)* = Z bj(xrj - xkj)‘ )
j=1

D(B) =l drk ”p,p-

The matrix D (B) was evaluated using the functional
p-1 p

JB) =" 1B = guel?.

r=1k=r+1
The desired integral criterion was the function Z, if J(B) was minimal and the vector B corresponded to the set
conditions. The obtained indicator was used to assess the technical condition of the surface quality as a result of

corrosion and its deceleration due to the addition of salicylidene-aniline (Table 1, Fig. 1).
Table 1
Anticorrosive properties of Salicylidene-aniline for St3 steel

Sample | S, 10 Am=mo— Inhibitor Mass corrosion index j, | Protective ability
number m? wh m, T concentration, % | g/m?h (j=Am/St) | of inhibitor Z, %
1 10.22 | 120 3.4590 0 2.8205 -
2 10.11 120 0.7815 0.01 0.4793 77.4
3 11.9 120 | 0.3363 0.1 0.2542 90.2
4 11.13 | 120 0.1805 0.2 0.1482 94.8

As it can be seen from the table and Fig. 1, the corrosion damage of the steel surface decreased with an increase in
the concentration of salicylidene-aniline.

To explain the anticorrosive activity and good adsorption ability of N-salicylidene-aniline on a steel surface, its
photoinitiated structural rigidity was theoretically studied. This made it possible to find out in which tautomeric form
this structure had a high energy of complexation of adsorption complexes on the surface of the protected metal [12-16].

Photochromic transition of the ketone form to the enol form was provided by proton transfer between the isomeric
forms of the N-salicylidene-aniline molecule.

The semi-empirical method of quantum chemistry PM3 (parametric method 3) was used for a detailed
determination:

— sequences of elementary stages of the main photochromic process;

— geometric characteristics of all intermediate and final photo-colored systems;

— charge distributions on atoms [17].

Salicylidene-aniline, like other anilines, is of interest because of the intramolecular hydrogen bond formed between
oxygen and nitrogen atoms in a more stable cis-enol form. In fact, the forms of OH and NH are in equilibrium.
Depending on the position of the hydrogen atom in this connection, O—H-—N anils exhibit two tautomeric forms: enol-
imine and keto-enamine (Fig. 2). The cis form is more stable. But the trans form has a better adsorption capacity.
Tautomerism occurs under the influence of external factors such as radiation, temperature and pressure.

When the temperature decreases, the enol form turns into a ketone form. We proved that it was better adsorbed on
the steel surface. Cis-enol is colorless. When irradiated with ultraviolet light, it turns into a red trans-ketoform. The keto

O.

O

H 15 H
Nepy x-Nepy,

a)

Fig. 2. Keto-enol tautomerism: a — CA (enol); b — keto form

isomer can be reversibly discolored thermally or photochemically under the action of visible light [18].



Kuren SG, et al. Properties of Salicylidene-Aniline as a Corrosion Inhibitor in Oil and Petroleum Products Transportation Systems

Discussion and Conclusion. The results of the study suggest that salicylidene-aniline actively inhibits corrosion of
St3 steel. The degree of protection reaches 77.4-94.8 %.

Quantum chemical calculations using the semi-empirical PM3 method allowed us to explain the photochromism of
salicylidene-aniline due to keto-enol tautomerism. Due to the monomolecular prototropic acid-base dichotomy,
salicylidene-aniline has photochromism and luminescence. This distinguishes it from other azomethines.

The structure of the adsorption complex with higher stabilization energy was revealed, which explained the better
adsorption capacity of the keto form of the inhibitor.
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Occupational Morbidity of Women Associated with Working Conditions in Agriculture

Valentina Yu. Kontareva "=/}
Don State Agrarian University, Persianovskii, Russian Federation

> valia_k@bk.ru

Abstract

Introduction. About a third of employees of medium and large agricultural enterprises work in hazardous and harmful
conditions. It is worth clarifying that the situation in this area is constantly changing, information may become outdated.
The presented scientific work is designed to solve this problem. New information should be considered and
systematized to study current data. The work objective is to analyze recently published official statistics on the impact
of working conditions on the health of agricultural sector workers and, in particular, women. In addition, the problems
of the formation and development of occupational diseases of women employed in agriculture are considered.

Materials and Methods. The data of the Federal State Statistics Service, the Ministry of Health of the Russian
Federation, as well as the works of foreign and Russian scientists who studied the peculiarities of work in agriculture
were used as research materials. Official statistics data were summarized in the form of tables, visualized as diagrams.
The illustrative material allowed us, in particular, to compare the indicators, to identify the most significant risks
associated with the work of women in the agro-industrial complex.

Results. About 35 % (that is, more than a third) of the personnel of medium and large enterprises of the agro-industrial
complex are women. Many of them work in harmful and dangerous conditions. From 2015 to 2021, the corresponding
minimum recorded figure was 26.4 % of all women employed in agriculture, the maximum was 37 %. Generalized
statistical data suggested that from 2015 to 2021 the situation was not significantly improving, a downward trend was
not formed. If to speak about hard work, the proportion of women performing such functions increased from 13.8 % to
17.7 %, that is, by 2021 the situation noticeably worsened. We noted the progress with strenuous labor processes in
agriculture. The proportion of women engaged in such jobs almost halved: from 3.5 % to 1.8 %. Physical overload,
which functionally overstrain the organs and systems of the body, should be recognized as a particularly harmful factor
for agricultural sector workers. The most problematic industry from the point of view of women's health was animal
husbandry.

Discussion and Conclusion. The results of the work allow us to conclude about the unsatisfactory working conditions
of women in agriculture. The situation can be improved by state control, mutual interest of employers and employees in
the organization of workplaces and the compliance with labor protection requirements. A systematic approach should
reduce the number of occupational diseases among women, improve the health indicators of agricultural workers

Keywords: women's health, occupational diseases, harmful and hazardous working conditions, physical overload
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HpO(l)GCCI/IOHaJILHaH 3200/1€BaeMOCTh KCHIIIUH, CBA3AHHAA C YCJIOBUAMMU
TPpyaa B CECJIbCKOM X03s1iicTBE

B.10. Konrapesa =/

JloHCKOH rocyapcTBEHHBIH arpapHblil yHuBepcureT, 1. [lepcuanosckuii, Poccuiickas deneparus

> valia_k@bk.ru

AHHOTALUA

Beeoenue. OKoII0 TPETH COTPYIHUL] CPETHUX M KPYITHBIX CEIBCKOXO3SIHCTBCHHBIX MPEANPHATHH pabOTaf0T B OMACHBIX
U BpEOHBIX ycnoBHAX. CTOMT yTOYHHTH, YTO CHTyalWs B 3TOH c(epe MOCTOSIHHO MEHSETCs, WH(POPMaIus MOXKET
ycTapeBaTb. YKa3aHHYIO NMpOOJeMy NpH3BaHa PELINTh MPEICTABICHHAsS HaydHas padoTa. s n3ydeHns akTyaabHBIX
JAHHBIX CIIEIyeT paccMaTpHBaTh W CHCTEMAaTH3MPOBATh HOBBIC cBeleHMA. Llenp mccienoBaHns — aHAN3 HEAABHO
oIyOIMKOBaHHOM O(UIMANIBEHON CTaTHCTHKH O BO3/ICHCTBUM YCIIOBUI Tpy/a Ha 3I0POBbE PAOOTHHKOB arpoceKkTopa u,
B YaCTHOCTH, XeHIIWH. KpoMe Toro, paccMaTpuBaroTcs IpoOieMbl (JOPMUPOBAHUS M Pa3BUTHS MPOQPECCHOHATIBHBIX
3a00JIeBaHU I KEHIINH, 3aHITHIX B CEJILCKOM XO03SICTBE.

Mamepuanvt u memoosl. B xauecTBe MaTepHajoB HCCIIEAOBAaHMS HCIOIB30BAIUCH cBeleHHs DeaepalbHON CITyKObI
TOCYAapCTBEHHON CTAaTHCTHKHM, MUHHCTEpCTBa 31apaBooxpaHeHuss PP, a takxke Tpyasl 3apyOeXHBIX M POCCHHCKHX
YYEHBIX, KOTOpBIE H3y4aln OCOOCHHOCTH pabOTBl B CENBCKOM XO3fiicTBe. JlaHHBIE O(QHUIMATBHON CTAaTHCTHKH
o0oOmanuce B Buae TaOnWI[, BU3YAIM3UPOBATHCH KaK JAWarpamMmbl. MIUTIOCTpaTHBHBIN Marepuas ITO3BOJII,
B YAaCTHOCTH, CONOCTaBUTbH ITOKA3aTENH, BBIABUTH HaMOOJEe CYIIECTBEHHBIE PHUCKH, CBS3aHHBIE C pabOTOH KECHIIMH
B arpoNpOMBIIIIIEHHOM KOMILIEKCE.

Peszynemamut uccnedosanusn. Oxono 35 % (To ecth Oosee TpeTH) MepcoHala CPETHUX M KPYMHBIX MPEANPHSTHHA
arpoIpOMBIIIJICHHOTO KOMIUIEKCAa — 3TO JKEHIIUHBI. MHOTHe M3 HHUX TPYASTCA BO BPEIHBIX U OMACHBIX YCJIOBHSIX.
C 2015 mo 2021 rr. COOTBETCTBYIOUIMH MHUHUMAaJbHBINA 3a(UKCUpOBaHHBIN Mokazatenb — 26,4 % u3 BcexX KCHIIMH,
3aHATBIX B CEJILCKOM XO3sCTBE, MakCUMaibHbldi — 37 %. OOOOIEHHBIE CTATHCTHYECKUE IaHHBIE IO3BOJISIOT
yTBepKIaTh, uTo ¢ 2015 mo 2021 rr. cuTyanus CyIIECTBEHHO HE YIIyUIIaeTCsl, MOHIKAIOIINN TPeH I He HOPMUPYETCsI.
Ecnu ke roBopuTh O TsDKENBIX paboTax, TO JIOJS XKEHIIMH, BHITOIHAIOMNX Takue (QYHKIHUH, yBenudunach ¢ 13,8 mo
17,7 %, 1o ectp k 2021 romy cuTyaums 3aMeTHO yXyamwiack. OTMETHM INPOTPECC ¢ HANPSHKEHHBIMU TPYAOBBIMH
IIpolieccaMy B CEIIbCKOM X03stiicTBe. [0l *KEHIINH, 3aHATBIX TaKUMHU pab0oTaMH, COKpaTHIIach MOYTH BABOE: ¢ 3,5 % 10
1,8 %. OcobeHHO BpeHBIM JUIsl PAOOTHUI arpOCEKTOpa MPOU3BOACTBEHHBIM (PAKTOPOM CIIEIyeT MPHU3HATh (PU3NIECKHUE
neperpy3ky, KOTOpble (YHKIMOHAIBLHO IEPEHANpSraloT OpraHbl M CHCTeMbl opranu3ma. Haumbonee mpoGnemHas
C TOYKH 3pEHHS KEHCKOTO 3I0POBBS OTPACIIb — KUBOTHOBOJCTBO.

Oébcyscoenue u 3akniouenue. PesynapraTsl paboThl MO3BOJSAIOT CAETATH BBHIBOJ O HEYIOBJIETBOPUTEIBHBIX YCIOBHAX
TpyJda KEHIIMH B CENbCKOM Xo3siicTBe. CHTyaIlio MOTYT YIyYIINTh TOCYAApCTBEHHBIH KOHTPOJb, B3aMMHas
3aMHTEPECOBAHHOCTh paboToAaTeNeii M paOOTHUKOB B OpraHU3aluy pabounx MECT U COOII0ICHIH TPEOOBAaHUIT OXPaHbI
Tpysna. CHCTEMHBIN MOAXO/ JOIDKEH COKPATHTh YHCIIO NMPOPECCHOHANBHBIX 3a001€BaHUN Cpein JKEHIIHH, YIydlInTh
MIOKa3aTeJH MO 3710pOBbI0 PAaOOTHHII arpocdepsl.

KaioueBble ciioBa: 370poBbe KEHIIWH, NpodeccroHalbHbIE 3a00JIeBaHMs, BpEIHBIE M OIACHBIE YCJIOBHS TpPYIa,

¢dusHyecKne neperpysku

BaaronapuocTn: aBTop BelpaxkaeT OnarogapHocTs DenepanbHOl city0e rocy1apCTBEHHOM CTATUCTUKHY 32 OTKPBITHIHN JIOCTYII

(rosstat.gov.ru) K JaHHBIM 00 YCJIOBHSIX TPY/1a, IIPOU3BOACTBEHHOM TpaBMaTH3Me M MPO(ECCHOHAIBHBIX 3200 ICBAaHHUSX.

Jos untuposanns. Kourapesa B.1O. [IpodeccronanbHas 3a0051€Ba€MOCTb JKEHIIKUH, CBA3aHHAS C YCIOBUSIMHU TPY/a B
CEJICKOM XO3SIACTRBE. Fesonacrnocmo MEeXHO2EHHBIX u NPUPOOHBIX cucmenm. 2023;7(3):24-33.
https://doi.org/10.23947/2541-9129-2023-7-3-24-33

Introduction. Women's health is an important medical and social problem. Many areas depend on its solution,
including the socio-demographic situation [1]. Health is determined by a number of heterogeneous factors, including:

— economy;

— ecology;

— social security (income, availability of medical services);
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— nutrition;

— attitude to bad habits..

A person can spend up to 1/4 of his or her life in the workplace, so health largely depends on the production
environment. The problems of occupational safety and women's health are not only actively discussed in society, but
also require close attention of the authorities. It is necessary to take into account that the situation in the field is
constantly changing, and the information is outdated. Using data that does not correspond to the current state of the
problem will prevent its solution. The presented scientific work is designed to eliminate this drawback. The relevance
involves consideration and systematization of new information. Thus, in December 2023, Russia approved the National
Strategy of Action in the Interests of Women for 2023-2030. One of its priorities is to preserve women's health®. The
Labor Code contains provisions on occupational safety and women's health?. Decree of the President of Russia
of 04.03.1993 No. 337 "On the priorities of state policy in relation to women" declares the need for priority provision of
women's rights to occupational safety, protection of their life and health, taking into account the function of
motherhood®. It should be recognized that in some cases, the working conditions of women remain unsafe and harmful,
and the state of health is unsatisfactory.

The study objective is to analyze recently published official statistics on the impact of working conditions on
women's health. In addition, the problems of the formation and development of occupational diseases of workers
employed in the agricultural sector are considered.

Materials and Methods. The paper considers Russian and foreign literature devoted to the problem. These
materials are compared with the data of the Federal State Statistics Service and the Ministry of Health of the Russian
Federation. This approach made it possible to systematize and show in dynamics the information about the number of
women working in hazardous and harmful working conditions, and about the potential threat to their health. A
comparative analysis was carried out, which established similar and different risks for men and women employed in the
agro-industrial complex. The information was summarized, presented in the form of tables and diagrams. Processing of
a significant digital array gave grounds to speak about the representativeness of the material and the validity of the
proposed conclusions.

Results. A significant part of the working population of the country is involved in agriculture. Therefore, by the end
of 2021, almost 900 thousand people worked in the agro-industrial complex of Russia. Here and further we will provide
the analytics without taking into account small and microenterprises, since Rosstat has not published the relevant data.
Of these 900 thousand, 313 thousand people (about 35 %, that is, more than a third) were women* ®.

A significant proportion of those employed in jobs with working conditions that did not meet the requirements of
legislation remained in the country as a whole (Fig. 1) and in the agricultural sector (Fig. 2) [2].
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Fig. 1. The share of employees engaged in work with harmful and (or) hazardous working conditions, %

1 Ob utverzhdenii Nacional'noj strategii dejstvij v interesah zhenshhin na 2023-2030 gody. Decree of the Government of the Russian Federation No. 4356-r
0f29.12.2022. Consultant Plus. URL: http://www.consultant.ru/document/cons_doc LAW_436691/0ab1d11f34aa37bd186ca7948792439bf4b2d4cl/
(accessed: 31.05.2023).

