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YCJOBUS CUHTE3A, KPUCTAJIVIMYECKAS CTPYKTYPA U MAT'HUTHBIE
CBOMCTBA CEJIEHHOB Mn-Tm-Se

AHHOTanuUs. MeTooM peakiuii B TBepIOH (a3ze CHHTE3WPOBaHBI OAHO(A3HBIC COCTABHI B KBAa3HMOMHAPHOM paspese
MnSe-TmSe. Kpucraminueckas CTpyKTypa MOJUKPHUCTATUIMYECKUX MOPOIIKOB M3ydeHa B CuK,-M31y4eHUH. YCTaHOBIECHO,
4TO0 00pasiel B HHTEepBase koHIeHTpauuid 0 < x < 0,7 UMECIOT KyOUYECKYIO CTPYKTYPY HMPOCTPAHCTBEHHOMN TPYIIIIbI Fm3m.
M3MeHeHne KOHIIEHTpaIiy KaTHOHOB Tm B coctaBax Mn;_, Tm,Se NpHBOAXT K YBEIHUCHHUIO TApaMeTpa ¢ HJIIEMEHTapHOI KpH-
cTajuuyeckoit sueiikn ot 0,547 Hm Juia coctaBa Mny 975Tmg g25Se 10 0,566 HMm y coctaBa Mng 3Tmg;Se. Metonom «flash» na
MOJIIOXKKAX ONTHYECKU MPO3PaYHOr0 CTEKJIa CHHTE3UPOBAHBI TOHKHE CJIOM TBEpAbIX pacTBopoB Mn; ,Tm,Se. TonmuHus mie-
HOK 3aKJIFOUCHBI B HHTEepBaje 3HaueHui ot 0,8 1o 3,2 MKkM. YcTaHOBJICHO, 4TO TUIeHKH Mn;_,Tm,Se Takxke 001amar0T CHHTO-
uueit NaCl, S.G.: Fm3m. Cocras mnenok Mn;_,Tm,Se COOTBETCTBYET XMMHUYECKOMY COCTABY MOPOITKOB mHXThl MnSe-TmSe.
B unrepsane temnepatyp ~ 80-900 K u3mepeHbl BeIMUUHBI yIeIbHOI HAMArHUYEHHOCTH M MarHUTHOM BOCIIPUUMYHBOCTH
HCCIIeyeMbIX cesleHna0B. [lorydeHHbIe pe3yabTaThl MO3BOJSIOT ONPEIEeTHTh TeMIIepaTypHbIe PEKUMBI CHHTE3a HOBBIX Mar-
HUTHBIX TIOJTYyIPOBOIHUKOBEIX BEIIECTB, B TOM YHCJIE B IJICHOYHOM COCTOSHHH. CHHTE3HMPOBAaHHBIC BEIIECTBA MOTYT OBITh
HCIIOJIb30BaHbl B YCTPOWCTBAX MUKPOAIEKTPOHHKH MHOTO(YHKIIMOHAIBHOTO HA3HAYCHHUS, a TAK)Ke MPH Pa3padOTKe HOBBIX
MaTepHaIoB, CIOCOOHBIX paboTaTh B MIMPOKKX HHTEPBAJIAX TEMIIEPATyP U IIPU BO3JICUCTBUY BHEIIHUX MATHUTHBIX MOJICH.

KuroueBble cjioBa: XaIbKOT€HUIBI, TBEPABIC PACTBOPHI, KPHCTAJUTHYECKAs CTPYKTYpa, MAarHUTHBIE CBOMCTBA

Jlist uuTHpOBaHMsI: YCIIOBUS CHHTE3a, KPUCTAIUIMYECKast CTPYKTypa M MarHUTHBIE CBOHCTBA cesleHn10B Mn—Tm—Se /
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Kirensky Institute of Physics, Federal Research Center KSC Siberian Branch Russian Academy of Sciences,
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SYNTHESIS CONDITIONS, CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES
OF Mn-Tm-Se SELENIDES

Abstract. Single-phase compositions in the MnSe-TmSe quasi-binary section have been synthesized by the method of reac-
tions in the solid phase. The crystal structure of polycrystalline powders has been studied in CuK,-radiation. It was found that the
samples in the concentration range 0 < x < 0.7 have a cubic structure of the space group Fm3m. An increase in the concentration of
Tm cations in the Mn;_,Tm,Se compositions leads to an increase in the unit cell parameter a from 0.547 nm for the Mn 975Tmg 5S¢
compound to 0.566 nm for the Mn, 3Tm, 7Se composition. Thin layers of Mn;_,Tm,Se solid solutions were synthesized by the flash
method on optically transparent glass substrates. The film thicknesses are in the range of values from 0.8 to 3.2 um. It has been
established that Mn;_,Tm,Se films also have the system NaCl, S.G.: Fm3m. The composition of the Mn;_,Tm,Se films corresponds
to the chemical composition of the MnSe—TmSe charge powders. In the temperature range ~80-900 K, the values of the specific
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magnetization and magnetic susceptibility of the studied selenides were measured. The results obtained make it possible to de-
termine the temperature regimes for the synthesis of new magnetic semiconductor substances, including those in the film state.
The synthesized substances can be used in multifunctional microelectronic devices, as well as in the development of new materials
capable of operating in wide temperature ranges and under the influence of external magnetic fields.
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BBenenue. Pa3paboTka U W3ydeHHE CBOWCTB HOBBIX COCTaBOB BEIIECTB, 00JIAAIONINX CHUIBHOM
B3aMMOCBSI3bIO MEK/y MAarHUTHOM, SJIEKTPOHHOW U yIPYTOH MOJICHCTEMaMH, YTO MPOSIBIISIETCS B BUIC
MarHUTORJIEKTPUUYECKUX M MarHUTOPE3UCTUBHBIX 3()(EeKTOB BOMM3M KOMHATHBIX TEMIIEparyp, mpel-
CTaBIJISIET MHTEPEC KakK ¢ PyHIaMEHTaIbHOW, TaK U C MPUKIAAHON Touek 3peHus [1, 2]. Hanuumne mar-
HUTOJIEKTPUUYECKUX U MarHUTOPE3UCTUBHBIX 3((EKTOB B BEIIECTBE CO3AAET YCIOBHUS AJIS M3TOTOB-
nernst 3pPEeKTUBHBIX CEHCOPOB, PaCHINPSs SJIEMEHTHYI0 0a3y B MHKPOIJIEKTPOHUKE, KOTOPasi MO3BO-
JISeT peasn30BaTh MPEUMYIIECTBA SHEPTrOHE3aBIUCHUMON MarHUTHON MaMATH M OBICTPOACHCTBYIOINX
AICKTPUUECKUX CUCTEM 00paboTku mHbopmaruu [2]. s mpeoOpa3oBaHus dIEKTPHICSCKOT0 CUTHATA
UCIIONIB3YETCS HE TOJBKO 3apsiI0Basi CTENEHb CBOOO/BI DIEKTPOHA, HO M CITHH, YTO MPUMEHSETCS MPH
pa3paboTKe CHUHTPOHHBIX YCTPOUCTB HOBOT'O TIOKOJeHUs [3—5].

[lepcneKTHBHO MCIIOIB30BaHHUE MOITYTPOBOIHUKOB C HEOJHOPOIHBIMH SIEKTPOHHBIMH COCTOSHUSI-
MU ¥ ¢ OpOMTaNIBHBIM YHOPSIOYCHUEM 3JIEKTPOHOB. B 3TOM ciyyae mepeHoc HOCHTeNel 3apsna ocy-
IIECTBIISETCS 10 ONPENEICHHOMY THUITY OpOUTalel, MoI0KeHHEe KOTOPhIX OTHOCUTEIHHO XUMHYECKO-
ro MOTEHIINAIa MOKHO M3MEHSTh DIIEKTPUISCKUMU W MarHUTHBIMH TIOJISIMH, a TaK)Ke YyIPYTHMH Ha-
MPSOKSHUSIMU. DKCIIEPIMEHTAIBHBIE UCCIIEOBAHNS MATHUTHBIX U JJIEKTPUYECKUX CBOMCTB M PACUETHI
¢ ucrnoib3oBanueM Gpopmyibl Tporrepa B «MonTte-Kapio nporeaype» JeMOHCTPUPYIOT, UTO MEPCIIeK-
TUBHBIMH MaTepHaJIaMU JIJIsl pEIIeHHs TUX 3a/1a4 MOT'YT ObITh MAarHUTHBIE MTOJTYTPOBOJIHUKH HA OCHO-
B€ XaJIbKOI'CHUIOB Maprauua [2, 6].

Lleav pabomvi — cUHTE3, U3yUYEHUE CTPYKTYPHBIX U MATHUTHBIX CBOMCTB TBEPIBIX PACTBOPOB CEJic-
HUI0B Mn;_ Tm,Se.

O0BeKTHI IKCIIEPUMEHTa, CHHTE3 U MeTOTUKU. OObEKTaM1 HACTOSIIETO HCCIICIOBAHMS SIBIISITUCH
COCTaBBI HA OCHOBE XabKoreHn70B Tm—Mn—Se. MoHoceneHu Mapraiia o0namaeT KyOn4ecKond CHHTO-
rueit Trma NaCl, mpocTpaHCTBEHHON TPyIIIbl Fm3m ¢ MapaMeTpoM SIeMEHTAPHONH KPUCTAIITHYECKOI
sueiiku a = 0,5456 aM. MI3BeCTHO, YTO CENEHU/T TYIUS TaKKe KPUCTAIITU3YETCS B KyONYEeCKOM CHHTOHHH
tuna NaCl, npocTpaHCTBeHHON TPyNIIBI F m3m c [apaMeTPOM 3JIEMEHTAPHON KPUCTAIUIMYECKON STUEHKU
a = 0,5640 um [7]. Temneparypa mnaBieHus cenenuaa tynus 1, ~ 2333 K. IIpu Temnepatypax ~ 2003
u ~ 1373 K umerot Mecto Kpuctaminiyeckue (pa3oBble nmpeBpalieHns BToporo poaa. CeneHus TyIusl Tak
XKe, Kak U CeJIeHNU]] MapraHia, siBJiseTcs aHTU(eppOMarHeTHKOM, TOJIBKO C HU3KOH TemmepaTypoit Heemst.
Paznuuue B ~ 4 % B BeJTMYMHAX MTAPaMETPOB JIEMEHTAPHBIX SUEEK IMO3BOJISET MPEITOIOKHUTE O BO3MOX-
HOCTH CYIIIECTBOBAaHMS ITUPOKOH 00IACTH TBEPABIX PAaCTBOPOB B KBa3MOMHApHOM paszpeze MnSe—TmSe.
OTrM 000CHOBaH BBIOOP OOBEKTOB IS CHHTE3a, M3YUCHHUS KPUCTAJUTMICCKOH CTPYKTYPHI B (pa30BOTO
COCTOSTHUSI TBEPABIX PACTBOPOB cucTeMbl Mny  Tm,Se, MONyYeHHBIX TTPU Pa3IHUHBIX PEKUMAX PEaKIIHi
B TBep/Oii (haze u oTKHUre 00pa3LoB MOcie IePBUYHOro criekanus [8—15].

CunTte3 00pa3noB cucreMbl Mn; Tm,Se BbIoNHEH B 1a00paTopuul GU3MKKA MATHUTHBIX MaTepHa-
noB Hayuno-npaktudeckoro nentpa HanuonanbHol akageMuun HayK benapycu o MaTepuaioBeIeHHIO
METOJIOM TBepAO(ha3HBIX PEaKIUil B OMPECIICHHON MOCIIeI0BATeIbHOCTH. Tak, HEOOXOIUMbIE KOJINYe-
CTBa MOPOIITKOB MapraHIla, TYJIHS U CeJIeHa TIIaTeIbHO MEPEeMEITUBAIINCH U 3aTPy KaJIHCh B KBapIIEeBbIe
aMIyJibl ¢ TocienyronumM Bakyymupoanuem 10 10-20 Ila. TTockonbky ceieH UMEeT TOUYKY KUIICHUS
950 K, BbIIIIe KOTOPOH pe3KO BO3pacTaeT JaBleHHE MapoB, TO BO M30€KaHWE B3PbIBA aMITyJl OBLI MPH-
HST CTYINEHUATHINA pexxuM cuHTe3a. [lepBrie 24 1 mommep:xkuBantack Temmeparypa 670-720 K. Janee
aMITyJbl BeIAEpKUBanuch pu Temnepatype 870-970 K. Ilocne sToro Temneparypa nogHumasiach 10
1370 K, u yepe3 2 4 cienoBaja 3akajika aMIyJ B BOJE.

[onyueHHble clieKH MPEACTABISIIN COOOH PHIXJIbIE HEMPOUHBIE CIIMTKH OT YEPHOT'o (IJ151 COCTABOB
¢ mpeoOiajaHueM MapraHiia) A0 Ceporo I[BeTa MM CIEKIINecS MOPOIIKH C YKPYITHEHHBIM 3€PHOM.
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CuHTE3MpOBaHHBIE TAKMM 00Pa30M BEIIECTBA TOABEPTaIiuCh TOMOTEHU3NPYIOMIEMY OTKHUTY TIPH TEM-
neparype 1120 K ¢ nocnenyroreit 3akainkoi.

OTXHT 1 3aKaJiKa TIO3BOJIMIIH MOJIYUHUTH O0Jiee KaueCTBEHHBIE 00pa3iibl 6€3 TPUMECH TIOCTOPOHHEH
¢azpl. CHHTE3UpOBaHHBIC TAKUM 00pa30M CIMTKH UMEJIH CEPOBATO-CEPEOPUCTHIN LIBET U OBLIN AOCTA-
TOYHO MpouHBIMHE. [locie Kaxk1oro aTana CHHTE3a MPOBOIUINCH PEHTTEHOCTPYKTYPHBIE NCCIIEOBAHUS
B CuK,,-M3JIy4EeHUH C LEJIBIO BBISIBICHUS ONTUMAIBHBIX YJHEProcOepEraronux yCIoBHi CHHTE3a HOBBIX
MaTepHajioB, IEPCIIEKTUBHBIX IS TPAaKTUICCKUX MpuMeHeHUH. ToHkue ciaon cenmeHnmoB Mn,_ Tm,Se
(ot 0,8 10 3,2 MKM) CHHTE3UPOBAIM METOAOM TepMHUecKoro ucnapeHus «flash» Ha mpomblieHHOMI
YCTAaHOBKE MPHU NapUUaIbHON MO1aYe MOPOIIKa UCIapseMOro BemecTna ¢ pasmepom 3epHa 0,1-0,3 mm
Ha TAHTAJIOBBIN HCTIAPUTETh, UMEBIINN TeMiepaTypy ~2273 °C.

Mopdomnorus TOBEpXHOCTH U XUMHUYECKUN COCTaB IJICHOK MCCIIEOBAIUCh METOIAMU CKAaHUPYIO-
1Iei 2JeKTPOHHOM MUKPOCKONHH (scanning electron microscopy, SEM) u sHeprogucrnepcnoHHON peHT-
TeHOBCKOH criekTpockonuu (energy dispersive X-ray spectroscopy, EDS). [longepomMoTopHbIM MeTO-
oM B mHTepBaiie Temneparyp 80—-900 K u B marauutaOM mose ¢ uaayknuen 0,86 T ObLTH M3MEpPEHBI
yZAenbHasi HAMarHUYEHHOCTh U MarHUTHasi BOCIIPUUMYHUBOCTD UCCIIENYEMBIX COCTABOB.

Pe3yabTaThl 3KCIIEpUMEHTA U UX 00cyskaeHne. Ha prc. 1 mpuBeneHs peHTreHorpaMMBbl 00pas3IoB
cucteMbl Mn;_, Tm,Se (x = 0,025; 0,05; 0,075; 0,1; 0,3; 0,5) npu pa3IUUHBIX KOHIICHTPAIUIX 3aMCILICHUS
B KATHOHHOH TOZIpENIeTKE IO U TOCIIe TOMOTEHU3NPYIOIIEro OT/KHTA.
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Puc. 1. PerTrenorpammel TBepABIX pacTBOpPOB cucteMbl Mn;_ , Tm,Se 1o (@) u nocie (b)
TOMOT'CHH3HPYIOIIET0 OTHKHUTa
Fig. 1. X-ray diffraction patterns of solid solutions of the Mn; ,Tm,Se system before (a)
and after (b) homogenizing annealing
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Ha pwuc. 2 npeacTaBieHbl peHTTCHOTPAMMBI TOHKHX TIJICHOK TBEPABIX pacTBopoB Mn_Im., Se Ha
npumepe coctasos ¢ x = 0,05; 0,10.
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Puc. 2. PentreHorpaMmbl TOHKUX MIEHOK Mng 9sTmy sSe (a) 1 Mng 9Tm, ;Se (b)
Fig. 2. X-rays of Mng ¢5Tmg ¢sSe (a) and Mn, ¢Tmg ;Se () thin films

PesynbraThl n3ydeHust MOPGOIOTHH MMOBEPXHOCTH U XMMUUECKOTO COCTaBa IJICHOK MeTogamMu SEM
(puc. 3) u EDS noka3zanu, 4T0 IJICHKH OJTHOPOHBI H COCTaB UX COOTBETCTBYET XUMHUYECKOMY COCTABY
MTOPOIIIKOB IIIHXTHI.

B uTore skcnepuMeHTa, IPOBEACHHOTO C UCIIOIB30BAHUEM YKa3aHHBIX METOAOB, YCTAHOBIICHO, YTO
B cucteMe Mn;_, ITm,Se B uaTepBane konueHTpanuii 0 < x < 0,7 oOpa3yroTcs TBEpIble pacTBOPHI C Ky-
OMYECKOW CTPYKTYPOIl MPOCTPAHCTBEHHOMN TPYIIIIBI Fm3m.Tlo pe3ynbrataM aHajau3a qudpaKkTorpaMmm
PEHTTeHOBCKHX MCCIIEIOBAaHUH OMpe/IesieH mapaMeTp a KyOndecKoi 3JIeMeHTapHOUH S9eHKI CHHTE3UPO-
BaHHBIX COCTABOB (Ta0IHIIA).

[lepBoHauanbHO pa3Mephl dIEMEHTAPHON sSUEHKH OBLIM OMpENeIeHbl 0 COOTHOIICHU, KOTOPOe
CBSI3BIBACT MTAPAMETPHI AIIEMEHTAPHON SUCUKHU C BETUIUHON MEKIIOCKOCTHOTO PACCTOSTHUS B COOTBET-

CTBUH ¢ ycioBueM Bynbda—bparra:
MWK + I+

“= 2sin@,,;, M
nmn/c/aB IIapameTp @ 31eMeHTapHOIl s14eiiku
i I_S_e_l TBepAbIX pacTBopoB Mn;_,Tm,Se
15 ] Unit cell paral.neter a .of Mn;_,Tm,Se
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0,075 0,548,
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Puc. 3. Pesynsrar SEM mienku Mg o5 Tmg sSe 0.6 0,563
0,7 0,5664

Fig. 3. SEM result of Mng 9sTmg 5Se
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roe A — nnuHa BomHBl Cuk,-m3mydenus; h, k, [ — magexcsl Musiepa miis manHoro pediekca; 0 —
YTOJI, TIOJl KOTOPBIM HaOmronaeTcs pedexc.

[ns yToOuHeHUs 3HAYCHUU mapaMmeTpa AIEMEHTapHON KPUCTAIIMYECKOW SYEHKHU BBIIIOJIHEH IOJI-
HOMTPO(WIIBHBIN aHaiu3 MeTonoM PutBenpaa [15], KoTopslii mosioxkeH B 0cHOBY Tiporpammbl FullProf.
[lorpemHocTs nonyueHHBIX 3HaueHU coctasuiia +0,002 HM.

Conepxanvie TaOIUIBI CBHIETEIBCTBYET, UTO YBEIMYCHNE KOHIIEHTPAIINHA KaTHOHOB Tm B TBEPABIX
pactBopax Mn;_,Tm,Se npuBoauT K yBeaudenuro napamerpa a ot 0,547 um 1y coctaBa Mng 975Tmyg g255¢
10 0,566 um n1s coctaBa Mng 3Tmg;Se. COOTBETCTBEHHO yBEINYUBAETCA M 00BEM JIEMEHTAPHON KpH-
cTajuInyeckol sueliku. KoHnenTpanronHas 3aBUCUMOCTD TIapaMeTpa a AJIEMEHTAapHON KPUCTAIINYECKOM
SUSHKU a = f(x) mpencTaBieHa Ha puc. 4.

Pe3symprarhl SKCHEpUMEHTa MO HW3YUYEHHIO 0,570 -
KPUCTAJIMYECKOU CTPYKTYPhl CHHTE3UPOBAHHBIX ]
COCTaBOB B KBa3nOMHApHOM pa3pe3e MnSe—TmSe 0,565 4 .
YKa3bIBalOT Ha OTCYTCTBHE HEMPEPBIBHOIO psiaa .
TBEPAbIX pPacTBOpPoB. OCHOBHBIE NPEANOCHUIKU ]
JUlsl OTPAHUYEHHUs MPEJICNIOB PACTBOPUMOCTH UC-  _ 0,560
CIICIIYEMBIX CCJICHHJIOB CIICAYIOIIUE: H0CTaTOYHO = ] "
OompIast pazHUNa TeMIepaTyp TJIaBICHHS Map- 0555 4
raHua " TyJIus; pa3inyHas aKTUBHOCTh XUMMUE- .
CKOT'O B3aUMOJICHCTBUSI XaJIbKOI€Ha S€ ¢ KaTHO- 1
HamMu Mn u Tm; pa3nuuuie B HOHHBIX paguycax
Mn u Tm; HanTU4YUEe MHOTOBAJICHTHBIX COCTOSIHUM 17"

B Mn; mpeamoutrurensHoe oOpa3oBaHHE (asbl 00 01 02 03 04 05 08 07
TmSe, npu nporekannn AU y3UOHHBIX MTPOLIEC- N
COB BBICOKOTEMIIEPATYPHOT'O CUHTE3A.

IlockonbKky I71aBHast OTIMYMTENbHAs OCOOEH-

HOCThH (heppOMAarHEeTHKOB — OO0JIaJlaHue HaMarHU-
HCHHOCTBIO IIPH OTCYTCTBHHM BOSACHCTBHS BHCLI- Fig. 4. Concentration dependence of the parameter a of the
HETO MArHuTHOrO IIOJIA, TO NEPBOHAYAILHO CTa- unit cell of solid solutions of the Mn;_,Tm,Se system
BUJIACH 33/1a4a ONPEACICHUS BEJIMYUHBI YICIbHON
HAMarHMYEHHOCTH M MAarHUTHON BOCIIPUUMYHBO-
CTU CUHTE3UPOBAHHBIX MOJUKPUCTAININYECKUX MOPOLIKOB COCTABOB U M3yUYEHHUE UX TEMIEpaTypHBIX 3a-
BHUCHMOCTEH U1 pa3HBIX COCTABOB 110 COAEPKAHHIO ANieMeHTa TyHs. [10CKOIbKy MarHeTH3M KOHKPETHBIX
aTOMOB 0a3upyeTcs Ha HAIWYUU CIIUHA y AJIEKTPOHOB, OPOUTAIBHBIX MOMEHTOB — y AJIEKTPOHOB M BO3-
MOXHOCTH M3MEHEHHH B OPOMTAIBHBIX MOMEHTaX, MHIyIIHIPOBAHHBIX BHEITHUM MAarHUTHBIM TIOJIEM, TO
Ba)KHO BBISIBUTH HOBBIE 3aKOHOMEPHOCTH X OCOOCHHOCTH B3aMMOCBSI3U MEX1Yy HUMH B Pe3yJIbTaTe BHEIL-
HUX DHEPTeTHUYECKIX BO3JEHCTBHIA, COMMPOBOKIAFONTUXCS (ha30BBIMH MTPEBPAILICHUSIMH.

Pe3ynbTaTel SKCHepMMEHTa MO M3YyYEHHIO TEeMIepaTypHBIX 3aBUCHUMOCTEH YAeNbHOW HaMarHu-
YEHHOCTU U YIEIbHOM MATHUTHOM BOCHPUUMYUBOCTH MOJUKPUCTAIIMYECKUX MOPOILIKOB COCTaBOB
Mn;_,Tm,Se u NIeHOK CBUAETENBCTBYIOT 00 U3MEHEHUHU BEJTMYMH MarHUTHBIX XapaKTEPHCTUK Bellle-
CTBA C YBEIIMUECHHUEM COAEPKAHUS TYIUsI IPU KATUOHHOM 3aMEILCHUU.

Ha puc. 5 npeacraBieHbl TemMnepaTypHble 3aBUCUMOCTH y/IeTbHON HAaMarHMYEHHOCTH MOPOIIKOB
TBEPABLIX pacTBopoB Mn;_,Im,Se (x = 0,05; 0,1; 0,2; 0,3).

IIpu Temmepatype ~ 80 K, korma TermioBsle KojicOaHUS aTOMOB B y3JIaX AJIIEMEHTAPHOW KPHUCTAJI-
JMYECKON SYCHKH 3HAUUTEIBHO OCIa0JICHBI, BEIMUNHA yeTbHONH HAMarHUYeHHOCTH MOPOIIKOB H3Me-
Hsaetcs ot 0,64 A-m2xr ! s oOpasna ¢ xoHneHTpamueit x = 0,05 no 2,24 A-M2xr! s obpasma
¢ KoH1IeHTparuei x = 0,7.

CrnenyeT OTMETUTB, UTO X0/ TEMIEPATYPHBIX 3aBUCUMOCTEHN YAEIbHOW HAMarHU4€HHOCTH, a TaKXkKe
3aBucumocteii 1072/y = f(T) HACHTHYCH IIPH U3MEPEHHAX B PEIKUME «HATPEB-OXJIAXKICHUC», IIPH ITOM
MarHUTHBIE XapaKTePUCTHUKH UCCIENYEMBIX COCTABOB COXPAHSAIOT CBOU BEJIMUUHBI U YCTOWUHBBHI K MTPO-
rpeBy o temmeparypsl ~ 900 K. BeisBieHHass 0cOOEHHOCTh UMEET MPaKTHYECKOe 3HAYCHHE: UCIIONb-
30BaHME BIIEPBBIC CHHTE3UPOBAHHBIX HOBBIX BELIECTB B MPUOOPHBIX MATPHIIAX MOXKET 00ECIEYUTh UX
YCTOWYHUBYIO pabOTy B IIMPOKOM WHTEPBAJIE TEMIIEPATyp.