2 Labor Code of the Russian Federation. No. 197-FZ of 30.12.2001. Consultant Plus. URL:
http://www.consultant.ru/document/cons_doc_LAW_34683/ (accessed: 31.05.2023).

3 O pervoocherednyh zadachah gosudarstvennoj politiki v otnoshenii zhenshhin. Decree of the President of the Russian Federation No. 337
of 04.03.1993. Consultant Plus. URL: http://www.consultant.ru/document/cons_doc_LAW_1591/ (accessed: 31.05.2023).

4 Uslovija truda. Proizvodstvennyj travmatizm. Federal State Statistics Service. URL: https:/rosstat.gov.ru/working_conditions
(accessed: 31.05.2023).

5 Sostojanie uslovij truda rabotnikov organizacij Rossijskoj Federacii po otdel'nym vidam jekonomicheskoj dejatel'nosti. Federal State Statistics
Service. URL: https://rosstat.gov.ru/folder/11110/document/13264 (accessed: 31.05.2023).
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Fig. 2. The share of employees engaged in work with harmful and (or) hazardous working conditions in agriculture, %

This and the following similar figures require explanation. Each column of the chart shows the proportion of
agricultural sector employees working in various unfavorable conditions. Everything counts from 100 %. In this case,
for example, in 2015, out of the total number of employees (100 %), 29.6 % worked in harmful and (or) hazardous
conditions. Out of 100 % of men, it was 31.6 %; out of 100 % of women it was 26.4 %.

From 2015 to 2021, 29.6-45 % of the staff had harmful or hazardous working conditions in agriculture, and the
declining trend line was not fixed (see Figure 2). During these years, about a third of agricultural workers (26.4-37 %)
worked in dangerous and hazardous conditions.

Hazardous and harmful working conditions in agriculture are associated with factors of the production environment
(Fig. 3, Table 1), the severity (Fig. 4) and the intensity of the labor process (Fig. 5).
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Fig. 3. The share of agricultural workers exposed to various harmful factors of the production environment, %

As you can see, acoustic factors, vibration, chemicals and microclimate influenced most often people.
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Table 1
The number of agricultural sector workers exposed to adverse factors of the production environment
Year Number of Are under the influence of these factors, people, %*
people Total 1 2 3 4 5 6 7 8 9
53411/ | 12313/ | 5690/ | 20236/ | 1901/ | 2431/ | 278/ | 21817/ | 25787/
2015 | 375773 99011/26.4 4.6 3.3 15 5.4 0.5 0.7 0.1 5.8 6.9
17115/ | 12211/ | 6631/ | 20397/ | 1930/ | 2017/ | 235/ | 21552/ | 22320/
2016 | 389677 107798/27.7 4.4 3.1 1.7 5.2 0.5 0.5 0.1 55 5.7
15852/ | 10730/ | 5129/ | 21192/ | 1790/ | 1446/ | 131/ | 21319/ | 18142/
2017 | 359596 102176/28.4 4.4 3.0 14 5.9 0.5 0.4 0.0 59 5.1
15250/ | 8577/ | 5128/ | 20507/ | 1958/ | 656/ | 98/ | 20308/ | 11994/
2018 | 342316 97298/28.4 4.5 2.5 15 6.0 0.6 0.2 0.0 5.9 3.5
15321/ | 7138/ | 5273/ | 21335/ | 2021/ | 545/ | 153/ | 22669/ | 9905/
2019 | 342532 96567/28.2 4.5 2.1 15 6.2 0.6 0.2 0.0 6.6 2.9
13726/ | 7123/ | 5144/ | 19554/ | 1903/ | 486/ | 165/ | 21129/ | 7826/
2020 | 325955 03121277 4.2 2.2 1.6 6.0 0.6 0.1 0.1 6.5 24
12314/ | 7014/ | 4456/ | 18523/ | 1578/ | 280/ | 94/ | 19132/ | 5945/
2021 | 312653 852211273 3.9 2.2 14 59 0.5 0.1 0.0 6.1 1.9
* 1 — chemical; 2 — biological; 3 — aerosols, mainly of fibrogenic action; 4 — noise, ultrasound, air, infrasound,;
5 — vibration (general and local); 6 — non-ionizing radiation; 7 — ionizing radiation; 8 — microclimate; 9 — light
environment.

Therefore, the workplaces of 26.4-28.4 % of employees did not meet the standards. Unfavorable conditions were
primarily noise, air ultrasound, infrasound, chemistry and microclimate. Of the factors described above, women were
the least likely to experience vibration.
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Fig. 4. The share of people employed in heavy work in agriculture, %
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Fig. 5. The share of people employed in stressful labor processes in agriculture, %

First of all, we should note the increase in the share of those engaged in hard work. In general, this indicator
increased from 14.3 % to 19.3 %. The corresponding figures for women — from 13.8 % to 17.7 %. In addition,
Figures 4 and 5 show that the share of people in stressful labor processes decreased from 6.1 % to 4.1 % in general and
from 3.5 % to 1.8 %, if we talk about women.

The negative phenomena described above create risks for the development of occupational and professionally
caused diseases. Among the branches of the Russian economy, agriculture ranks fourth in terms of such ailments, as
well as related disability®. Diseases caused by physical overloads, functional overstrain of organs and body systems
were recorded especially a lot (about 51 %). In second place was the impact of physical factors (about 22.5 %). The
third was the harmful effect of aerosols, mainly fibrogenic ones (about 13 %), and chemicals (about 8.5 %) [2].

Of the primary identified occupational pathologies of agricultural workers, diseases of the musculoskeletal system
and connective tissue (radiculopathy, musculotonic syndromes, myalgia, myofibrosis of the forearms, epicondyle of
humerus, etc.) were most common (64.8 %). 10.3 % were respiratory diseases (occupational bronchitis, bronchial
asthma, etc.). Injuries, poisoning and other consequences of external influences, as well as diseases of the skin, nervous
system, ear and mastoid process were recorded in 11.6 % [2].

Studies of domestic and foreign scientists confirm the impact of factors that form harmful and hazardous working
conditions on the health of women in agriculture. In particular, hard work was considered, in which employees lifted
weights of more than 10 kg every day. 2/3 of such women suffered from pain in the spine (mainly in the lower back),
cervical and thoracic sections. This reduced the quality of life and provoked such health risks as overwork and
premature menopause [3]. Heavy female labor was a common cause of musculoskeletal diseases of the lower back,
shoulders, knees and especially wrists [4]. Severe conditions and exposure to chemicals turn into reproductive health
problems [5, 6]. Lipid metabolism disorders were widespread among postmenopausal women in the agricultural sector,

which indicates the risks of cardiovascular diseases [7].

& Glavnyj vneshtatnyj specialist profpatolog. Planiruemye rezul'taty dejatel'nosti. Otchet glavnogo vneshtatnogo specialista profpatologa Minzdrava
Rossii za 2019 god. Ministry of Health of the Russian Federation.URL: https://minzdrav.gov.ru/vneshtatnye-spetsialisty/glavnyy-vneshtatnyy-
spetsialist-38/plan-38 (accessed: 18.07.2023).
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The working environment in agriculture provoked allergic respiratory diseases. The reasons were organic
substances, solid particles of biological origin (organic dust) with mold and microorganisms. Such a suspension can
cause allergic reactions, rhinitis, asthma, exogenous allergic alveolitis, pneumonitis [8], [9]. Vibroacoustic factors of the
production environment in agriculture can contribute to hearing impairment [10].

Judging by the list of possible diseases, the situation in animal husbandry was particularly difficult. Here, women
were at risk of diseases of the neuromuscular apparatus, peripheral nervous system, heart and blood vessels, digestive
organs, movement, and the female genital sphere. Conditions of pig breeding enterprises can provoke chronic tonsillitis,
myocardiopathy associated with focal infection. Those employed in poultry farming were diagnosed with diseases of
the upper respiratory tract and skin infections. In crop production, female workers suffer from vegetative-vascular
disorders, hypertension, diseases of the peripheral nervous system. Under the influence of pesticides, chronic coronary
insufficiency, diseases of the heart muscle, gastrointestinal tract, liver and biliary tract developed. Severe dustiness
caused nonspecific lung diseases [11].

As a result of investigations of cases of occupational pathology, the main causes of acute occupational and chronic
occupational diseases were established (Fig. 6).
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Fig. 6. Causes of occupational diseases, %: a — acute; b — chronic

Let us clarify that the diagrams in Fig. 6 reflect only the most significant, according to experts, causes of ailments.
Part (a) does not take into account shortcomings in the use of personal and collective protective equipment,
emergencies, lack of timely first aid. Part (b) does not take into account violations of industrial sanitation and
occupational hygiene, insufficiently good working conditions, weak mechanization and automation.

Studies of working conditions and occupational diseases in agriculture indicate non-compliance with sanitary and
other standards established to protect the health of workers. Let us name some violations:

— there was no regular monitoring of working environment factors, labor processes, industrial and sanitary facilities;

— the rules of workplace organization, requirements for equipment, facilities, transport were not observed,;

— preliminary and periodic medical examinations of employees engaged in harmful and hazardous production
conditions were not carried out [12].
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The following measures will contribute to the normalization of working conditions and the prevention of
occupational diseases of agricultural workers:

— compliance with legislation in the field of occupational safety and women's health;

— sufficient financing of occupational safety measures;

— regular inspections and scheduled preventive repairs, modernization of equipment — a source of harmful and
hazardous factors;

— control of technical processes and technological equipment of workplaces;

— mechanization and automation of production;

— organization of work, adequate to the nature and scope of work performed, technological process;

— compliance with the work and rest regime, depending on the severity and intensity of work;

— step-by-step production control of working conditions, sanitary and epidemiological condition and ergonomics of
workplaces;

— taking into account standard norms and special assessment of working conditions to provide employees with
collective protection, individual protection, special clothing and footwear, as well as monitoring their use;

— special assessment of working conditions to reduce the impact of the identified negative factors of the production
environment and the labor process;

— introduction of modern digital tools for training, instruction on occupational safety, first aid;

— timely medical examinations and compliance with doctors' prescriptions;

— maintenance of equipped medical offices, psychological relief departments, sports and recreational facilities in
working condition;

— immunization and seasonal prevention of respiratory diseases;

— promotion of a healthy lifestyle.

Discussion and Conclusion. Many women employed in agriculture work in unsatisfactory conditions. About a third
of employees are affected by negative factors. The severity and intensity of production processes contribute to the
development of occupational diseases. To improve the situation, state control over the state of working conditions and
occupational diseases is necessary. It is necessary to develop and implement measures for the protection of women's

labor and health, including in agriculture.
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Assessment of the Influence of Internal Factors on the Indicators of Passenger Elevator Units
Utilization Based on the Results of Regular Monitoring

Grigorii Sh. Khazanovich“* 1, Dmitrii S. Apryshkin
Don State Technical University, Rostov-on-Don, Russian Federation
>4 hazanovich@mail.ru

Abstract

Introduction. Ensuring high reliability and safety of operation of passenger elevator units is largely determined by the
implemented maintenance conditions (MC). The frequency of performing preventive actions depends, first of all, on the
level of elevator utilization. Time, power indicators and the degree of remaining life are used to evaluate it. Among the
time indicators, the net machine time coefficient (NMT) and the turn-on frequency are accepted, which are random
variables depending on a number of internal factors characterizing the operating conditions of the unit. The work
objective is to establish the relationship between the average values of NMT, as one of the main indicators of the load
of the elevator unit, and the main internal factors.

Materials and Methods. The research was carried out on the basis of processing and generalization of statistical
materials of dispatching control of time indicators of a number of passenger elevator units. 11 elevators were randomly
selected, differing in the number of floors, the specific number of residents using the elevator, and the speed of
movement of the cab. Graphical-analytic methods were used to construct empirical dependences of NMT on the number
of residents, the speed of the cab and the number of floors of the building. Along with the technical parameters of the
elevator, random changes in the NMT indicators for individual periods of the day were taken into account.

Results. Empirical dependences of the NMT on the main internal factors — the density of occupation, the number of
floors of the building and the speed of the cab movement were established. Mathematical models provided results
adequate to experimental values. The error when comparing the calculated data with the actual data did not exceed
10 % in most cases.

Discussion and Conclusion. The value of the empirical dependencies obtained consists in the ability to assess the
workload of units during the current period of operation without additional multi-day measurements. Empirical
formulas can be used as basic relations in simulation modeling at any stage of the life cycle.

Keywords: passenger elevator, technical condition, workload indicators, maintenance interval, machine time
coefficient
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OIIeHKa BJIUAHUA BHYTPCHHHUX (l)aKTOPOB Ha NMOKa3aTe/JIn 3arpyK€HHOCTH NACCAKUPCKHUX
JI]/I(])TOBLIX YCTAaHOBOK HAa OCHOBE PE3YyJILTATOB PEryJasipHOro MOHUTOPUHIA

I'.I. XazanoBuu = D4, JI.C. AnpbIIIKUH
JloHCKOM rocy1apCTBEHHBIN TEXHUYECKUIM YHUBEPCUTET, I'. PocToB-Ha-/loHy, Poccuiickas ®enepanus
>< hazanovich@mail.ru

AHHOTAIUSA
Beeoenue. ObecricucHe BHICOKOWM HaJIS)KHOCTH M 0€30IACHOCTHU KCIUTYaTAIUU MACCAKUPCKUX JTU(PTOBBIX YCTAHOBOK

BO MHOTOM OIPEACISICTCSI PEaln3yeMbIM PEXHMOM HX TexHuueckoro obcmyxuBanwms (TO). YactoTa BBIIOJIHCHHS
MPOQHUIAKTHYECKUX BO3ACHCTBUII 3aBUCHT NPEXKIE BCETO OT YPOBHS 3arpy’KEHHOCTH JH(Ta, AT OLEHKH KOTOPOTO
UCTIONIB3YIOTCSI BpEMEHHEIE, CUIIOBBIE MTOKa3aTelN U CTENEeHb 0TpaboTKU pecypca. B kauecTBe BpeMEHHEIX NOKa3aTeen
MPUHATHL KOA(QHUIUEHT uncToro MammHHOTO BpemeHd (KMB) w wactoTa BKIIOUEHHHA, KOTOPBIE SIBISAIOTCS
CITy4alHBIMH BEJIMYMHAMH, 3aBUCSIIHMHU OT psiia BHYTPEHHHX (PAaKTOPOB, XapaKTEPU3YIOUINX YCIOBHUS SKCIUTyaTaLUH
ycTaHoBKH. Llenbio maHHON paboThl SBISETCS YCTAaHOBICHHE B3aMMOCBA3M cpenHHMX 3HaueHnii KMB, kak omHoro m3
TJIABHBIX MTOKa3aTeNel 3arpy’>KeHHOCTH JTH()TOBOH YCTAHOBKH, M OCHOBHBIX BHYTPECHHUX (haKTOPOB.

Mamepuanet u memoowvt. ViccienoBaHusi BBIIOJHEHb Ha OCHOBE 0OOpaOOTKM M OOOOLIEHHS CTAaTUCTUYECKUX
MaTepHaNoB AUCICTYSPCKOrO KOHTPOJIS BPEMEHHBIX IIOKa3aTeledl psiga NAacCaKUPCKUX JHQPTOBBIX YCTAaHOBOK.
ChiyuaiiipiM  oOpa3oMm oToOpanbl 11 qudTOB B M0OMax, OTIMYAIONIMXCS ATAXKHOCTHIO, KOJHYECTBOM IKHIIBIIOB,
MOJIB3YIOIIUXCS TU(MTOM, ¥ CKOPOCTHIO JABMIXKCHHS KaOWHBI. J[JIsi mocTpoeHusl sMmmupuyeckux 3apucumocteii KMB
OT 4YHCJjia JXHUJIbIIOB, CKOPOCTHU KaOMHBI U JTa)KHOCTH JOoMa HUCIIOJIb30BAaHbI Fpaq)oaHaHI/ITI/I‘-ICCKI/Ie MCTOAbI. Hapﬂ,uy
C TEXHHYECKHMHU NapameTpamu T Ta yUYUTBIBAINCH Clly4yaiiHble n3MeHeHus nokasateneid KMB mo Bpemenu cyTok.
Pezynemamut uccnedosanus. YCTAaHOBICHBI HMIHpHdeckue 3aBUucuMocTH KMB 0T OCHOBHBIX BHYTPEHHHX
(haKTOpOB — IIJIOTHOCTH 3aCENICHHS JOMA, 3T@KHOCTH 3JaHUSI M CKOPOCTH ABIKEHHS KaOWHBI. MaTtemaTHdeckue
MOJENH OOECICUNBAIOT IIOJyYCHHWE pPE3YNIbTaTOB, aJeKBaTHBIX OSKCHEPHUMEHTAIBHBIM 3HadeHMsIM. Ommbka mpu
CPaBHEHUH PACUETHBIX JaHHBIX C (AKTHUECKUMH HE MpeBbIIana B OonpmrHCTBE ciydaeB 10 %.

Obcysrcoenue u 3akniouenue. 3HAUCHUS TONYYSHHBIX IMIMPUIECKUX 3aBUCUMOCTEH JAr0T BO3MOXKHOCTH OIICHHBATH
3arpy’KEHHOCTh YCTAHOBOK B TEKYIIHH MEPHOA DKCIUTyaTal[du 0e3 MPOBEACHHS IOMOJHHUTEIBHBIX MHOTOIHEBHBIX
3aMepoB. DMIHMPHUECKUE (OPMYJIBI MOKHO HCIIOJIh30BATh B KayeCTBE 0a30BBIX COOTHOILICHUN MPU HMHTAI[HOHHOM

MOACINPOBAHUA B HpOHSBOJ’IbHOﬁ CTaauyu )XU3HCHHOI'O IIHUKIJIA.

KiroueBble ciaoBa: nuT MacCaXUPCKUil, TEXHHYECKOE COCTOSHHE, MOKAa3aTeNd 3arpy’KeHHOCTH, MEePHOAMIHOCTD

TEXHHUYCCKOI'O 06CJ'Iy)KI/IBaHI/IH, KO3(1)(1)I/IL[I/ICHT MalIuHHOTO BPEMCHU

BaarogapHocT: aBTOpHI BBIpaXaroT OnaromapHocTh KoulekTHBY OAO «JludrCepBuc» r. PocroBa-Ha-/{ony
3a IIPe/IOCTAaBICHHbIE BO3MOXKHOCTH HCIIOJIB30BaTh [AaHHBIC PETYJAPHBIX HaOmofeHWH 3a paboToH JIMQTOBBIX

YCTAHOBOK.

s murupoBanusi. Xazanosuu [.111., Anpeikun [I.C. OlieHka BIWSHHS BHYTPCHHUX (DAKTOPOB Ha MOKA3aTeNd
3arpyKEHHOCTH TAaCCaXUPCKUX JIM(PTOBBIX YCTAHOBOK Ha OCHOBE pEe3YJIbTAaTOB PEryJISIPHOTO MOHHUTOPHHIA.
Fesonacnocmv mexnozennvix u npupoonwvix cucmem. 2023;7(3):34-43. https://doi.org/10.23947/2541-9129-2023-7-3-
34-43

Introduction. Elevator unit utilization during operation depends on a number of internal factors, which include the
number of floors of the building, occupation density of the building, the characteristics of the elevator unit, etc. The
level of elevator utilization has a direct impact on the technical condition of its components throughout the entire life
of the unit. One of the methods of ensuring the necessary technical condition of the elevator is its timely maintenance.
A number of researchers have attempted to determine the optimal frequency of maintenance of elevators, taking into
account the actual load of the system. In the work "On the control of the technical condition of elevator ropes based on
artificial intelligence and computer vision technologies” AV Panfilov, AR Yusupov, AA Korotkiy, BF Ivanov
considered the use of artificial intelligence and computer vision technology to control the technical condition of
elevator ropes [1]. Researchers from China and the Netherlands analyzed a scientifically based choice of strategy and
frequency of maintenance [2-6]. They came to the conclusion that the universal target function should be economic
indicators. To justify such a decision, the statement is given that "maintenance and emergency failures are closely
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related to the reliability of elevator equipment, but differ in the nature of this relationship and economic consequences.
The increase in maintenance costs leads to a reduction in emergency failures and to a reduction in costs associated
with liquidation and losses due to downtime.” Thus, on the one hand, the costs of maintenance are increasing; on the
other hand, the costs of ensuring reliability are decreasing. Therefore, some universal ratio is taken as the objective
function, for example, the so-called reduced costs, which takes into account the main economic components.

Modern dispatching control systems allow for constant monitoring of the elevator condition, as well as to obtain
temporary indicators of the operation of its main components: the net duration of operation and the turn-on frequency
of the main drive of the elevatorl2. On the basis of the listed time indicators, a methodology for determining the
frequency of maintenance is built. Time indicators can also be attributed to operational data, on the basis of which the
authors of the article previously conducted a study of cases of failures in the operation of passenger elevators [7, 8].

Materials and Methods. To assess the influence of internal factors on indicators of passenger elevator units
utilization, the results of dispatcher records of temporary data on the operation of passenger elevator units in Rostov-
on-Don were used, as well as the hypothesis about the relative duration of the machine cycle, indicating that the
coefficient of the machine time of the elevator unit depends on the following main factors: the number of floors of the
building— N, the number of tenants in the entrance — Z, the number of tenants using the elevator — Z,, the average
speed of the cabin — v.,, m/s, load capacity — R, people, the number of apartments in the entrance — M, the number
of apartments in the entrance, the residents of which do not use the elevator — M1 [9].

As shown in paper3, the average machine trip time (excluding stops for passengers entering and exiting) is
proportional to the number of floors of the building. This dependence is cited by DS Apryshkin in his dissertation
"Assessment of the technical condition of machines with cable traction based on simulation modeling"3.

For the purpose of the study, the authors selected 11 elevator units in residential buildings in Rostov-on-Don
(Table 1). A preliminary analysis of the results of computer records of dispatching control showed that the values of
NMT differ significantly during the day and at night [9].

Table 1
Initial data of the results of computer NMT control
Average turn-on frequency
Address of the Average NMT L
- M/ in min., NMT
Elevator | building and type of Z, Vpacu,
N/R MIK‘
no. elevator / number of a people | m/s
entrances op- day night | general day night | general
1 Orbital'naya, 68/1 9/5 | 171/19 | 303 0.63 0.252 | 0.065 | 0.197 2.61 2.606 | 2.609
Belyaeva, 22/2 9 212/20
2 Passenger 9/5 | 106/10 | 144 0.63 0.119 | 0.036 | 0.095 2.361 | 2.380 | 2.366
3 Passenger 9/5 | 106/10 | 240 0.63 0.2 0.046 | 0.155 2.054 | 2.103 | 2.068
Kapustina, 14/3 9 144/12
4 Passenger 9/5 36/4 72 0.67 0.077 | 0.017 | 0.060 3.807 | 4.282 | 3.945
5 Passenger 9/5 36/4 99 0.67 0.085 0.02 | 0.066 3.067 | 3.360 | 3.152
6 Passenger 9/5 36/4 111 0.67 0.055 | 0.015 | 0.043 3.162 | 4.320 | 3.500
Kosmonavtov, 37/2 18 140/2
7 Passenger 18/5 35/2 65 0.91 0.167 | 0.031 | 0.127 2.004 | 2367 | 2.110
8 Service 18/8 35/2 43 0.91 0.105 | 0.048 | 0.088 2.213 | 2.445 | 2.281
Panovoi, 30/1 24
9 Passenger 24/5 | 108/0 310 1.35 0.234 | 0.038 | 0.177 2.265 | 2.164 | 2.236
10 Passenger 24/5 | 108/0 347 1.35 0.276 0.05 | 0.210 2219 | 2433 | 2.281
11 Service 24/13 | 106/0 165 1.35 0.137 | 0.021 | 0.103 2.083 | 1.886 | 2.025

Dispetcherskii kompleks «OB"». User's Manual. RE 3434-001-49739805-07. URL.: https://Ikds.ru/upload/docs/pdf/general/RE_3434-001-49739805-
07_5.pdf (accessed: 11.04.2023).

“Sistema liftovogo dispetcherskogo kontrolya i svyazi SLDKS-1. User's Manual. P.1. Product specification ESAN.484457.001RE. URL:
http://www.mnppsaturn.ru/ftp/public/doc/sldks/re%20sldks-1m%201.pdf (accessed: 11.04.2023).

3Apryshkin DS. Otsenka tekhnicheskogo sostoyaniya mashin s kanatnoi tyagoi na osnove imitatsionnogo modelirovaniya. Author's abstract. Rostov-on-Don, 2023.
21 p. URL: https:/Amww.dissercat.com/content/otsenka-tekhnicheskogo-sostoyaniya-mashin-s-kanatnoi-tyagoi-na-osnove-imitatsionnogo-modelir/read
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Constant values of factors: h=3 m — interstorey distance; N,=1 — the number of floors the residents of which do
not use the elevator.

On the basis of the data presented, the dependencies of the machine time coefficient Km on the number of passengers
using the elevator, Zpare constructed (Fig. 1).

For elevators in buildings with 9 and 24 floors, NMT is statistically directly proportional to the value Z,. The
numbers of points on the graphs correspond to the data in Table 1.

The exceptions are the positions of points 4 and 6. These deviations in experimental dependencies are quite
acceptable, taking into account the formation of pure machine operating time of the elevator as a stochastic process
under the influence of many random factors. The graphs in Fig. 1 reflect the approximate position of the straight
lines Km,=f(Zo), the exact position of the lines is obtained by the least squares method [10].

K N=9, v=0.63-0.67 m/s N=24, V=1.35 m/s

0.20
| -
0.16

0.14

0.12

0.10

0.08

0.06 |
E :
E

0
100 200 300 Z, people

Fig. 1. Dependences of Km, machine time coefficient on the number of residents using the elevator for average daily data processing

The graphs in Fig. 1 clearly show that NMT-Knm, linearly depends on the number of passengers using the
elevator, Zo, and with an increase in the speed of the cabin, v, NMT decreases.
When constructing mathematical model (1) of the average NMT value, a structure consisting of three factors was

adopted: % — takes into account the angle of inclination of the straight line depending on the time period of the day;

base

Z;(1—- %) — the number of tenants using the elevator; CD(%) — the function of NMT change from the ratio of the
ki

elevator speeds taken as the base, vpase, and the elevator with a specific speed, vearci. Elevator N=9 with an average
speed, Vpase=0.65 m/s is taken as the base. In this case, the lines Kmi=f(Z;) pass through the origin:
a M Vpacu.i
Ko = 2 Z,(1 = ) - (), )
where i=1, 2, 3 etc. determines the number of a straight line with a fixed value of the average speed of the cab, Vcai,
along which the K values are concentrated depending on the number of residents of the house (entrance) using the
elevator:

i=1 — elevators with an average speed Vcaic1=0.63-0,65 m/s;

i=2 — elevators with an average speed Vcaic2=0.91 m/s;

i=3 — elevators with an average speed Vcaic3=1.35 m/s;

A — coefficients of NMT reduction in the night period, determined based on the processing of monitoring results
(Table 1): for N=9 and v;=0.63...0.67 m/s — X,1=3.0; for N=18 and v»,=0.91 m/s — A,;»=3.5; for N=24 and vs=1.35 m/s
— Mi3=4.0; for day mode: N=9, v,=0.63 and 0.67 m/s — Au=0.773; N=18, v,=0.91 m/s — A=0.721; N=24,
v3=1.35 m/s — A,;3=0.669.

a1 — angular coefficient of the basic dependence Kmi=a,,,-Zo; for the rightmost point of the basic linear

dependence at Z=303 people, Z;=269 people, Km1=0.197 we get (see the first line of Table 1):
0.197 ea.NMT)

dm1 = Zeo = 0.00073 (

people
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d(Zealely __ [inear function that takes into account the influence of the ratio of the lowest speed, V1=Vpase=0.65 m/s,

Vbase

to the actual speed of the elevator, Vcaic2=0.91, Vcac3=1.35 et al.
Let us set the form of the function CD(%), using the data in Table 2. The function must pass through points

A1, Az and a,,; Table 2 provides numerical characteristics for these points.

Table 2
Numerical characteristics of points a1, @, and a,,;
Points 1 2 3
v, m/s 0.65 0.91 1.35
Km.max 0.197 0.192 0.186
Zomax 269 300 347
Qi 0.00073 0.00064 0.00054
The equation of a straight line passing through two points, 1 and 3
Let us denote a,,,; = y; % = x. Coordinates of points 1-x,=1; y1=1;
3-x3=1.35/0.65=2.08; y3=0.00054/0.00073=0.762. Equation of a straight line:
2.J(C);i1 = 0;/6_21—1'
after simple transformations, we get y=1.22-0.22x.
Then @ (‘;:Tl) = 1.22-0.22 %=L, Equation (1) takes the form
Kini = 3 Z,(1 = 72 - (1,22- 0,222, (2)

Results. Assessment of the calculation results reliability according to formula (2), Kmeaic, in comparison with the
data of dispatcher records, Kn.., is given in Table 3.

Table 3
Comparison of calculation results and dispatcher records data
No. i Vpacuiy M/S Zi, people | Muj, people. | My, people. Km.pacu. K.
1 1 0.65 240 106 10 0.152 0.150
3 1 0.65 99 36 4 0.062 0.063
4 2 0.91 130 35 4 0.094 0.120
5 2 0.91 143 35 4 0.081 0.080
6 3 1.35 310 108 0 0.166 0.166
7 3 1.35 165 108 0 0.089 0.090

As can be seen from expression (2), the number of floors of building N is not explicitly included in the formula.
Indirectly, the influence of N is manifested through Zo. The influence of Z, (50...300 people) and vcar. (0.6...2.0 m/s) is
shown in Fig. 2. As follows from these dependencies, with an increase in the average speed of the elevator, Vi, the
NMT decreases almost proportionally. With an increase in the occupancy of the house, the NMT increases
proportionally.

Thus, in a wide range of influencing factors, mathematical model (2) provides results adequate to experimental values (the
deviation of experimental data in comparison with the calculated ones does not exceed 10 % in most cases) and allows predicting
the value of NMT when the most important factors change — the density of occupancy of a building or entrance and the speed of
movement of the cabin, on which the elevator equipment utilization largely depends.

At the same time, ratio (2) takes into account the influence of only two factors on the NMT: Z,, and v.,. The value
of N is not directly included in the formula, which limits its application and reduces visibility in practical use. This
formula generalizes only the set of data from regular observations limited by Table 1.




Khazanovich GSh, et al. Assessment of the Influence of Internal Factors on the Indicators of Passenger Elevator Units Utilization

km
0.35
0.30
0.30 <
0.25
0.20 0.19
o / '
_6“
0.15 & LS g 014
A\ N ,
W oS 5 011
0 .
010 ———+———#+—— R |
Kn=0.92 e
0.05 ",/{J/‘
2/ | Z0=155 people
0 50 100 150 200 250 300  Zo, people

Fig. 2. Calculated dependences of NMT on the number of residents of the building (entrance), Zo, using the elevator, and the average
speed of the cab

Let us use another approach to derive the general ratio Kn=Ff(N, v, Zo). Previously conducted researches® proved
that the average value of NMT is proportional to Zo and the proportionality coefficients for buildings of different floors
differ significantly. So, for elevators N=9 and v.,=0.63 m/s the coefficient characterizing the ratio of the increment of

NMT Ay, to the increment of the number of residents using the elevator A, is “X™ = 0,075 —2Xm_ for elevators
Azo 100 people
N=24 and v,=1.35 m/s __Bkm _ 055 —%Km__
Azo 100 people

These data indicate the dependence of the specific NMT AAK’"

(i.e., per registered tenant using the elevator) on two
Z0

main factors — the number of floors of the building N and the average speed of the cabin v,

With an increase in the number of floors, the average number of flights passed by an elevator in one cycle increases
in direct proportion to the number of floors. With a constant number of cycles per unit of time to ensure the necessary
capacity of the elevator, the machine cycle time will increase proportionally with the increase in the number of floors.
With an increase in the average speed, the duration of the trip and the machine time are proportionally reduced.