0,550 4

Puc. 4. KoHueHTpanoHHas 3aBUCUMOCTb IIapaMeTpa a dJe-
MEHTapHOW KPUCTAININUECKON S4YeHKH TBEPIAbIX pacTBOPOB
cuctembl Mn;_,Tm,Se
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Puc. 5. TemnepaTypHble 3aBHCHMOCTH YAEIbHON HAMarHMYEHHOCTH TBEpABIX pacTBopoB Mn; ,Tm,Se: a — x = 0,05;
b—-x=01;c—x=02;d—x=0,3
Fig. 5. Temperature dependences of the specific magnetization of solid solutions Mn;_,Tm,Se: @ — x = 0.05; b — x = 0.1;
c—x=02;d-x=0.3

B okpecTHOCTH KOMHATHBIX TEMIIEPATyp HAOMI0AAETCS aHOMAJIBHBIM X0 TEMIEpaTypPHBIX 3aBUCH-
MOCTEH HaMarHMYeHHOCTH ¥ MarHUTHOW BOCHPUUMYHBOCTU HCCIIEAYEMBIX COCTABOB, UTO, BEPOSITHEE
BCEr0, MOJKET CBHAETENbCTBOBATh 00 M3MEHEHUSAX KPUCTAJIIMYECKOIO COCTOSIHUSL C OCOOCHHOCTSIMHM
B3aMMOJICHCTBUSI U YIIOPSIAOUCHHS] HIOHOB KaK B AaHUOHHOM, TaK ¥ KATHOHHOW IOAPEIIETKAX.

Ha puc. 6 npenacraBieHbl TeMnepaTypHble 3aBUCUMOCTH YAEJIbHOW HAMAarHUYCHHOCTH TUICHOK
Mn;_Tm,Se coctaBoB ¢ koHuentpanueit x = 0,05; 0,1. Ilpu Temneparypax BOIU3H KUIKOTO a30Ta
BEIIMYUHBI yIEIbHOH HAMAarHWYEHHOCTH HCCIEAYEMBIX COCTaBOB UMEIOT, COOTBETCTBEHHO, 3Haye-
Hus: 6 ~ 0,08 A-M> kr ' 16~ 0,09 A-M>-Kr .

[Ipu u3MeHeHNH KOHLCHTPAIMK COACPKAaHUS B IUICHKAX TYJIHUs BCEro Ha 5 % MPOUCXOIUT yBEIHYe-
HUe y/enbHOM HamarHuuenHocTH Ha 0,1 A -m?-xr |, ViMeeT MecTo  pas3inyue B X0 TEMIEPaTyPHBIX
3aBucumocteit ¢ = f(T) B maTepBaie temneparyp 80 K < 7'< 150 K.

Ilocnennee cBUAETENBCTBYET 00 N3MEHEHUN OOMEHHBIX MAarHUTHBIX B3aMMOICHCTBUN MEXIy Ka-
THOHAMU B TOHKHX CIIOSIX C BBEJICHHEM B COCTaB HEOOJBIION KOHIICHTpAINK Tyusl. VI3MepeHus yaens-
HOW HaMarHWYeHHOCTH IJIEHOK B mHTepBase temmeparyp ~ 80 K < 7 < 350 K no3BonstoT onpenenuTsb
BEJIMYHMHY CPEJHEro MarHHTHOIO MOMEHTa IUICHOK B eIMHUIIAX MarHeToHa bopa aus mo6oit Temnepa-
TYPHOW TOYKH 3TOTO WHTEPBaJia, UCIOJIb3Ysl COOTHOILLICHHE

oM

Mmidl = N_A UB> )

rie Na —uucno ABorajpo, g — BeIMYMHA MarHeToHa bopa, ¢ — yaenpHas HaMarHU4eHHOCTb, M — Mo-
JIeKyJISIPHBIN Bec.
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Fig. 6. Temperature dependences of the specific magnetization of thin films Mng 9sTmg ¢sSe (a) and Mng¢Tmg ;Se (b)

Temneparypusie 3aBucumoctr ¢ = f{(T) B untepBaiie ~ 80 K < 7'< 350 K no3Bosnsttor HabIr01aTh Mpo-
siBIIeHUE cadoro heppomarauTHoro B3ammoneicTus mpu 7' < 300 K ¢ BemnaumHaMu CpeHero MarHUTHO-
0 MOMEHTA [yiq = 2,02+ 107 U U Wial = 2,38+ 107 Ig B pa3pe3e MnSe—TmSe. YcTaHOBIIEHO, UTO Cpea-
HUW MAarHUTHBIA MOMEHT TOHKHX TUJICHOK YBEJIMYUIICS TP JOMUPOBAHUU CEJICHHUIA MAPTAHLIA TYIHEM.

DKCHEPUMEHT TI0 U3YUCHUIO TEMIIePATyPHBIX 3aBHUCHMOCTEH yIEIbHOW HAMAarHWYEHHOCTH ITOJTH-
KPUCTAJUTMYECKUX MOPOIITKOB M TOHKUX IIEHOK cocTaBax Mn;_,I'm,Se mpu 3amMenieHnu KaTHOHOB Map-
raHi@a TyJIueM yOCIUTEIbHO JEMOHCTPUPYET, YTO MMEET MECTO BO3HHUKHOBEHHUE ciiaboro ¢eppomar-
HHUTHOT'O B3aUMOJICHCTBUS B aHTU(HEPPOMATHUTHOW MaTPHUIIE CEICHUIA MapraHIa.

3akiarouenue. MeTomom peaknmii B TBepaod (ase CHHTE3UPOBAHBI  CENICHHIbI Mn;_ITm,Se
(0 < x £ 0,7) ¢ kyOM4eckoil CTPYKTYypOH MPOCTPAHCTBEHHOU TI'pymibl Fm3m. YBenuueHue KOHIICH-
Tpanuy KaTHOHOB TM MPUBOAMT K YBETWYCHHIO MTapaMeTpa a dyIeMeHTapHon stueiiku oT 0,547 HM nns
cocraBa Mn 975Tmg g25Se 10 0,566 M 11s coctaBa Mng3Tmg;Se. Metonom «flash» cunTesnpoBansl
ToHKue cion Mn;_,ITm,Se. TonmuHel MIEHOK 3aKII0YCHBI B HHTEpBaje 3HaueHuit ot 0,8 mo 3,2 MKM.
OrnpeneneHpl BETMYUHBI YASTFHOW HAMAarHUYCHHOCTH U MAarHUTHOW BOCIIPUMMYUBOCTH TBEPIBIX pac-
tBopoB Mn;_,Tm,Se (0 < x < 0,7) B unTepnane temneparyp ~ 80-900 K. YcranosieHo, 4To BeTudnHa
yIenbHOIl HaMarHUYeHHOCTH npHu Temnepatype ~ 80 K m3mensercss ot 0,64 A-m?-xr ! n1s o6pasua
¢ konueHTpanueii x = 0,05 10 2,24 A-m?-kr! — st o6pasiia ¢ KoHueHTparuei x = 0,7.

Pa3paboTana MeToqMKa CHHTE3a HOBBIX MAarHUTHBIX MOJYIPOBOIHUKOBBIX BEIIECTB, B TOM YHCIE
U B IJICHOYHOM COCTOSTHUU. HOBBIE BelIecTBa MOKHO UCTIOIB30BATh B YCTPONUCTBAX MUKPOIICKTPOHUKHI
MHOTO(DYHKIIMOHATFHOTO Ha3HAUCHUs. PeKMMBI CHHTE3a W CBOWCTBA HOBBIX MAaTEPHAJTIOB MOTYT CITy-
JKATh CIIPaBOYHON MH(OPMAIMEN ISl TEXHOJIOTOB AIIEKTPOHHOHN MPOMBIIIUICHHOCTH, TIPH pa3paboTKe
HOBBIX MEPCIIEKTUBHBIX MaTEPHAJIOB, CIOCOOHBIX Pad0TaTh B IIUPOKUX UHTEPBAJIAX TEMIICPATYP U BO3-
JIEUCTBUS BHEITHUX MAarHUTHBIX TOJICH.
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B.T. Cenrorn

Obvedunennvlil uHcmumym mauwiunocmpoerus Hayuonanvroti akademuu nayk Berapycu, Munck, berapyco

HOJYYEHUE HAHO- U MUKPOITIOPOIIIKOB KYBUYECKOI'O BN
N3 MEXAHOAKTUBUPOBAHHOI'O I'PA@OUTOIIOJOBHOI'O BN B YCJIOBUSX
BBICOKMX JABJIEHUI U TEMIIEPATYP C UCITIOJIb30OBAHUEM AJTIOMUAHUS
B KAYMECTBE HHUILIUATOPA ®A30BOI'O ITPEBPAILIIEHU A

AHHoTanus. PaccMOTpeHO BIMsAHME MEXaHOAKTHBALMH I'paduTONOJ00HOTO (reKcaroHanabHOro) Hutpuaa dopa (hBN)
Ha MPOIeCcC KaTaJIUTHYECKOr0 CHHTE3a B YCIOBHSIX BBICOKHMX JAaBJICHHH M TEMIIEpaTyp HAHO- ¥ MHKPOIIOPOLIKOB KyOmde-
ckoro HuTpuaa 6opa (CBN). BeIIBUHYTO MpearoiokeHue, 4To B X0Je MexaHOakTHBauuu B cTpykrype hBN npoucxoaut
oOpa3oBaHMe 3apojbINIel IUIOTHRIX (a3 HUTpuaa 60pa — KyOMUecKoil M BIOPIUTHOM, KOTOpPBIE CITy>KaT IEHTPaMH KPUCTAI-
JIU3aLUH, CTUMYJIHPYIOIIUMHU TIpoliecc popMupoBanus kpuctaiuioB cBN npu nocnenyromieii Tepmodaprudeckoil 0o6padoTke.
JlomomHUTETbHOE XUMUKO-TepMudeckoe MoguduiupoBanre hBN amoMuHneM, BRICTYMAIONIIM B KaueCTBE KaTaln3aTopa
(mannmaTopa) daszosoro npespamienuss hBN B ¢cBN, Hapsay ¢ yBenuueHHneM JaBJICHUS] CHHTE3a CIOCOOCTBYET CYIIECTBEH-
HOMY TIOBBIIIEHMIO cofepkaHust cBN B crexax. Tak, BBenenue nodaBku Al B konndectBe 10 Mac.% MPUBOAUT K POCTY CO-
nepxxanus Gassl cBN ¢ 10-15 % npu naBnennn cunresa 2,5 I'lla no 90 % npu nasnenun 5,5 I'Ila. I1pu sToM pasmep 3epen
cBN, oLleHEHHBII METOJaMU CKAHUPYIOWIEH U aTOMHO-CHUIOBOH MHUKPOCKOIIMH, COCTaBIACT mpeumyectBeHHO 200—400 HM
n 40—120 HM [Tt 00pas3IOB CIIEKOB, CHHTE3MPOBAHHEIX TIpH faBieHuu 2,5 u 5,5 I'Tla coorBeTcTBenHO. [loBRIIIEHNE CONEp-
xaHusg nHunuaropa ¢ 10 1o 40 mac.% nmpu yBeIMYEeHUN BPEMEHH H30TEPMUUECKOH BBIIEPKKH ¢ 15 10 60 ¢ B HCClIeI0BaHHOM
JMana3oHe JaBICHUN U TeMIIepaTyp MPUBOIUT K (OPMUPOBAHHUIO CPOCTKOB 3epeH cBN HaHO- U CyOMHKPOHHBIX pa3MepoB
U OTJICIbHBIX MOHOKPHUCTAIIOB ¢BN KyOHueckoro raburtyca 3epHUCTOCTBIO 1—4 MKM, a TaKk)Ke MOJMKPUCTAIIHYECKUX Ya-
ctury cBN ot 10 no 50 mxm. [Ipu 5TOM MakcuMyM pacrhpeneseHUuss MUKporopomkoB cBN mo pasmepam B auama3oHe 10
50 MKM NpUXOAUTCS Ha yacTUlbl 10 5 MKM (~ 70 %). B cyOMUKPOHHOM J1Mana3oHe 36pHUCTOCTEH MAaKCHUMAaJIbHBIA BBIXOJ
(~ 50 %) ormeuaercs ans gactun cBN pasmepom 0,5-0,7 mxwm. [TonydeHHBIE MTOPOMIKH MOTYT OBITH HCTIONB30BAHBI TSI H3-
TOTOBJICHU S a0Pa3UBHOTO M JIC3BUITHOTO MHCTPYMEHTA.

KuroueBble c1oBa: MexaHWUYeCKas akTHBAus, (a30Boe MpeBpalieHue, MOAUGUIINPOBaHUE, HAHOCTPYKTY PHBII KyOu-
YecKHi HUTpHJ O00pa, BEICOKOE JaBJICHHE U TeMIIepaTypa, CHHTE3

Juast uutupoBanus: Centors, B. T. [lony4yeHne HaHO- 1 MEKPONIOPOIIKOB KyOnueckoro BN 13 MeXaHOaKTHUBHPOBAHHO-
ro rpagurtonono6Horo BN B ycrnoBusX BBICOKHX JaBIEHHUII M TEMIIEpaTyp ¢ UCIOIH30BAHUEM AIOMHHHUS B KaUeCTBE HHU-
nuaropa dasosoro npesparuenus / B. T. Centots // Bec. Han. akan. naByk Benapyci. Cep. ¢i3.-1oxH. HaByk. — 2022. — T. 67,
Ne2. — C. 144-155. https://doi.org/10.29235/1561-8358-2022-67-2-144-155

Vladimir T. Senyut

Joint Institute of Mechanical Engineering of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus

PRODUCTION OF NANO- AND MICROPOWDERS OF CUBIC BN FROM MECHANICALLY ACTIVATED
GRAPHITE-LIKE BN UNDER HIGH PRESSURES AND TEMPERATURES USING ALUMINUM AS A PHASE
CONVERTION INITIATOR

Abstract. An effect of mechanical activation of graphite-like (hexagonal) boron nitride (hBN) on catalytic synthesis of
nano- and micropowders of cubic boron nitride (cBN) under conditions of high pressures and temperatures is shown in the
article. It has been suggested that nuclei of dense phases of boron nitride (cubic and wurtzite) are formed in the hBN structure
during mechanical activation they serve as crystallization centers stimulating the formation of cBN crystals under subsequent
thermobaric treatment. Additional chemical-thermal modification of hBN with aluminum as a catalyst (initiator) for the phase
transformation of hBN into cBN leads to a significant increase in the content of cBN along with an increase in the synthesis
pressure. Thus, the introduction of Al additives in the amount of 10 wt.% leads to an increase in the content of the cBN phase
from 10-15 % under synthesis pressure of 2.5 GPa up to 90 % under pressure of 5.5 GPa. In this case, the grain size of cBN,
estimated by scanning and atomic force microscopy, is mainly 200—400 nm and 40—120 nm for the samples synthesized under
pressure of 2.5 and 5.5 GPa, respectively. The increase in the content of the initiator from 10 to 40 wt.% with an increase in iso-
thermal holding time from 15 to 60 s in the studied range of pressures and temperatures leads to the formation of intergrowths
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of cBN grains in nano- and submicron sizes and individual cBN single crystals of a cubic habit with a grain size of 1-4 um, as
well as polycrystalline ¢cBN particles from 10 to 50 um. In this case, the maximum size distribution of cBN micropowders in
the range up to 50 pm falls on particles up to 5 um (~ 70 %). In the submicron grain size range the maximum yield (~ 50 %) is
marked for ¢cBN particles 0.5-0.7 pm in size. The obtained powders can be used to make abrasive and cutting tools.

Keywords: mechanical activation, phase transformation, modification, nanostructured cubic boron nitride, high pressure
and temperature, synthesis
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Beenenue. [Ipu Boiycke aOpa3uBHOTO U JIE3BUHHOTO MHCTPYMEHTA JJISI BEICOKOIIPOM3BOIUTEINb-
HOH 00pabOTKM 3aKajJeHHBIX CTaJlel, YyTYHOB, H3HOCOCTOWKHMX MOKPHITUH, HAIABOK U T. . IIHUPOKO
ucnonbs3yeTca Kyondeckuit HuTpua 6opa (KHB, cBN), yerynaromuii mo TBepaocTu anMasy 1 00J1aaaro-
M TPU ATOM 00Jiee BBICOKOH TEPMOCTOMKOCTHIO M XUMHYECKONH HHEPTHOCTHIO [1, 2].

[IpomblnuIeHHOE TPOU3BOACTBO NOPOIIKOB cBN ocHOBaHO Ha (ha30BOM MpeBpalieHUH rpaduTono-
nobnoro Hutpuaa 6opa (hBN) B kyOndeckuii mpu BBICOKMX AAaBJICHHUSIX U TEMIEpaType B IPUCY TCTBUH
KaTaJIu3aTopoB (MHUIMATOPOB) peBpameHus [3]. Kak mpaBuiio, MeTO/ CIIOHTaHHOW KpUCTAJIIIH3aLUH,
UCTIONIb3YEMBIH B MPOMBILUIEHHOCTH, MO3BOJISICT d3PPEKTUBHO CHHTE3UpoBaTh nopoumku cBN ot equ-
HUI] JI0 HECKOJIBKMX COTEH MHKpoMeTpoB. CHHTE3 HaHO-, CyOMUKPO- U MHUKPOHOpoImKoB cBN y3kux
(paknuil conpsikeH o 3HAYUTENbHBIM YAOPOKaHUEM MpoLecca MPOU3BOACTBA TAKUX ITOPOIIKOB, YTO
00yCIIOBJIMBAET X BBICOKYIO CTOUMOCTD Ha PHIHKE.

B T0 xe BpeMs MOBBILLICHHE YPOBHSI (PU3MKO-MEXaHUUECKUX U HKCILTyaTallMOHHBIX XapaKTEPUCTHK
JIC3BUIHOTO W aOpa3HMBHOTO MHCTPYMEHTa CBS3aHO C MPUMEHEHHEM HaHO-, CYOMHUKDPO- U MHKPOIO-
pomkoB cBN ¢paknmii 3epauctoctsio 0,1-10 MrM.

[HosTomy pa3paboTka 3h(heKTUBHBIX BHICOKOITPOM3BOAUTEIBHBIX ITPOLECCOB MOTYUCHHS AUCTIEpPC-
HBIX MopomkoB ¢cBN y3koro ¢pakunoHHOro coctaBa, COOTBETCTBYIOIETO HAHO- U CYOMHKPOHHOMY
(MUKpOHHOMY) IMana30HaM 3€PHUCTOCTH, SIBJIACTCS CETOHS aKTyaIbHOU 3aJauei.

Biausinme MexaHoakTHMBanuH Ha TpaHchopManuio CTPYKTypsl M ¢a3zoBoro cocraBa hBN.
OpakIMOHHBIN COCTaB (3€PHUCTOCTD) U CBOMCTBA MOPOIIKOB CBN 3aBUCSAT OT psia TEXHOJIOTMUYECKUX
(hakTOpOB, MpeKae BCEro JABICHUS, TEMIIEPATyPbl U BPEMEHU CHHTE3a, BUJAa KaTajlu3aTopa, a TakKe
OT JAWCIIEPCHOCTHU U CTPYKTYPHOT'O COCTOSTHUS ncxonuoro nopomrka hBN [4—6]. B [7-9] onucano 3Ha-
YUTENbHOE BIMSHUE MEXaHUYECKOH akTHBauMK Ha cTpykTypy hBN, crenens n nmapamerpsl ero nocie-
nyroiero npespaiieHus B cBN.

Tak, n3zyuenue npouecca oopadorku nopomka hBN B mapoBoii MenbHULIE TOKA3a10, YTO B 3TOM
ciryyae Habmomaercs uamenpueHue yactull hBN, conpoBoxkaaromieecs: CHUKEHHEM pa3Mmepa o0siacTei
korepeHTHOr0 paccesaus (OKP) hBN ot 120 am mis ucxomnroro o 100 HM 1711 00paboTaHHOTO B Tede-
HUe 7,5 9 1 10 63 HM — 17151 oOpaboTanHOTO B Teuenue 15 1 mopomka hBN. Takke oTMeuaeTcs yMeHb-
HICHUE MAapaMETPOB PEHICTKH U, KaK CJICACTBUE, CHIDKEHHE 00beMa DIIECMEHTApHON STYeHKH B MEPBOM
ciryyae Ha 0,059 % u Bo BTOopom — Ha 0,171 %. CnBur peduiekcoB Ipu yBeIMUYEHUN BPEMEHN MEXaHUYe-
CKOl 00pabOTKHU B CTOPOHY OOJNBIINX YIJIOB U UX YIIMPEHHE CBUJICTEILCTBYIOT O Pa3BUTHH Je(PEKTHOM
ctpykTypbl hBN. ®a30BbIii cocTaB mopoiika mpu 3ToM He u3MeHsieTcs [9].

B [10] 6p1110 MoOKa3aHo, 4TO MexaHu4eckas aktTuBanus (MA) B IIaHeTapHON METBHUIIE B TEUCHHE
10 MUH TPUBOAMT K 3HAYUTEIFHOMY YBEIMUYEHUIO YJENbHOW moBepXxHOCTH mopomka hBN ¢ 2.4 no
85,5 m?/r. C pocToM BpeMeHH 06paGOTKH MPOMCXOAUT TpaHChOpMAIHs CyOCTPYKTYPhl HCXOMHBIX Ua-
ctuy hBN oT kpucTaninueckoll K HaHOKpUCTAJIMUEcKoH u amopdHoi. JlanbpHeliee n3MelbueHUE
B T€4eHHUE 4 4 M03BOJIAET NOIy4uuTh yacTullbl BN pazmepom 35-300 HM.

Ilo nannbiM [11] ocHOBHAs ¢aza nociae MA mopoiika kKak B aTTPUTOPE, TaK U MJIaHETAPHOW MEIbHU-
e — hBN. Ilpu 3Tom 00paboTka B MeJIbHUIE TPUBOAUT K 3HAUYNTEIBHOMY CHUKCHUIO HHTEHCHUBHOCTH
peduekca ot muockoctH (002) dazer hBN, a Takke K CMELICHHUIO YTIIOBOTO MOJIOXKECHUS U yIINPCHUIO
peduekca (002) hBN, uto 00ycnoBieHO yMEHBIIEHUEM pa3MePOB KPUCTAILUIHTOB, ((OPMUPOBAHHEM JIe-
(eKTHOH CTPYKTYpPBI M Ipoueccamu pasynopsaoueHus (amopdusanun) hBN. bonee nnteHcuBHas ax-
THUBaLUA B IJIAHETAPHOM MEJBbHULE CIIOCOOCTBYET (POPMUPOBAHUIO YacTULl ¢ Oonee MenkuM (B 10 pas)
pazmepoM KpucTaIauToB (4—10 HM), yeM MEXaHOAKTHBALMS B aTTPUTOPE, IPU 3TOM yJeJbHas IO-
BEPXHOCTh aKTUBUPOBaHHOr0 nopoiuka BN yBennuuBaeTcs B 3—6 pa3 10 CPaBHEHUIO C aTTPUTOPHOU
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obpabdotkoii. [Topormok hBN mocite akTHBaIuu HAXOMUTCS B arPETHPOBAHHOM COCTOSTHUH M TIPEIICTAB-
nset arperatsl pazmepoM 0,5-2,0 MKM, COCTOSIIIIUE U3 OTACABHBIX yacTull pazmepom 50-200 um [11].

B [12] nokazano, uto B pesynprate anutenbHor (180 1) mexaHoakTuBanuu hBN B mmaneTapHoii
MeJIbHUIE HaOoaaeTcsi 00pa3oBaHUe MPOJYKTa Ha OCHOBE HAHOKPUCTAIIIMYECKOTO U aMOp(H3HPO-
BanHoro hBN ¢ TypOocTpaTHON CTPYyKTYpoO#l ¢ pa3MepoM 3epeH HaHOKPUCTaIIIOB MeHee 3 HM. B moay-
ueHHOM aMopdHOM (a-BN) Hapsmy ¢ sp>-rHOPUIM3HPOBAHHBIMU MEKATOMHBIMHU CBSI3SIMU OTMEUAETCS
HaJIMYHUE CBA3EH Sp°-THIIA, XapaKTEPHbIX IS aTMa30M0J00HBIX CTPYKTYP.

B [13] ycranoBieno mpespamenrie hBN B mporiecce MEXaHMYECKOW aKTHBAIIMU B TIJIAHETapHOU
MEJIBHUIC B aMa30mog00HbIe (a3bl BeicOKOro naieHus (BroopuuTHbeii BN (WBN) u cBN). Ilocne
12-yacoBoii 00pabOTKM BBIXOA yKa3aHHBIX (a3 coctaBui nopsaka 20 % v He U3MEHUJICA MPH Jajlb-
HEHIIeM yBeIMUCHUH JUTUTEIBHOCTH, YTO TOBOPUT 00 00paTuMoM xapakrepe (Ha30BOro mpeBpalieHus.
Ooparnsiit nepexox ¢azel cBN B hBN ¢ pekpucTannuzanueil mocieinero B npouecce MeXaHoaKTHBa-
nuu hBN mabmomancs Takke B [10].

[Nocne xumMuveckoi 00paboTKH (OUMCTKH) akTHBHpoBaHHOTO hBN ¢ menbio ynaneHus HaMmona jxene3a
n yactu amop¢usupoanHoro hBN ocraeTcsi MOpPOIIOK CBETIO-KEITOBATOIO IBETA, XapaKTEPHOro IS
cBN, B xommuectBe 5—20 Mac.% ot Maccel ucxomnoro hBN. JlaHHBIE peHTT€HOCTPYKTYPHOTO aHAIN3a,
a TaK)Ke HaJIMYKE Y JaHHOTO TOPOIIKa a0pa3uBHOM CIOCOOHOCTH MOTYT CBHIETENBCTBOBATH 00 00pa3o-
BaHUH B CTpykType hBN 3apombireii mioTHRIX (a3 HUTpuaa 60pa — KyOMIecKoH U BIOPIIUTHOM, KOTOPBIE
SIBIISIIOTCS IIGHTpaMu Kpuctaiumn3aunu cBN nipu panbHeiimeid Tepmobapudeckoit oopadotke [10, 11, 14].
[Tpu sToM moGaBka 1-3 mac.% HaHOATMa30B B KaYECTBE aKTHUBATOPa CIIOCOOCTBYET MOBBIMIEHHIO COAEP-
xanud ¢asel cBN B mexanoaktuBrpoBanHoMm hBN (mat. BY 8324 «Crnioco6 nony4eHus mopomkoB Kyou-
4ecKoro HuTpuaa 6opay, aBropsl — [1. A. Butsize, B. T. Centots, JI. M. I'amesa, A. A. CredanoBuy).