If we denote the coefficient of influence of the listed factors N and v, on the specific NMT oxm, then in the first
approximation the dependence akm=f(N,v,) has the form:

_ Ki'N
aKm—aKmO'I'_KZ_H}y 3)
where aKmO:O-OOO4% — the minimum value of the specific NMT recorded as a result of processing dispatcher

surveillance data.
Using experimental data and the given logical reasoning, we obtain a generalized dependence of the specific NMT
on N and v:

_ 0,00228N
okm=0,0004 + v 0355 (4)
The dimension of quantity [oxm]= %. In expression (4), the specific NMT is proportional to the number of

floors of the building and inversely proportional to the average speed of the cabin. The substantiation of the structure of
formula (4) was made according to recommendations [10, 11], the selection of constants K; and K, was carried out
according to the methodology [12, 13].
Dependences axm=Ff(N, v,,) in graphical form in the ranges of variables N=(9...24), v=(0.6...2.0 m/s) are shown in Fig. 3.
Using an example for an elevator that is not included in the number of objects of regular observations, we will show
the calculation of NMT using expression (4). Initial data: N=16; v.,=1 m/s; Z¢=250 (2.5x100) people.

Calculation results:

0.0228N 0.00228-16 ea.Km

oxm=0.0004 + = 0.0004 + ———— = 0.0569
58 1-0.358

100 people

Vep
Estimated NMT of the elevator unit:
K,,=0.0569-2.5=0.142.
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Formula (4) is valid for N=9...24, v=0.6...2.0 m/s, with an arbitrary number of residents Z, and allows you to
determine the preliminary value of the NMT when assessing the elevator mode of operation utilization.

It should be noted that strict regularities for another important indicator (the specific number of turns-on per unit of
net machine time, n.,) could not be established. Let us note that the relationship between K and n is not traced (Table 4

and Fig. 4).
K, N=24, N=22, N=18, N=16, N=14, N=9

0.25

“N=9, v=0.63 m/Cc
0.20

"N=24, v=1.35 m/c
0.15 N
0.10
0.05 I~ _
0 !
0.06 1.00 1.60 20 v, m/c
Fig. 3. Dependence of the specific NMT on the number of floors of the building and the speed of the elevator
Table 4
Average values of elevator operating modes
Elevator no. 1 2 3 4 5 6 7 8 9 10 11

NMT Coefficient | 0.190 | 0.089 | 0.149 | 0.056 | 0.063 | 0.040 | 0.145 | 0.065 | 0.088 | 0.107 | 0.080

n, 1/min. NMT 2.45 2.13 1.90 3.43 2.75 2.86 1.95 1.83 3.08 2.25 1.89

Nep, 1/min Net machine time

°

3.50 \ 9

3.00 6\.5

2.50 5|10 I

15

8 LI b,

2.00 $ 5 713714

150 13*

1.00

0.50

0 005 010 015 020 kn

Fig. 4. Relationship of random values of nep. and Kmep.
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The results of data processing of daily monitoring of the operation of elevator units with different characteristics in
different types of residential multi-storey buildings, as well as of the same type or identical elevator units in one multi-
entrance structure are presented in Table 4. The main indicators of the operation mode of the main drive of the elevator
vary widely: NMT — five times, from 0.04 to 0.19, the number of turns-on per minute of net machine time —
1.87 times, from 1.83 to 3.43. NMT objectively characterizes the net time spent by all elements of the elevator in
working condition, the values of this coefficient for most units are at a low level (0.05...0.2). This indicates a
significant underloading of the main drive and other components. The specific number of turns-on determines the
frequency of application of dynamic loads on the drive, ropes, cabin structure and other components. The characteristic
value of the number of turns-on is from two to three per minute of net machine time, in terms of the hourly frequency of
turns-on, this will be 120 ... 180 turns-on, which is quite acceptable for the engine, gearboxes and braking devices used.

Discussion and Conclusion. When designing and implementing maintenance systems for passenger elevator units, it is
necessary first of all to determine the level of loading of their main power elements — the engine, gearbox, rope pulley, ropes,
etc. [14]. Among the most important indicators of the degree of loading of the system, the NMT and the frequency of turns-on
should be taken into account. The most reliable way to predict these indicators is statistical processing of dispatcher control data
for the operation of elevators. The presented empirical dependences of the machine time coefficient on the number of floors of
buildings, the number of residents using the elevator, and the speed of the cabin are also basic for the simulation of the time
indicators of the operation of elevator units being put into operation, as well as elevators that are not equipped with a dispatch
control system.
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Abstract

Introduction. Non-destructive methods are most often used to assess the condition of the metal structure. Dangerous
stress is determined by the value of the yield strength. This approach has weaknesses. This is, firstly, the probabilistic
nature of the methodology (the minimum value of the indicator obtained during laboratory tests is entered into the
regulatory and technical documentation). Secondly, the limitations on the number of samples should be overcome.
Thirdly, the different duration of operation causes a significant difference in the mechanical characteristics of the metal,
which to a certain extent complicates the long-term prediction of the condition of the structure. The presented work is
designed to solve these problems within the framework of the study of new and long-operated facilities in the Rostov
region. The scientific research objective is to analyze fatigue changes and determine possible degradation of the metal.
Materials and Methods. The mechanical characteristics of the material under study were reliably described by the
Weibull distribution law through the shear parameter (the minimum possible value of the characteristic) and the shape
parameter (magnitude dispersion). For scientific research, the indentation method based on a modified Rockwell
hardness estimation method was used as part of the work. A conical indenter was embedded in the surface, then the
reaction of the metal was analyzed. To implement the method, an analog-to-digital converter and a laptop were used.
For correlation analysis, intermediate characteristics were taken: depth, maximum and minimum velocities, maximum
and minimum acceleration of cone insertion. A correlation was established with the mechanical characteristics
determined by standard tensile and hardness tests of the metal.

Results. Objects with zero and long-term operation were studied. The measurements were carried out in a warehouse,
production site, stadium, bridge, Palace of Sports and on a power line support. From the group of new and used
structures, one was selected for a detailed fixation of the values of yield strength. So, before the start of operation, the
condition of three metal trusses of the warehouse was analyzed. It was established that the lowest value of the yield
strength here was 240 MPa, the maximum was 345 MPa. On the power transmission line poles, which have been in
operation for 43 years, the lowest recorded value of the yield strength was 235 MPa, the highest was 384 MPa. For each
of the six structures, the minimum and average distribution of the metal yield strength values was given, and the
coefficients of variation of this indicator were given. The recorded values were summarized in the form of a table. The
average values for all new and used designs were calculated. Graphically presented data illustrate the growth of the
coefficients of variation of the yield strength with increasing service life.

Discussion and Conclusion. A comparative analysis of the obtained values of the yield strength of building structures
of approximately the same strength class suggests that the influence of operating time can both increase and decrease
the studied indicator. At the same time, long-term operation is a factor that increases the average value of the coefficient
of variation. To monitor the strength capabilities of the structure, it is advisable to use a non-destructive method,
selectively monitoring the mechanical characteristics of the elements before and during operation.

Keywords: non-destructive testing, metal yield strength, metal of the structure in operation, metal degradation
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IKCILIIYAaTUPOBABIIUXCH CTPOUTEIbHBIX KOHCprKIII/Iﬁ
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AHHOTAIHUSA

Beedenue. JIns OLEHKH COCTOSHHMA MeTajula KOHCTPYKIMHM dYallle BCEro MPUMEHSIOT HEepa3pylIarollde METOJBI.
OmnacHoe HampsDKEHUE ONpeAeIeTCs 0 3HAUYCHUIO Mpefielia TeKy4ecTH. Y TaKoro IMOoAXo1a ecTh ciaadbkie Mecta. JTo,
BO-TICPBBIX, BEPOSTHOCTHAS MPUPOJIA METOIUKH (B HOPMATHBHO-TEXHUIECKYIO TOKYMEHTAINIO BHOCUTCSI MUHUMATIHHOE
3HaYCHUE MMOKa3aTelsd, IOIYICHHOE TIPH JTa00PATOPHBIX UCTBITAHUAK). BO-BTOPHIX, CleMyeT MPeoaoieTh OTpaHunICHUS
Mo YHCITy o0pasnoB. B-TpeTeux, pasHas IMTEIHFHOCTh OKCIUTyaTallid OOYCIOBIMBACT 3HAYUTEIBHYIO Pa3HHILY
MEXaHMYECKHX XapaKTEPUCTHUK METajla, YTO B M3BECTHOM CTENEHU OCIIOXKHIET JOJTOCPOYHOE MPOrHO3HPOBAHHE
cocTosiHUSL KOHCTpykuuu. IlpeacraBieHHass paboTa Hpu3BaHa PEIIMTh ITH 3aJlaud B paMKaX HCCIEOBAaHUS HOBBIX
U IaBHO JKCILTyaTHPYEMbIX OOBEKTOB B PocToBckoi oOmacTu. llenh HaydHBIX M3BICKAHMH — aHAJN3 YCTaJIOCTHBIX
HM3MEHEHUH U ONpeie]IeHne BO3MO)KHON Aerpafalliil MeTaa.

Mamepuanvt u memoovl. MexaHHUECKUE XapaKTEPUCTUKH HCCIEAYeMOro Marepuana JIOCTOBEPHO OIHCHIBAIOTCA
3aKOHOM pacrpesencHus BeliOyma uepes mapaMeTp caBura (MUHMMAaIbHO BO3MOXKHOE 3HAUCHHE XapaKTCPUCTHUKH)
1 mapametp (QOpMEI (paccenBaHHWE BEIWYHMHBI). [ HayYHBIX W3BICKAHUN B paMKax paOOTHI 3aJeHCTBOBANHA METOX
WHICHTHPOBAHUS, OCHOBAaHHBIH Ha BHIOM3MEHEHHOM crocolOe OIeHKH TBeproctu 1o Poxeemry. Koxudeckwit
WHIEHTOpP BHEAPSETCS B IOBEPXHOCTb, 3aT€M aHAJM3UpYyeTCs peakuus MeTtama. s peannzauud MeToaa
BOCIIOJIE30BANIACH AHAIOTOBO-IIM(POBEIM TpeoOpazoBaTenieM U HOYTOyKOM. It KOPPEIIIUOHHOTO aHanm3a Opaiu
MIPOMEXYTOUHBIE  XapaKTePUCTHUKU: TIIyOMHA, MaKCHUMaJbHas M MHHMMajJbHas CKOpPOCTH, MaKCHMalbHOE
1 MHHHUMAJIFHOE YCKOPEHHE BHEAPEHHS KOHyca. Y CTaHaBIMBANIACh KOPPEIAIUI C MEXaHUYECKIMHU XapaKTePUCTHKAMH,
OTIpE/IeTICHHBIMH 110 CTaHAAPTHBIM HCIIBITAHUSAM Ha PacTsDKEHHE U TBEPAOCTh MeTajlIa.

Pezynomamut uccnedosanua. VI3ydaniuch 0ObEKTH ¢ HyJIEBOH M MHOTOJIETHEH 3KCIUTyaTanueil. 3aMepsl MPOBOAMIN Ha
CKJIaJzie, IPOU3BOJICTBE, CTaIMOHE, MOCTY, BO J/[BOpIle cropTa M Ha Omope JMHUHU 3JIeKTporepenad. V3 rpynisl HOBBIX
1 OTpabOTaBIINX COOPYKEHUI BBHIOpAN MO OJHOMY JUIS IMOAPOOHOM (PUKCAIlMU 3HAYCHUH MPEeNioB TeKydecTH. Tak,
0 Hadaja SKCIUTyaTalil TMPOaHAIM3UPOBAINA COCTOSHHE TpPEX METaIUTMYeCKHX (epM CKiama. YCTaHOBJICHO, YTO
HauMEHbIIE 3HaYeHue Mmpeaena TekydyecTd 3aecb — 240 MIla, makcumansHoe — 345 Mlla. Ha onopax nuHuM
aJIeKTponiepeiay, ObIBIIMX B 3KCILTyaTanuu 43 roga, camoe HU3Koe 3aMKCHPOBaHHOE 3HAYCHHUE ITPEeesa TeKyIeCTH —
235 Mlla, camoe Bbicokoe — 384 MIla. Iy KaXJ0ro U3 MECTH COOPYKEHUH MPUBOAUTCS MUHUMAIBHOE U CpEIHEe
pacupeneneHue 3HAYEHHH IIpefena TEKydecTH MeTaia, AaHbl KOd(D(UIIMEHTH BapualMd 3TOTO ITIOKa3aTels.
3adukcupoBaHHbIE 3HA4YEeHUS OOOOIIEHBI B BuJe TaONWIBI. PaccuuTaHbl CpeqHHME TOKa3aTeld IO BCEM HOBBIM
1 OTpabOTaBIIMM KOHCTPYKIMAMHU. ['paduueckn mNpencTaBIeHHbIE NaHHBIE WIIIOCTPUPYIOT POCT KO3(PQPHUIMEHTOB
BapHaIlUH MpeJiesia TEKYIEeCTH C yBETMUEHHEM CPOKa SKCILUTyaTalliH.

Obcyscoenue u 3akniouenue. CpaBHUTENBHBIM aHANIM3 IMOTYYEHHBIX 3HAUEHUH Mpeaena TeKy4eCTH CTPOMTEIIBbHBIX
KOHCTPYKIMH NpUOIM3UTENFHO OJHOTO Kijlacca IMPOYHOCTH II03BOJSIET MPEIOJIOKHUTh, YTO BIMSHHE BpPEMEHH
JKCIUTyaTallMd MOXKET KaK YBEJIMYMTh, TaK U YMEHBIIUTh HUCCIEAyeMbll mokasarens. Ilpu 3ToM unTenbHast
JKCITyaTtanuss — (aKTop, YBEIMYHMBAIOIIMK cpeaHee 3HaueHWe koddduimeHra Bapuanuu. [ljii MOHUTOpPUHTA
MIPOYHOCTHBIX BO3MOXXHOCTEH KOHCTPYKIIHMH IIeJIeCOO0pa3HO 3aJeWCTBOBATH HEPA3pyLIAIOIIUIT METOA, BBIOOPOYHO

OTCJIC)KMBAA MEXAHNYECCKUEC XAPAKTCPHUCTUKHU DJIEMEHTOB 10 U B IIPOLECCE DKCILTyaTallunu
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KiroueBnble ciioBa: Hepa3pyma}0nmﬁ KOHTPOJIb, MPCACI TCKYYECTHU ME€TaJllla, METaJlJl BKCHHyaTpreMOﬁ KOHCTPYKIIHUHU,

Aerpaaanusa MeTauia

Bnarouapﬂocnl: ABTOP BbIpAXKaACT I"J'Iy60KyIO MMPU3HATCIbHOCTDH Anexcero HI/IKOJ’IaeBI/I'{y BeCKOHLIJ'II)HOMy n AH[[peIO

AHaTOJ’ILeBI/ILIy BepeMeeHKo 3a IOMOIlb B O6CJ'I€Z[OBaHI/II/I MeTaﬂﬂOKOHCprKHHﬁ.

s nurupoBanusi. Bepruesu H.JI. Koadumnmenr Bapuamuu npenena TeKy4ecTH MeTajlla HOBBIX M JIOJITOE BpEMs
9KCIITyaTHPOBABIIMXCA CTPOHUTENBHBIX KOHCTPYKIMH. be3onacnocmb mMeXHO2EeHHbIX U HPUPOOHBIX  CUCTHEM.
2023;7(3):44-54. https://doi.org/10.23947/2541-9129-2023-7-3-44-54

Introduction. In diagnostics, restoration, reliability assessment or reconstruction of long-used steel structures, it
becomes necessary to find out the mechanical characteristics of metal, including its fatigue indicators. For plastic
materials, which include steel structures, dangerous stress is determined by the yield strength value. As it is known, it
has a probabilistic nature; its minimum value obtained during laboratory tests of a limited number of samples is entered
into the regulatory and technical documentation. In most cases, the metal structure condition is assessed using non-
destructive testing.

Mechanical characteristics (in particular, yield strength) undergo certain changes while in service [1]. The study
provides a comparative analysis of the yield strength values of the metal of one strength class in structures before
operation and after decades in use. The values of the yield strength were obtained during the examination by the non-
destructive indentation method.