TepmoGapuueckast 00padoTka Mexanudecku akrTusupoBannoro hBN. Mssectho, yto MA hBN
MPUBOANT K CHHKEHHIO MapaMeTpoB TepMmobdapuyeckoil oopaboTku npu cunTteze cBN. Tak, npu wuc-
MTOJIb30BAaHWHM B KadecTBe MCXOomHoro marepuania hBN, oOpaboTaHHOro cHadajia B BHOPOMEITLHUIIC,
a 3areM noj aasieHueMm 7,7 I'lla, nocturaercst cumxkenue Temnepatypsl cuaTe3a cBN na 200 °C no
cpaBHeHHIO ¢ HeoOpaboTtanHbsIM hBN [15]. Cniekanne MexanoakTuBupoBaHHOTO ropoinka hBN 6e3 ax-
THBUPYIOIIUX T00aBOK B Auamnas3one aasiueHui 6,0—7,7 ['Tla u mpu temneparype g0 2200 °C mo3BoseT
chopMHpOBaTh HAHOCTPYKTYPHBIN MOJMKPHCTAJUIMUECKUI cBepxTBepnblii matepuan (IICTM) npeu-
MYIIIECTBEHHO Ha 0cHOBE (pa3bl cBN ¢ pazmepom 3epen B mpenenax 0,4—1,1 MxM. B cBoro ouepens 3epHa
KyOHMYeCcKOro HUTpHIa 00pa XapaKTepu3yrTcs (hparMeHTUPOBAHHON CYOCTPYKTYPOI ¢ pa3mepom cyo-
3epeH Ha ypoBHe 25-50 umMm [11].

Tepmobapuueckas oopadotka nopoinka hBN mociie MA 6e3 1o0aBok npu 0oJiee HU3KUX Iapame-
Tpax (maBnenue 3,5-5,5 I'lla u Temneparypa 1100—1350 °C), cooTBETCTBYIOMKX YCIOBUSAM MPOMBIIL-
JIEHHOTO CHHTEe3a MopomkoB cBN, mpuBoauT kK 00pa30BaHNI0 HAHOCTPYKTYPHOT'O KOMITO3HUITHOHHOTO
MaTepuaina, (azoBblii COCTaB KOTOPOTO MPEACTABICH MPEUMYLIECTBEHHO I'eKcaroHajJbHOU (rpaduro-
oo0HoH) (azoit BN ¢ mpumecsiMu KyOHm4eckoro, poMOO3ApHYECKOro, OPTOPOMOMIECKOTO U TeTParo-
HajbHOrO BN HectexmomeTpuuHoro cocraBa. Poct Temmeparypbl TepMoOaprueckoil 00paboTKH BhIIIE
1350—1400 °C B yka3aHHOM Juana3oHe JaBJICHUI MPUBOAUT K 00pa3oBaHMIO I'paduTONOIOOHOTO HU-
tpuna 6opa hBN [16]. Takum 006pa3zom, pe3ylbTaThl KCIIEPUMEHTAIBHBIX padoT Mo criekanuto hBN mo-
ciie MA 0e3 akTHBHPYIOIIUX JOOABOK MPH BBHICOKUX JIABJICHUAX YKa3bIBAIOT HA BO3MOXKHOCTbH CHUHTE3a
(a3er cBN mipu 6oee HU3KHX TeMIeparypax. Tepmobapudeckass 00padboTka MEXaHOAKTHBHPOBAHHOTO
nopomika hBN B ycloBHSX BBICOKMX JaBICHUH W TeMIepaTyp MPUBOAUT K 00pa30BaHUIO HAHOCTPYK-
typHoro [ICTM na ocHoBe cBN. Ilpn omHOBpeMEHHOM CHMKEHHUH JABJICHUS U TeMIIepaTypsl (OpMu-
pyeTcs KOMIO3UIIMOHHBIN MaTepual Ha ocHoBe hBN ¢ HeBbicokuM copepxanuem cBN.

CrumynupoBaTh nponecc obpazoBanust cBN npu Oonee Huskux nasieHusx (4—5 I'Tla) Bozmox-
HO 3a CYeT UCTOIL30BaHUS KaTaIn3aTOpoB (MHUIIHATOPOB) azoBoro mpespamieans hBN — ¢cBN [17].
Hanpuwmep, npumenenne mexanoaktTuBupoBanHoro hBN npu cuntese cBN B nmpucyTcTBUN HHUIIUATO-
poB nosbIaeT crenedb npespamenns hBN — ¢BN ¢ 40 no 70 % (o mMacce) npu mosry4eHun OTHOCH-
TEeNbHO KPYMHO3epHUCTHIX (40315 MxMm) moporrkoB cBN [14]. TloBeIienre UCIEPCHOCTH MOPOIITKOB
(HaHO- M CYOMMKpO3epHHUCTOCTEH) TpeOyeT yBEIWYCHHs IIapaMeTpOB CHHTE3a, YTO yIOPOXKAET MPO-
IyKT. B TO e BpeMs Ha MpakTHKe CETOJHS CTOHT 3ajaya IMOBBIMICHUS BBIXOJAa HAHO-, CYOMHKPOIIO-
pourkoB cBN nipu 6onee HU3KUX apaMeTpax CHHTE3a, IPEKEC BCEro NaBICHUS.
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Iloatomy yenv nHacmosweli pabomel — N3ydeHNE MPOIECCOB TOTYYEHHUS JUCIEPCHBIX MOPOIITKOB
cBN u3 mexanoakTuBupoBanHoro hBN B mpucyTcTBUM KaTaiu3aropa (MHULIHaTopa) Ga30BOro npespa-
mennss hBN — c¢BN B ycroBHSX BBICOKHX JaBJIIEHUU M TEMIIEPATYP, COOTBETCTBYOIIUX MMapameTpam
IIPOMBIIIJIEHHOTO cuHTe3a CBN.

Hcxonnble MaTepuabl 1 MeTOAMKH HCCIeI0BaHNi. B xauecTBe MCXOMHOTO MOPOIIKA HCHOJb-
3oBau hBN mpomsBoactBa [IAO «3amopoxabpa3uB» (YKpanHa) ¢ coiepKaHHEM TeKCaroHaJIHHON
daser 97-98 % ¢ pasmepamu vactuil ot 5 n0 100 MmkMm. Mexanudeckyr aktuBaiuio noporrka hBN
OCYIIECTBJISIN B TUIAHETAPHOHN MIapOBOW MeNbHUIlE « AKTUBATOp-2S» (Poccust) mpu ckopocTy Bpartie-
Hus Oapabana 1820 06/MuH B Teuenue 10 muH. OTHOIIEHHE MacC Pa3MOJIBHBIX TEJl K Macce 00padaThl-
BaeMoro ropoika (Mmi/M) cocraBuiio 10.

ITocie MA mopoImok mofBeprajin O4NCTKE OT HaMoJla jkejie3a myteM TpasieHus B 10%-nom BozI-
HoM pactBope HCI ¢ mocnenyromieil mpoMbIBKOM B AUCTUIUIMPOBAHHON BOJE U CYIIKOW. YacTHIIBI MO-
pomka hBN nocie MA umenn pazmep B npeaenax 0,05-0,20 MxM, yaenapHast MII0Maab TOBEPXHOCTH,
YCTaHOBJICHHAS METOIOM OIIPEIENIeHHsl yIebHOM ToBepXHocTH (MeTon BIT), coctasmia 27 M2/r.

Tepmobapudeckyto 00pabOTKy MEXaHOAKTHBHPOBAHHBIX MOpOIIKoB hBN BeIMIONHIM B ammapare
BBICOKOTO JAaBJICHUS «HAKOBAJBHS C JYHKOW» mon masienwem 2,5 u 5,5 I'lla mpu Temmeparypax oT
1400 no 1950 °C B Teuenne 15—60 c. B kauecTBe cpenbl, nepearoiel AaBIeHNe, UCTIOIb30BaIN KOH-
TelHep U3 TUTOrpad)CcKOro KaMHs, BHYTPH KOTOPOTO pacrojaraics TpyOdaTslii rpaduToBbIi HarpeBa-
T€Jb C HUCCIIEYEMbIM MaTepUajoM.

Mopdomornuto TMOBEpXHOCTH W HW3IIOMa CHEYEHHBIX OO0pa3IOB HMCCIEAOBAIN HAa ATOMHO-CHIIO-
BoM Mukpockorne (ACM) NT-206 (OO «MukpoTectMamnub», benapych) B KOHTaKTHOM peXUME.
MUKpOCTPYKTYPY MOTYyUYSHHBIX aJIMa3HbIX MaTEPHAJIOB U3y4alld HA CKAHUPYIOIIEM AJIEKTPOHHOM MU-
kpockore (COM) Beicokoro pazpemrenus Mira dupmer Tescan (Uexwusi).

PentreHoBckue ucciegoBaHMS MOPOIIKOB BBIMONIHEHBI Ha Audpaktomerpe ¢upmsl Bruker D8
ADVANCE B CuK,-u3JIyueHUH B aBTOMaTHUECKOM PeKUME CheMKHU. Da30BbIit aHaIN3 TUPPAKTOTPaMM
MpOU3BE/ICH ¢ MpUMEHeHHeM 0a3bl peHTreHorpaduueckux crannaptos ICDD PDF2. CrpykrypHble
rapaMeTphbl PACCUUTAHBI COTJIACHO METOAYy HAaWMMEHBIINX KBAJPaTOB C MPOBEICHUEM IMTOIHOMPOPIITH-
Horo aHanm3a nudpakrorpamm B [10 TOPAS ¢ ucnons3oBaHreM uUTepannoHHON Tporeayps! [laymu
(Pawley). [TomykonudecTBeHHbBIN (a30BbIid aHATN3 (S-Q) MPOBOAMIICS C UCTIOIB30BAHUEM KOPYHIOBOT'O
gucia RIR (Reference Intensity Ratio).

JKcnepuMeHTaJ bHAas YacTh. Ha puc. 1. mpencrasnena pentreHorpamma nopoika hBN mocne MA
¥ XUMHYECKOW 00padOTKH, Ha KOTOPOH OTMEYEHO IIPUCYTCTBUE CUIIBLHO pasymnopsnoueHHoH (a3er hBN,
a Takke «cleqoB» IOTHBIX (a3 BN — kybOuue-
ckoit (cBN) u Bropriutro#t (WBN). HanouacTuiet
ykazanubix Ga3 (hBN, wBN u ¢cBN) moryT ciy-
JKUTh 3apojplliaMu  KpuctamioB cBN B xone
TMambHEHIIeH TepMoOapuIecKkoil 00padOTKH MHX-
1ol (maT. BY 8324, [9-11, 18]).

hBN (002)
y

250

nN
o
o

=
W3BecTHO, YTO [O0ABKH QIIOMHHHS HC- ;
&
TONb3YIOTCA B KAueCTBE WHHMIMATOPA NPAMOTO 5 .o
(a3oBoro mpeBpalieHHs TPH CHHTE3E MOJH- S
kpuctautmaeckoro ¢cBN (a. ¢. CCCP 603299 § hBN (100) BN (002)
«Cnoco6 momyueHus cBepxTBepmoro wmare- £ 100 cBN (111)
puana», asropsl — H.H.Cupora, M.M.Xyk, WBN (100) hBN UOLEN 200)

A.A. Jleycenko, [19]). Panee Obuto mnokasaHo, 50
yTo (opmupoBanre Al TUIGHKH Ha TIOBEPXHO-
ctu noporrka hBN (to ects MommduinpoBanue

hBN anomMuHHEM) CHOCOOCTBYET NOBBILIEHHIO 20 0 40 20 60 70
coziepxxkanus jaucriepcHoro c¢BN U CHHXEHHUIO 20, rpan
TEXHOJOTMYECKHX MapamMeTpoB (a3oBOro mnepe-

Puc. 1. Peatrenorpamma hBN mocie mexanuueckoil akTH-

xoga hBN — c¢BN (][9], mat. BY 18274 «Croco0 BaINH

CHHTE3a IOJIMKPUCTAJUIMYCCKOIO CBEPXTBEPIO-  Fig, 1. hBN X-ray diffraction pattern after mechanical
o Marepuajia Ha OCHOBC KY6I/IquKOFO HUTpUAA activation
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Puc. 2. MexanoakTuBupoBaHHBIN nopontok hBN ¢ mokpsr-
THeM Ha ocHoBe Al

Fig. 2. Mechanically activated hBN powder with Al based
coating

6opax, aBTopsl — B. T. Centors, B. M. Kyunnackni,
W.B. BanskoBu4). B manHOW paboTe MHUIIHATOP
npespaiienust Al B xonmmuectBe 10 u 40 mac%
HAaHOCHJIM HENOCPEACTBEHHO HAa MEXaHOAKTHUBH-
poBanHbI# nopomok hBN meTonom xuMuko-tep-
MHYECKOT0 ocaxkacHus [9].

Ha puc. 2 nmokazan MexaHOaKTHBHPOBAHHBIN
moporrok hBN (hBNy;4) mocne momudummpona-
Hus Al B konngectse 10 mac.%. Ilopomok cocro-
UT W3 OTACIBHBIX YaCTHUI HUTPUAA Oopa mopsiaka
100—150 HM OKpYIJION M TOIUAIPUYECKON (op-
MBI, COOpaHHBIX B arjioMepaTbl MUKPOHHBIX pa3-
MepoB. Ha moBepxHOCTH ariioMepaToB IMOPOIIKa
B pesynbrare MonuduiupoBanus copmupoBana
aJIFOMHUHHEBAs TIJICHKA OCTPOBKOBOI'O THIA (CBET-
neie 001acTH Ha moBepxHOCTH BN ariomepatos).

Cunmes ¢ cucmeme hBNy;,— 10 % Al. Penrt-
FeHOCTPYKTYPHBIM aHalu3 CIHEKOB Ha OCHOBE
hBN ¢ no6askoii 10 mac.% Al, monydeHHBIX MIpH
nmasienun 2,5 I'Tla B TemmepaTypHOM Auamna3oHe
1400-1550 °C B Teuenme 15-30 ¢, mokasan Ha-
nryre B HEX (a3 HuTpuaa 6opa — hBN u cBN,
a TaK)Ke COCAUHEHUH amoMuHus — a-Al,Os, AlB,

u AIN (puc. 3). Yka3aHHble COCAMHEHUS, HAPSIy C aJIOMHHHUEM, TAaK)KE€ HHULMUPYIOT mpouecc ¢azo-
BOT0 MpeBpalleHus rpapurononoOHoro HuTpuaa 6opa B kyomueckuid (a. c. CCCP 595255 «Cnocob
noJyueHus OJIOKOB BBICOKONIPOYHOTO MaTepuaiay, aBTopsl — H. H. Cupora, M. M. XKyx).

AHaJIN3 TOHKOW CTPYKTYpPBHI NOIYUYEHHBIX 00pa3oB nokaszani, 4to pazmep OKP ¢azer cBN cocras-
nsieT 20 HM, mapaMeTp penieTKH a yBeandeH U paBeH 0,3679 HM, 4TO MOXKET OBITH CBSI3aHO C 00Opa3oBa-
HueM TBepAbix pacTBopoB Al B cBN [19]. Conepxanue daspl cBN B momyueHHOM MaTepuaje coCTaBIs-

et nopsinka 10—15 %.
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Puc. 3. PertrenorpamMma cneka nocie TepmMobapuueckoit 00padoTku npu aasnenuu 2,5 I'Tla
u temreparype 1550 °C, Bpems cuntesa 15 c. JJo6aka — 10 mac.% Al

Fig. 3. X-ray pattern of the sinter after thermobaric treatment at the pressure of 2.5 GPa and
the temperature of 1550 °C, synthesis time was 15 s. Additive — 10 wt.% Al
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Hns daszser hBN pazmep OKP cocrasmset 30 HM, mapameTps permeTku: a = 0,2498 uMm, b =0,2504 awMm,
¢ =0,6051 HM, 4TO MPAKTUYECKH COBIAAAET C TAOIMIHBIMU 3HAYCHUSIMH U3 UCIIOJIB3YEMOW 0a3bl peHT-
reHorpaduuecknx cranpaptoB ICDD PDF2. Pasmepst OKP kopynnma a-Al,O; u 6opuaa amroMuHNS
AlB; paBubl 280 u 35 uM cootBeTcTBeHHO. OOpa3oBanue KopyHaa o-Al,O; B MaTepuase MOXKeT ObITh
CBSI3aHO C HAIMYMEM KHCIopoa (KHCIOPOICOACPKAIINX COSTUHEHNH), aIcCOPOMPOBAHHBIX MOBEPXHO-
CTBIO NCXOAHBIX ToponTkoB hBN u anmromuHus.

PentreHoctpykTypHBIi aHanu3 00pasuos ¢ 1o6aBkoi 10 % Al, moxy4yeHHBIX IPU 1aBJICHUU CUHTE-
3a 5,5 I'Tla B Temmnieparypaom uaTepBaie 1550—1750 °C u Beiaepxke B Teuenue 15-30 c (puc. 4), moka-
3aJ1 HaJIM4Yue B HUX B 0CHOBHOM (a3bl cBN ¢ conepxanuem (1o 10 %) hBN.

Ha ocHoBaHuMM aHalii3a TOHKOH CTPYKTYpbl ycraHoBiieHo, 4To pasmep OKP ¢asbr ¢cBN pasen
40 uM, mapameTp pemetku a = 0,3617 am. Jns daszser hBN pazmep OKP coctaBiser mopsnka 50 HM.
Conepxanue ¢da3pl cBN B mojrydeHHOM MaTepualie olleHuBaeTcs Ha ypoBHe 90 %.
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Puc. 4. PertrenorpaMma crieka rnocie TepmModapudeckoil o0padoTku npu nasienun 5,5 ['Tla
u temmeparype 1750 °C, Bpems cunresa 15 c. Jlo6aska — 10 mac.% Al

Fig. 4. X-ray pattern of the sinter after thermobaric treatment at the pressure of 5.5 GPa and
the temperature of 1750 °C, synthesis time was 15 s. Additive — 10 wt.% Al

Ha puc. 5 mpencraBieHa cTpykTypa o0pasioB Marepuaia, moxydeHHbIX ¢ mobaBkoir 10 % Al mpm
nasieHusx 2,5 u 5,5 I'lla u remneparypax 1550 u 1750 °C cootBeTcTBeHHO. Pazmep 3epen cBN, orenen-
bl MeTogamu ACM u COM, naxonutcs B nuama3one 200—-500 am u 40—120 HM )18 CIIEKOB, CUHTE3H-
poBaHHBIX Tipu AaBieHuu 2,5 u 5,5 ['Tla coorBeTcTBeHHO. KpynmHbix yactuir hBN MUKpOHHBIX pa3mMepoB
C XapaKTEPHOH CIIOMCTON CTPYKTYpO B 0Opa3iax Mpu AaHHBIX PeKUMaxX CHHTE3a BBISIBICHO HE OBLIO.

CoxpaHeHHe BBICOKOJUCIIEPCHBIX 3epeH cBN MoxeT ObITh 00YCIOBICHO CTPYKTYPHBIMH U TEXHO-
JoruuecKkuMu (Qpaxktopamu. Bo-mepBbIiX, B Mpolecce CHHTE3a MPOUCXOAMT 00pa3oBaHWE HAHOCTPYK-
TYPHBIX TYyTOILUIaBKUX coeauHeHni a-Al,Os  AlB,, Hanuune KOTOPHIX 10 TpaHuiaM 3eper cBN mpe-
MSATCTBYET UX POCTY. BO-BTOPBIX, TEXHOIOTHYECKUE PEKUMBI (BHICOKOE AaBJICHHE U HEOOJBILIOE BPEMSI
CHHTE3a) TAKXKe CTAaOMIM3UPYIOT pasMepsl 3epeH cBN.

Cunmes ¢ cucmeme hBNy— 40 % Al. B pesynbraTte (a30BOro aHaansa CreKoB, CHHTE3UPOBAH-
HBIX B YKa3aHHOU cucteme npu napienun 2,5 I'Tla B TemnepatypaoM nuamazone 1400-1550 °C, ycra-
HOBJIIEHO MpUCYTCTBUE B HUX a-Al,O3, AlB,, AIN, a taxxxe hBN u ¢cBN. Conepxxanne da3er cBN, kak
u 11 ciiekoB ¢ 10 % Al, mony4yeHHBIX TIPY JaHHBIX TapaMeTpax TepMoOapruieckoil 00paboTKH, He mpe-
Beimaet 15 %. Takum oOpa3om, npu gaBiennu cuatesa 2,5 ['lla yBennuenne xoaudecTna 100aBku Al
HE BEAET K POCTY KOJIMYECTBA LIEHTPOB KpucTanzaunu cBN.

Ha puc. 6 npeacraBneHa MUKPOCTPYKTYpa CIIEKOB, Mosy4eHHbIX B cucteMe hBNy 4 — 40 % Al nipu
nmasnenuu 2,5 I'la u temneparype 1550 °C.
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Puc. 5. CtpykTypa u3noma crekos, moxydeHHbIX B cucteMe hBNy4 — 10 % Al, mocne cunTesa B reuenue 30 ¢: @ — npu nasiie-
uuu 2,5 I'Tla, remmeparype 1550 °C; b — npu naBienun 5,5 I'lla, remneparype 1750 °C

Fig. 5. Fracture structure of sinters obtained in the hBNy4 — 10 % Al system after synthesis for 30 s: @ — at pressure 2.5 GPa,
temperature 1550 °C; b — at pressure 5.5 GPa, temperature 1750 °C
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Puc. 6. MuxpocTpyKkTypa crieka rnocie repmodapuueckoit oopadotku npu aasiaenuu 2,5 I'Tla, remneparype 1550 °C, Bpeme-
Hu cuHTe3a 30 ¢: @ — M3JI0M MOBEPXHOCTH CIieKa, cheMka COM; b — MUKpOCTPYKTypa ariiomeparos, cbemka ACM

Fig. 6. Sinter microstructure after thermobaric treatment at the pressure of 2.5 GPa, the temperature of 1550 °C, synthesis
time was 30 s: a — fracture of the sinter surface, SEM; b — microstructure of agglomerates, AFM

B wactHOCTH, Marepual, MOTy4YeHHBIM B TeueHwe 30 ¢, COCTOMT M3 OTACITHHBIX "acTUIl hBN,
cBN u coenunenuit BN u Al pazmepom 10 0,5 MKM M PBIXJIBIX arioMeparoB 0 5 MKM Ha UX OCHOBE
(cm. puc. 6, a). Aranms, npoBeneHHBIH MeTomqoM ACM, moaTBepan Hanmane obnacteil n3 yacTul cBN
pasmepom 0,2—0,8 MKM B arjiomeparax (cMm. puc. 6, b).

WHas crpykrypa HabIIOAaeTCsS Y CIEKOB, MOMYYEHHBIX TepMoOapruecKoil 00paboTKOM pH aBie-
Huu 5,5 I'Tla, remneparypax 1800—1950 °C B Teuenue 60 c. Kak mokazay aHau3, BHIITOJTHEHHBIN METO-
nom COM, B criekax (puc. 7, a, b) HaOIIOAAIOTCA YaCTULBI IBYX THUIIOB: HAPSLY C KPyIHBIMU HOJIUKPU-
crayunueckumu 3epaamu cBN pasmepom 10—50 mxwm (puc. 7, @) umeroTcst 00aacTu ¢ kpuctaiamu cBN
KyOudeckoro radburyca pazmepom 1—4 mxm (puc. 7, b). Cremxka ACM moATBepuiia HaJTU4He B CIIeKax
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KaK TOJIA- 1 MOHOKpHCTaI0B CBN cyOMuKpoHHBEIX pa3zmepoB 400—800 HM, Tak 1 YaCTHIT pa3MEepOM 10
5 MM (puc. 7, ¢, d). Beicokoe copepskanue HaHO- U CyOMUKPOHHBIX 3epeH cBN B cniekax o0ycnoBiieHo,
Hapsy ¢ 700aBKOM aaoMuHus, oOpa3oBaHueM B xoae MA nanodactuii hBN, wBN u ¢cBN. Ha Bo3Mox-
HOCTh PEKpHCTAITH3AIMOHHOr0 pocTa ¢cBN, MomuduirpoBannoro Al, u 00pa3oBaHHs Ha €r0 OCHOBE
MUKpOHHBIX yacTul cBN B mporecce Tepmobaprieckoit 00padboTku ykazaHo B [16, 17].

SEM HV: 20.00 kV WD: 15.6060 hm MIRAW TESCAN SEM HV: 20.00 kV WD: 15.6110 mm MIRAMN TESCAy
View field: 69.44 ym Det: SE Detector 20 ym n’ View field: 43.40 ym Det: SE Detector 10 ym
PC: 11 SEM MAG: 2.50 kx Digital Microscopy Imaging PC: 11 SEM MAG: 4.00 kx Digital Microscopy Imaging
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200
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Puc. 7. Ctpykrypa crieka nocie Tepmobapuueckoit 00padotku npu nasnernn 5,5 I'Tla, Bpems cunTesa 60 c: a — oOuuii Buj
M3JI0Ma CIIeKa C KPYMHBIMU MOJMKpHCTaIndeckuMu gyactuuamu ¢BN; b — kpuctaniasl cBN pazmepom 1-4 MkM, chemka
CDM; ¢ — u3noM creka ¢ kpuctaiaMu (moaukpuctaniaamn) cBN; d — crpykrypa cBN kpuctamios (II0JIHKPHCTAIIIOB), ChEM-
ka ACM
Fig. 7. Sinter structure after thermobaric treatment at the pressure of 5.5 GPa, synthesis time was 60 s: @ — general view of
a sinter fracture with large polycrystalline cBN particles; b — ¢cBN crystals 1-4 pm in size, SEM; ¢ — a sinter fracture with
cBN crystals (polycrystals); d — structure of ¢cBN crystals (polycrystals), AFM

[lo naHHBIM PEHTTEHOCTPYKTYPHOrO aHaim3a (puc. 8) OCHOBHBIMU (pa3aMH B CHHTE3UPOBAaHHBIX
npu gasnenuun 5,5 ['Tla u Temmeparypax 1800—1950 °C obpasmnax sBusitorces cBN (mo 70 %), xopyHT
o-Al, O3 (10 20 %), amomunmnii Al u pasza BsyN; g7 — ocTanbHoe.
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Puc. 8. Pentrenorpamma crieka, nonydeHHoro B cucreme hBNy4 — 40 % Al, mocie Tepmodapudeckoit
o0pabotku npu nasnennu 5,5 ['Tla, remneparype 1950 °C, Bpemenn cunaTesa 60 ¢

Fig. 8. X-ray pattern of the sinter obtained in the hBNyj5 —40 % Al system after thermobaric treatment
at the pressure of 5.5 GPa, the temperature of 1950 °C, synthesis time was 60 s

Criexu, monydeHHsie ipu naBienun 5,5 ['Ila, Temmeparype 1850 °C u Bpemenu 60 c, momBepraau
MEXaHUYECKOMY Pa3MOJly U XUMHUYECKOH OUUCTKE.

Ha puc. 9 un 10 npencraBieHbl TUCTOrpaMMBI pacrpeiesieHus: noinydeHHoro B cucteme hBNya —
40 % Al nopomka cBN no knaccam B quama3oHax MeHee 5 MKM U oT 5 1o 50 MkMm (puc. 9), a Takxke
B quana3oHe ot 0,1 mo 1 MM (puc. 10).

W3 puc. 9 cinemyer, 9TO MaKCUMYM pacIpeaeiieHns] 0 KOJIWYECTBY MPHUXOAUTCS Ha 3epHa cBN
pasmepom 110 5 MKM, uTO cocraBisieT mopsiaka 70 % oT obmiero konmuectsa 3epeH cBN B guamaszo-
He 70 50 MKM. MakcuMyM paclipesielIeHHs TI0 KOJIMYecTBY B auamnaszoHe pasmepoB oT 0,1 go 1 Mxm
(cm. puc. 10) mpuxonures Ha 3epHa pazmepoM 0,5-0,7 mxm (50 %), a 3epaa cBN pasmepom 0,8—1,0 mxm
coctaBisioT ~ 30 %. Beixon 3epen cBN pasmepom 0,1-0,4 mxm paser ~ 20 %.
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Puc. 9. Pacnipenenenne cuntesupoBanHoro B cucteMe hBNya — 40 % Al npu nasnenun 5,5 I'Tla
u remneparype 1850 °C mopormika cBN 1o kitaccam B auanazonax Mmenee 5 MKM u oT 10 10 50 MkM

Fig. 9. Distribution of ¢cBN powder synthesized in the hBNya — 40 % Al system at the pressure

of 5.5 GPa and the temperature of 1850 °C by classes in the ranges of less than 5 pm and from 10 to
50 pm
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Puc. 10. Pacnpenenenue cuntesupoBanHoro B cucreme hBNya — 40 % Al npu naBnenun
5,5 I'lla u remnepatype 1850 °C mopomka cBN mo kiaccam B nuanasone ot 0,1 1o 1 Mkm

Fig. 10. Distribution of ¢cBN powder synthesized in the hBNy4 — 40 % Al system at the pressure
of 5.5 GPa and the temperature of 1850 °C by classes in the range from 0.1 to 1 um

BoiBoabI

1. MexanoaktuBanus nopouka hBN npuBoaut k 00pa3oBaHuIO 3apoabIILei IOTHRIX da3 HUTPHU-
na 6opa — KyOM4ecKol 1 BIOPLMTHON, KOTOPBIE SBJISIIOTCS LIEHTPAMH KPUCTAJIN3ALNHN, CTUMYIHPYIO-
mMMHE Tporiecc popMupoBanus kpuctainiaoB cBN B xoze mocnenyromieii repModapruyeckoit 00padoTKH.

2. Hcnonb3oBanue rpadurononodHoro BN mocie MA ¥ JONONHHUTETBHOrO MOAM(UIIMPOBA-
HUs Al, sBIroIerocs MHUIIMATOpOM Iporecca cuntesza cBN, criocobcTByeT pa3Butuio pa3oBoro mpe-
Bpawennst hBN — cBN B ycnoBusix Bbicokux aasienuid 2,5-5,5 I'lla u Temneparyp 1400—-1950 °C.
Conepxanue HaHO- U cyOmMuKpodactull cBN B crnekax, cuHTe3upoBaHHBIX ¢ qo0aBkoi 10 mac.% Al,
cocrasiseT oT 10—15 % mist naBnenus cuaTesa 2,5 I'Tla u 1o 90 % — nns napnenus 5,5 I'Tla.

3. [lpuMeHeHne MEXaHOAKTHBUPOBAHHBIX mopomikoB hBN, momuduunupoBanHbix modaBkoit Al
B KoiuuecTBe 40 mMac.%, mpuBOIUT K (GOPMUPOBAHUIO B YCIOBUSX BEICOKUX naBieHui (5,5 ['Tla) u tem-
nepatyp (1800—-1950 °C) npenmyiiecTBEHHO MUKPONOPOIKOB BN 3¢pHUCTOCTBIO MEHEE 5 MKM.

4. Obpa3oBaHHE OTHOCHUTEIHHO KPYMHBIX (CcBbIIIe 10 MKM) MOJTMKpUCTALIMUECKHX dacTuil cBN
IIPOUCXOANT 3a CYET PEKPUCTAIIIU3ALUN BBICOKOAMCIEPCHBIX (HAHO- U CyOMHMKPOHHBIX) 3epeH cBN
B TIpoIlecce aKTUBUPOBAHHOT'O CIIEKAHMS B IPUCYTCTBUY Al M €ro COeIMHEHUH TP BHICOKUX TeMIIepa-
Typax u 06oee IITUTEeNbHON H30TEPMUYECKOH BhIIEPIKKE.
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JI.H. IpsiukoBa

Hucmumym nopowrkosoil memannypeuu umeru axaoemuxa O.B. Pomana, Munck, Pecnyonuka bBenapyce

3AKOHOMEPHOCTH YIIPOUHEHUS IICEBJOCILIABOB CTAJIb — MEJTHBIN
CILIAB, IIOJTYYAEMBIX UHOWJIBTPAIIMEM, ITPU TOPSYEN IIVIACTUYECKOM
JAE®@OPMAIIMN

AHHOTanms. VccrnenoBaHo BIMsTHHE PEKUMOB ITACTHYECKOH AehopMaIny osryyaeMblX HHOUIBTpaLuel ceB0CIIa-
BOB CTaJIb — MEJHBIH CIUIaB HA UX CTPYKTYPY, MEXaHHUECKHE CBOWCTBA 1 aHU30TPOITHIO CBOMCTB. YCTaHOBJICHO, UTO TOpsTdast
IITaMIOBKA MCEBOCIIAaBOB IpH Temmeparypax 700-950 °C obecrieunBaeT MOBHIICHHE TPOYHOCTH B 1,5-3 pa3za, ynapHOH
BA3KOCTH — B 1,5-2.5 pasa, mnacTuuHoCTH — Ha 1,5-2 %, a mpu 1100—1150 °C (BeImIe TEMIepaTypsl MIaBICHUS MEIH) — HPHU-
BOJUT K pacTpeckuBaHUIoO MaTtepuana. [loka3aHno, 4To cBOiCTBa MCEBOCIIABOB HA OCHOBE CTAJH, JIETHPOBAHHONH XpOMOM,
HHDKE, 4eM Ha OCHOBE CTaJIM, JISTMPOBAHHOI HUKEJIEM, YTO CBS3aHO C 00pa30BaHHEM OKCHJIOB XPOMa BCIIEACTBUE €rO MOBbI-
IIEHHOTO CPOJCTBA K KMCIOPOAY. YCTaHOBICHO 00pa30BaHNe MaKPOTEKCTYPhI B ICEBOCIIIIaBaX IOCIIE TOpsiueii I TaMIIOBKH,
YTO NPUBOAUT K BTOPHYHON aHU30TPOIINHU CBOUCTB, YPOBEHb KOTOPOH OMpEAeseTcsl CTENeHbI0 JeopManuy H TeMIepa-
Typoii u He mpesbimaeT 15-20 %. [loctpoena nedopmannoHHast KpUBas MCEBIOCIUIABA MPU TOPAUYEH MITAMIIOBKE, BHISIBUB-
mas ontumanbHyto Temneparypy (700900 °C) u npenensHyio creneHb aedopmanun (65 %) B 3aBUCHMOCTH OT COCTaBa
ncesocmiaasa. [Ipyu MOBBIIIEHHH CTENEHH AehOpMaIK MPOUCXOIUT 00pa30BaHHEe MHUKPOTPEIINH Ha I'PAaHUIE YKEJIS3HOM
1 MeIHOH (a3, 4TO B CBOIO OYEpeab NPUBOIUT K CHHIKEHHUIO IIPOYHOCTH, MJIACTUYHOCTH, a TaKkxke B 1,5-2 pa3a yxpapHOH BsI3-
KOCTH TICEBJIOCIUIABOB C COAEpKaHMeM MeqHOI (a3br 15 % ¥ pa3pymIeHnIo IICeBIOCIUIABOB C COAEPKaHHEM MeTHOH (a3bl
25 %, B KOTOPBIX MPOTSHKEHHOCTH MeX(pa3HbIX JKele30MeJHBIX TPAHUI 3HAYUTEIBHO OoubIe. JJOCTUTHY ThIe MEXaHHUECKHe
CBOHCTBA rOPSTYEIITAMIIOBAHHBIX TICEBAOCIIIABOB CTAIb — MEIHBIN CIJIaB MO3BOJSAIOT HCHONB30BaTh UX AJS AeTalel Tske-
JIOHArpy KEHHBIX y3JI0B TPEHHsI, a TaKxkKe AeTanell KOHCTPYKIIHOHHOTO Ha3HAaYEHUSI.

KiroueBble cJ10Ba: 11CeBOCIUIAB HA OCHOBE XKelle3a, MH(UIbTpanus, ropsuas aeGopManus, CTpyKTypa, CBOMCTBA, aHH-
30TpONHus

Jas nutupoBanus: Ipsukosa, JI. H. 3akoHOMEpHOCTH yIPOYHEHNS IICEBIOCIUIABOB CTAaIb — MEAHBIH CIIJIaB, MOIydae-
MBIX HHQUIBTpALIUEH, P Topsayeil miactudeckoit nepopmanuu / JI. H. JIpsukoBa / Bec. Han. akaa. HaByk bemapyci. Cep.
¢i3.-moxH. HaByK. —2022. — T. 67, Ne2. — C. 156—166. https://doi.org/10.29235/1561-8358-2022-67-2-156-166

Larisa N. Dyachkova

O. V. Roman Powder Metallurgy Institute, Minsk, Republic of Belarus

PECULIARITIES OF HARDENING OF STEEL — COPPER ALLOY PSEUDO-ALLOYS OBTAINED
BY INFILTRATION DURING HOT PLASTIC DEFORMATION

Abstract. The influence of the regimes of plastic deformation of steel — copper alloy pseudo-alloys obtained by infil-
tration on their structure, mechanical properties and anisotropy of properties is investigated. It has been established that hot
forging of pseudo-alloys at a temperature of 700-950 °C provides an increase in strength by 1.5-3 times, impact strength by
1.5-2.5 times, plasticity by 1.5-2 %, and at 1100—1150 °C (above the melting point of copper) — leads to cracking of the mate-
rial. It is shown that the properties of pseudo-alloys based on steel alloyed with chromium are lower than those based on steel
alloyed with nickel, which is associated with the formation of chromium oxides due to its increased affinity for oxygen. The
formation of macro-texture in pseudo-alloys after hot stamping has been established, which leads to secondary anisotropy
of properties, the level of which is determined by the degree of deformation and temperature, but does not exceed 15-20 %.
The deformation curve of the pseudo-alloy during hot forging was constructed, which revealed the optimum temperature
(700-900 °C) and the limiting degree of deformation (65 %) depending on the composition of the pseudo-alloy. With an
increase in the degree of deformation, microcracks form at the interface between the iron and copper phases, which in turn
leads to a decrease in strength, ductility, as well as a 1.5-2-fold decrease in the impact strength of pseudo-alloys with a copper
phase content of 15 % and destruction of pseudo-alloys with a 25 % copper content phases, in which the length of interphase
iron-copper boundaries is much greater. The achieved mechanical properties of hot-forged steel-copper alloy pseudo-alloys
make it possible to use them for parts of heavily loaded friction units, as well as parts for structural purposes.

Keywords: iron based pseudo-alloy, infiltration, hot deformation, structure, properties
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BBenenne. CylecTBeHHOEC CHHXCHHE HAJC)KHOCTH M JOJITOBECYHOCTH MEXAHH3MOB B TPY30BBIX
MalImHax, pa3JIMYHOrO BHJAa HACOCAX CTAHOYHOTO OOOPYIOBAHUS W JOPOKHBIX MAIIMH, MTPOKATHBIX
CTaHaX, TMedYax /IS OT)KUTa CHUIMKATHBIX HW3JIENHH, CTPOUTEIHFHOW M TOPHOJOOBIBAIOIIEH TEXHUKE
CBsI32HO C M3HOCOM Y3JI0B TpeHUs [1, 2]. DTO BBI3BIBAET NOTPEOHOCTH B Y3JIaX TPEHHS, pabOTAIOIINX
B TSDKENBIX YCIOBUSAX (MPU BBICOKUX YJICIBHBIX HATPy3KaxX, B ITUPOKOM TEMIIEPATypPHOM JIHAIa30HE,
B arpecCUBHOM cpene). BeieacTBre BRICOKMX HATPY30K MPHU TSHKEIOM PEKUME dKCILTyaTallul CMa304-
HBIW CJIOW TepseT CIUIOMIHOCTD, KOA(M(MUITMEHT TPEHUS MOBBIIIACTCS, COOTBETCTBEHHO PACTET TEMIIe-
patypa B 30He TpeHus [3]. B cBsi3u ¢ aTuM ocoboe 3HaueHUE 11 pabOTOCTIOCOOHOCTH TSIKEIIOHATPY-
JKEHHOT'O y3J1a TPEHHSI HMEIOT HE TOJIBKO YIOBIETBOPUTEIbHBIE TPUOOTEXHUYECKUE XapaKTEPUCTUKH,
HO U BBICOKasl IIPOYHOCTH, TEILIONPOBOAHOCTh, KOPPO3UOHHAS M JKAPOCTOMKOCTh aHTHU(PPUKITUOHHBIX
MaTepUaioB. AHAIU3 JIOCTUKECHUI COBPEMEHHOTO TPUOOMATEPUAIOBEICHHU I TIO3BOJISET CJICJIATh BHIBOJI
0 TOM, YTO aHTU(PPUKIIUOHHBIC MATEPUAJIbl HOBOI'O TIOKOJICHUSI JIJIsI TSYKEIIOHATPYIKEHHBIX PEKUMOB pa-
0O0THI JOIKHBI UMETh TE€TEPOTCHHYIO CTPYKTYPY M, COTJIaCHO OCHOBHOMY MPHHIIUIY KOHCTPYHPOBa-
HUS aHTH(QPUKITMOHHBIX MaTEPHAJIOB, COCTOATHh M3 KOMIIOHEHTOB, CYIIECTBEHHO Pa3IMYaIONINXCs 10
TBepaoctH [4, 5]. TakoMy cTpoeHHIO B OOJBINEH CTEIICHH OTBEYAIOT NICEBIOCILIABEI, MIPEACTABIISIONIIEC
co00i#1 MaTepualibl, KOTOPBIE COCTOST U3 KOMIIOHCHTOB, ¢1a00 MU HE B3aUMOJCHCTBYIOIIUX MEXKIY
co00M, YbM (PU3MUECKUE U MEXaHMUECKUE CBOWCTBA MOTYT pa3findyarhcsi HA HECKOJIBKO MOPSAKOB [6].
[lepCeKTHBHBIM MPOIIECCOM TIOTYUCHHUS BRICOKOTIIOTHBIX TICEBIOCIIIIABOB CHCTEMBI JKEJIe30—MeIb SIB-
nseTcs HHOUIBTPALNs MEIBI0 NN METHBIMU CIUTaBaMH KapKaca Ha OCHOBE JKeJle3a, IMMOJIy4YeHHOTO Me-
TOJIOM TOPOITKOBOW MeTautypru# [7]. Ilockonbky npu HHOUIBTPAUKA OCTATOUYHAS TOPUCTOCTH MOKET
cocTaBIsATh 5—7 % W BO3MOXKHO HaJIMYKME KPYIHBIX TOp (0osnee 20 MKM), HEIOMYCTUMBIX B psijic U37e-
JIU, HAIPUMEP B CTEKJIO(POPMYIOIIEM MHCTPYMEHTE, 1eIeCO00pPa3HO MPOBOAUTh XOJIOJHYIO U TOpsi-
9YI0 IUIACTHYECKYIO IehOpMAITHIO 3aTOTOBOK U3 TICEBAOCIIIIABOB.

lopsiuas mTaMIoBKa 3aHUMAET MIEPBOE MECTO CPEIN APYTHX METOOB MOTYUCHHS BHICOKOIIIIOTHBIX
BBICOKOITPOYHBIX TIOPOIIKOBBIX U3eNni [8, 9], J0CTaTOYHO XOPOIIO H3yUYeHa U MPOU3BOAUTCS IO pas-
nuuHbIM cxeMaM [10-22]. ['opsiuas mTaMnoBKa MOPUCTHIX 3arOTOBOK MPOUCXOJUT B IBE cTaauu [16]: Ha
MIEPBOM CTaAUU UIIET YILUIOTHEHUE 3arO0TOBKH 10 IpeaenbHoil miotnoctu (90-95 %), Ha BTOpoii — mpo-
HCXOIAT IMPOIECCHI MIACTUYECKON AeopManiuy U TOyIJIOTHeHUs. Ha npakTHKe pa3ae/iuTh 3TH CTaIHH
MPAaKTUYECKH HEBO3MOXKHO, TaK KaK OHM HAKJIaJBIBAIOTCS ONHA HA IPYTYIO, U MOXHO TOBOPHUTH JIMIITH
0 MMPEUMYIIECTBEHHOM X JCHCTBHH.

[Ipu ropsiyei mTaMIoBKe MCEBOCIIIABOB MPAKTHYECKH OTCYTCTBYET CTaAHsl 00BEMHOTO yIUIOTHE-
HUSI, IOTOMY YTO MOPUCTOCTh UX HE MpeBbIAET 5—7 %. B cBsI3U ¢ 3TUM NOYIJIOTHEHHUE TPOUCXOIUT HA
craauu nedopmanuu. [Iporecchl CTpyKTypooOpa3oBaHust U AeopMaIiuu MCeBAOCIIIABOB TP ropsiYei
MITAMITOBKE OTIIMYAIOTCS OT KOMITAKTHBIX M TIOPUCTHIX OMHOPOIHBIX MAaTEPHUAJIOB M3-3a HAJTUYIUS B HUX
IBYX (ha3 ¢ pa3NMIHBIMA MEXaHWYECKUMHU U (PM3NUECKUMH CBOWCTBAMH, KOTOPBIE MTO-PA3HOMY BEAYT
ce0st TpU BBICOKOTEMITEpaTypHOU aedopmarium.

Lenv Hacmosawen pabomsl — UCCIACTOBAHNE BIUSHUS TOPSYCH IIACTUYSCKON edopManuu Ha U3-
MEHEHUE CTPYKTYPHI U CBOMCTB IICEBOCIIIABOB MOPOIIKOBAs CTANb — MEHBIN CIJIaB, MOJTYy4YaeMbIX HH-
¢unsTpanuei.

MeTtoauka ucciieoBaHuii. B xauecTBe 00beKTa HCCIIEIOBAHNS HCTIOIB30BAIH IICEBIOCIIIIABEI, KO-
TOpBIE U3TOTaBIUBAINCH MHPIIBTPAIIMEH MEIBIO CIIPECCOBAHHBIX KAPKACOB U3 XKeJe3a, yTIAepOIuCTO
cranu [1K80, nukenesoit ctanu [TIK80H4, xpomucToii cranu ITK80X3.

[[IuxTy Ha OCHOBE KeJie3a MoJyYali CMEIIMBAHHEM B IIIAPOBOM CMECHTEIIE THIIA «IIbsHAsE O0YKay
B T€YCHUE | U UCXOHBIX TIOPOIIKOB JKeje3a, MeU U rpaduTa B COCTOSIHUU MTOCTABKU CO CPEIHUM pa3-
MepoM dacTul] cooTBeTcTBeHHO 160, 70 1 20 mxm. [lIuxTy mpeccoBanu no miotaoctu 75, 80 u 85 %.

HNuaduasTpamnuto mpoBoauiin B arMochepe sHao0raza mpu temmeparype 1120 °C.

HccnenoBanyu BiusiHUE CTETIEHU JIeOPMAaIIAU TPU XOJIOIHOW M TOpsiYeH MTaMIIOBKE, a TAaK)Ke TeMITe-
paTypsl IITaAMIIOBKH HA MEXaHUYECKHE CBOHCTBA U CTPYKTYPY IICEBIOCIIIIABOB. XOJIOIHYO Te(hOPMAIIHIO
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OCYIIECTBJISIITN OYTIIIOTHEHHEM B ipecc-hopme rpu gasieann 800 u 1000 MIla cBoGogHON 0OcaaKoi, To-
psayIo gedopMalIyio — ITaMIIOBKOW IO CXeME OJJHOOCHOW OCaJKH B ITaMmIie. Temmneparypa I TaMIOBKH
IICEBAOCIJIABOB C KAPKAaCOM M3 HUKEJIEBOU U XpoMUCTOM cTanu coctasiisiia 700—1000 °C uepe3 kaxable
50 °C, ¢ xapkacom u3 xene3a u yriepoauctoi ctanu — 700 u 900 °C cooTBETCTBEHHO. 3aTOTOBKH MEPEN
HarpeBOM IMOJ IITaMIIOBKY IOKPBHIBAJIN CMa3KOH M3 KOJUIOWJHOrO rpadurta, KOTopas MpeaoxpaHsia ux
OT OKHCIICHHS B TIPOIIECCe HAarpeBa u mraMnoBku. CTernens AedopMariiy, pacCYuTaHHas 0 U3MEHEHHUIO
BBICOTHI 3arOTOBKH, cocTaBisia 15 %, 30, 45, 65 %. ramn nepes SKCIIEPUMEHTOM HarpeBaliu MyTeM
nedopmaluy HECKOJIBKUX 3aT0TOBOK, ITPH 3TOM JIOCTUTIAJIach €ro cTaOuiIbHas TeMIepaTypa.

[NockonbKy IceBIOCIIIaBbl 00Ia1aI0T MOBBIIIEHHONH KOPPO3HMOHHOW CTOMKOCTBIO, HATPEB 3aTOTOBOK
MIPOBOJMIIM Ha BO3YXE.

MexaHnyecKkre CBOMCTBA OIIEHMBAJIHM TMPH WCIBITAHWHM HAa PACTSHKEHHE, C)KAaTHE, MO TBEPAOCTH
U BS3KOCTH. VICIBITAaHUSI Ha PacTSHKEHUE M CXKATHE BBITIOJIHSUIA HAa MCIBITATENIbHOW MammHe Instron
CO CKOPOCTBIO Harpy»XeHus 2 MM/MUH, TBEPAOCTb ONPEIENsn Ha TBepaoMepe 1o bpunesno npu Ha-
rpy3ske 187,5 H n nuameTpe mapuka 2,5 MM, yIapHyIo Bsi3kocTh — Ha kKorpe 1T406 ¢pupmer Tinius Olsen
(BenukoOpuTanus).

CrtpyKTypy HccienoBaiu Ha MetaiorpapuieckoM mukpockorne MEF-3 (ABctpusi), nmudsl Tpa-
BUIN 4%-HBIM pacTBOPOM NMHUKPUHOBOH KHCJIOTHI B 3TUJIOBOM CIHUPTE, a TaK)Ke HA IEKTPOHHOM MHU-
kpockore Mira (Yexus).

Pe3yabraTsl ucciienoBanuii u ux oodcy:xkaenue. VcciemoBaHue MOYIIOTHEHUS MPU XOJOTHOM
nedopManuy Mokasano, YToO MaKCUMallbHasi CTeNeHb AeopMaluu Ipu CBOOOAHOM OcajKke COCTaBUIIA
10 %. Ilpu Gomnplueit crenenn qeGopMaIui IPOUCXOIUT pa3pylieHre 00pa3oB. YIIIOTHEHHS U MTOBbI-
LICHUS CBOMCTB IICEBAOCIIAaBOB MIPU TaKOH 00paboTKe He HaOII0AaI0Ch.

JloymioTHenue B mpecc-(hopMe Mpu KOMHATHON TeMIIepaType MPUBEIo K He3HAYNTEITbHOMY YMEHbB-
LIEHUIO TIOPUCTOCTH U MOBBIIIEHNIO TpodyHOCcTH Ha 30—40 MIla Tonbko y nceBocmiiaBa ¢ KapkacoM U3
XKeJie3a ¢ UCXOIHON IIIOTHOCTBIO 75 %.

[Ipu ropsueit mramnoske npu Temneparype 1100-1150 °C (Bbime Temmneparypsl MJIaBJISHUS MEIH)
MenHas (asza B IceBAOCIIABE MEPEXOIUT B KUIKOE COCTOSTHUE, U B Ipoluecce AedopMay Iporcxo-
JIUT €€ BBIIABJIMBAHME U3 CTAIBHOTO KapKaca W pacTpecKuBaHue 00pas3oB. B [23] aBTOphI Takxke OT-
Meuajy, YTO MOJl ICHCTBUEM BHEIIHUX PACTITHBAIOIIUX HANPSKEHUH BOSHUKHOBEHHUE paciljaBa BJOJIb
I'PAaHHUL] 3€PEH MPUBOJUT K KaTaCTPOPUUIECKOMY pa3pyILICHUIO TBEPIAOIo Tea.

MaxkcuMaipHas IIaCTUYHOCTD M BSI3KOCTH TICEBJIOCIIIIABOB, KaK MOKa3aJlk UCCIIEA0BAaHNU S, JOCTUTa-
Juch npH ctenenu pedopmannu 45 %, npounocts — npu 30 %. [lpu nedopmaunu co crenensio Oosnee
65 % MPOUCXOMUIIO pa3pyIIecHre 00pa3IoB U3 MCEBAOCIIIABOB ¢ INIOTHOCTHIO Kapkaca 75 %, a ¢ mioT-
HOCTBIO Kapkaca 85 % — HaOnroganoch He3HAYUTEbHOE CHUKEHUE POYHOCTH U TUIACTUYHOCTH U CHU-
keHue B 1,5-2 pasa yaapHOH BSI3KOCTH. DTO CBSA3aHO C TEM, UYTO IPH BBICOKOW CTETCHH JchOopMaITiu
00pa3yroTcs OONbLINE HAPSKEHHSI HAa MEeK(Pa3HbIX TPaHUIAX M MPOUCXOAUT 00pa3oBaHUEe MHUKPOTpE-
muH. B ncesnocniase ¢ MIOTHOCTBIO Kapkaca 75 % IMPOTSKEHHOCTh MEX(a3HbIX I'PAHULL JKEJIe30—
MeJlb 3HAUUTENIBHO OOJIbIIE, MOITOMY KOJIMYECTBO MUKPOTPEIINH OOJIbIIe U MaTepuas pa3pyliaercs,
a B IICEBAOCIIABE C KAPKACOM IIJIOTHOCTHIO 85 % KOIMYECTBO MUKPOTPEIIUH HE JOCTUIAeT KpUTHYE-
CKOT'O 3HAYEHH s, MaTepras He pa3pylIaeTcs, HO CYIIECTBEHHO CHM)KAETCs yAapHas BSI3KOCTh, TaK Kak
9Ta XapaKTEePUCTHKA SBJsieTC Hanboee CTPYKTYPHO YyBCTBUTEIBHOM.