Many sources describe metal changes during the operation of the structure. At the same time, there is no single point
of view regarding the direction of such transformations. Much depends on the nature of the material and the duration of
operation. Thus, in the nuclear power industry, the metal of structures almost does not change over 30-40 years of
operation [2]. In [3], there is a decrease of almost 40 % in the cyclic strength of steels 20 and 45 after 15 years of
storage. The authors of [4] emphasize that 40 or more years of operation of the main gas pipeline have almost no effect
on the mechanical characteristics of steel. At the same time, in [5], a decrease in plasticity is recorded with a constant
value of the strength limit of the gas pipeline metal after 37 years of operation. In [6], the danger of gas pipeline failures
during long-term operation due to degradation processes in the metal is indicated. In [7], a decrease in impact strength
after prolonged operation is described.

For 17G1C steel, in the first years of operation of the gas pipeline, there is an increase in strength with a decrease in
ductility. In the period from 20 to 30 years of operation, there is a steady decrease in both strength and ductility [8].
Obviously, with significant differences in service life, we can expect a significant difference in the mechanical
characteristics of the metal, which complicates the long-term prediction of the condition of the structure. The approach
proposed in this article is designed to overcome this and the limitations mentioned above: the probabilistic nature of the
indicator and the insufficient number of samples.

Several objects in the Rostov region with zero and long-term operation were examined. As a result, new data on the
yield strength of real metal structures were collected and summarized. The objective of the presented scientific work is
to analyze the changes and to assess the possible degradation of the metal.

Materials and Methods. Let us try to quantify the changes in the mechanical characteristics of the metal. To do
this, we consider the same structural elements before and after long-term operation. Such monitoring is periodically
carried out in relation to the metal of the main pipelines. At the same time, it is even possible to predict the residual
durability of the material [9, 10]. However, it is difficult to implement such an approach for other metal structures. In
this case, you can use the information obtained by the method of non-destructive testing of metal. Ensuring the
correctness of such data assumes that:

— similar constructions are compared;

— the controlled elements are made of metal of the same strength class;

— the sample of processed data is quite representative.

The authors [11] claim that the strength class of steels for metal structures is determined by certain intervals of yield
strength, strength and elongation. Hence, it is necessary to compare metals with mechanical characteristics that fit into
these intervals. For example, for steel of strength class C-285, the yield strength is allowed in the range from 265 MPa
to 285 MPa, i.e. it is determined with an error of 7.55 %.

Only non-destructive methods are suitable for the diagnosis of the existing structures. For example, acoustic
emission is used for:
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— finding defects in metal [12];

— monitoring of the stress state [13];

— detection of fatigue crack growth [14] in pressure vessels;

— determination of the beginning of active metal cracking [15];

— control of welded joints [16, 17].

At the same time, the issues of the optimal arrangement of devices for determining defects in structures of complex
shape are solved [18].

With the help of electromagnetic control, the specified hardness of the metal is fixed [19]. In addition, methods of
direct mechanical interaction with metal during indentation are used to assess:

— the residual stresses in the metal [20];

— the initial value of the yield strength [21].

Mechanical characteristics are reliably described by the three-parameter Weibull distribution law?®:

FX) = 1—exp[—((X - O)/AF],
where X — value of the mechanical property; C — shear parameter that determines the minimum possible value of the
characteristic; B — shape parameter by which it is possible to judge the dispersion of this property.

It is obvious that as a result of the impact of operational loads, the average, minimum values of the mechanical
characteristics of the material may change. As a consequence, the standard deviation and the coefficient of variation of
the values of mechanical characteristics change.

The indentation method used in the article is based on a modified Rockwell hardness estimation method. The
conical indenter is shockingly (not statically) embedded into the polished test surface under the conditions:

- energy is 0.16 J;

- angle at the top is 90 °.

Then the reaction of the metal is analyzed. 10 sq. cm. of the free area of the metal [22-24] or the welded joint [25] is
enough for work. To implement the method, an analog-to-digital converter (ADC) and a laptop were used. With the
help of the ADC, the dependences of the speed change on the time of the introduction of the conical indenter of the
mechanical part were obtained. Then the signal was programmatically processed in a laptop and the dependencies of the
indenter movement and acceleration on time were obtained. Then we took the intermediate characteristics obtained
from the graphs: depth, maximum and minimum speeds, maximum and minimum acceleration of the cone insertion.
They became the object of correlation analysis. A correlation was established with the mechanical characteristics
determined by standard tensile and hardness tests of the metal. As a result of studying metals of various strength classes,
universal correlations of standard mechanical characteristics from intermediate ones were obtained and recorded. Then,
when metal was indented, its standard mechanical characteristics at the point under study were almost immediately
displayed on the laptop display. The instrumentation provided the total dispersion caused by the spread of properties in
the metal and the measurement error. The limit values of the error of one measurement were + 4 %. The ability to
quickly obtain 10-20 values on a local section of metal eliminated this error. And with the prompt receipt of an
unlimited number of measurements, a high representativeness of the sample was ensured. Before each examination, the
device was calibrated:

— the yield strength was measured on samples with previously known properties obtained during standard tensile
tests on the IR-200 tensile testing machine;

— then the adjustment was performed.

Results. The objective of the study was to obtain a quantitative comparative assessment of the possible degradation
of metal during long-term operation. For this purpose, the values of the yield strength of steel structures with zero and
long service life were fixed by the non-destructive indentation method.

Therefore, new structures were considered:

— warehouse on Lugovaya Street, 8 in Rostov-on-Don (Table 1);

— production building on 1-st Pyatiletki Street, 71 in Bataysk (Fig. 1);

— columns of the stands of the Torpedo Stadium in Taganrog (Fig. 2).

1 GOST R 50779.27-2017 (IEC 61649.2008). Statistical methods. Weibull distribution. Data analysis. Electronic fund of legal and regulatory
documents. URL: https://docs.cntd.ru/document/1200146523 (accessed: 19.06.2023).
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Table 1
Data from the survey of metal structures of the warehouse at Lugovaya Street, 8
Yield strength values, MPa
Truss 12 Truss 15 Truss 18

240 265 279 298 236 263 277 305 244 270 287
240 266 280 298 237 263 277 307 244 270 287
241 266 280 298 237 263 277 307 244 270 288
241 266 280 299 237 264 277 309 248 271 289
242 267 281 299 237 264 277 309 249 272 289
243 267 281 299 237 265 277 312 249 272 289
243 268 281 300 237 265 278 313 249 273 290
244 269 282 302 239 266 278 315 249 273 290
245 269 282 303 239 266 278 317 250 273 291
247 269 282 303 241 266 278 325 252 273 292
248 270 283 304 243 266 278 329 252 273 293
248 270 283 304 243 267 279 332 253 274 294
250 271 284 306 243 267 280 339 253 274 295
250 271 284 307 245 267 280 345 254 274 295
250 271 284 307 246 268 280 351 256 274 296
251 272 284 307 247 268 281 256 275 297
251 272 285 308 247 268 281 257 275 297
251 273 285 309 249 269 282 257 275 298
251 273 286 309 250 269 282 257 277 299
253 274 286 309 250 269 283 257 277 299
253 274 287 312 252 269 284 257 277 299
254 274 287 313 252 270 284 258 277 300
254 274 288 313 252 271 284 259 278 300
254 274 288 313 252 271 285 259 278 300
255 274 289 314 253 271 285 259 278 301
255 275 289 314 253 272 285 260 279 301
256 275 290 315 255 272 286 260 279 306
256 275 290 315 256 272 286 263 279 311
257 275 290 316 256 273 287 263 280 312
258 276 291 317 256 273 287 263 281 313
258 276 291 317 256 273 287 264 282 315
258 277 291 318 256 273 288 264 282 316
258 277 291 319 257 273 289 264 282 317
258 277 291 320 257 274 289 265 283 318
258 277 291 320 258 274 289 265 283 318
259 277 292 320 259 274 290 265 284 320
260 277 292 327 259 275 290 266 284 324
260 278 293 339 259 275 291 266 284 324
260 278 293 343 260 275 293 266 284 326
261 278 294 343 260 275 295 266 284 326
261 278 294 346 260 275 295 266 285 331
262 278 295 347 260 275 297 267 285 333
262 278 295 350 261 276 297 267 285 340
262 278 296 352 261 276 300 268 285 345
264 278 296 353 262 276 301 269 286 345
264 279 296 353 262 276 302 269 286

264 279 297 262 276 302 270 286
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Fig. 1. Distribution of the metal structures yield strength values of the production building in Bataysk: cTmin = 246 MPa,
olcp =277 MPa, CV = 0.054

Here and further, the sample minimum ot min, the sample average ot cp and the coefficients of variation of the yield
strength CV are indicated. Ordinate is a scale of the frequency of values. The numbers above the columns are the
number of measured values in a specific interval.
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Fig. 2. Distribution of the metal yield strength values of the columns of the Torpedo Stadium in Taganrog: cTmin = 240 MPa,
oTep =272 MPa, CV = 0.068

The metal, which had been in operation for several decades, was studied at the following objects:
— railway bridge at Likhaya station (65 years old, Fig. 3);
— the roof trusses of the Sports Palace in Rostov-on-Don (39 years old, Fig. 4);
— braces of load-bearing structures of the power transmission line poles HV line 330 "Novocherkasskaya GRES —

Yuzhnaya" (43 years, Table 2).
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Fig. 3. Distribution of the metal structures yield strength values of the bridge at the Likhaya station:
oTmin =188, oTcp = 257, CV = 0.127
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Fig 4. Distribution of the metal trusses yield strength values of the coating of the Sports Palace in Rostov-on-Don:
oTmin =238 MPa, 6Tcp =263 MPa, CV =0.11

Table 2
Examination results of power transmission line poles HV line 330
Yield strength values, MPa
235 244 249 259 275 282 288 357
236 245 251 261 278 282 291 357
237 246 255 263 280 282 292 366
238 246 256 265 280 283 294 380
239 247 256 269 281 284 295 380
239 248 259 272 282 286 303 384

The data in Table 2 were checked for compliance with the three-parameter Weibull distribution law. It was
necessary to estimate the theoretical, and not the selective minimum value of the yield strength ot min. As a result of the

calculation, the theoretical value turned out to be less than the selective one by 6 MPa (229).
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Let us note that the elements of the new structures were not affected by the stress-strain state, and those that were in
operation for a long time were in a state of:

— compressed-bendable (upper belts of the coating trusses);

— stretched-flexed (lower belts of trusses covering);

— stretched (stretch marks).

The yield strength values obtained as a result of non-destructive testing are ranked in ascending order for better
informativeness in Tables 2 and 3.

The steels of all new metal structures and HV line 330 can be attributed to the strength class C285. The metal of the
bridge at the Likhaya station has an average yield strength of 8 MPa below the limit specified in [10]. The steel
structures of the Sports Palace are 11 MPa higher.

The results of the comparative analysis are shown in Table 3 and Figure 5.

Table 3
Research results summary
Parameters
. Metal yield strength values, MPa Calculation of the a_lve_rage coefficient of
Object variation
Mean or Minimum in the| Mean oTmin Standard deviation | Average value for
sample oTmin for objects (MPa) / CV objects
Warehouse 276 236 23.7/0.085
Production building 277 | 274 246 239 14.5/0.054 0.069
Stadium 272 240 18.5/0.068
Sports Palace 263 256 28.8/0.11
Electric power line HV
. 280 | 267 235 226 39.8/0.142 0.123
line 330
Railway bridge 257 188 33,5/0,127
0.16
0.142

0.14 0.127
0.12 0.11
0.1 0.085

0.08 0.068
0.06 0.054
0.04
0.02

0

1 2 3 4 5 6

Fig. 5. Coefficients of variation of yield strength before and after long-term operation: 1 — stadium, 2 — warehouse, 3 — production
building, 4 — railway bridge, 5 — electric power line HV line 330, 6 — Sports Palace

Discussion and Conclusion. Let us compare the average values of the coefficient of variation of new and long-used
structures. From Table 3 it can be seen that after long-term operation, this indicator will be on average 1.78 times higher
(0.123 times more than 0.069). The maximum coefficient of variation of the yield strength (0.142) was found on the
power transmission line poles HV line 330 (43 years of operation). The minimum value of the yield strength (188 MPa)

is for the metal of the bridge at the Likhaya station, which has been in operation for 65 years.
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The possible theoretical minimum values of the yield strength decrease relative to the sample values, which can also
increase the scope of the distribution and, accordingly, the coefficient of variation.
To monitor the strength capabilities (for example, for the purpose of repair or reconstruction), it is recommended to
selectively monitor the mechanical characteristics of the metal structure elements by non-destructive method before and
during operation.
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Development of Interparticle Bonding during Sintering of Metal Powders with the Addition
of Carbon
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Abstract

Introduction. Publications on sintered metal powder parts consider interparticle bonding in hot-deformed materials and
features of low-alloy structural steels, as well as the use of carbon-containing materials. The authors of the presented
article have previously investigated sintering in relation to structural changes in the material, described changes in
physical and mechanical properties, reduction of oxides, recrystallization, etc. This paper shows the relationship of
mechanical properties of powder steels with the parameters of intracrystalline bonding. The kinetics of its development
during sintering is demonstrated for the first time. The study objective is to find out how sintering affects the
interparticle bonding and structure of powder alloys with iron and carbon. The task is to study the technological modes
of sintering samples from alloyed and pure iron powder to achieve the best mechanical characteristics.

Materials and Methods. The powders of the Hogands company were sintered at a temperature of 900-1150 °C for 0.5—
2.5 hours. The protective gas medium (dissociated ammonia) made it possible to prevent oxidative and other sintering
reactions. For static cold pressing, a hydraulic press 2PG-125 with a maximum force of 1250 kN was used.

Results. For the first time, the presence of intracrystalline bonding mechanisms with different intensity during sintering
has been experimentally established. The dependences of the increment of the relative area of the contact surface on the
duration of the isothermal exposure were constructed. With an increase in the sintering temperature to 1150 °C and a
holding time of more than 80 minutes, the contact surface area gradually increased. It was shown that the samples from
the powder grades under consideration formed an intracrystalline bonding on the entire contact surface at 1150 °C.
Therefore, this technology can be recommended for practical use. The addition of graphite to the charge slows down the
growth of the contact surface. At the same time, the molds from pure powder ABC100.30 and from Distaloy HP-1
powder showed differences. In the first case, with the addition of graphite to the charge, the contact surface developed
more intensively than in the second one. The obtained results were recorded in the photo and visualized in the form of
graphs.

Discussion and Conclusion. According to the results of mechanical tests, it is possible to estimate the proportion of the
contact section of the molding with intracrystalline bonding. Its feature is the structural correspondence of the
interparticle surface of the splice and the intergrain boundary. The value of this boundary is determined by comparing
the relative area of the contact section with the intracrystalline bonding and the relative area of the contact surface. The
possibilities of improving the quality of bonding of powder steels by increasing the temperature and time of their
exposure during sintering are determined.

Keywords: metal powders, interparticle bonding, hot-deformed powder materials, intracrystalline bonding, interparticle
surface, grain boundary
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Pa3Butne Me:K4acTHYHOIO CpaliluBaHM4 IIPHA CIICKAHUU METAJTHYECCKUX MOPOUIKOB
¢ 1o0aBJieHMeEM YIJiepoaa
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AHHOTAIHUSA

Bgeoenue. B nyOnukanusix O CHEUSHHBIX AETANSX M3 METAJUIMYECKHX IMOPOIIKOB PACCMaTPUBAIOTCS MEXYACTHYHOE
cpamuBaHue B ropsyeneOpMUpOBaHHBIX MaTepuallax M OCOOCHHOCTHM HH3KOJETMPOBAHHBIX KOHCTPYKIMOHHBIX
CTajel, a TakKe IPUMEHEHHE YIJIEPOJOCOAEPKAINX MaTepHaNIoB. ABTOpPHI NPEICTABICHHON CTaThl paHee
HCCIIEOBAIN CIIEKaHHE BO B3aUMOCBS3H CO CTPYKTYPHBIMH HM3MEHEHHSIMH MaTepHaia, OIMCHIBAIM H3MEHEHHUE
(GU3MYECKNX W MEXaHWYECKHX CBOMCTB, BOCCTAHOBJICHHE OKCHOB, PEKPHCTAJUIM3alMI0 U T. A. B maHHOH pabote
MIOKa3aHa CBSA3b MEXAaHMYECKUX CBOWCTB IOPOLIKOBBIX CTaJICH C MapamMeTpaMH BHYTPHKPHCTAUINTHOTO CPAIMBaHMS.
KuneTtnka ero pa3BUTHS BO BpeMs CIIEKaHUS IEMOHCTpHUpYeTcs BHepBble. llenb mcciemnoBaHMs — BBIACHUTH, Kak
CIeKaHWE BIMAET HAa MEXYACTHUHOE CpAIlMBaHUE U CTPYKTYypy IMOPOLIKOBBIX CIUIABOB C XKEJIE30M U YITIEPOJIOM.
3ajaya — M3Y4UTh TEXHOJIOTUYECKHE PEXKUMBI CIIEKaHHs 00pa3lioB U3 JIETMPOBAHHOTO M YHCTOTO JKEJIE3HOTO TIOPOIIKa
JUIS JOCTHXKEHUS HAMITYYIINX MEXaHHUECKUX XapaKTePUCTHUK.

Mamepuanvt u memoowt. Ilopouiku dpupmer «Xeranec» (Hogands) crniexanu mpu temmeparype 900-1150 °C B TeueHue
0,5-2,5 gacoB. 3ammTHas razoBas cpena (JUCCOIMHMPOBAHHBIN aMMHAaK) IO3BOJSUIA IPEIOTBPATHTH OKHUCIHTEIBHBIE
U JIpyTUe peaknuu crekaHus. I CTaTHYecKoro XOJIOJHOTO IPECcCOBAaHHS 3a/IeHCTBOBAIN THIPABIMYECKHN ITpecc
211T"-125 ¢ makcumanbHEIM yermmueM 1250 kH.

Pezynemamut uccnedosanus. BriepBble SKCIIEPUMEHTAIbHO YCTAaHOBIEHO HAJIW4HME pPa3HbIX MO WHTEHCHBHOCTH
MEXaHHU3MOB BHYTPHUKPHUCTAJUIUTHOTO CpallMBaHHWA MPHU CHEKaHWH. IIOCTpOEHBI 3aBUCHMOCTH TPHpAIEHUSI
OTHOCHUTENIBHOW IUIOIIAAN KOHTAaKTHON TOBEPXHOCTH OT MAJHMTENBHOCTH H30TepMHUYecKOd BhIIEpkKH. C pocTom
Temnepatypbl cnekanus no 1150 °C u BpemeHH BbLAEpXkH Oosee 80 MHH IUIOIAAb KOHTaKTHOH IMOBEPXHOCTH
MOCTETIEHHO yBenu4yuBaeTcs. llokazaHo, 4TO y 0OOpa3loB M3 paccMaTpuBaeMbIX Mapok mopomka npu 1150 °C
(dbopMupyercsi BHYTPUKPUCTAUIMTHOE CpalllMBaHUE Ha BCEH KOHTaKTHOW MoBepxXxHOCTH. ClenoBaTelbHO, JAHHYIO
TEXHOJIOTHIO MOXKHO PEKOMEHJIOBATh UISl IIPAKTUYECKOTO HCIoIb30BaHus. JlobaBneHne B mMUXTy rpadura 3aMeassier
POCT KOHTAaKTHOM noBepxHocTH. [Tpu aToM popmoBku u3 yrctoro nopomrka ABC100.30 u u3 nopomka Distaloy HP-1
JEMOHCTPHPYIOT pa3nuuus. B mepBoM citydae ¢ 1o0aBieHNeM B MIMXTY rpaduTa KOHTAKTHAS TOBEPXHOCTH pa3BUBACTCS
HWHTEHCHBHEE, YyeM BO BTOpoM. [lomyueHHble pe3yibTaThl 3a)MKCHPOBaHBI Ha (POTO M BU3YAJIM3UPOBAHBI B BHIIE
rpauKoB.

Obcyscoenue u 3aknwyenue. Ilo pesynpraraM MEXaHHYECKHUX HCIBITAHHA MOXXHO OIIEHHTH JOJI0 KOHTAKTHOTO
cedyeHUs] (OPMOBKH C BHYTPHUKPHCTAUIMNTHBIM cpalmfuBaHueM. Ero mpu3HaK — CTPYKTypHOE COOTBETCTBHE
MEXYaCTUYHOH TOBEPXHOCTH CPAIIUBAHMUSA U MEX3EPEHHOH TpaHWIBl. 3HAUEHHE 3TOW TPAaHUIIBI ONPENENIIeTCS TpHU
COTIOCTABJICHUM OTHOCHUTEJIFHOW IUIOMIaAM KOHTAKTHOTO CEYEHHS C BHYTPHUKPUCTAJUINTHBIM CpAIIMBAHUEM
U OTHOCUTENBHON IUIOAABI0 KOHTAKTHOM MOBepXHOCTH. OnpenencHbl BO3MOXKHOCTH IOBBIINIEHUS KadecTBa

CpallMBaHus MOPOIIKOBBIX CTaJlel 3a cueT YBCJINYCHUSA TEMIICPATYPbl U BPEMCHHU UX BBIACPIKKHU IIPU CIICKAHUU

KiroueBble ci10Ba: METaUIMYCCKUC MNOPOLIKH, MEXKYIACTUIHOC CpalllUBAHUE, TTOPOIIKOBBIC l"OpS{LIC,Z[C(bOpMI/IpOBaHHBIG

MaTtepualibl, BHYTPUKPUCTAJIIMTHOC CpalllMBAHUEC, MCKYACTHIHAS ITOBEPXHOCTH, MEK3CPCHHA I'PaHUIA
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BaarogapHocTH: aBTOpPHI BBIpAXKAIOT OJaroJapHOCTh HHKeHepaM Kadenpsl «MaTepHanoBeICHUE W TEXHOJIOTUH
MetayuioB» 0. II. IlyctoBoiity, B. U. [lonpaBko 3a moMoIs B MOATOTOBKE 00pa3lOB U HACTPOMKE HU3MEPUTEIHHOTO
o0OopyznoBaHusl, a Takxe J.T.H., nmpodeccopy JKanue BnagumuposHe EpemeeBoii 3a HayyHbIE KOHCYJIBTAIMHU 110 BEIOOPY

METOAUK S3KCIIEPUMCHTOB.

Jas  wmuruposanus. EropoB M.C,, Eroposa P.B.  Pa3Burtue MeX4aCTUYHOIO CpallMBaHUS IpPH  CIEKaHUU
METa/UIMYECKUX MOPOLIKOB ¢ JI00aBICHUEM YyINepoJa. be3onacHocmv mexHoceHHblX U HPUPOOHBIX CUCHEM.
2023;7(3):55-65. https://doi.org/10.23947/2541-9129-2023-7-3-55-65

Introduction. Sintered parts from traditional and new compositions are widely used in industry. The latter include
partially alloyed powders, nanopowders. The emergence of new initial structural materials requires additional study of
the processes of formation of consolidated materials at all technological stages.

Since the beginning of the 21st century, there has been a growing interest of scientists in this topic [1-7]. For
example, interparticle bonding during the formation of hot-deformed powder materials has been studied. The features of
low-alloy structural steels in such processes were described. Deformation and compaction of powder materials were
considered. In, the authors identified patterns of mechanical properties depending on the heat treatment modes, which
also affect the quality of interparticle contacts of powder materials. Works [8-10] focus on the study of carbon-
containing materials for the manufacture of powder parts from hard alloys. In addition, sintering process is simulated
under various modes.

In the early works of the authors of the presented article, sintering process was investigated depending on the
structural changes of the material. The removal of residual stresses after pressing, changes in physical and mechanical
properties, reduction of oxides, recrystallization, etc. are described. Let us note that sintering of powder steels is a
complex and not fully studied process. This work continues the study of interparticle interactions of powder steels. The
relationship between their mechanical properties and the quality of intracrystalline bonding is revealed. The authors
demonstrated for the first time the kinetics of the development of intracrystalline bonding for the studied materials
during sintering. Various modes of sintering of samples are analyzed; the proportions of the contact section of the
molding with intracrystalline bonding of powder materials are estimated.

The work objective is to find out how sintering affects interparticle bonding and structure of powder alloys with iron
and carbon. The task is to study the technological modes of sintering samples from alloyed and pure iron powder to
achieve maximum mechanical characteristics that ensure the formation of high-quality interparticle bonding.

Materials and Methods. During sintering, the formation of the contact surface of the powder material is considered
from the standpoint of its initial state, which changes during exposure at high temperature. That is, we are talking about
a sequential increment of the contact surface.

For static cold pressing, 2PG-125 hydraulic press with a maximum force of 1250 kN was used. Sintering was carried
out at a temperature of 900-1150 °C for 0.5-2.5 hours. To prevent oxidative and other sintering reactions, a protective
gas medium (dissociated ammonia) was provided.

Iron powders of the Swedish company Hoganas [1-3] were used in the work (Table 1).

Table 1
Types and characteristics of the powders used by the Swedish company HOganés
Powder type Method of production
ABC100.30 Spraying of iron melt
Distaloy HP-1 Double diffusion alloying of Astaloy 85Mo powder: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 studied
Powder tvoe Content of elements, mass. %
P c 0 Mo | Ni Cu Mn | Si S P
ABC100.30 0.001 0.04 - - - 0.06 0.007 0.01 0.004
Distaloy HP-1 0.01 0.08 15 4 2 0.08 0.005 0.03 0.003
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In the processes under consideration, sintering is both a final and an intermediate operation [1-4]. In the first case,
the consolidation of the material ends at this stage. The sintering process, in addition to structural changes in the
material, contributes to:

— removal of residual stresses after pressing;

— changes in the physical and mechanical properties of the material;

—reduction of oxides;

— recrystallization, etc.

Determining the technological parameters of sintering presses are: temperature regime, sintering duration,
parameters of pretreatment of material particles by pressure, etc.

In the second case, the subsequent thermomechanical action plays an essential role in the structure formation of the
material, and sintering is considered as a preparatory stage, the main purpose of which is the homogenization of the
metal base.

With the development of the basic provisions of works [1, 2, 5], the essence of the intensity and efficiency of
sintering was clarified. These indicators allow us to judge the change in size, the development of the structure and
properties of sintered materials. According to works [5-8], a method for determining the relative area of the contact
surface of a porous body has been created.

Results. When sintering charges from ABC.100.30 and Distaloy HP-1 powders, the dependences of the
development of the contact surface on the initial density, temperature and sintering time were obtained (Fig. 1, 2). At
the same time, they we guided by the material described in [5].
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Fig. 1. Dependence of the increment of the contact surface relative area on the duration of isothermal exposure during sintering

of the molding from ABC100.30 +0.5%C powder for different initial densities and temperatures: 1 — 950 °C,7.35 g/cm?;
2 — 1150 °C, 7.35 g/cm?; 3 — 950 °C, 6.9 g/cm?; 4 — 1150 °C, 6.9 g/cm?

A0konr l/V‘

0.04 0

0.02

20 40 60 80 Time, min

Fig. 2. Dependence of the increment of the relative contact surface area on the duration of isothermal exposure during sintering
of the powder molding Distaloy HP—1+0.5%C for different initial densities and temperatures: 1 — 950 °C, 7.4 g/cm?,
2 — 1150 °C, 7.4 g/cm?; 3 — 950 °C, 6.6 g/cm?; 4 — 1150 °C, 6.6 g/cm?
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With increasing temperature and sintering time, the contact surface area monotonically increased, the intensity faded
as the sintering duration increased.

In molds made of ABC100.30 pure powder with the addition of graphite to the charge, the contact surface developed
more intensively compared to molds made of Distaloy HP-1 powder. This could be explained. The fact was that smaller
particles of copper, nickel and molybdenum were baked to the surface of the iron particles of Distaloy HP-1 powder.
They formed solid solutions in Fe,, which complicated the course of diffusion processes (compared to pure metal). As a
result, the growth of the contact surface slowed down.

The intensity of the contact surface formation depended on the initial relative density. An increase in this indicator
slowed down the process, since the approach of the material structure to a non-porous state reduced the driving force of
consolidation.

The addition of graphite to the charge slowed down the growth of the contact surface. This was due to a decrease in
the self-diffusion coefficient of iron atoms, especially at the initial stage of sintering in contact areas with high carbon
content.

Let us see how the carbon content affected the strength of sintered alloys under different sintering modes (Fig. 3, 4).
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Fig. 3. Dependence of the strength limit of the sintered molding from ABC100.30+0.5% C powder on the time of isothermal
exposure and the initial density: 1 — 6.9 g/cm3, 950 °C; 2 — 6.9 g/cm?, 1150 °C; 3 — 7.35 g/cm?, 950 °C;
4 —7.35 glem?, 1150 °C
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Fig. 4. Dependence of the strength limit of sintered molding from Distaloy HP—1+0.5%C powder on the time of isothermal exposure
and initial density: 1 — 6.9 g/cm?, 950 °C; 2 — 6.9 g/cmd, 1150 °C; 3 — 7.35 g/cm?, 950 °C;
4 —7.35 glcm?, 1150 °C

The ultimate strength of the material based on ABC100.30 powder with a carbon content of 0.5 % was 610 MPa, the
ultimate strength of the material based on Distaloy HP—1 powder with a carbon content of 0.5 % was 508 MPa.

According to the results of mechanical tests and the value of the tensile strength of the reference samples, the
relative area of the contact cross section with intracrystalline bonding (o'ICB) was determined depending on the initial
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density and sintering modes of molds made of ABC.100.30+0.5%C (Fig. 5) and DistaloyHP-1+0.5%C (Fig. 6)
powders.
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Fig. 5. Kinetics of the development of intracrystalline bonding on the contact surface, depending on the sintering modes and the
initial density (ABC.100.30+0.5%C): @ — 6.9 g/cm?; b — 7.2 g/cm?; ¢ — 7.35 g/cm?®. 1 — 950 °C; 2 — 1050 °C; 3 — 1150 °C
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Fig. 6. Kinetics of the development of intracrystalline bonding on the contact surface depending on the sintering modes and the initial

density (DistaloyHP—1+0.5%C): a — 6.6 g/cm3; b — 7 g/cm®; ¢ — 7.4 g/lcmd.
1—950°C;2 — 1050 °C; 3— 1150 °C

The presented dependences indicate that the introduction of graphite into the charge intensified the processes of
formation of intracrystalline bonding in comparison with materials from a carbon-free charge. The results of the
research coincided with the data of works [9-11].

During sintering at heating and isothermal exposure, the surface layers of iron and graphite particles continuously
interacted through their contact areas (including the gas phase) [12-15]. Let us note that carbon was an active reducing
agent of iron oxides, therefore, at temperatures above 500-600 °C, reduction reactions occurred at the places of contact
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of iron particles with graphite. This contributed to the formation of juvenile contact with subsequent particle fusion.
Favorable conditions were created for the formation of a carbon-containing gas medium due to reactions between
graphite and iron particles. The reduction processes were intensified due to a significant increase in the kinetics
of chemical reactions at the metal — gas interface. The growth was fixed relative to the diffusion coefficients in the
contact areas of iron particles with graphite and over the entire surface of the particles. Surfaces in contact with the
furnace atmosphere were also taken into account. At the same time, carbon diffused into iron particles through the
formed metal contacts on the surface of the particles. Before the transformation of a — vy, the formation of a phase
in the contact points of cementite was most likely. This phase had a more significant carbon diffusion coefficient at the
temperatures under consideration. This was due to the insignificant dissolution of carbon in a-iron and slow diffusion
in ferrite.

If the contact surface of the iron powder material developed more intensively than that of the doped powder
material, then it was the latter that should be preferred when forming intracrystalline bonding.

Intracrystalline bonding is formed in two stages:

— isothermal aging of the molding in the austenitic region;

— cooling with the decomposition of austenite into a ferrite-cementite mixture.