YcTaHOBIIEHO, YTO ropsAvasi LITAMIIOBKA ITOJHOCTBIO UCKJIIOYMIIA OCTATOUHYIO MOPUCTOCTH (Tadum. 1)
1 CYILIECTBEHHO MOBBICHJIAa MEXaHWYeCKHe CBONCTBA rceBaociiiaBoB (puc. 1). [Ipu noseimeHnn Temmnepa-
Typbl IITaMIOBKH 0 950 °C npo4YHOCTh NCEBAOCIIIABOB BO3paCTaeT, a rpu teMrneparype 1000 °C npouc-
XONHT CHUXKeHue mpogHocTy Ha 20—50 MIla B 3aBUCHMOCTH OT UCXOTHOM IIOTHOCTH KapKaca.

VYnapHasi BSI3KOCTb IICEBAOCIIABOB Ha OCHOBE cTajeil ¢ mcxomHod mioTHocThio 80 u 85 % c mo-
BBIILICHUEM TEMIIEPaTyphl LITAMIIOBKH CHMIKAETCS, C UCXOJHOH IUIOTHOCTBIO 75 % — HE3HAUUTEIbHO
MOBBIIIAETCS. ITO OOBSICHSIETCS CIENYIOIMIMMH U3MEHEHUSIMU CTPYKTY PbI IICEBIOCIIIIABOB: YBEIUYCHHUE
TeMIeparypsl ropssueii mramnoBku 10 800—850 °C mpuBOIUT K paCTATUBAHUIO yIaCTKOB METHON a3kl
B HAIpaBIICHUH, TIEPICHANKYISIPHOM MPUIOKEHUIO HArpy3ku (puc. 2, a, b), a mpu 900 °C mon nmei-
CTBHEM IUIACTHYECKOW AedopMannu Kapkaca HaOmrogaeTcs ApoOIeHre W YaCTHYHAS UX KOAryJsLus,
YYaCTKH MEIH PacCIioIarafoTcsl TUCKPETHO (puc. 2, ¢). [Ipu mrrammoske npu temneparype 1000 °C nuc-
KpeTHBIC YYaCTKU MEAHOH (ha3bl BHOBb BHITATUBAIOTCS (pHC. 2, d).
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Tadnunoma 1. BiausiHue TemMneparypsbl
IITAMIOBKH HA IJIOTHOCTH TICEBI0CIIABA, KI/M>

Table 1. Influence of the forging temperature
on the density of the pseudo-alloy, kg/m3

Tlopuc- Temnepatypa mramnosku, °C
Martepuan | TOCTb
kapkaca Kap- 700 750 800 850 900 950
Kaca, %
TIK80H4 | 25 | 7980 | 8030 | 8040 | 8040 | 8040 | 8040
20 | 7940 | 7940 | 7960 | 7960 | 7960 | 7960
15 | 7890 | 7890 | 7890 | 7910 | 7920 | 7920
TIK80X3 | 25 | 7850 | 7860 | 7870 | 7890 | 7890 | 7920
20 | 7840 | 7860 | 7860 | 7870 | 7870 | 7880
15 | 7840 | 7840 | 7850 | 7860 | 7860 | 7860
1000
—o— Pap 1
900 ). —00— Pﬂﬂ 2
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“s; 800 N Psan 4
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400;
700 750 800 850 900 950 1000

Temnepatypa wramnosku, °C

Puc. 1. BausHue temmeparypsl ropsueil IITaMIIOBKM Ha
CBOICTBa IICEBJOCIJIABA, IMOJYYCHHOTO HH(HUIBTpaIHCH
Me/IbI0 KapKaca W3 pasNuyHBIX cTajei: psasl 1, 2, 3, 4, 5,
6 — [IK80H4; psiawt 7, 8, 9, 10, 11, 12 — I[IK80X3; psias 4,
5, 6, 10, 11, 12 — 6e3 ropsiueil mTaMIOBKY; psiabl 1, 4, 7,
10 — ucxomguas naoTHOCTH 75 %; pansl 2, 5, 8, 11 — ucxon-
Hast otHocTh 80 %; psanbl 3, 6, 9, 12 — ucxonHas mioT-
HOCTB 85 %

Fig. 1. Influence of hot forging temperature on the properties

of a pseudo-alloy obtained by copper infiltration of a skeleton

made of various steels: rows 1, 2, 3, 4, 5, 6 — FeC0.8Ni4;

rows 7, 8,9, 10, 11, 12 — FeC0.8Cr3; rows 4, 5, 6, 10, 11, 12 —

without hot forging; rows 1, 4, 7, 10 — density of skeleton

75 %; rows 2, 5, 8, 11 — density of skeleton 80 %; rows 3, 6, 9,
12 — density of skeleton 85 %

Puc. 2. MukpocTpyKkTypa TICEBIOCIUIaBa C HHOUIBTPU-

POBaHHBIM ME/IbI0 KapKacoM TUIOTHOCTBIO 75 % W3 cranu

[TK80H4, mTaMoBaHHOTO MPU Pa3IMYHBIX TEMIepaTypax:
a—"700 °C; b—800 °C; ¢ —900 °C; d — 1000 °C

Fig. 2. Microstructure of a pseudo-alloy with a skeleton with

a density of 75 % made of steel FeC0.8Ni4, infiltrated with

copper, forging at different temperatures: a — 700 °C; b —
800 °C; ¢ —900 °C; d — 1000 °C

Takoe ke n3MeHeHue MOp(ONIOruK CTPYKTYpPbl MeAHOU (ha3bl HAOIIOAACTCS W B ICEBAOCIIaBaX
€ KapKacoM, UCXO/IHAs TJIOTHOCTh KoToporo paBHa 80 %.
Dddext TekcTypupoBaHUS JISTKOIUIABKOW (Da3bl B TICEBIOCIUIaBaX HaONOAAIU U B [24]. ABTOpBI

B IIPOLIECCE MCCIICAOBAHUS C MOMOIIBI0 PEHTICHOCTPYKTYPHOIrO aHajn3a OOHapyXHJIH, 4TO B MCEBO-
crmaBax W—Cu, W-Ni—Fe, Ag—Ni nipu HarpyxeHuu cHavana JepOpMUPYIOTCS METaJlIbl C TpaHeIeH-
TPUPOBAHHOW KyOMYECKON KPUCTAIUINYECKOH PEIIeTKOM, K KOTOPBIM OTHOCHTCS Me/ib. [IpOMCXOIHT 3TO
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MOTOMY, 94TO (POPMOM3MEHEHNE 00pa3Ia Mmpy Iia-
CTUYECKOW jaedopMaliiyl OMpENeNsIeTCs BI3KUM
TEUEHWEM W BHYTPH3CPCHHBIM CJIBUTOM, a JIOKa-
mu3anus  aeopManuu y Mex(pasHOW T'PaHUIIbI
MPUBOJMUT K TOMY, YTO TYTOIUIABKasi COCTABJISO-
1asi He TeKCTypupyeTcs. [IoBbIIIIeHHE MTPOYHOCTH
MeK(a3HbIX U BHYTPU(DA3HBIX IPAHULL, CHUKECHUEC
HCXOJIHOM TIOPUCTOCTHU CIIOCOOCTBYET yBEIIMUYCHUIO
CTETICHU TEKCTYPUPOBAHHOCTH COCTABIISIOIINX.
CBolCcTBa TOpSYCHITAMIIOBAHHBIX TICEBJIO-
CIUTABOB C KapKacoM M3 HUKEJIEBOH CTAJIH BHIIIE,

9eM C KapKacoM W3 XPOMHUCTON CTayu, HE3aBH-
Puc. 3. MHKpOCTpYKTypa IMITAaMIOBAaHHOTO MpPH TeMIIepa-
type 700 °C mceBnocmiaBa ¢ HHQHUIBTPUPOBAHHBIM MEIBIO CHMO OT TEMIEPATypbl WITAMHNOBKH. JTO CBS-
KapKacoM IJIOTHOCTBIO 75 % u3 cranu [1K80X3, 3aHO € TCM, 9TO B CTPYKTYpC KapKaca u3 XpoO-
Fig. 3. Microstructure of a pseudo-alloy forged from a tem- MHCTOH CTajd HMEIT MECTO OKCHIBI XpoMma,
perature of 700 °C with a skeleton with a density of 75 % 00pasyrolmuecs Ipy Harpese NoJ MITaMIIOBKY Kak
made of FeC0.8Cr3 steel infiltrated with copper B CTAJLHOI OCHOBE, TAK U B MEIHOMI (1)336 (pnc_ 3),
B KOTOPYIO OHH BBIJABJIMBAIOTCS W3 Kapkaca
B mporiecce aedopmaiuu. B pesynbrare ynapHas
BSI3KOCTH IICEBIOCIIIIAaBOB C KAPKACOM M3 XPOMHCTON CTaJIM HUKE, 9YeM U3 HUKEJICBOH CTaIu.

lopsiuast mrammoBka obecmeunna moBbimenne Ha 1,5-2,0 % MIACTUYHOCTH TICEBIOCIIABOB.
OTHOCHUTENHHOE Y/JTMHEHHE TOPSTYCIITAMIIOBAHHBIX IICEBJIOCIIJIABOB C KAPKAaCOM M3 HUKEJIEBON CTaJH
C UCXOMHOH TIOTHOCTHIO 75 % coctaBisieT 2,8—4,9 %, oTHOCUTEnbHOE cykeHue — 2,9-3,6 %; ¢ ucxon-
HO# moTHOCTHIO 80 % — cooTBeTcTBEeHHO 2,0—4,1 % 1 1,5-2,9 %. OTHOCUTENBHOE YAIMHEHUE MICEBI0-
CIIJIaBa ¢ KapKacoM M3 XPOMHUCTOM cTanu He mpesbimaet 0,5—1,5 % He3aBUCHUMO OT UCXOTHOU IIOTHO-
CTH CTaJILHOTO KapKaca.

HccnenoBanne M3JI0MOB TICEBAOCIIIIABOB, mTamMmoBaHHBIX mpu 700 °C, moka3aio, 9TO BCJICICTBHE
YIPOYHEHHS KapKaca MpH MIaCTUYESCKOH nedopMaliuu UMEEeT MECTO MEK3EPEHHOE pa3pylIeHUE pe-
MMYIIECTBEHHO 10 MeHOoM (a3ze (puc. 4) kak MeHee mpoyHoi. Ha ¢pakTorpammax BBISBISETCS SMOY-
HBII XapakTep u3noma (puc. 4, a), HO IMKHM HErTyOOKHE, 9TO TOBOPUT O TOM, YTO IMPOUCXOIUT YIIPOU-
HEHHE U METHOH (ha3sbl.

JIuckpeTHOE PacIoioKeHUEe MEIHOM (Pa3bl B MCEBIOCIIABAX, IITAMIIOBAHHBIX MPH BBICOKUX TEM-
repatypax, MPUBOAUT K TOMY, YTO Pa3pyIICHUE IMPOUCXOIHUT MPEUMYIICCTBEHHO MO MEK3EPECHHBIM
IpaHULIAM CTalIbHOTO Kapkaca (puc. 4, b, 5, b). DTo moaTBEpKAaeT MUKPOPEHTTEHOCTIEKTPAIbHBIN aHa-
nmu3 (puc. 5, ¢). TekcTypupoBaHHOCTh METHOU (has3bl MPOSABISETCS B 00pa30BaHUHU BBITSHYTHIX SIMOK
paspyuieHus Ha uznomax (puc. 4, b).

JluckpeTHOE pacToIOKeHHEe YUaCTKOB MEeTHOHM (pa3bl B IICEBAOCIIABAX C MCXOIHON TIOTHOCTHIO Kap-
Kaca 85 % HaOmiomaeTcs yxe npu temneparype mrammnoBku 800 °C (puc. 6). B cBsi3u ¢ atum ynapHast
BSI3KOCTh MaTepuaJa C MOBBIIIEHUEM TEMITEPATy PbI ITAMIIOBKH CHUYKAETCS B OOIBIICH CTENeHN.

YBenudeHue ynapHOW BSI3KOCTH TICEBIOCILIA-
BOB C KapKacoM IUIOTHOCTBIO 75 %, mTaMnoBaH-
HBIX Ipu Temieparypax 800—850 °C, oObscHseT-
Csl TEM, YTO C POCTOM TEMIIEPATYpPhl MITAMIOBKHI
TTOBBINIACTCS PACTBOPUMOCTH MEIIH B JKEJIC3€ U JKe-
Hexonnas Temmneparypa mramnosku, °C Jie3a B MCI1, KPpOME TOI'O, MCJIHA s (1)333. B OOJIBIIIEH
ot oo | 750 | soo | sso | o0 | oso crerrieHn oborammaeTcst HukeneM. C TOBBIIICHHUEM

' IUIOTHOCTHU Kapkaca Jio 85 % Iuiomaab KOHTaKTa
IIK8OH4 | 75 | 232|243 | 235|230 | 248 | 252 MEXIy METHOM M CTaJdbHOU (ha3aMu MEHBIIE, CO-
80 | 246 | 258 | 255 | 258 | 296 | 321 OTBETCTBEHHO CTereHb audPy3un Meau u xele-
85 | 267 | 281 | 289 | 299 | 311 | 336 3a yMmeHbinaercs. [loBblllieHre JernpOBaHHOCTH
TBEPJAOr0 PACTBOPA JKEIE3HOM OCHOBBI U MEIHOMU
(hassl B riceBOCIIIaABAX, ITAMIIOBAHHBIX TIPH BbI-
COKHMX TeMIlepaTypax, IOATBEPKAACTCS TaKKe
pOCTOM UX TBepAOCTH (Tadml. 2).

.
&
3 | 20 MKM |

Taonunga 2. 3aBucumoctb TBepaoctu (HB)
MCEBIO0CIJIABA OT TEMIIEPATYPbI ITAMIOBKHU

Table 2. Dependence of the hardness (HB)
of the pseudo-alloy on the forging temperature

Marepuan
Kapkaca

ITK80X3 75 237 | 252 | 237 | 296 | 321 | 352
80 262 | 266 | 270 | 318 | 321 | 375
85 266 | 294 | 299 | 328 | 352 | 415




Becui HaupisinanbHaii akagamii HaByk benapyci. Cepbis dizika-ToxHiunbix HaByk. 2022, T. 67, Ne2. C. 156-166 161

Cu-69,3 %;
Fe — 29,9 %;
Ni-0,8 %

Puc. 4. ®pakTorpaMmbl U3JIOMOB FOPSYEIITAMIIOBAHHOTO MICEBIOCILIABA C HH(OUIBTPHUPOBAHHBIM ME/IbIO KapKacoM IJIOTHO-
ctbio 75 % u3 cranu IIK80OH4: a, c — remneparypa mramnosku 700 °C; b — remneparypa mramnosku 900 °C

Fig. 4. Fractograms of fractures of a hot-forged pseudo-alloy with a skeleton of 75 % density made of FeC0.8Ni4 steel
infiltrated with copper: a, ¢ — forging temperature 700 °C; b — forging temperature 900 °C

Fe — 87,45 %;
Cr—7,49 %;
Cu-5,06 %

Puc. 5. ®pakrorpaMmMbl U3J0MOB IITAMIIOBAHHOTO TICEBAOCIIIABA ¢ HHPUIBTPUPOBAHHBIM MEAbI0 KAPKACOM IMIOTHOCTHIO
75 % u3 cranu [TIK80X3: a — remneparypa mrammnosku 700 °C; b, ¢ — remneparypa mrammnosku 900 °C

Fig. 5. Fractograms of fractures of a forged pseudo-alloy with a sceleton of 75 % density made of FeC0.8Cr3 steel infiltrated
with copper: a — forging temperature 700 °C; b, ¢ — forging temperature 900 °C
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N *

Puc. 6. MEKpOCTpPYKTypa ropsdeIITaMIIOBAHHOTO TICEBJIOCIIABA ¢ WHQHUIBTPHUPOBAHHBIM MEIbI0 KapKacoOM IIOTHOCTBIO
85 % wu3 cramu I1IK80OH4: ¢ — Temneparypa mrammnosku 700 °C, b — Temneparypa mrammoBku 800 °C, ¢ — temmeparypa
mramnoBku 900 °C, d — remneparypa mrammoBku 1000 °C

Fig. 6. Microstructure of a hot-forged pseudo-alloy with a sceleton of 85 % density made of FeC0.8Ni4 steel infiltrated
with copper: a — forging temperature 700 °C, b — forging temperature 800 °C, ¢ — forging temperature 900 °C, d — forging
temperature 1000 °C

1400 Topsyast 1wTamMnoBKka IHpu  TeMIeparype
800—850 °C mno3Bonmia CyIIECTBEHHO MOBBICUTH
CBOMCTBA IICEBIOCIIJIABOB C KapKacoM W3 yTIe-
poauctoi cranu. Tak, BpeMEHHOE CONPOTHUBIJIE-
HHE TceBAOCIUIaBa ¢ KapkacoMm u3 ctanu [IK80
C WCXOMHOHM IUIOTHOCTHIO 75 % mocie WHOUIb-
Tpanuu measio coctasiset 380 Mlla, ¢ ucxomnoit
mIoTHOCTRIO 85 % — 470 MlIla, mocne ropsiueit

0‘*‘ mraMnoBku — 520 u 590 MIla cooTBETCTBEHHO.
800 v TBepmoCTh TICEBIOCILIABOB ITOBBICHJIACH Ha 40—

60 HB.

W3 KpuBBIX 3aBUCHMOCTH TNpeAena Ipoy-
600 HOCTH TIPHU CKATHH TICEBIOCINIABOB C KapKacoM
u3 yriepoaucton cranu [1K80, undunsTpupo-
BaHHBIM MEJbI0 M OJIOBIHHCTON Opon3zou (5 %
400 0JI0B2) OT TeMIepaTypbl CBOOOJHOW OCaaKu 00-

0 200 400 600 800 1000 1200 pasuoB nuametrpoM 14 MM, BBICOTOH 22 MM, U3-
MeHsieMol yepe3 kaxsle 50 °C B unTepBaie 20—

1200

|

1000 -

[Mpenen npoyHocTy npu cxatun, Mia

Temnepartypa, °C

Puc. 7. 3aBucHMOCTD IPOYHOCTH IIPH CHKATUU TICEBIOCIIABA

¢ kapkacoM u3 ctanu [IK80 ot TemmnepaTypbl MITaMIOBKH:

B — NHQUIBTPANNS MEAbIO, ¢ — HHOUIBTPAIUS OJOBSIHHOM
Opon3oit

Fig. 7. Dependence of the compressive strength of the

pseudo-alloy with a skeleton made of FeC0.8 steel on the

forging temperature: m — copper infiltration, ¢ — tin bronze
infiltration

1150 °C, BumnO (puc. 7), 9TO MpH TeMIepaType
100—400 °C wnabmiomaeTcsi HE3HAUYUTEIBHOE IIO-
BBIILICHHE YCUJIMS pa3pyILUeHHs], CBI3aHHOE C Ha-
4aJioM pacTBOpeHus rpadura B keyeze 1 oopazo-
BaHUEM MEPIUTA B KapKace.

Hanee mpm temmeparype 500 °C mpoucxo-
OUT CHIKCHHE YCHIIMS pa3pyLICHUS B CpeIHEM
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Ha 200300 MIla, a mpu Temmneparypax 550—850 °C ycunume pa3pymeHns: MeIJICHHO BO3pacTaeT. ITo
00BSICHSIETCS] TUCTIEPCHOHHBIM TBEPJCHUEM MEIHOM (ha3bl M MOBHIIICHUEM JISTHPOBAHHOCTH JKEJIE3HOTO
kapkaca. B maTepBane Temneparyp 700—850 °C mpoucxonut o — y-mipeBpaienue. [lpu Temmneparype
900 °C HaOro1aeTCsl PE3KOEe CHIIKCHUES YCUIIUSI pa3pyLICHHUS, CIICAOBATEIBHO, 3Ta TEMIICpaTypa sBJIs-
eTCsl ONITUMATBHOM /IS TOpsTde TUTacTHUeCKo eopMaIiuy TICeBI0CIIaBa C KapKacoM U3 YTIIEPOIH-
cToi cranu. TakuMm 00pa3oM, IPUMEHEHHE TOpsSYCH ITAMIIOBKU MO3BOJSET IOJHOCTBIO MCKIIOYHUTH
MOPUCTOCTD U CYIIIECTBEHHO MOBBICHTH CBOHCTBA TICEBIOCIIIIABOB.

T'opsiuas mTamMmnoBka, MPUBO/AIIAsS K BOSHUKHOBEHHIO MAKPOTEKCTYPHI B IICEBJIOCIIIIaBaX, BHI3bIBA-
eT 00pa30BaHKe BTOPUYHON aHU30TPOIUU. YPOBEHb aHH30TPOITUHU CBOMCTB 3aBUCUT OT CTEIICHU U TEM-
nepaTypsl geopMaluH.

AHHU30TPONHIO CBOMCTB OIpeNeNsyii Ha o0pas3lnax M3 ICeBIOCIIaBa C KapKacoM M3 jKeiesa, WH-
(unpTprpoBaHHBIM MebI0. JledhopMalinio 0CymecTBISIIN CBOOOJHON OcaaKkon co cTenensio 15 %, 30
u 45 %. Jlng onpeneneHusi aHU30TPOIIUHU CBOWMCTB M3 3arOTOBOK BBIpE3aiy 00pa3ibl B TPEX B3aUMHO
MIEPIICH UK YIISPHBIX HAIPABICHUSX JUISI HCTIBITAHUS Ha PACTSKEHHE, U3THO U yAapHYIO B3KOCTb.

B kadecTBe Kapkaca IceBAOCIIIABA HCIOIb30BAIIN JKEJIE30, YTOOBI MCKITIOUNTH BIHMSIHIE T€TEPOreH-
HOCTH CTPYKTYPBI Kapkaca, Hen30€XHO BO3HUKAFOIIEE B TOPOIITKOBBIX YIIIEPOAUCTHIX U JIETHPOBAHHBIX
CTaNsX, a TAKXKe ISl TIOJy4YeHus: 0oJiee BRICOKMX XapaKTEPUCTHUK MIACTHYHOCTH U BA3KOCTH TIO CpaB-
HEHUIO C IICEBIOCIIIIaBAMU Ha OCHOBE YTJIEPOIUCTHIX U JIETHPOBAHHBIX CTAJICH.

YCTaHOBIIEHO, YTO IOCIE TOpsTYel MITaMIIOBKH aHU30TPOIHS CBOWCTB B OOJBINEH CTENEHH, TaK XKe
KaK ¥ B UICXOJTHOM COCTOSIHUH, TIPOSIBIISIETCS B TIACTHYHOCTH (pHUC. 8) U yIapHOU BSI3KOCTH (pHC. 9).

YpoBeHb aHW30TPONHNHU OTHOCUTEIBHOTO yIIMHEHUS TpH nedopmannu co crenensio 15 % B ma-
Tepuajax ¢ UCXOAHOM MIOTHOCThIO Kapkaca 75 % cocTtaBiuseT 51 %, ¢ UCXOIHOM MIOTHOCTBHIO Kap-
kaca 85 % — 61 %; orHOCHTENnbHOTO Cyx)eHus — 47 u 44 % cooTBeTcTBeHHO. [lOBBITIIEHNE CTETICHU
nepopmanuu 10 30 % NPUBOAUT K HE3HAYUTEIBHOMY (10 5 %) BO3pacTaHWIO aHU30TPONHUH ILJia-
CTHYHOCTH.

CreneHb aHU30TPOIHMH MPOYHOCTH NICEBOCIIaBa HeBeNHKa pu Aedopmanuu 15 % u cocrasusier
14 % mpu nmotHOCTH Kapkaca 75 % u 9 % — npu motHOcTH 85 %. Ilpn crenenn nedopmaruu 30 %
YPOBEHb aHW30TPONHH MOBBIIIAETCS U paBeH cooTBeTcTBeHHO 20 u 14 % (puc. 10). [Ipn noBbeimeHnn
Temneparypsl ropstuei mramnoBku 10 900 °C cynieCTBEHHBIX U3MEHEHUH B CTETIEHU AaHU30TPOINUU HE
HaOsroaeTcs (M. puc. 8, b; 10, b).
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Puc. 8. Biustnue crenenu aehopManuu U TeMIepaTyphl TOpsYei I TaMIOBKH Ha

OTHOCUTENBHOE YATUHEHHE ICEBJOCIIaBAa C KApKacOM pas3IHYHON TIOTHOCTH

H3 XeJje3a, HH(bHHprMpOBaHHbIM MEJIbIO, B TPEX B3aUMHO-NEPICHAUKYJIAPHBIX

HaIlpaBJIEHUSIX: @ — MJIOTHOCTH Kapkaca 75 %, Temneparypa mramnosku 700 °C;

b —mutotHOCTH Kapkaca 85 %, I — remneparypa mrammosku 700 °C, 2 — temmepa-
Typa mrammoku 900 °C

Fig. 8. Influence of the degree of deformation and temperature of hot forging on

the elongation of a pseudo-alloy with a skeleton of different density made of iron

infiltrated with copper, in three mutually perpendicular directions: a — skeleton

density 75 %, forging temperature 700 °C; b — skeleton density 85 %, / — forging
temperature 700 °C, 2 — forging temperature 900 °C

Puc. 9. Bausuue cremeHu aedopma-

nuu npu wramnoske npu 700 °C nHa

yIapHYI0O  BSI3KOCTh  IICEBIOCIIaBa

C KapKacoM pas3n4HON IJIOTHOCTH

U3 Kese3a, HHPUIBTPHPOBAHHBIM Me-

Jpto: | — MIOTHOCTH Kapkaca 75 %,
2 — IOTHOCTH Kapkaca 85 %

Fig. 9. Influence of the degree of

deformation when forging at 700 °C on

the impact toughness of a pseudo-alloy

with a skeleton of different density

made of iron infiltrated with copper:

1 — skeleton density 75 %, 2 — skeleton
density 85 %
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Puc. 10. BausiHue cTeneHM M TeMIepaTypbl ropsiueil IITaMIOBKM HAa BPEMEH-

HOE COIPOTHUBIICHHE IICEBJOCIUIABA ¢ HH(DUIBTPHUPOBAHHBIM MEIBIO KapKacoM

pa3THYHON TIOTHOCTH M3 JKele3a: a — MIOTHOCTh Kapkaca 75 %, Temmeparypa

mramnoBku 700 °C; b — naoTHOCTH Kapkaca 85 %, / — remnepaTypa LITAMIIOBKU
700 °C, 2 — Temneparypa mrammnoku 900 °C

Fig. 10. Influence of the degree and temperature of hot forging on the tensile strength

of a pseudo-alloy with a skeleton of different density made of iron infiltrated with

copper: a — skeleton density 75 %, forging temperature 700 °C; b — skeleton density
85 %, I — forging temperature 700 °C, 2 — forging temperature 900 °C

3akoaouenue. lccienoBaHo BIMSHHE PEKUMOB IJIACTHUECKOH AedopMalvy TICEBIOCIIABOB
CTanb — MEIHBIU CIJIaB, MOJNy4aeMbIX MHOUIbTpAlMel, HA UX CTPYKTYpPY, MEXaHHUYECKHE CBOMCTBa
1 aHU3O0TPOIUIO CBONCTB. YCTAHOBIIEHO, YTO ropsyas IITaMIIOBKa ICEBOCIIIIABOB MIPH TEMIEpaTypax
700-950 °C obecrieurBaeT MOBBIIICHUE MPOYHOCTH B 1,5-3 pasa, ynapHoii Ba3koctu — B 1,5-2,5 pasa,
maactTugHocT — Ha 1,5-2 %, a mpu 1100-1150 °C (BbIlIe TemnepaTypsl MIABIEHUS MEAH) MPUBOIUT
K pacTpecKMBaHUIO MaTepuaja, Tak Kak MeaHas ¢aza B MCEBIOCIIIaBE BEAET ce0sl KaKk HeC:KuMaemast
KUJIKOCTb.