The role of the second stage consisted in the predominant development of the interparticle bonding surface as
aregion of facilitated nucleation of ferrite grains and cementite plates that ensured the migration of the boundary
through the surface of the physical separation of particles. This was confirmed by the results of microstructural analysis.
Fig. 7-10 shows the microstructures of the material with different levels of interparticle bonding.

Fig. 7. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1050 °C for 40 minutes, x200

Fig. 8. Microstructure of the sample from Distaloy HP-1+0.5%C powder after sintering at 1050 °C for 20 minutes, x200

The presented microstructures are characteristic of a low level of bonding, since the boundary of the powder
particles is clearly visible.
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Fig. 9. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1150 °C for 40 minutes, x500

Fig. 10. Microstructure of the sample from Distaloy HP-1+0.5%C powder after sintering at 1150 °C for 40 minutes, x500

Nonmetallic inclusions identify the former boundary of the physical separation of particles through which ferrite
grains germinate. That is, the former particle interface is located inside the grain, and this is a sign of intracrystalline
bonding [16].

Discussion and Conclusion. The results of the work allow us to assert that during sintering, the mechanisms of
formation of intracrystalline bonding are different in intensity [5, 9, 16]. At first, the bonding is fast, then its speed
decreases. Compressions with the lowest values of the initial density are characterized by the longest duration of the
process of accelerated development of intracrystalline bonding, which is observed at the first stage. Moreover, with an
increase in the sintering temperature, the intensity of this stage increases. The formation of intracrystalline bonding on
the entire contact surface is observed in molds obtained under sintering conditions at a temperature of 1150 °C. The
peculiarity of molds made of DistaloyHP—1 and ABC100.30 powders has been experimentally established. Under
sintering conditions, intracrystalline bonding occurs within 60 and 80 minutes, respectively.
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Pumma BukrtopoBHa EropoBa, kaHammaT TeXHHYECKHX HayK, JOIEHT Kadenpsl kKudbepodezomacHocTH J[oHCKOTO
TOCYyIAapCTBEHHOTO TexHW4eckoro yauBepcutera (344003, P®, 1. PocrtoB-Ha-J/lony, 1w [arapuna, 1), ORCID,
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3asenennwviii 6K1A0 COABMOPOS:

M.C. EropoB — ¢opMupoBaHHE OCHOBHOI KOHIENUIMH, LETM M 33Ja4d HCCIICAOBAHMSA, PAcyeThHl, MOATOTOBKA
TeKCTa, HOPMyIMPOBAHUE BBIBOJIOB.

P.B. EropoBa — Hay4HOe pPYKOBOJCTBO, aHAJIN3 PE3YJIbTATOB HMCCIIEAOBaHUI, TOpadOTKa TEKCTa, KOPPEKTUPOBKA
BBIBOJIOB.

Kongruxm unmepecos: aBTOpbI 3asBISIOT 00 OTCYTCTBHU KOH(IUKTA HHTEPECOB.

Bce agmopul npouumanu u 0006punu okonyamenvHulll 6aPUAHI PYKONUCU.
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Influence of the Structural-Phase Composition of the Initial Charge Material on the Qualitative
Characteristics of Castings from Al-Si-Mg System Alloy
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Introduction. The work focuses on solving quality problems of castings made of Al-Si-Mg alloy (AK9). The paper draws
attention to the absence of a unified theory of alloy modification and the need to find solutions that ensure good product
quality. The reasons for bad quality due to the weak justification of the choice of the manufacturer of the initial charge
material — ingots are considered. Ingots from two suppliers are compared in terms of the structural-phase state. The paper
shows how it causes defects in castings. The inefficiency of traditional methods of suppressing the formation of brittle
plates of the iron-containing phase in the alloy of the Al-Si-Mg system due to the presence of Mn in the chemical
composition of the alloy is noted. If the specified flaw is inherited from the source material, the generally accepted
approach does not work. The article formulates the recommendations for solving this problem. The introduction of the
proposed approach into production practice can open the way to solving an important applied task — to improve the
wording of tasks for tenders. The relevance of the study is due to the widespread use of alloys of the Al-Si-Mg (AK?9)
system in modern mechanical engineering, including in aerospace structures. The work objective is to study the influence
of the structural-phase state of the source material on the qualitative characteristics of finished castings from the Al-Si-
Mg alloy system.

Materials and Methods. Eight casts were analyzed, in which ingots from two manufacturers were used. Radiography
revealed a correlation between the fracture structure of castings, structure and quality indicators. Scanning electron
microscopy was used to analyze the microstructure and chemical composition of the phases. When setting quality
requirements, the authors proceeded from the existing industry and state standards. The conditions of heat treatment of
samples were taken from the same documents. The spectrograms were visualized as graphs showing the intensity of the
element peak in the Auger spectrum and the energy of the electrons resulting from the Auger effect.

Results. The results of radiography gave grounds to assert that the products provided by supplier No. 1 had significant
advantages in terms of quality. If we focused on the industry standard, the exclusion of the 2nd supplier's ingots from the
process ensured the production of products without casting defects at the level of 73 %. Otherwise, this figure did not
exceed 57 %. The rejection indicators were discontinuities, clusters of flaws, high porosity. After melting 5-8, which
involved the materials of the 2nd manufacturer, the fractures of the samples after rupture were investigated. Locations
with smooth, viscous and mixed relief are highlighted. An increase of up to x500 made it possible to establish insignificant
areas with a viscous relief, which was characteristic of brittle fracture by the cleavage mechanism. The absence of
inclusions and liquations was established. The microstructure of the sections from discontinuous samples was considered.
It turned out that it corresponded to the modified and heat-treated state of the AK9ch alloy without signs of burnout.
Individual dark needle-like phases and single pores were noted. The conditions of dispersed Si precipitations,
Al3SigFesMn and Als7SisFesMn chipping, as well as the separation of the AlssSisFesMns phase in skeletal form were
described. The advantages of the microstructure of ingots samples from manufacturer No. 1 were listed. It corresponded
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to the modified state of the AK9ch alloy. The branches of dendrites and the sizes of silicon inclusions were smaller.
Needle-like phases of Al,SiyFe,Mng were not detected.

Discussion and Conclusion. Light areas in the castings fractures were formed by a brittle fracture mechanism, which is
due to the presence of Al,SiyFe;Mnq phase plates in the alloy structure. If iron-containing phases are inherited from the
source material, then traditional methods of suppressing formation do not lead to the creation of compact equiaxed
polyhedra. To improve the quality of castings, it is recommended to use ingots with a pre-modified structure, without
including phase plates of variable composition AlSiyFe,Mnq. The results obtained can be used, among other things, to
justify the requirements for the material during tenders, which will enable the enterprises of the machine-building industry
to improve the quality of products and reduce the cost of marriage. As a result, this will increase their competitiveness in
the Russian and world markets.

Keywords: brittle plates of the iron-containing phase, Al-Si-Mg system alloy, structure-modified ingots, charge quality
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Bansanue CprKTypHO'(l)aSOBOFO COCTOAHMUSA UCXOAHOI0 MaTEpUaJIa IIUXThI HA KAYC€CTBCHHbIC

XapaKTEePUCTHKH OTJIHBOK U3 ciuiaBa cucrembl Al-Si-Mg
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AHHOTALUA

Besedenue. Pabora Gokycupyercs Ha pelieHHH mpobieM KadecTBa oTAMBOK u3 cruiaBa Al-Si-Mg (AK9). OtmeueHsi
OTCYTCTBHE CAWHOW TEOPHH MOAM(PHIHMPOBAHHS CIUIABOB M HEOOXOAMMOCTh IMOWCKA pELICHHH, 00eCIednBalOInX
XOpoIIee KaueCTBO MpOoAyKIuU. PaccMaTpuBaroTCsi MpUUMHBI Opaka u3-3a c1aboro 060CHOBaHMS BHIOOpa MPOU3BOIUTEINS
HCXOJHOTO IIUXTOBOI0 MaTepuana — qyuiek. YylKku OoT JByX IIOCTABIIUKOB CPAaBHUBAIOTCS C TOUKU 3PEHUS CTPYKTYpPHO-
¢azoBoro cocrosiHus. IlokazaHo, kak OHO o0OycioBiuBaeT jaedeKkThl OomIMBOK. OTMeueHa HeIPPEKTUBHOCTH
TPAMIIMOHHBIX METO/IOB TOIaBJIEHHs 00pa30BaHMs XPYIKUX IUIACTHH JKeJIe30coaeprkainei (hassl B cruiaBe cucteMsr Al-
Si-Mg 3a cyer mpUCYTCTBHS B XHMHYECKOM cocTaBe ciuiaBa Mn. Eciam ykasaHHBIIE HEJOCTATOK HaciemyeTcs
W3 HUCXOJHOTO MarepHuaia, oOIenpUHATHIA noxxon He cpadbaTtbiBaeT. CHOpMYIHPOBAHBI PEKOMEHIALMHU 110 PELICHUIO
9TOM BBISBIICHHO MPpo0OJieMbl. BHeApeHHe PeyI0KEHHOTO TT0IX0/1a B IPOM3BOICTBEHHYIO IPAKTHKY CIOCOOHO OTKPBITH
NyTh K PELICHHIO Ba)KHOW NPHKJIAIHON 337a4d — YJIy4dIIUTh GOPMYIHPOBKH 3aJaHUH JJIS TEHIEPOB. AKTYaJlbHOCTh
HCCIIeIOBaHMsT OO0YyCIIOBJIGHA LIMPOKMM TpUMEHeHHeM ciuiaBoB cucteMbl Al-Si-Mg (AK9) B coBpeMeHHOM
MAIMHOCTPOCHNUHU, B TOM YHCJIC B A3POKOCMHUYCCKHMX KOHCTPYKIUAX. HCHB HaHHOﬁ pa6OTBI — U3YUYUTH BIIUAHUC
CTPYKTYPHO-()a30BOTO COCTOSIHMSI MCXOJHOI'O MaTepHaja Ha KadeCTBEHHbIC XapaKTEPUCTUKU TOTOBBIX OTIHBOK
u3 crutaBa cucremsl Al-Si-Mg.

Mamepuanst u memoodwsr. ITlpoaHann3upoBaHbl BOCEMb IUIABOK, B KOTOPBIX HCIOJBb30BAIMCH YYIIKH JIBYX
npousBouTeNnell. PeHTrenorpadus no3Boiuiia BEISIBUTh KOPPEILSIINIO MEXKy CTPOSHHEM H3JI0Ma OTIMBOK, CTPYKTYPOH
U KauyeCTBEHHBIMH IOKa3aTesisiMM. s aHainM3a MHKpPOCTPYKTYPHl M XMMHUYECKOTO cocTaBa (a3 MCIOIb30BalN
CKaHMPYIOILYIO JICKTPOHHYIO MHKPOCKOIIMIO. YCTaHaBIMBas TPeOOBaHMS K KAueCTBY, MCXOIMIM W3 JACHCTBYIOUIMX
OTpACNEBBIX M TOCYJApCTBEHHBIX CTAaHAApTOB. V3 3THX k€ JOKyMEHTOB OpajM YCIOBUS TEPMHUYECKOW 00pabOTKH
00pasioB. CriekTporpaMMbl BU3YJIM3UPOBAIN B BU/E TPaMKOB, JEMOHCTPUPYIOMINX WHTEHCHBHOCTH IIMKA 3JIEMEHTA

B 0’Ke-CIIEKTPE M YHEPTHIO DJIEKTPOHOB, BO3HUKIIINX B pe3ysbTaTe oxe-dddexra.
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Pezynemamut  uccnedosanus. PezynpraThl peHTreHOrpauu JalOT OCHOBAHUS YTBEPXKAATh, 4YTO HPOJYKIHS,
npepocraBisieMas nocraBmimkoM Ne 1, oOnajgaer 3HAYMMBIMM - [IPEMMYIIECTBAMHM B IUIaHe KadectBa. Ecmm
OPHEHTHPOBATHCS HA OTPACIEBOM CTaHAAPT, UCKIIOUCHHE U3 MPOoliecca YylIeK 2-T0 IOCTaBIIMKa 00eCTIeunBaeT BBITYCK
npoxykuuu 0e3 nuTeiHbIX nedektoB Ha ypoBHE 73 %. B mpoTuBHOM cityyae 3TOT IokasaTeib He mpeBbicHi 57 %.
BpakoBOYHBIMU MHIMKATOPaMU OBUTH HECIUIOLTHOCTH, CKOIUICHUS! PAKOBHH, BBICOKasi MOPUCTOCTh. [locie miaBok 5-8,
KOTOpbIE 3aJICHCTBOBAIM MAaTepHAIBl 2-TO IIPOM3BOJHTENS, HCCICAOBAIUCH H3JIIOMBI 00pa3LOB IOCHE pa3phIBa.
BrieneHsl TOKanWy C TIAAKUM, BS3KHM W CMEIIAHHBIM peibedom. YBemmuerwne 10 X500 MO3BONMIO yCTAaHOBUTH
HE3HAYHUTENIbHBIC YYAaCTKH C BS3KHM penbedoM, YTO XapaKTepHO MJIS XPYNKOrO Pa3pyLICHHs 10 MEXaHH3MY CKOJIa.
Y CcTaHOBIIEHO OTCYTCTBHE BKIFOUCHUH W JMKBaIHUiA. PaccMoTpeHa MEKpOCTPYKTypa HIIH(OB U3 pa3pBIBHEIX 00Pa3IoB.
BBIsCHHIIOCH, YTO OHA COOTBETCTBYET MOAM(HIMPOBAHHOMY U TepMOoOpaboTaHHOMY cocTosHUIO ciiaBa AK94 6e3
NIPU3HAKOB Iepexora. OTMEUeHbl OTJeNbHbIE TEMHBIE WroyibuaThle (a3bl M eAMHUYHBIE TOpbl. ONHCaHBI YCIOBHUS
JIMCTIEPCHBIX BhIAETeHUH Si, BeikpammBanus AlsSijoFesMn u AlssSisFesMn, a Takke Boienenue dassr AlgsSisFesMns
B CKelleTooOpa3Hoil (opme. IlepedncieHpl MperMyIecTBa MUKPOCTPYKTYpBl 00pa3IoB ymiek oT npousBoauTesns Ne 1.
OHa cOOTBETCTBYeT MOAU(MUIMPOBAaHHOMY cocTosiHHIO criaBa AK9u. BeTBM aeHApPHTOB M pasmepbl BKIIIOYEHHH
kpeMHus Menblie. He o0HapyxuBatoTcs uriioodpasusie dassr AlySiyFe,Mng.

Obcyscoenue u 3akniouenue. CBETIbIe yYacTKH B HM3JIOMax OTJIMBOK OOPa30BAIUCH IO XPYIMKOMY MEXaHU3MY
pa3pylIeHHs, YTO CBA3aHO C HAIMYMEM B CTPYKType cIuIaBa mactiH ¢asel AlxSiyFe;Mng. Ecin sxenezoconepikarmue
(ba3pl HacleAyIOTCS M3 MCXOIHOTO MaTepuaia, TO TPaJHLMOHHBIE METOJbI MOIABJICHHS 00pa3oBaHHS HE HPHBOIAT
K CO3JJaHUI0 KOMIIAKTHBIX PABHOOCHBIX MONUAPOB. [1J1s IOBBIICHHSI KAY€CTBA OTIMBOK PEKOMEHJIYETCS UCII0JIb30BATh
YYIIKA C TPEIBapUTEIbHO MOAUGHUIMPOBAHHON CTPYKTYpOHM, 0e3 BKIIOYEHUS IUIACTUH (Da3bl TIEPEeMEHHOr0 COoCTaBa
AlLSiyFe;Mng. I[Tony4eHHbIe pe3yIbTaThl MOXKHO 33/1¢HICTBOBATH B TOM YHCIIE 1JIs1 000CHOBaHUS TpeOOBaHUIA K MaTepHATY
IIPY NPOBEJICHUH TEHJIEPOB, YTO 1ACT BO3MOXKHOCTD MPEIIPHSITUSIM MAIIMHOCTPOUTEILHON OTPACIH YIIyUIUTh KaueCTBO
MPOJXYKLUH U CHU3HUTH 3aTpaThl Ha Opak. B UTOre 3T0 MOBBICUT MX KOHKYPEHTOCIIOCOOHOCTH Ha POCCUIICKOM U MUPOBOM
PBIHKE.