Omnpeneneno, 4TO W3-3a HAIMYWS OKCHUJIOB XpoMa Kak B KapKace U3 CTald, JJIETHPOBAHHON XPOMOM,
00pa3yroIuXcs PU HarpeBe TOJ HITAMIIOBKY, TaK ¥ B UHQHIBTPATE BCICJICTBHE BBIJABIMBAHUS OK-
CHJIOB B MeJHYIO (ha3y B mporiecce Jie)opMalii CBOMCTBA ICEBAOCILIABOB HUXKE, YeM C KapKacoM U3
CTaJIU, JIETUPOBAHHON HUKEIIEM.

[Toxazano, uto Mopdomorus MenHO# (ha3bl B ICEBAOCIUIABE 3aBUCUT OT TEMIIEpaTy pbl Ae(OpMaIiim.
YcTanoBieHO 00pa30BaHUE MAaKPOTEKCTYpPbI B IICEBIOCIUIABAX IIOCIE rOpsiYed IITAMIIOBKH, YTO IIPHU-
BOJIUT K BTOPUYHOM aHU30TPONMH CBOMCTB, YPOBEHb KOTOPOH OIpeneseTcs] CTENEeHb0 AehopManuu
U TeMrieparypoi, Ho He npeBbimaet 15-20 %. [loctpoena nedopmanronHas KprBas MCEBAOCILIABA,
BBISIBUBILAS, YTO ONTHUMAaJbHON Temneparypoll mramnoBkH siBasgercss 700-900 °C B 3aBUCHMOCTH OT
cocTaBa ICEBJOCIUIABA, IPEAeIbHasl CTENEeHb Ne(OpMaluu IICEBIOCIUIABOB MPU TOpsSYeH MITaMIIOBKE
cocraBisieT 65 %. YCTaHOBIICHO, YTO NPH MOBBIICHUH CTEHECHU AedOopMaluy IPOUCXOIUT 00pa3oBa-
HUE MUKPOTPEIIMH Ha TPaHHIIE JKEJIE3HOW U MeAHOH (a3, yTo 00yclaBiIMBaeT CHUKCHHE MPOYHOCTH,
MJIAaCTUYHOCTHU U B 1,5-2 pasa yaapHO# BSI3KOCTH IICEBAOCIIABOB C COACPKaHUEM MEAHOH da3zbl 15 %
U pa3pyLIeHHe TICEBIOCIUIABOB C COIep)KaHUEeM MeIHOU (a3bl 25 %, B KOTOPBIX MPOTSIKEHHOCTh MEX-
(ha3HBIX jKeJIe30MEIHBIX TPAHMI] 3HAUUTEIBHO OOJIbIIE.
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HUnemumym npuxnaonon ¢usuxu Hayuonanvroti akademuu nayx benapycu, Munck, Pecnyonuxa Benapyce

BO3MOXKHOCTbh OIIEHKH MEXAHUYECKHNX HAIPSI)KEHUI B HUKEJIE
MATHUTHBIM TIOHAEPOMOTOPHBIM METOAOM

AnHoTanus. PaccMoTpeHa METOAMKA OIEHKN MEXaHWYECKHX HANPSKEHUH B MOKPBITUSX MarHUTHBIM MOHAEPOMOTOP-
HBIM METOJ/IOM, OCHOBaHHAs Ha UCTIOIb30BAaHUH JAHHBIX O BETMUYNHE MATHUTOOTPHIBHOTO YCUIIMS U €T0 CBSI3H C MAaTHUTHBIMH
XapaKTEePUCTUKAMU HUKeJs (MAarHUTHOM BOCIPUUMMYHMBOCTBIO), U3MEHSIOIMMHUCS NOA AelcTBUEeM HanpsbkeHul. [lokasaHo,
YTO CyIIECTBYIOIee 000pyIOBaHME /Ul ONpe/eIeHs] MEXaHNYeCKIX HaNpPsDKeHNH PeHTTeHOBCKUM, MAarHUTHBIM HIIN YIIBT-
Pa3BYKOBEIM METOaMH KOHTPOJISI IMEET OTPaHUYCHHS 110 pa3Mepy AJIsi KOHTPOIUPYEMBIX 00pa3noB J1u00 HU3KYIO JIOKAIIb-
HOCTh U3MepeHuil. IlpeacraBien MarHUTHBIN MOHAEPOMOTOPHBIN METO/I KOHTPOJISI MEXaHUUYECKUX HANpsKEHUH, HE NUMEIo-
MUH yKa3aHHBIX HEJOCTATKOB. TeopeTHueckn 0OOCHOBAHO M3MEHEHHE MarHUTOOTPBHIBHOTO YCHUJIHS OT TONIIMHBI, MPUIIO-
JKEHHBIX U OCTATOYHBIX HAMPSIKEHUH, 06ycn013neHH1>1x YOPYTUMHU U MJIACTHYECKUMU ﬂe(bopmauMﬂMl/I B oOpa3sie. [lokasaHo,
YTO HaJIM4YKMe B 00pa3lie OCTATOYHBIX HANPSIKEHUH M3MEHSET XapaKTep 3aBUCHMOCTH MarHUTOOTPHIBHOI'O YCHJIHS OT HpPU-
JIO’KeHHBIX HaNpsDKeHHH. PazpaboTaH alropuT™ pacdueTa, MO3BOJISIOMINN 10 OHOMY M3MEPEHHIO MarHUTOOTPLIBHOTO YCHU-
TSI TIOTYYUTh COOTHOIICHNE MEKAY BEIHUYNHAMU NPHIIOKCHHBIX M OCTaTOYHBIX HaNpshKeHUH. [loka3aHo, 4To cOOTHONIECHUE
MEXIY OCTaTOYHBIMH M MPHUIOKEHHBIMU HAMPSKEHUSIMH MOXKET OBITh MCIIOIB30BAHO IS OIEHKU CTEHEHU NMPHOIMKEHUS
K KPUTHUECKHM 3HAUEHMSM HANPsSKEHHH, MPUBOIAILUM K pa3pylueHuto. IlocTpoeHbl rpa ynpoBOYHbIE TIOBEPXHOCTU 3aBU-
CUMOCTH MPHJIOKEHHBIX HANPSKEHUN OT MATHUTOOTPBIBHOTO YCUJIUS U TOJIIMHBI, COOTBETCTBYIOLINE YIPYTOMIACTHUECKON
nedopmaruy, a Takke YpOBHEBBIE I'PaJyHPOBOYHEIE IIOBEPXHOCTH, COOTBETCTBYIONINE yIIPYToi eopManuy Ipy HATHIUH
B MaTepHalie OCTATOUYHBIX HANPSHKEHUH. BEITOTHEHBI SKCIIEpUMEHTH! Ha HUKEIEBBIX 00pa3nax U MOKPBITHX II0 OIEHKE MpH-
OIMIDKEHNS MEXaHMUECKUX HANPSDKCHUH B MaTeprae K KpUTHYECKUM YPOBHSIM, IPUBOISIIUM K pa3pymenuto. [lokazano, ato
TIpU CPABHEHUH MOKA3aHUI I'palyHpPOBAHHBIX JATUNKOB C aTTECTOBAHHBIM CPEJCTBOM HAaHOOIIbIIIEE OTKIOHEHHE MTPOHCXOAUT
IIpHU MaJIblX BEJIMYHUHAX Hal’lpﬂ)KGHI/Iﬁ BCJICACTBUEC OGpaTHOﬁ 3aBUCUMOCTHU OTPBIBHOT'O YCUJIUA OT YPOBHA Hanpsmceﬂuﬁ.

KuioueBble c10Ba: HUKEINb, INIACTHYECKHE e(OpPMAIIH, OCTAaTOYHBIE HAIPSKEHUS, TPHIIOKEHHBIE HAIIPSDKEHHS, Mar-
HUTOOTPBIBHOE YCUIIHE, [IOHAEPOMOTOPHBIH METOL

Just umtupoBanus: Kyremnos, A. 0. Bo3MOKHOCTh OIIEHKH MEXaHUYECKUX HANPSUKEHUI B HUKEJE MAarHUTHBIM TOH-
nepomoropubiM MetonoM / A.TO. Kyrenos, A.TI. Kpens, E.B. T'nyrenko / Bec. Hau. akaza. HaByk benapyci. Cep. ¢i3.-TaxH.
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Ales Yu. Kutepov, Alexander P. Kren, Egor V. Gnutenko

Institute of Applied Physics of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus

POSSIBILITY OF ESTIMATION OF MECHANICAL STRESSES IN NICKEL BY THE MAGNETIC
PONDEROMOTIVE METHOD

Abstract. The paper considers a technique for assessing mechanical stresses in coatings by the magnetic ponderomotive
method, based on the use of the magnitude of the magnet breakaway force and its relation to the magnetic characteristics of
nickel (magnetic susceptibility), which change under the action of internal stresses. It is shown that the existing mechanical
stress measuring equipment using X-ray, magnetic or ultrasonic methods have specimen size limitations or have low measure-
ment locality. At the same time, a magnetic ponderomotive method for controlling mechanical stresses is presented, which
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does not have the indicated disadvantages. The change in the magnetic breakaway force on the thickness, applied and residual
stresses caused by elastic and plastic deformations in the sample is theoretically substantiated. It is shown that the presence of
residual stresses in the sample changes the nature of the dependence of the magnet breakaway force on the applied stresses.
A calculation algorithm has been developed that allows measuring the magnet breakaway force to obtain the ratio between
the applied and residual stresses. It is shown that the ratio between residual and applied stresses can be used to assess the de-
gree of proximity to the critical stresses levels that lead to failure. Calibration surfaces are constructed for the dependence of
applied stresses on magnetic separation force and thickness, corresponding to elastic-plastic deformation, as well as leveled
calibration surfaces, corresponding to elastic deformation in the presence of residual stresses in the material. Experiments
have been carried out on real samples and coatings, that determine the degree of approximation of internal stresses in the
material to critical levels that may lead to destruction. It is shown that when comparing the readings of calibrated gauges with
a certified tool, the largest deviation occurs at low stress values due to the inverse dependence of the breakaway force on the
stress level.
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Brenenue. OnpeneneHne BeIUUNHBI HAPSKEHUH SIBISETCS BAXKHBIM aCIIEKTOM KOHTPOJIS Kaue-
cTBa (DyHKIIMOHATBHBIX TETNIO3AIINTHRIX HUKEJIEBBIX MOKPHITHH. Takue MOKPBITHS 4aCTO MPUMEHSIOT-
Csl B aBUALMOHHOM M KOCMHUYECKON TEXHHKE IS 3alUTHl M3AEIUH, MOABEPraloINXCcsl HHTEHCHBHBIM
TEeMIepaTypHBIM U CUIIOBBIM BO3JICHCTBHSIM: KaMEp CrOpaHuUs, JIOMAaTOK TypOuH u Ap. Beicokuii ncxon-
HBIN YPOBEHb HAIPSIKEHUH, BBI3BAHHBINA HAPYIIEHUEM TEXHOJIOT HUECKOTO MPOoIlecca NX HAHECEH U, MO-
JKET IMPUBECTH K PACTPECKUBAHHIO U OTCIAUBAHUIO TIOKPBITHI, UTO B CBOIO OYEPEAb MOKET HAPYIIHUTh
paboTOCIOCOOHOCTH BCErO M3/CIHS M IPUBECTH K aBapUITHOM CUTyallnu.

Cy1mecTByeT psii METOZIOB OIPENENICHUS] MEXaHUIECKUX HAIPSDKEHUI: PEHTI€HOBCKHUM, MarHuT-
HBIH, yneTpa3BykoBoi u ap. [1-10]. Onnako, o0opynoBaHue, KOTOPOE UX Peajiu3yeT, KaKk MPaBHJIo, 110-
3BOJISIET TIPOBOAMTH KOHTPOJIb TOJBKO Ha CHEUAIbHBIX 00pa3iax (Jinbo HeOONMBITNX U3ACTHUIX) UITH HE
o0JyiajaeT 10CTaTOYHOM JIOKaJIbHOCTBIO U3MepeHnil. OqHUM U3 METOJOB, KOTOPbI MOXKET ObITh UCHOb-
30BaH JUJIA LEJe OLEHKN MEXaHWYECKUX HANpPsKEHWH B MOKPBITUAX, ABJISIETCS MAarHUTHBIM MOHAEPO-
MoTOpHBIN MeTof [11], pasBuBaemslit B MHcTuTyTe pukiagHoi usuku HAH benapycu [12]. Jlanubrit
MeTOJ1 0671a1aeT BBICOKOIT JIOKATbHOCTBIO H3MEPEHHIT ¢ HH(OPMATHBHO# 30HO# 10 25 MM? H O3BOJISET
CO3/1aBaTh IOPTATHBHbBIC MAJIOra0apUTHBIC N3MEPUTEIBHbIC YCTPOHUCTBA.

MeToz 3akirouaeTcs B BO3JICHCTBUU Ha OOBEKT IMOJIEM TOCTOSIHHOT'O MarHWTa U perucTpaiuu ycu-
JHs OTPhIBA MATHUTA OT MCCIIEAYEMOM MOBEPXHOCTH. Benmnunna oTpeiBHOTO ycunus Ky Hecet uupop-
MAaIHIO O TOJIIMHE U MAarHUTHBIX XapaKTEPUCTHKAX MOKPBLITHS (HaIpuMep, MarHUTHOW NMPOHULIAEMO-
CTH), HA KOTOPBIC OKA3BIBAIOT BIMSHUEC MEXaHUUECKUE HampsikeHus [3, 13].

Llenv pabomul — U3yueHHE BO3MOXKHOCTH ONPEICICHNS] MEXaHUUECKUX HANPSKEHUH B HUKEJIEBBIX
o0pa3uax (MMHUTaLUSX TOKPBITHH Ha HeheppOMarHUTHBIX OCHOBAHMSIX) MAarHUTHBIM ITOHIEPOMOTOP-
HBIM METOJIOM C YYEeTOM M3MEHEHHS TOJIUIMHBI TOKPBITHS /A M MCXOMHOTO YPOBHS HAIPSIKEHHH, BbI-
3BaHHOTO MJIACTUYECKUMH JePOPMALIUIMU.

MeToanka mpoBeeHUsi HccieaoBaHu. Bo m3dexxaHue HEONHO3HAYHOCTH TPAKTOBKH 00O03HA-
YUM KOHTEKCT NMPHUMEHEHHS OCHOBHBIX TEPMHHOB M OIpPEIENICHHU, KOTOPBIE MCIONB3YIOTCS B padore.
[IpunoxeHHbIE PaCTATUBAIOLINE OJHOOCHBIE HAMPSKEHUS Gppyy — HAPSKEHHUS, CHOPMHUPOBAHHBIE MO
JEUCTBHEM BHEUTHMX CHJI (MaKpOHAMPsDKEHUs). DTH HANPSIKEHUS! TaK)Ke HA3bIBAIOT BHEIIHUMH, U OHH
MTOJTHOCTBIO MCUE3al0T MPH CHATHH HArpy3Ku. MI3BECTHO, YTO OCTaTOYHbIE HANPSHKEHUS KIIacCUPUIINPY-
IOTCSI CIIEAYIOIINM 00pa3oM: ocTaTouHble MakpoHanpsbxkeHus (I pozra) u octaTouHble MUKPOHATIPSKECHU S
(IT u 11 pona). PaccMoTpeHHBIE B CTAaThe OCTATOYHBIC HAMIPSIKCHUS Gy CHOPMUPOBAHBI TIPH OJTHOOCHOM
YIPYTOIIACTHYECKOM Ae(hOpMAIIH U SBISIOTCSI MUKpOHANIpsKeHUSIMUA. OHU OCTAIOTCS B MaTepHale 1o-
CJIe CHSITUSI BHELTHEW HAIPY3KHU U TAaK)KE Ha3bIBAIOTCS BHYTPEHHUMU HanpsbkeHUsMH [14, c. 5].

JUist OLCHKH BO3MOKHOCTH HCIIOJB30BaHUS CYIIECTBYIOUINX TEOPETHIECKUX OCHOB U Pa3pabOTKH
aIrOpuTMa, IMO3BOJISIIOIIETO OLEHUTh MEXaHWUYECKHAE HANPSKCHUS B MOKPBITUSAX MarHUTHBIM TOHIE-
POMOTOPHBIM METOAOM, OBUIH MTPOBEACHBI COOTBETCTBYIOLINE SKCIIEPUMEHTBI. DTH paboThl O3BOJIUIIN
MOJTYYUTh HEOOXOJUMBIH 00BEM JAHHBIX U BBIMOJHUTH MX MOCIEAYIOUIYIO TEOPETHICCKYIO HHTEPIIpE-
TalHIO U aJallTAllHI0 HEMTOCPEACTBEHHO K NCIIOIb3YEMOMY METOAY ISl HAXOKACHHUS KOPPEISIIUOHHON
CBA3M MEKY Ky 1 HCKOMOM XapaKTEPUCTUKOM — MEXaHUYECKMMH HANPSKEHUSMM.
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B xadecTBE IMHUTATOPOB TTOKPBITHI OBLT UCTIOIB30BaH HIUKEJICBBIH ITPOKAT pa3HOHW TOJNIIUHEI /2 Map-
ku HIIO0. [lockombKy 111 HUKENEBBIX TajJbBaHUYECKUX MOKPBITUH XapaKTEpHBI pacTsATHBAIOIINe Ha-
npsokenus [15, 16], TO NPpUIIOKEHHBIE HANPSIIKEHUS Gpypyy; CO3ABATMCH I TEM PACTSIKEHHS Ha Pa3phiB-
HOW MamuHe 00pa3ios, u3rotoBieHHbIx cormacHo ['OCT 11701 «Merannbsl. MeTOABl UCTIBITAHUN Ha
pacTsHKeHHe TOHKHX JINCTOB U JIeHT». O0pa3ibl uMenn pa3Hbie uexomable TonuuHst 4 (100, 200, 400,
500, 800 MxM) u mepoxoBaTocTh Ra0,8. [ CHATHS MCXOAHBIX HATPSDIKEHUU Gyep, CO3MAHHBIX TPH
MPOKATKE U U3TOTOBJICHUU 00pasIoB, Oblia MPOBE/ICHA UX TepMUYecKast 00pad0TKa B BUJIE OTIKUTA ITPH
temreparype 850 °C Ha NpOTSKEHUH 2 4 B BAKYyMHOM Ie4H.

M3mepenus Ha pa3pbIBHOM MallMHE MPOBOAMIKNCH C PErUCTpalMedl U3MEHEHUsl HOMEPEUYHOro ce-
yeHus o0pasiia M JeNUJINCh Ha JIBa BUJa: 1) IpeaBapuTeNbHbBIE, TPH KOTOPHIX yCTaHABIUBAINCH (HU-
3MKO-MEXaHWYEeCKHe CBOMCTBA 00pasloB (PU3MUECKUH Tpesiesl TEKYYeCTH Gt U BPEMEHHOE COPOTHB-
JICHHUE G,), U 2) OCHOBHBIC, IIPU KOTOPBIX MPOBOJAMIIOCH HArpyKeHUE 00paslioB M M3MEPEHHUE MarHu-
TOOTPHIBHOTO ycuius Ky ¢ momoisio npudopa HT-800, nmpencrasiennoro Ha puc. 1. OTinuurenbHon
0COOEHHOCTBIO0 TPHOOpa SBISAETCS BO3MOXKHOCTh TOAKIIOYCHHS KaK JaTYUKOB 11 KOHTPOIIS TOJIIIH-
HBI, CXOKHX C MarHUTHBIMU ToimuHOMepamMu AkyioBa (a. c. CCCP Ne 185495 «MarauTHBIN TOJIITH-
HoMepy, aBTop — H. C. AKyJnoB), Tak ¥ AaTYMKOB JJIs OIIEHKHM HampsbkeHuil. Kak mokasanu uccnenona-
Hus [3, 17], onTuManpHasg ¢ TOYKU 3pEHUS] KOHTPOJISI HANIPSKEHUNM MHAYKIIUS MAarHUTHOTO oJist B Ha-
xoauTcs B penernax ot 15 mo 100 mTon. B paGoTe npu BeimonHeHNN uccnenoBanuii B ~ 25 mT.

@ AneKTPOHHBIi 610K @ MpyuHa

aT4uK Ans OLEHKM
Haruk ins oy s S
HanpsKeHuiA “
7.
N\ % ? TTOCTOAHHBIA MarHuT
Ni nokpbITIe S’
Ha 6POH30BOM OCHOBAHWK Ni nokpbiTne

Puc. 1. Buemnuit Bua mpu6opa HT-800 mis namepenns Ky (a) v cxema peannsanuu ero aarduka (b)

Fig. 1. NT-800 device dedicated to measuring K, (magnet breakaway force) appearance (a) and its sensor schematic (b)

IlocnenoBaTenbHOCTH MPUIIOKEHUS W CHATHS HAarpy3Kd K oOpasniaM mokazaHa Ha puc. 2. [Ipu oc-
HOBHBIX MCIBITAHUAX MPOBOAUIINCH M3MEPEHHs Ky B 3aBUCUMOCTH OT NPHJIOKEHHBIX HAIPSIKCHUH
Oupun HA LMKJIAX HArpyXKEHUS W pasrpysku. JJIs KaJ0ro IMKJIA MPOBOAMJIOCH HAarpyKeHHe oOpas-
OB Ui (POPMHUPOBAHMS ONPEIETEHHOIO MAKCUMAIILHOTO JUIS STOTO HHUKIIA 3HAYEHHS Gpppyy. JTO 3HA-
YEHHE COOTBETCTBOBAJIO BEPUIMHE IMKIA U 0003HAYANOCH KAK Cpepy (PHC. 2). [lanee mpoussoaunack
CTyIeH4arTas pasrpyska u mnocienyoliiee IoBTOPHOE CTyleH4YaToe HarpyxeHnue. [lockonpky nepen Ha-
4aJIOM IIMKJIa Harpy KeHHE MPOBOAMIOCH 10 3HAYEHHS Gyepy, 00pa3el] ObLI MOIBEPIKEH MIACTHYECKUM
nedopmanusaM. B npornecce nehopmupoBaHus B 00pasiie BOZHUKAIH HANPSIKEHUS Gocp, OTIIMYHBIE OT
HYJIEBOTO YPOBHS, CPOPMHUPOBaBIIErocs nocie oTkura. O0yCIOBICHHBI HATPYIKEHUEM 10 BEPITUHBI
[IMKJIa YPOBEHb OCTATOYHBIX HAIPSIKEHHUH G,.; COXPAHAJICS U TIPU MOITHOHN pasrpyske. [Ipumep mukia
MIpe/ICTaBJIeH Ha puC. 2.

B xozne ucnbitanuii Kasx bl 00pasel NoBeprajics HarpyKEHMIO JI0 IATH Pa3HBIX Gyepy (11O BO3pac-
TAHUIO) U JUIS KXKJ0TO 3HAYEHUS Gyepy OCYIUECTBISIICS LUK «Pasrpy3Ka-HarpyKeHue» (CM. puc. 2).
Jl71st IepBOro MUKNA Gypuy = Opepm = OT = 80 Mlla, nocienyromue Gy, BEIOUPAIUCh TAKUM 00pa3om,
4TOOBI OHU paCIoNIarajiuCh Ha PaBHOM YIaJICHUU IPYyT OT Apyra Ax B auamazone ot ot 10 0,956, npu
o = 315 MIla. [IpomexyTouHbIe 3HAUSHHSI HATIPSKEHHUI BHY TPU LIUKJIOB BEIOMPATUCH TAKUM 00pa3oMm,
4TOOBI OT KaK 101 BEPIIMHBI IMKJIA Gyeppy 10 HYJISl, TOYKHM PACIONAraluCh Ha PABHOM yJaJIeHUH JAPYT OT
Jpyra Ay, OTMTHAKOBOM JIJIsl pa3Tpy3KH U HATPYKeHUS. Ay OIPENesUIICh OTACIBHO IS KaKI0TO IIUKIa
HarpyKeHus-pasrpysku. Bennunna Ky pukcupoBanach Kak CpeiHee CEPUM U3MEPEHUM B KaXK 0K TOY-
Ke LUKIIA ¢ PUKCalMel COOTBETCTBYIONIMX 3HAYEHUH NPHIIOKEHHBIX HAIIPSKECHUH Gypy 1, PETHCTPUPYE-
MBIX pa3pbIBHON MamHOM. CTaTucTryeckas oopaboTka JaHHBIX TPOBOAMIIACH aBTOMATHUECKHU MPHO0-
pom HT-800 ¢ ucronp3oBanuem kputepus ['padoca.
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Puc. 2. Ilpumep IUKIOB Harpy>ke€HHs, CXeMa PACHONOXKEHUs TOUEK KOHTPOJIS
M 0YEePEHOCTH LIMKJIOB HA UarpaMMe yCJIOBHbIC HAaNPsDKEHUs-IeopMariust

Fig. 2. An example of loading cycles, a scheme of test spots placement and cycles
queue on an engineering stress-deformation plot

JKcnepruMeHTAIbHbIE JaHHbIE U UX 00cy KaeHne. Ha prc. 3 moka3aH THMUYHEIN TpUMEp U3MEHE-
nus Ky i o0pasua npy €ro MUKJIMYECKOM Harpy»KEeHHH COIVIACHO CXEME, IPEICTaBIECHHON Ha puC. 2.
Hsmepenne Ky He TONBKO B BEPIIMHAX HUKIIOB, HO M B IIPOMEKYTOYHBIX TOYKAX, OTCTOSAMIUX APYT OT
Ipyra Ha Ay, TO3BOJIMJIO YCTAHOBUTH XapaKTepHbIe 3aKkoHOMepHOCTH. [locie mepecueTa HanmpsiKEHUH
U3 yCIIOBHBIX B HCTUHHBIE HA Y9ACTKE, TJIE Oppyy IPHHUMAIOT 3Ha49€HUs OT 0 10 Ot, M3MeHenue Ky mpo-
MCXOMUT 110 JIMHKUK HuKia 1 (puc. 3). 3nauenus Ky pu HarpyKeHUU paBHbl Ky IpU pa3rpy3Ke 1S O1u-
HAKOBBIX Oy, @ Oger = 0. IIpy abHENIIEM yBETMYEHUH IPUKIIABIBAEMBIX HANIPSKEHUH Oppyy > OT
10 BEPIUMHBI LIMKJIA 2 BENTUYMHBI Ky IPU TIEPBUYHOM HArpy>KEHHUU J10 BEPIIMHBI IUKJIA U B LIUKJIE JUIS
OIMHAKOBBIX Gyypyy HE COBNAAIOT.
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Puc. 3. Usmenenune Ky OT Oppyy B BEPUIMHAX LUKJIOB U MX MPOMEXKYTOUHBIX TOU-
Kax IpU pasrpy3Ke v ITIOBTOPHOM HAarpy KEHHH JJIsl HUKEJIEBOr0 00pasiia ¢ HCXO-
HO# TouHoM 400 MKM

Fig. 3. K; variation from Gy, (applied stressed) in cycles heights and their
intermediate spots during unload and second load for a nickel specimen with
a starting width of 400 pm

HpI/I HU3MCPCHUHU I<f IOCJIC CHATUA HArpy3KH 3aMETHO 3HAYUTCIIbHOC CHUIKCHUC €0 BEJIMYKNHBI OT-
HOCHUTENBHO HyIIs IEPBOTO UK. Takol xapakrep n3MeHeHus K 00yCloBIeH BOSHUKHOBEHUEM U PO-
CTOM IJIACTUYECKUX JiehopMaIuii B HUKEJIEC U (POPMUPOBAHUEM Gy ¢p, KOTOPBIC COXPAHSIOTCS B 00pasiie
IIPH €T0 MOCIEAYIOMIEH pa3rpy3Ke u HArpy3Ke B IIAKIIE.

Cunxenne 3Ha4eHust Ky IPOMCXOAMT IS HyJs KaXJI0ro mocneayromero nuukna. Ha puc. 3 mpen-
CTaBJIEH KOHKPETHBIH NPUMEP M3MeHEHUs K, mpu 1e(popMUpPOBaHWH HHUKEIEBOTrO 00pasia ¢ MCXOJ-
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HOW HavanpHOW TonmmuHok 400 Mxkm. CTpenkamu IMOKa3aH XapakTep W3MEHeHus Ky B Impouecce IpH-
JIO)KEHMS M CHATHA Harpysku. Kak BUIHO U3 PHCYHKa, €CIIM JI0 HAarpys:eHus oOpasua 3Hauenue Ky =
19,8 MH (wynp nuknaa 1), To Ipu HarpyXeHUH 10 Gyepy = 220 MlIla Ky = 16,0 MH (Bepmuna 3 umkia),
a mpu nocnenyromei pasrpyske Ky = 17,9 MH (nynb uukna 3). Eciu paneme Harpyxars o0pasen 10
0,950, = 395 MIla (Bepmnna nukna 5), to K, = 14,5 mH, a npu nocnenyromei pasrpyske K, = 16,5 mH
(aynb mukna 5). [Ipu oToM pasrpyska u mocieayrollee HarpyXeHue odpasiia B paMKax OHOTO IUK-
Jla TIPECTABISIIOT COOO0 MCKIIOYUTENBHO YIpyroe AeGopMUpOBaHUE, a IIACTHUYECKHE Ae(opMaliy
B 00pasiie GOpMHUPYIOTCS MPH HATPYKESHUH IO KPUBOM, KOTOPAs IPOXOAUT Yepe3 3HAUCHUS HaTpsIKe-
HHH Gpepy, IOCTUTAEMBIX B BEPIIMHAX HUKIOB. [loaTOMy X011 3aBUCUMOCTH Ky = f(Gpypyy) HA DTAMax pas-
rpy3Ka-HarpyKCHUe BHYTPHU LMKIIA HE COBNAAAET C 3aBUCUMOCTBIO Kf = f(Gyepu), TOCTPOECHHOM MCXOMS
U3 COOTBETCTBYIOLINX 3HAUYCHHUH B BEpPIIMHAX [UKJIOB, HA KOTOPYIO BIHSIOT KaK IPUIIOKEHHBIC HATIPSI-
JKEHHUsI, TaK U HaPsDKeHUs,, GOPMUPYIOIIUECS B IIPOLECCe MIACTHUECKOH fedopManuu.

W3 nonydeHHBIX JaHHBIX CIEAYET, YTO IO OTPHIBHOMY YCHJIMIO MOKHO OLIEHMBATh CTENCHb MPHU-
ONMMKEHUS K KPUTUUYECKUM 3HAYECHUSM HaIlPSDKEHUH, KOTOPBIE CKJIAABIBAIOTCS U3 OCTATOYHBIX U MPH-
JIOKEHHBIX. B peaabHOM M3A€TMN COOTHOUIEHHE TPUIJIOKEHHBIX U OCTATOYHBIX HaNPSHKEHUH HEU3BECT-
HO. DTH pe3yibTaThl HE MPOTUBOPEYAT MOJYUEHHBIM paHee [18], CylecTBEHHO UX AOMOJHSIIOT U O3BO-
JISIIOT BBITIOJTHUTD ONPEAETICHHBIN aHAJIHU3.

[TocTpoeHHBIE 3aBUCMMOCTH (CM. PHC. 3) NAIOT TPEACTABIIEHUE O BIUSHUM Oppyy M Cocr HA Ky HO HE
TO3BOJIAIOT Pa3/IEUTh UX BKJIaA. Kak BUIHO U3 pUC. 3, OTHOMY U TOMY XK€ 3HaUYEHHUIO Ky MOTYT COOTBET-
CTBOBATh Pa3HbIC HAPSKEHHO-IePOpPMUPOBaHHBIE COCTOsIHUS 00pa3ua. Hanpumep, oTpeiBHOE ycuiue
B 18 MH cooTBeTCTBYeT MpUOIH3UTENHHO KaK COCTOSTHUIO HATPY3KH JIO BEPIIMHBI IUKIA 1, TaK ¥ MMOJI-
HOH pasrpy3ke o0pasia nocje NPUIoKEHHS K HEMY PaCTATUBAOLIETO YCUIIUS Cyepy B LIUKIIE 3, a TAKKE
JpYTUM IPOMEKYTOUHBIM COCTOSIHUSM. Eciiy Ipu poBeeHNN 3KCIEPUMEHTOB 3apaHee U3BECTHO, UTO
B 00pasie JEHCTBYIOT Gppyy U 10 KAKMX MAKCUMAJIbHBIX 3HAUYEHMH HANPSIKEHUH Gypyy = Opepn HATPY-
JKaJcst odpasel, TO B CiIyvae ¢ peajJbHbIMU U3ENHUIMU, TaKkas HHGOpMaIUsi OTCYTCTBYET.

3aBHCUMOCTH, aHAJOTHYHBIC TIOKA3aHHBIM Ha pHC. 3, ObLIM MOMXYYEeHBI U JUIsl 00pasLoB ¢ APYTOM
ucxoaHo tonmuHou B nuanazone 200—-800 mxM. [Ipu yBenmnueHUH TOMIIKUHBI MATHUTOTPBIBHOE YCH-
JIMe POCIIO, IPU YMEHBIICHUH TONIWHBI HaOIro1amack oopaTHasi KapTUHA.

Taxkum 06paszoM, Ha Ky BIUAIOT KaK HANPSKEHMA, TAK M TOIIIMHA NOKPHITUs. [lonmyuenue 3nave-
HUH Ky ¥ Gppy; B BEPUIMHAX IUKIIOB (Gpepy) UL Pa3HBIX /1 (C yYETOM €€ yMEHBIICHHS Ha Tale pacTs-
KeHHsl 00pasiia) MO3BOJIMIIO YCTAHOBUTh XaPAKTEDP 3aBUCMMOCTH, CBA3BIBAIOMIEH Kpy /1 M Gyepry (PHC. 4).
Pacxoxxenne Mexy HICTHHHBIM 3Ha4eHHEM (T. €. JaHHBIMH, KOTOpPbIE allllPOKCHMHUPOBAJINCH) U 3HA-
YEHHEM, PACCYUTAHHBIM alllPOKCUMUpYIoLel QyHKIUEH, BEIpa)keHHOE B IIPOLIEHTaX (1ajiee HeBsI3Ka),
st QYHKUMH Gyepy, = f(Kj; h) He npeBbimano 10 %.
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Puc. 4. TIoBepXHOCTb Gyepu = f(Ky h)
Fig. 4. Surface Gyepy = fIK; 1)
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Ecnu cunratsh, 4TO AEHCTBYIOLINE B 00pa3Lie U3 HUKEIIS HAIPSKEHUs — 3TO MAKCUMaJIbHbIE Hampsi-
KEHUS, KOTOPBIM OH TIOABEPIaJICs, TO TPaayUpPOBOYHAS TOBEPXHOCTD Cyep = f(Kj /1), NpencTaBieHHas
Ha puc. 4, TO3BOJIAET ONPENCIIUTh ATH HANPsDKEHUs. [ TOro HeoOX0IMMO U3MEPUTDH TEKYLIYIO TOJI-
LUIMHY ¥ MarHUTOOTPHIBHOE YCHJIME U MO COOTBETCTBYIOIIEMY YPaBHEHUIO MOBEPXHOCTH PACCUUTATh
3HAYEHME Cypyy = Opepm = f(Kp h).

B mporusrOM ciiydae Ha Ky OylyT OKa3bIBaTh BIMAHUE YIKE HE TOIBKO Oypyy, HO M Gocr, COOTHOMIE-
HHE MEXly KOTOPBIMH HEU3BECTHO. ECTECTBEHHO, 4TO 110 3Ha4eHUIO K HENb3s MOIYYUTh TOUYHBIE 3HA-
YEHHUS JABYX HaPAMETPOB Gppyy U Cocr. VICTIONB30BaHHE TEOPETHYECKHX MOJIOKEHUM, U3JI0KEHHBIX J1a-
JIee B CTAThE, IA€T BO3MOKHOCTD ONPEIENUTD THaNa30Hbl H3MEHEHU S 3HAYEHUH Oypyy M Cocr. [IpH aTOM
MaKCUMAaJIbHBIM 3HAYE€HUEM Gy, TPUHALICHKAIMM JHANIA30HY BO3MOXHBIX 3HAYEHHM, OyI€T ABIATh-
A Cgepur-

TeopeTnueckoe 000cHOBaHHE KOHTPOJISI MeXaHHMYECKUX HANpPsS:KeHUil MATHUTHBLIM TOH/e-
POMOTOPHBIM METOAOM. JIJI MOTy49eHHs COOTHOMEHUS MEKAY Cocr M Oppuy PACCMOTPUM XapaKTEP
u3MeHeHus Ky Ipu HarpykeHun o0pasia ¢ HEKOTOPOM MCXOIHOW TonmuHou A. Ha puc. 5 nokasan
npumep 3HaueHus Kr= Ky in, KOTOPOE MOXKET COOTBETCTBOBATH MHOTOYHUCIEHHBIM COUETAHUAM Gocr
U Gypyy. ECIIM MIPEANONOKHTE, YTO U3MEPEHHOE 3HaYEHHE K COOTBETCTBYET TOYKE A, TO ITO O3HAYa-
€T, YTO Gypyy IPUHUMAIOT MAKCHMAIILHO BO3MOXKHBIE 3HAYCHUS, PABHBIE Gpepyy ], U MONAJAIOT HA KPHU-
BYIO BepIIXH HUKJIOB. [Ipu 3TOM chopmupoBaBLInecs nNpu mIacTUUECKOM AE(POPMHUPOBAHUU Gocy IS
3TOrO Cllydas MHHMMAaJbHBI, 0OYCIOBICHBI HATrPyKEHUEM MaTE€pHana J0 YPOBHS Gyepy. 1Ipu cHA-
THH TIPUJIOKEHHBIX HANPSIKEHUH, UMEBLUINXCS B TOYKE 4, MArHUTOOTPHIBHOE yCHJIME BBIPACTET JI0
K=Ky max ¥ OyJeT 00YCIOBICHO TOIHKO MUHUMAIbHBIMH OCTATOYHBIMU HAIPSIKEHHAMHE G = Gooy
(touka D). Taxxke, usmepennoe 3nadenue Ky = K; nin MOXKET COOTBETCTBOBAaTh To4YKe C, B KOTOPOM
Oppun = 0, @ UIMEIOIINECS Go; = ooy MAKCUMAIBHBI U 00YCIOBICHB GOPMHUPOBAHHEM IIIACTHYECKUX
nehopmManuii Npu HArpyXCHUH MaTepuana JO YPOBHS Gpepyo PaHee. Ky min MOXKET COOTBETCTBO-
BaTh M JIO0OW NMPOMU3BOJBHONW MPOMEXYTOUHON TOUYKE (Harpumep, Touke B), B KOTOPOH BEIUUYNHBI
Oupun U Oocr MOTYT MPUHUMATH ONPEJCICHHbIE COUETaHus 3HaYeHui. [Ipu sTom © €0, o

min max
ao € (GOCT > GOCT )

NPT BepII )a

oCcT

MarnutooTpbiBHOE ycunue K;

<~z '

Ggepuy Ggepu,

MPUNOXKeHHbIE HANPSHKEHUR Grpyn

Puc. 5. lnanaszoHbl U3MEHEHHUS Gppyy M KB 3aBUCUMOCTH OT HAJIUYMS Gocp

Fig. 5. 6upus and Ky measurement range with a dependence on a presence of G, (residual stressed)

I[J'ISI TOr'0 YTOOBI pacCcuuTaTb 3HAYCHUSA Oyep, KOTOPBIC ObLIH C(l)OpMHpOBaHLI MNpeaABaAPUTCIbHBIM
HarpyxxXCeHUEeM B KaKJOM IHUKIJIIC, BOCIOJJb3YCMCA YpPaBHCHUCM [12], CBA3BIBAIOIIIUM MArHuTHYH BOC-
IIPUUMYHNBOCTL MaTe€pualia X C HaAIPSKCHUAMMU:

2 2
O

= , 1
9\ ,G; 50; O

rZie Ly — MarHUTHas TMOCTOSHHAS, J; — HAMarHUYeHHOCTh, Ay — KO3(D(PUIIMEHT MATHUTOCTPUKIIHH, G —
MIPUJIOKEHHBIE (BHEIITHUE) HAIIPSKEHMU S, G; — OCTaTOYHbIC (BHYTPEHHUE) HAIPSIKESHUS.
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Kaxk ckazano B [13], ypaBHeHme (1) ucmonp3yeTcs ckopee I KadeCTBEHHON OIEHKH, YeM IS KO-
JIUYECTBEHHOU, TO €CTh SIBJsACTCS NPUOIMKEHHBIM. Takxke Beipaskenue (1) crpaBeaInBO TOIBKO B CITY-
Yae, KOT/Ia OCTaTOYHBIC HAIPSKCHHS ropas3/io OOJbIIEe U SHEPTHH TOJIs, ¥ BHEITHUX PAaCTITHBAIOIINX
HaTnpsDKeHWH. MarHuT B IaTYMKe, NCTIOIH30BAaHHOM B AKCTIEpUMEHTaX, ObLIT moo0paH Tak, 9TOObI CO-
OTBETCTBOBATh IMIEPBOMY YCJIOBUIO. 3HAUYCHHUS OCTATOUYHBIX HAMPSIKEHUH ObLIM PacCUMTAHBI JIJIs KaK-
JIOTO IIUKJIA, IIOCKOJIBKY I0JIAarajoch, YTO TOCIE HArpy>KeHUst o0pasiia /10 BEPIIMHBI UKIa (OpMUPY-
I0TCS TUTACTHYECKHe AeopManny U JajdbHeInas pa3rpy3ka U Harpy>KeHUe B ITUKJIE HCKITFOUUTEIEHO
yrpyrue. To ecTh onpeiesaecHre 0CTaTOYHBIX HANIPSKSHU I BO3MOXKHO B CJ1y4ae OTCYTCTBHUSI TPUIIOKEH-
HBIX HAIPSKCHU.

Hcnonb3yeM ypaBHEHHE, CBA3BIBAIOIIEE MATHUTOOTPBIBHOE yCUIINE Ky, TONIMHY /i M MATHUTHYIO
BOCIIPUUMYHBOCTS MaTepuaia x [19, 20]:

¢ xh

=1 2
T+ N @

rjie ¢ — pa3sMepHbIi Kod(Q(ULIUEHT (yCTaHABIMBAETCSA YUCICHHO Ha OCHOBaHMHU M3Mepenuil Ky Ha 00-
pasiax ¢ M3BeCTHOM MarHUTHOM BOCIIPUMMYUBOCTBIO); N — pa3MarHUYMBaIOMINNA (HaKkTop, KOTOPBIA MO-
JKET OBITH OIpeelicH SKCIIEPUMEHTAIBHO I KakAoro nmukia [21, 22].
Pemrast coBmecTHO (1) 1 (2), MOXKHO MOTYYUTH BBIpaXKEHHE
2

ocT

—c 450K

ocT npuix

5o

CocraBuB cHCTEMY ypaBHEHMH IS CIIydast HOHOCTBIO HATPYKEHHOTO COCTOAHUA Kr= Ky iy (TOU-
xa A) u npu pasrpyske Ky = Ky pax (Touka D), monyunm

2
GgCT _ 2“0']5‘ (Clh_KfN)
450K ,

(o Harpyskoi),
5c

oct ~ Onpun
2
_ 2“0Js (clh - KfimaxN)
o 97\‘9 K f max

c (B pasrpy’k€HHOM COCTOSIHHH).
C y4€eToM TOro, 4T0 NMoJi HArPy3KOH Gypyy = Ogepm, M PELIUB CUCTEMY YPABHEHHMH IS Gocr, HOTYYUM
BBIpaXKEHHUE

_ Sgepm (KfimianimaxN - Kfimaxclh)
ocT
5(I<f7minclh - Kfimaxclh)

TI€ Gpepy — BETMYUHA IPHIIOKEHHBIX HANPSKEHUHU Gypyy, 10 KOTOPBIX HArpysxkancs o0pasen; Ky pmin —
BEJIMYMHA OTPHIBHOTO YCHUJIMSI IIPH HAT'PYXKCHHUH B YCJIOBUSX BO3ACUCTBUSI HA 00pa3el] MPUIOKEHHbIX
HANPSKEHUH Oyepn; Kf max — BEJIMUMHA OTPLIBHOTO yCHJIUSA TIPU PAa3rpy3Ke, TO €CTh KOTJA MPUIIOKEH-
HbIe HANPSOKEHUS PaBHBI HYJIIO, & OCTATOYHBIC HATIPSIKEHUS Gocr CPOPMUPOBAHBI TIPH MIPEIBAPUTETH-
HOM HarpyKEHUEM JIO Cpepuy-

N 6nu30K K 1 ¥ MaJio U3MEHSIETCSI ISl IOKPBITUS OMPEACICHHON TOIIIMHBI TPH U3MEHEHUW HaTps-
JKeHUH B HeM. JJ1s1 yIIpOIIeH s pacyeTOB MOXKET OBITh YCIOBHO MIPHHSAT 32 1, 4TO HE BHECET 3HAUNTEIb-
HOM TIOT'PEITHOCTH B HUX. Bripakenue (3) O3BOJISAET YCTAHOBUTD Gy 11O MOTYYEHHBIM B XOZE IKCIIEPH-
MEHTOB JIAHHBIM 110 MATHUTOOTPBIBHOMY YCHJINIO K/ 1 3HAYEHUAM Cpepyy-

IMocTpoeHne rpagyupoOBOYHBIX 3aBUCUMOCTEl JIfl OLEHKU HANPSKEHNH MOHAEePOMOTOPHBIM
MeToaoM. [lomyuns mo dopmyne (3) MmaccuB HHOOPMAITHU O Gocp, POPMHUPYIOMIUXCS TPH OTHOOCHOM
HarpyKEHUH 00pasua [0 Gyepy A1 KAXKIOT0 HMKJIA KaXkI0ro o0pasia (pa3Hol TONIIMHBI), MOXKHO II€-
PEUTH K MOCTPOCHUIO TPayUPOBOYHBIX 3aBUCUMOCTEH IS Goep. OJTHAKO BO BpeMs UCIBITAHHH 00-
pasiia Ha pacTsDKeHHE ero TOJIIMHA MOCTENEeHHO yMeHbIaeTcs. s mocTpoeHus TpayupOBOYHON
TOBEPXHOCTH ISl Cyepyy OT K (QHAJIOTMYHBIX TTOKA3aHHOM Ha PUC. 4) JOCTATOYHO OBLIO Yy4€ECTh TOJNb-
KO TOJIIMHY 00pasla, TOrjaa KaK B CJ1y4ae C Gocr HEOOXOAMMO UCIIONb30BATh Gppyy U TEKYILEE 3HAYE-
HHE /1, TO €CTb Gocr ABIAETCA PYHKIMEN TPEX MEPEMEHHBIX Gocr = f(Kjs /1, Oppun)-

(&)

; G)
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JLnst yIpoIeHust oy deH s TpalyuPOBOYHBIX 3aBUCUMOCTEH TS Gor, UCTIONB30BAHBI TIOBEPXHOCTH
ypoBHs. [IOBEPXHOCTh yPOBHS NPEACTABIAET COOOH 3aBUCUMOCTD Gppuy = f(Kj h) U1 OT/IENIBHOM BENy-
YUHBI Gocr. [Ipu 3apaHee M3BECTHOM BEIUYUHE Gy, HECKOIBKO MOBEPXHOCTEH YPOBHS HO3BOJISIOT IPO-
BOJIUTh PACUET Gcp TYTEM AIITPOKCHMAIIMH IO TOYKAM MKy OJIMKANIIMMU IOBEPXHOCTSMH, 8 B CUTYa-
MU HEM3BECTHOTO 3HAYEHHUS Gyypyyy — MONYIHUTh TUATIA30HBI BO3MOXKHBIX 3HAYCHUH Gocr U Oppyy-

UToObI MOJIyYUTh IOCTATOUYHBIA 00BEM JAHHBIX, JIJIS1 KQXKI0T0 00pasiia ¢ onpe/e/icHHON HaYalbHON
TOINLIUHON I KaXI0r0 3HAYEHHS Gyepy, TO €CTh JUIA KaXKAOTO LUKNa, no ¢opmyre (3) Obumn pac-
CUMTAHBI 3HAYCHUS Gy [10JTYUCHHBIN MAaCCUB HH(OPMAIIUH [TO3BOJIAJI IOCTPOUTH TIOBEPXHOCTH, OITH-
CHIBAIOIME 3aBUCUMOCTD Oypuy = f(K; Gocr), 0€3 yueTa B ABHOM BHJIE M3MEHEHHUS TOJLIMHBL (pUC. 6).
[Ipu 3TOM Ha Ka)KJI0M LIUKJI€ pa3rpy3Ka-Harpy3Ka Gy., = const M TeKyIuas ToIIuHa i = const (aedop-
MalM{ MCKIFOYUTENBHO YIIPYTHE), @ 1 M3MEHACTCS IIPH MEPEXO/IE K CIEAYIOIEMY 3HAYEHHIO Gyepy B PE-
3yJbTaTe IIACTUYECKOro JedopmupoBanus. To ecTh KaKIOMy 3HAYEHHIO OCTATOYHBIX HAIPSKEHHUH
COOTBETCTBYET OJTHO U TO € 3HAUCHUE TOJIIIUHBL.

Ha pwuc. 6 BugHO, 9TO TOYKH JaHHBIX, IT0 KOTOPHIM CTPOUIACH BCS MIOBEPXHOCTH, HAXOMSTCS HA JTH-
HUSIX, JJISI KOTOPBIX Gyoep = const U 4 = const. DTH JUHUU COOTBETCTBYIOT LIUKJIAM HarpyKeHUs-pa3-
IPY3KH M 3aKaHYMBAKOTCS IEPECEUCHUEM C €IIE OAHON JTMHUEN, IS KOTOPOH Gypyy = Ogepm- 110 THHUAM

Gupun = Opepu AJIS1 PA3HBIX 00Pa3loB U CTPOMJIACH I'PAyHPOBOYHAS MOBEPXHOCTh, OTOOPaKEHHAs Ha

KpuBas oppup = Gagpu

KpuBast ooy, = f(Ky) NPpU oogr = 52 MM

NN

s i i
L Ilm‘.‘.‘_”l!‘,‘,lym».",-'.. m

N

A\

TpUNOXKEHHbIE HANPSIKEHNA Grpun: Mra

MpunoXeHHbIe HanpsKeHUst Snpuns MnNa

Puc. 6. Ilpumep MOBEPXHOCTH Gypuy = fIK; Goer) M BBIICTCHHON Ha Hel KPUBOH Gypyuy « = f(K))
IPHU Goer » = 52 MIla st 06pasua ¢ ucxonnoit Tonmunoi 200 Mxm (a) u 800 mxm (b)
Fig. 6. An example of a 6y, = f(Ky Gocr) surface and of a highlighted o, = fKy) With Goer =
52 MPa for a specimen with a starting width of 200 pm () u 800 um (b)
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puc. 4. Ota rpaynpoBOYHAs MOBEPXHOCTh OTPAaHUYNBAET MAKCHMAIBHO BO3MOXHOE 3HAYCHHE /THaTla-
30Ha M3MEHEHHS Gy TAKMM XK€ 00pa30M, KaK KPHBAs Gpepy; OTPAHWYMBAET KPUBBIE IIUKJIOB Ha PUC. 3.

3Hauenue 4 ipu neopMupoBaHUH 00pasiia MeK Iy BEPIIMHAMH ITUKJIOB HEU3BECTHO. [loaToMy miis
WX TIONYYEHHS TIOCIIe OMPEeNIeHUs 3HAUCHUH Goer PACCUUTHIBAIINCH 3aBUCHMOCTH TONIIHUHEBI OT OCTa-
TOYHBIX HAPSDKCHUHN /i = f(Coep) AN KaXKIOTO 0Opasma. ITH 3aBUCHMOCTH B NAJbHEUIIIEM ITO3BOTHIIH
YCTaHOBUTH TOJIIMHY MTPH IMPOU3BOIIEHOM 3HAYCHHUH G 1.