KaroueBble cioBa: Xpymkue IUIACTHHBI Kedezoconepkameil  ¢daspl, cmiaB cuctembl  Al-Si-Mg, dgymku

¢ MOAN(HUIIMPOBAHHON CTPYKTYPOH, Ka9ECTBO MINXTHI

BaaronapHocTu: aBTOpPBHl  BBIpaKAalOT —OJIArOJApHOCTH  PENAKIMOHHOW KOJUIETMHM OJKypHaJla UM PELEH3EHTY

3a mpodecCHOHANbHBIA aHATN3 U PEKOMEHAAINH I KOPPEKTHUPOBKH CTAThU.

Jas uutupoBanus. Mypatos B.C., Kazaxos M.C. Bnusiaue cTpykTypHO-(a30BOTO COCTOSIHUS UCXOJHOTO MaTepuaa

IIUXTHl HA KaYECTBEHHBIE XAPAKTEPUCTHKU OTIMBOK u3 ciuiaBa cucreMmbl Al-Si-Mg. Besonacnocmes mexnozenmvix
u npupoonwix cucmem. 2023;7(3):66—76. https://doi.org/10.23947/2541-9129-2023-7-3-66-76

Introduction. According to GOST 1583-93' alloys of the Al-Si-Mg (AK9) system belong to the first group
(silumins). They are widely used in modern mechanical engineering. In aerospace structures, aluminum alloy castings
account for 3-5 % of the mass [1].

The use of cast blanks in comparison with deformed semi-finished products can reduce the complexity of machining
parts and increase the metal utilization factor several times [2]. In the aerospace industry, this alloy is used to produce
parts that are complex in configuration, operating at medium loads and temperatures from minus 196 to plus 175 °C2
Main characteristics of the alloy:

— good casting properties;

— tightness;

— corrosion resistance;

— weldability;

— low density;

— relatively high modulus of elasticity;

1 GOST 1583-93. Aluminium casting alloys. Specifications. Biblioteka GOSTov. URL: http://vsegost.com/Catalog/18/18745.shtml (accessed:
22.08.2023).

2 OST 92-0920-85. Metally i splavy tsvetnye. Marki, razreshennye k primeneniyu. Tekhnicheskaya literatura. URL:
https://booktech.ru/normativy/ost/ost-92-0920-85-metally-i-splavy-cvetnye-marki-razreshennye-k-primeneniyu.html (accessed: 22.08.2023).
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— low temperature coefficient of linear expansion;

— wear resistance;

— affordable price [3-7].

The properties of silumins depend on the conditions of melting and subsequent processing [8]. An effective method
of improving their structure and properties is modification with multicomponent compositions. This makes it possible to
influence not only silicon, which is part of the eutectic (a+Si), but also primary silicon crystals [9-10]. Let us note the
need to effectively deal with such a disadvantage of Al-Si-Mg alloys as gas absorption. For this purpose, degassing fluxes
and modification at low temperatures are used [11]. Currently, there is no unified theory of modification, so the search
for optimal solutions continues to ensure a high level of product quality, compliance with regulatory and design
documentation [11]. The presented work is intended to partially compensate for the lack of data in this area.

Control plays a leading role in improving the quality of castings. Its tasks are:

— to exclude the ingress of defective castings for machining and assembly;

— to create conditions for critical analysis and improvement of foundry technology.

The complexity of technological processes of foundries is associated with the use of a wide range of materials. The
formation of the quality of castings is determined by many factors. The most critical of them are:

— the quality of the initial molding, charge and auxiliary materials;

— the level of mechanization and automation of the technological process;

— the compliance with the technological process at all stages of production;

— the organization of production and workshop management.

Within the framework of the presented work, the reasons for the growth of waste associated with an insufficiently
justified choice of the manufacturer of the charge material — ingots are analyzed. The recommendations are given to
eliminate this problem. A comparative analysis of the structural and phase state of the source material from two suppliers
was performed. It is shown how defects in castings of the Al-Si-Mg alloy system depend on the structural and phase state
of the initial charge materials.

It should be recognized that traditional methods of suppressing the formation of brittle plates of the iron-containing
phase in the alloy of the Al-Si-Mg system are ineffective due to the mandatory presence of Mn in the chemical
composition of the alloy. We are talking about cases when the specified defect is inherited from the source material. The
recommendations for solving this identified problem are formulated. To improve the quality of castings, it is advisable to
use a charge of ingots with a pre-modified structure. It should not include phase plates of variable composition
AlxSiyFezMng.

The work objective is to study the influence of the structural-phase state of the source material on the qualitative
characteristics of finished castings from the Al-Si-Mg alloy system.

Materials and Methods. According to the results of eight melts, the characteristics of castings made of AK9ch alloy
were analyzed. Ingots from manufacturers No. 1 and No. 2 were used as the starting material. Ingots were melted down
with waste from their own production (substandard castings made of AK9ch alloy). Table 1 provides the percentage of
materials. The manufacturer is selected based on the results of competitive procurement for reasons of economic
feasibility. In any case, the material must comply with GOST 1583-96. The method of manufacture is permanent-mold
casting.

Table 1
Percentage (by weight) of raw materials in the general melting
. Manufacturer | Manufacturer Waste of own
Melting no. .
no. 1 no. 2 production
1 40 0 60
2 35 0 65
3 25 0 75
4 20 0 80
5 20 5 75
6 10 20 70
7 5 20 75
8 0 20 80
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Chemical composition of the samples was determined by the spectral method on MFS-8 device. Mechanical properties
were studied on separately cast samples (GOST 1497-84%) after heat treatment in T6 mode (quenching — 535 £ 5 °C,
cooling in water, aging — 175 = 5 °C). To determine the mechanical properties, a strength testing machine UTS-111.2-
100-22 was used. The microstructure was studied by the cuts from wedge samples, ingots and discontinuous samples
etched in Keller reagent, as well as on the fractures. The Zeiss Stemi2000-C stereoscopic microscope and Carl Zeiss
AxiovertAl metallographic microscope were used. The scanning electron microscopy method was implemented using
the JED-2300 AnalysisStation microscope. The chemical composition of the phases was recorded by electron microprobe
analysis. The macrostructure was evaluated on the fractures of wedge samples, as well as on the templates etched in an
alkaline solution, cut from wedge samples and ingots. The presence of internal defects of castings was determined using
the Ruslan-225 X-ray machine.

Results. Chemical composition of the samples from each melting is presented in Table 2.

Table 2
Results of determination of chemical composition of samples
Melting Content of elements, mass. %
no. Al Si Mg Mn Fe Cu Zn Ti Zr Be

1 871 | 022 | 028 | 044 | <0.1 | <0.2 [ 0.082 | <0.1 | <01
2 935 | 024 | 031 | 044 | 01 | <0.2 [0.097 | 0.03 | <01
3 856 | 023 | 0.28 | 045 | 0.12 | <0.2 | 0.06 | 0.03 | <01
4 Base 928 | 023 | 032 | 044 | 012 | <0.2 | 0.1 0.03 | <01
5 88 | 026 | 03 | 045 | 011 | <0.2 | 0.065 | 0.03 | <01
6 85 | 023 | 028 | 052 | 013 | <0.2 | <0.05| <0.1 | <0,1
7 88 | 026 | 03 | 045 | 011 | <0.2 | 0.055 | 0.03 | <01
8 928 | 023 | 032 | 044 | 012 | <0.2 | <0.1 | <0.1 | <01

Requirements according to GOST 1583-93
Base 8 01102 5l 03 | 03 ¥ <0.15 <0.1

105 | 030 | 05 | © - -

Data from Table 2 prove that chemical composition of the material of castings from all charges corresponds to
GOST 1583-93.
The results of the mechanical properties test are presented in Table 3.
Table 3
Results of mechanical properties tests
Melting
no.

o MPa | 3, %

280
280
270
280
340
290
340
8 290
Requirements according to GOST
>235 >3

N|oO|lo| B~ W N -

~N| OO OO W N O ©

3 GOST 1497-84. Metals. Methods of tension test. Biblioteka GOSTov. URL.: http://vsegost.com/Catalog/46/4616.shtml (accessed: 25.07.2023).
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From the Table 3 it can be seen that according to the level of mechanical properties, the material of castings from all
charges met the requirements of GOST 1583-93 for the T6 condition. Temporal tear resistance and elongation were
compared.

X-ray radiography showed that for melts 1-4, in which there were no ingots from manufacturer No. 2, the yield of
suitable products corresponding to OST 92-1165-2014 in terms of casting defects was 73 %. For melts 5-8, the yield of
suitable products was 57 %. Rejection signs:

— irregularities in the form of shells;

— clusters of shells;

— porosity beyond the permissible level according to the X-ray standard (X-ray film obtained after X-ray inspection
of the sample with a normalized porosity corresponding to a certain score?).

The study of the fractures of wedge samples showed that the fracture of light gray, matte, with small, light, shiny areas
of various shapes and sizes was characteristic for melts 5-8 (Fig. 1).

Fig. 1. The appearance of the fracture of melts 5-8 (magnification x6.5)

No inclusions or other defects were detected in the microstructure under the surface of the fractures, which would
unambiguously cause bright, shiny areas. Porosity of 2 points according to GOST 1583-93 was observed in the
macrostructure of some melts under the fracture surface. The presence of porosity did not explain the light areas in the
fractures, since porosity was not observed on all wedge samples, but the appearance of all fractures was identical.

Fractures of tensile samples obtained after testing the mechanical properties of melts 5-8 were examined under an
electron microscope. The bright, shiny areas (Fig. 1) corresponded to the dark area in Fig. 2 a. The appearance of the
fracture surface at various magnifications is shown in Fig. 2.

4 OST 92-1165-75. Castings made of aluminum alloys. Technical requirements. Technical literature. URL.: https://booktech.ru/normativy/ost/ost-92-
1165-75-otlivki-iz-alyuminievyh-splavov-tehnicheskie-trebovaniya.html (accessed 21.07.2023).
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d)
Fig. 2. The fracture surface of the tensile sample: a — general view with magnification x50;
b — areas with smooth relief with magnification x150; ¢ — mixed relief with magnification x200;
d — a large smoothed section of the fracture with magnification x200

When magnified to x500, it could be seen that the shiny areas were depressions, more often with a smoothed surface.
There were minor areas with a viscous relief, which was characteristic of brittle fracture by the mechanism of chipping.
The main part of the fracture surface had a viscous relief. The results of micro-X-ray spectral analysis of the fracture
surface at points 11, 12, 13 (Fig. 2) are presented in Table 4. Points 11 and 13 correspond to smoothed areas,

point 12 — viscous.

Chemical analysis of the fracture zone surface

Point no. Content of elements, mass. %
(see Fig. 2) Mg Al Si Fe
11 471 | 82.61 | 11.27 | 141
12 451 | 83.35 | 9.46 2.68
13 513 | 84.72 | 8.11 2.04

Table 4

The spectrograms of the points were identical (Fig. 3). No significant differences in chemical composition were
revealed between the zones with viscous and brittle smoothed relief, which indicated the absence of inclusions and

liquations.
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Fig. 3. Spectrogram of the electron microprobe analysis results of the fracture surface: a — point 11 from Fig. 2; b — point 12 from
Fig. 2. Here the intensity of the peak of the element in the Auger spectrum and the energy of the electrons generated as a result of the
Auger effect are shown

The microstructure studied on the sections made of discontinuous samples (melts 5-8) corresponded to the modified
and heat-treated state of the AK9ch alloy without signs of burnout (Fig. 4 a). Separate dark needle-like phases and single
pores were observed. The main phase components of the microstructure were clearly visible under an electron microscope
(Fig. 4 b).

a) b)
Fig. 4. Appearance of the microstructure: a — light optical microscopy with magnification x200;
b — electron microscopy with magnification x250

The data of electron microscopy and electron microprobe analysis made it possible to determine the main phases:
a (light zones), o+Si (dark zones). In the a+Si phase, dispersed Si precipitations of less than 5 microns in size were
observed (Fig. 5 a). Electron microprobe analysis showed that AlzSiigFesMn and Als;SisFesMn (Fig. 5 b, 5 ¢) were
partially crumbled during grinding and polishing (Fig. 5 c). The separation of AlzsSisFesMn3 phase in a skeletal form was
also observed (Fig. 5 d).

b)
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Fig. 5. Microstructure of melting samples (5-8): a — separation of silicon with magnification x2000; b — phases Alz2SiioFesMn and
Als7SisFesMn with magnification x1000; ¢ — chipping of brittle plates of phases AlszSiioFesMn u and Als7SisFesMn with
magnification x750; d — phase AlssSisFesMns in skeletal form with magnification x500

The microstructure of the ingot samples from manufacturer No. 1 corresponded to the modified state of the
AKO9ch alloy. The branches of the dendrites were significantly smaller than in the sample of the ingot from supplier No. 2.
The sizes of silicon inclusions were up to 4 microns. They were homogeneous and had a globular appearance. The main
phases were a and o+Si (Fig. 6 a). Needle-like phases of Al,SiyFe,Mnq were not found in the structure of ingot samples
from manufacturer No. 1.

©)

Fig. 6. The microstructure of the initial ingot: a — manufacturer No. 1, 70 microns with magnification x500;
b — manufacturer No. 2, 70 microns with magnification x500; ¢ — plate phase in the microstructure of the ingot from manufacturer
No. 2, 20 microns with magnification x1000

The microstructure of the ingot sample from supplier No. 2 corresponded to the unmodified state of the AK9ch alloy.
The branches of dendrites were large. Silicon inclusions were needle-shaped and large. The main phases were o and o+Si
(Fig. 6 b). Phases in the form of dark needle-like inclusions were observed (Fig. 6 c).

The analysis of the results of the study suggests that the structural-phase composition of the alloy determines the
presence of shiny areas in the fracture of samples from melts 5-8. These are areas with smoothed relief — the results of
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brittle destruction. The most probable cause of this phenomenon is the presence of zones with coarse needle-like
precipitation, which are brittle Al,SiyFe,Mnq plates with a pronounced interface. During stretching or other destructive
tests, these precipitations act as concentrators (breaks in the metal). Accordingly, when the crack development front goes
through them, they chip off. Let us explain. Lamellar precipitates are solid and poorly retained in the base metal. In the
process of grinding and polishing the samples, they crumble, leaving cavities with smooth walls. In their place are smooth
areas that shine in the fracture. It can also be assumed that these phases are stable in the melt (do not dissolve in the
matrix). When cooled, they will act as crystallization centers and provoke the formation of defects, since they are sharp
stress concentrators.

Silicon crystallizes in the form of small spherical particles, so it can be stated that the modifier used is effective for
influencing silicon, which is part of the eutectic (a+Si). At the same time, an adjustment of the technological process is
required to influence the needle phases of Al,SiyFe.Mnq. With the introduction of 0.2-0.5 % Mn, as a rule, it is possible
to suppress the formation of brittle plates of Al.SiyFe,Mnq phase. However, in the studied melts (5-8), despite the Mn
content of 0.28-0.32 %, this phase persists, since it is inherited from the source material.

Discussion and Conclusion. Based on the results of the conducted scientific research, three main conclusions can be
drawn.

1. The structural-phase state of the source material is inherited in castings and in the presence of iron-containing
phases in the form of brittle plates can negatively affect the quality characteristics of cast blanks.

2. The light areas in the castings' fractures are areas with smoothed relief. They were formed as a result of brittle
fracture, which is due to the presence of a variable composition of Al SiyFe,Mnq in the structure of brittle phase plates.

3. The presence of Mn alloy in the chemical composition does not always suppress the formation of brittle plates of
the iron-containing phase. If it is inherited from the source material, this traditional approach does not work and compact
equiaxed polyhedra with a weaker negative influence are not formed. To improve the quality of castings, it is
recommended to use ingots with a pre-modified structure in the charge, in which there are no inclusions of plates of the
phase of variable composition AlSiyFe;Mn.
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