[ToBepXHOCTH YPOBHSA Gppyy x = f(Kj; 1) HEOOXOAMMO TIOCTPOUTS ISt PA3HBIX OMPEIETEHHBIX 3HAYE-
HHH Gycp . [IpHUEM 5TH 3HAYEHHSA Gyep ¢ NOJDKHBI IIPHHAICHKATH KAK MOYKHO OOJIBINEMY YHCITY MCIIBI-
TBIBAEMBIX 00pa3IioB (00PA3IOB C pa3HOW UCXOIHON TONIIIHHON).

IIpu npoBeneHny nccnen0BaHMI HCTIONB30BaHO 10 PUKCUPOBAHHBIX 3HAYEHHUH Gocy y, PACCUMTHIBAC-
MBIX 110 hopMmyIte

Gmax

Oocr x = xf_g’ “)
TI€ X — MOPAJKOBBIA HOMEDP Goer ¢ = const ot 1 1o 10, 11 KOTOPOro HaXOAATCSA 3HAYEHHSA Oppuy ¢ =
= f(K)); Oper. — MAKCHMAIIBHOE 3HAYCHHE Gy 10 BCEM 00pas3Iam.

Hcnonb3ys moiry4aeMoe ImyTeM aninpoKCHMAlMHU JaHHBIX YPABHEHUE MOBEPXHOCTH (PHC. 6) Cppyy =
= f(Kj Gocr) IPH HEKOTOPOM Gep = CONSE, ONpPEEIEHHBIM 10 hopMyIie (4), MOKHO paccUUTaTh 3Haye-
HHUSA Oppyy ¢ = f(Ky). IlpudeM Kaxa0i KpUBOH Gypuy » = f(K)) OylIeT COOTBETCTBOBATE JIMIIL OHO 3HAYE-
HUE TONIIUHBI 00pas3Iia, YTO MO3BOJISIET B AaIbHEUIIIEM YUUTHIBATD /I B TPAAyHPOBOYHBIX TIOBEPXHOCTSIX.

I[TonyunB MacCUB 3HAYEHUH Gppyy v, Ky IS PACCYIMTAHHBIX PAHEE Gocp y U HMES COOTBETCTBYIOLINE
3HAUeHUs A (A1 pa3HbIX 00pa3IoB U JJIsI OMHOrO 00pasia npu 1ehOopMUPOBAHUH), MOKHO TIOCTPOHTH
COOTBETCTBYIOIINE TIOBEPXHOCTH YPOBHS (puC. 7) ¢ HeBs3Ko# 10 20 %.

500

COnpun_2 = f(Kf‘ h)
NPy G4¢r » = 26 Ma

Gnpun_8 = f(Kf: h) 400
NP1 Gggr g = 104 MIa 350

i
250
200

150

IpunoxeHHble HANPSXKEHUS Gypyn, MIa
g
TpunoXeHHble HaNPSXXeHUs Gy, MMa

Puc. 7. TIoBepXHOCTb 3aBUCUMOCTH Gppyy 2 = f(Kj h) IpH Goer 5 = 26 MlIla
U Gypun_ 8 = f(Kjs h) IpU Gy g = 104 MITa

Fig. 7. Gupus 2 = f(Ky h) surface with Goer o = 26 MPa and G,y 5 = fIKy h)
with G,¢; g = 104 MPa

Kak y>xe ynoMrHanoce, 3T MOBEPXHOCTH JOJDKHBI OBITH OrpaHUYEHBI IIOBEPXHOCTHIO, 0TOOPasKEHHOM
Ha PHC. 4 (3HAYECHUAMHU Oppyy = Opep). ONHAKO, KAK MOYKHO 3aMETHTh HA PHUC. 7, HOTYyYEHHBIE OBEPXHO-
CTH Cppyn = fIKy ) 11 KaXKIOR Gyer ¢ HE MMEIOT OTPAHUYEHUH W POIOIKAIOTCS 32 NPENETAMH MAKCH-
MaJIbHBIX 3HaYEeHUH, 4TO He HMeeT (Pu3nvecKoro cMbicia. Ha puc. 8 mokasaHo 3To orpaHHYeHHE — 3aBHCH-
MOCTb Gyepy = f(Kj; h). OHa 10 CyTH SABJISETCA TPEXMEPHBIM IIPEICTABICHHEM IpaduKa, OKa3aHHOTO Ha
pHC. 3, TpeTbel 0CBI0 KOTOPOT'O BEICTYIAET OCh C OTJIOXKEHHBIMU Ha HEH 3HAUYSHHSIMH TOIIIUHBI 00pasIoB.

Hcnonb3oBanne METOAMKH /1JI51 U3MEPEHHIi HA peajibHbIX U3AeausaX. TakuM 00pa3oM, IMEIOTCS BCe
JTAaHHBIE, 9YTOOBI OMPENETUTh TUAITa30Hbl U3MEHEHHSI IPHIJIOKEHHBIX M OCTaTOYHBIX HANIPSHKEHUH U UX CO-
otHomeHue. OnpezeneHne JUarna3oH0B HATPSKEHHIH B HUKEIIEBOM ITOKPBITHH T10 TIOTyY€HHBIM T'PaTy HpO-
BOYHBIM ITOBEPXHOCTSIM IIPOU3BOUTCS ITyTEM YCTAHOBJICHHU I TOJIIIUHBI TIOKPBITHS /i © MAaTHATOOTPHIBHOTO
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Onpun_2 = f(Ks, h)

MpunoxeHHble HANPSXEHUS Gypyn, MIa

=
E
=Y
2
)

500
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Gpepw = f(Ky, )
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MpunoxeHHble HANPSXEHUS Gypyn, MIa

100

Puc. 8. Tlepeceuenne rpaayHMpoBOYHBIX MOBEPXHOCTEH Gyepw = fIK; h)
U Oupun x = f(Kf, h) s Goer 2= 26 MIla (@) u Gy, g = 104 MlTa (b)

Fig. 8. Intersection of calibration surfaces Gyepy = K /) and Sppyy « =
J(Ky, h) for G,cr » =26 MPa (a) and 6oy 3= 104 MPa (D)

yeunus Ky mpu6opom HT-800 (em. puc. 1, a). Ilo monyueHHbIM 3Ha4eHusAM Ky v /i ONpeeNseTcs Makcu-
MaJIbHOE 3HAYCHHE Oypyuy = Opepm (MO 3aBUCUMOCTH, OTOOPaKEHHOM HA PHC. 4 M OTPaHMYMBAIONIEH BEPX-
HHH JIMaNa30H Cppyy), @ TAKKE PACCYUTBHIBAKOTCA BENMYUHBI Gppyy UL KaXKIOH IOBEPXHOCTH YPOBHS
Oocr x = const. M3 MoyYeHHBIX 3HAYEHUH CTPOUTCS 3aBUCUMOCTD Gyer x OT Oppyy. [IpHMeEp Takol 3aBucH-
MOCTH NPMBEJIEH HA PUC. 9, T/Ie NOKa3aHbl IUANa30Hbl U3MEHEHUS Gypyy U Coer AJ1 00pasta ¢ MCXOMHON
HavapbHON ToNmuHOM 400 MKM, KOTOpasi yMEHBIIIIIACh TIPY pacTsKeHuH 10 360 MKM.

Ha puc. 9 Toukamu 0003Ha4€HbI 3HAYEHUS Cypyy v A1 KAXKIOH Goer x, @ BEPTUKAIBHBIMU Iy HKTHP-
HBIMHU JIMHUSIMA — OTPAaHWYEHHS 3TOH 3aBUCUMOCTH BHH3Y JHMAlia30Ha MPHIOKEHHBIX HAIPSKSHUH
HYJIEM U BBEPXY JHMAINA30HA Ogepy = 160 MIla. Jlnanason BO3MOKHBIX 3HAYEHUM OCTaTOYHBIX HAIps-
KEHUH Goep cocTaBngeT oT 48 1o 95 Mlla. KoppekTHOCTh Moiay4eHHOro Juana3oHa OCTaTOYHBIX Ha-
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Puc. 9. IIpumep rpaduka nuama3oHOB NPHUIOKEHHBIX M OCTATOUHBIX HAIPSIKEHUIT

Fig. 9. An example of ranges plot for applied and residual stresses

MPSKEHUH MOXKET OBITh B JAIBbHEHIITUX HCCIEIOBAHUIX MPOBEPEHA N3MEPEHUSIMH Ha PEHTT€HOBCKOM
nudpakromerpe. Eciu cpaBHUTH NOIYUYCHHBIC PE3YJIBTaThl ¢ TpadUKOM Ha pUC. 3, TO MOXKHO 3aMETHUTh,
4TO MOJIyYEHHOE 3HaUYeHUE K= 16,7, COOTBETCTBYIOIIEE Gpepy = 160 Mlla, B ciiydae pasrpyKeHHOTO
COCTOSIHHS OyzeT OJIM3KO K HadaJbHON TOYKE 5-TO IHKJA, HA KOTOPOM OCTAHOBMIIUCH UCIBITAHUS 00-
pasua ¢ ucxomgHoit 4 = 400 MKM, a ClleIOBaTENbHO, MOTYUYEHHBIE MO TPaAyHPOBOYHBIM TOBEPXHOCTIM
PE3yIBTaThI OIIEHKH THAaIla30Ha MPUIIOKEHHBIX HAPSIKEHUH COOTBETCTBYIOT JHCTBUTEIBHOCTH.

SIBneHME CHMKEHUS! MarHUTOOTPHIBHOI'O YCHIIUS MPH HAJIMYUK B 00paslie HANPSIKEHUH TakKe Ha-
Oroaock MpHM MPOBENEHUH AKCIIEPUMEHTOB Ha PEalbHOM TajbBAaHHYECKOM MOKPHITHH. Tak, ObLIN W3-
MepeHbl Ky Ha ydacTKkax 00pasia ¢ OTCIOMBIIMMCS M IPOYHO YIEPKHUBAEMbIM CHJIAMH 4T €3UH NOKPHITH-
em (puc. 10, a), umeronum TonmuHy, 6mu3kyio k 400 mxm (2 = 396 mxm). Ha rpaduxe (puc. 10, b) BugHO,
YTO OTPHIBHOE YCHIIME HA OTCIIOMBIIEMCS] yUacTKe BbIIIE. DTO MOKHO OOBSICHHUTH TEM, YTO OTCIaHBaHUC
TIOKPBITHSI TIPUBEIIO K CHATHIO MTPHIIOKESHHBIX PACTATHBAIOIINX HAMIPSKEHUH B IOKPBITHH.

16,2

16,0 @

15,6

15,6

i, ae

15,0

MarnutootpbisHoe ycunue K, MH

0 1 2 3 4 5 6
PacctosHue oT kpas 06pasLua, cMm

Puc. 10. OOpa3sel HUKENEBOrO NOKPBITHS C OTCIOMBIIENCS YAaCThIO M H3MEHEHHUE 3HaYeHU I Ky Py ylalleHun OT Kpast
obpasna (4 =400 mxm)

Fig. 10. A nickel plating specimen with exfoliated part and K, variation from moving off a specimen edge (4 =400 um)

Ecmu cpaBuuth 3nauenus Ky na puc. 3 u 10, MOXKXHO OTMETHUTB, YTO 3HAYEHHUE OTPHIBHOTO YCHIIUS
B HEOTCIJIOMBIICHCS YaCTH MOKPBHITHS OIM3KO K KPUTHUECKUM 3HaueHUsIM. [Ipu aToM paspymenue mo-
KPBITHSI MOXKET IPOU30MTH IO IByM BapHaHTaM: PAaCTPECKUBAHUE, €CIIH HANPSKECHU S IIPEBBILIAIOT Bpe-
MCHHOC COIIPOTHUBJICHUC, NJIW OTCIIANBAHUC — IIPU NPEBLIIICHNUU UMU (HaHpH)KeHI/IHMI/I) CHJI aAIr€3UH.

BBuny cnaGoro mosst UCIIOIb3yeMOI'0 MarHUTA U €r0 MaJIbIX T€OMETPHUECKUX pa3MepoB Ha 00pas-
ax ¢ paBHOMCPHBIM pacCIpeaACICHUEM HaHp}I)KeHI/Iﬁ U TOJIIIHUHBI U3BMCHCHU A HOHILCpOMOTOpHOﬁ CHJIbI
HAYMHAIOT IPOUCXOANTDH HAa PACCTOSHUM 5 MM OT Kpasi oOpasua u MeHee. Ilockonbky n3mepeHus, npes-
cTaBiieHHbIC Ha rpaduke puc. 10, b, ObLIN TONYYEHBI 10 HEHTPY 00pa3iia, a MaKCUMaIbHOE MTPHOIIHIKE-
HHUE K TPaHMIIEC COCTABIISIIO 5 MM, JaHHBIM 3()h(HEeKToM MOKHO IpeHeOpeub. Takke CTOUT yHOMSIHYTh,
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YTO Ha APYTrOM Kparo o0paslua, IJe OTCIOCHUs IOKPBITUS HE IPOM30LLI0, H3MEHEHUE OTPBIBHOIO yCHU-
JIUSI OTCYTCTBYET.

Taxoke u3 puc. 10, b MOKHO OTMETHTbD, YTO H3MEHEHHS OTPHIBHOTO YCHIIUS HAXOASATCS B UAra3oHe
ot 15,25 no 15,95 mH, To ects mpumepHo *+ 2,5 % ot cpenueit Benuuunbl 15,6 MH. CrnegoBarensbHo,
npudop HT-800 nomkeH obecrieduBaTh TOYHOCTH Ha TIOPSIOK BhIIe. J[Mama3oH u3MepeHuil OTPHIBHOTO
YCHUIIWSI TaTYNKOB HATPsDKEHUH HaxoauTcs B mpeaenax 14-25 mH (em. puc. 3). B [23] 65110 moka3aHo,
4yTO Tpenn3noHHocTh u3Mepenuil (cormacuo 'OCT P UCO 5725 «TouHOCTh (IIpaBUIBHOCTH W MPEIH-
3MOHHOCTB) METOJIOB U PE3yJBTaTOB U3MEPEHUN)») HaxoauTes B mpenenax 1,05 % ot numamazoHa u3me-
pEHUM, YTO SIBISICTCS TOCTATOUHBIM JJIs1 OLICHKHU U3MEHEHUS OTPBIBHOTO ycuius oT 15,25 no 15,95 mH.

BBuay oTcyTCTBHS rocy1apCTBEHHBIX 3TAJOHOB CAUHHUIIBI MEXaHMUYECKUX HANPSIKEHUH, KOTOPbIE
TpeOyroTCs NIs OoneHKH norpemHoctr u3Mepennii HT-800 B cOOTBETCTBUM C MpaBHJIAMH 3aKOHOJIA-
TEJIBHOW METPOJIOTMH, IPEACTABICHUE O TOYHOCTHBIX XapaKTEPUCTUKAX TPHOOpa MOKHO HOIYUYHUTh 110
paccUMTaHHBIM 3HAYEHUSIM MPEU3NOHHOCTH [23] u cpaBHeHHeM nokazanuii nmpubdopa HT-800 c nan-
HBIMH Pa3pbIBHON MalIMHBI 7151 00pa3la HUKEJIEBOrO OKPBITUs TONUHON 400 MKM (Ta0inna).

3aBHCHMOCTB pasHHUIbI NoKa3aHuii npudopa HT-800 u pa3pbiBHOIi MAaIIMHBI OT YPOBHS NPHJIOKEHHbBIX
HAIIPSIZKeHHH, perHCTPUPYEMBbIX Pa3PbIBHOM MALIMHOM, NePeCYUTAHHBIX B HCTUHHbIE

A dependence of the NT-800 readings and a testing machine readings difference from the applied stress level,
registered by the testing machine and calculated in true coordinates

[TpunoxeHHbIE HATIPSXKEHUS
(mo mokazaHusAM pa3peIBHOI Marabl), MI1a 0 60 124 193 264

Pasuauma nokazanuit HT-800 u pa3pbeIBHOI MaIInHbL
npu Harpyxenuu, MIla 13 =30 -10 22

Pasuuna nokasanuii HT-800 u pa3pbIBHOM MalllUHbL
pu pasrpyske, MIla -34 -9 -10 —-18

[Tockonbky 3aBUcUMOCTb Moka3zanuil narunkoB HT-800 oT mpuiIOKEHHBIX HANPS)KEHUN SIBISETCA
obOpaTHOif (cM. puc. 3), HeBsI3Ka TPaTyHPOBOTHON TMTOBEPXHOCTHU (pHC. 4) IPUBOAUT K HANOOIBIIEMY OT-
KJIOHEHMIO TIOKa3aHUH JaTYMKa IPH HAUMEHBIIIEM yPOBHE HAIIPSIKEHHI.

3akaouenue. B pabore mpesioKeHO NMPUMEHATh MArHUTHBIM IMOHJEPOMOTOPHBIA METOA s
OLICHKU OJTHOOCHBIX PACTATUBAIOIINX HANPSKEHUH B HUKEJIEBBIX HOKPBITUAX U 00pa3Lax ¢ TONIIMHOM
B nuana3zode 200—-800 MxM.

Ha ocHoBe mpoBeneHHBIX 3KCIEPUMEHTAJIbHBIX HCCICIOBAHMM YCTaHOBJIEHA BO3MOXHOCTH HC-
MTOJI30BaHMUS CYIIECTBYIONINX TEOPETUYECKUX OCHOB /ISl OIIEHKH HANIPSIKEHUH B HUKEJIEBBIX 00pas-
Lax MyTeM BO3JEHCTBUSA Ha HUX MarHUTHBIM I10JIEM MTOCTOSHHOT'O MarHUTa U perucTparuyi MarHuTo-
OTPBIBHOTO ycunus Ky

[lonyuyeHo COOTHOILIEHHE, CBS3BIBAIOIICE MAarHUTOOTPHIBHOE yCUJIME, TOJMIIMHY oOpa3na (MOKpbI-
TH), BETMYMHY IIPUIIOKEHHBIX Cppyy U OCTATOYHBIX HAMPSIKEHUH Gocr.

Pa3paboTrana mMeronuka, MO3BOJISIOIIAS 110 OAHOMY HM3MEPEHUIO MOJYyYHUTh COOTHOLIEHHE MEXIY
BEJIMUYMHAMU MPHIIOKEHHBIX U OCTATOYHBIX HAIPSKESHUH.

Ha peanpubIX 00pa3uax M MOKPBHITHIX KCIEPHUMEHTANIBHO JI0OKa3aHa BO3ZMOXXHOCTH OINPEACIICHHS
CTerneHHu OJIM30CTH HANPSKEHUH K KPUTHUYECKUM YPOBHSIM, IPUBOASIINM K Pa3pyLICHHUIO, TaXKe B CIIy-
4ae, €CJIM COOTHOLICHUE MTPHIJIOKECHHBIX M OCTATOYHBIX HAIIPSDKEHUH B 00pa31e HeM3BECTHO.

HanpHeimas paboTa B 3TOM HalpaBICHUN MOXET BECTHUCH C LIEJIbIO YIIPOIIEHUS PacueTOB U BUJA
rpalyHpOBOYHBIX IMOBEPXHOCTEH, a TaK)Ke YMPOIIEHHSA Croco0a TONTydYeHHUs 3THUX MOBEPXHOCTEH.
Juist 5TOro MOXKeT OBbITh HCIOJIB30BaH PEHTICHOBCKUH AudpakToMeTp. DTO MO3BOJIUT TaKKe MpOBe-
CTH OLEHKY MOI'PELUIHOCTH METOoJa ONPEENIEHNs OCTaTOUHBIX HANPSKEHUH, IPUBEAECHHOIO B JAHHOM
pabote. CieayeT y4uThIBaTh, YTO MPOCIECKUBACTCS OJHO3HAYHASI CBSI3b MAarHUTOOTPHIBHOTO YCHIIHS
C YPOBHEM IPUJIOKEHHBIX HampskeHUH. OcTaToyHbIe HANPSIKEHUsI HEPa3pbIBHO CBSA3AHbI C IUIACTH-
YecKoi Jedopmaliieid, yBeIudeHne KOTOPOH MPUBOANUT K POCTY IJIOTHOCTH JMCIOKAIHMi B oOpasiie.
AHanu3 ¥ UCTIOJIB30BaHNE CBA3M INIOTHOCTHU AUCIOKAIIMI M OCTATOYHBIX HANPSKEHUM, OTIpeAesIeMbIX
MPUBEJCHHBIM B HACTOSIIEH CTaThe METOJOM M METOJOM PEHTI€HOBCKOW TU(PPAKINU, TAKKE MOKET
CTaTh HANPABJICHUEM JaIbHEHIINX UCCIICTOBAHMMN.



Becui HaupisnanbHail akagsmii HaByk benapyci. Cepbis disika-ToxHiunbIxX HaByk. 2022. T. 67, Ne2. C. 167-181 179

BaaropapaocTu Acknowledgment
ABTOpBI BBIp@XAIOT 0JaroJapHoOCTb JOKTOPY TEXHH- We thank Doctor of Technical Sciences, Professor
4YeckHX Hayk, npogeccopy B.A. Pynannkomy 3a monesnoe V. A. Rudnitskiy for a helpful discussion of the results of this
o0cyskIeHUe pe3yIbTaToOB JaHHON pabOTHIL. work.

Cnucok ucnojib30BaHHBIX HCTOUHHKOB

1. Bypxusn, C.II. Octaro4unble HanpspkeHHs B MeTaionpoaykuuu : y4ed. mocodue / C.II. Bypkun, I.B. Illumos,
E.A. AnaaprokoBa. — ExatepunOypr: U3xa-Bo Ypain. yH-Ta, 2015. — 248 c.

2. Yabi6un, A.B. OcoGeHHOCTH TPUMEHEHHS PE3UCTUBHOTO HIICKTPOKOHTAKTHOT'O METOA ISl KOHTPOJIS HAaIPSKEHHO-
1eOpMUPOBAHHOTO COCTOSIHUS CTATBHBIX KOHCTpYKImid / A.B. Ynuioun, I A. Kyxymknna // HXeHEP.-CTPOHT. KypH. —
2010. — Ne3 (13). — C. 32-34. https://doi.org/10.18720/MCE.13.13

3. Equivalent Strain and Stress Models for the Effect of Mechanical Loading on the Permeability of
Ferromagnetic Materials / P. Rasilo [et al.] // IEEE Trans. Magn. — 2019. — Vol. 55, Ne6. — P. 1-4. http:// doi.org/10.1109/
TMAG.2018.2890407

4. Weisensel, N. Magnetotagging, A New Method for Active and Passive Nondestructive Evaluation of Stresses and
Defects in Composite Structures / N. Weisensel, C. Liang // Mater. Technol. — 2016. — Vol. 10. — P. 142—144. https://doi.org/
10.1080/10667857.1995.11752613

5. Koctun, B.H. Onenka ynpyrux u niaacTHuecKux aedopmanuii GeppUTONepIuTHBIX CTajel M0 MarHUTHBIM CBOMU-
ctBaM BemectBa / B.H. Koctun, A.B. Kagpos, A.E. Kyckos // ledexrockonus. —2005. — Ne 10. — C. 13-22.

6. HeoOpaTtumble N3MEHCHHSI HAMAarHUYSHHOCTH KaK WHANKATOPHI HANPSKEHHO-Ie()OPMUPOBAHHOTO COCTOSTHUS (ep-
pomarauTHbIX 006ekTOB / B.H. Koctun [u np.] / dedexrockonus. —2009. — Ne 11. — C. 54-67.

7. Bnustnue ynpyroi nedopMaiinu Ha THCTEPE3HCHbIe CBOICTBA JBYCIOWHOrO (eppoMarHeTuka, COCTaBICHHOTO U3
KOMIIOHEHTOB, 00/aJaloliX MarHUTOCTpuKLuei pasubix 3HakoB / D.C. IopkynoB [u ap.] / Hedexrockonus. — 2014. —
Ne8. — C. 42-56.

8. lBanoBa, M. CpaBHHTENbHBIC H3MEPEHUSI HANPSHKEHHOTO COCTOSHUS MPOKaTa yTIEPOJUCTOH CTalH MOCPEACTBOM
nryma bapkraysena n ynerpassyka / W. UBanosa, T. [Tapranun / Jepexrockommst. — 2012, — Ne2. — C. 83-94.

9. MarHuTHbIC U MarHUTOAKYCTHYECKHE MapaMeTpbl KOHTPOJIS HAIIPSIKEHHO-1e(OPMUPOBAHHOTO COCTOSIHHSI YTIIEPO-
JHUCTBIX CTaJIeH, MOJBEPTHYTHIX XOIOAHON MacTuyeckoi nepopmannu u omxury / B.H. Koctun [u np.] / Jedexrockomnus. —
2015. — Ne 10. — C. 33—41.

10. ®unmnoB, B. B., KOHTpONE Hamps)KeHHOTO COCTOSIHHS TPYOOIPOBONOB MO MATHUTHBIM IMapaMeTpaMm MeTajia /
B.B. ®ununos, A. H. Kysuenos, [1.I. Apakenos // lepexrockonnus. —2017. — Ne 1. — C. 41-50.

11. Akynos, H.C. K teopun nonaepoMoTopHOro MaruuTHoro konrpois meraiuios / H.C. Axynos, B. A. Pygannknii /
Joxis. AH BCCP. - 1970. — T. 14, Ne 10. — C. 889-892.

12. I'mytenxo, E.B. Onpenenenue TONIINUH COCTaBISIOMIMX JBYXCIOHHOTO HHKEJIb-XPOMOBOTO IMOKPBITHS MarHUT-
HBIM TOHJIEPOMOTOPHBIM METOJOM IIPU OZHOCTOPOHHEM JOCTyIle K KOHTponupyemoil moepxHocTd / E.B.['HyTeHko,
B.A. Pynaunkuii / [TIpubopst n metoas! n3mepennit. — 2017. — T. 8, Ne4. — C. 365-373. https://doi.org/10.21122/2220-9506-
2017-8-4-38-45

13. Boucogckuii, C. B. ®eppomaruetusm / C.B. Boucosckuii, S.C. lllyp. — M.; JI.: Toc. u3a-BO TEXH.-T€Op. JIHT.,
1948. - 816 c.

14. buprep, U. A. Octarounsie HanpsokeHus / 1. A. buprep. — M.: ['oc. Hay4.-TeX. U3/1-BO MaIMHOCTP. IUT., 1963. —232 c.

15. Schlesinger, M. Modern Electroplating / M. Schlesinger, M. Paunovic. — 5" ed. — Hoboken: John Whiley & Sons,
2011. — 736 p. https://doi.org/10.1002/9780470602638

16. MopryHn, A.11. Bo3HUKHOBeHNE U pelaKcallys BHYTPEHHUX HANPSDKCHUH B TallbBAHMUECKHX MOKPBITUAX: IHC. ...
KaHg. TexH. Hayk / A. V. Mopryn. — Tiomens, 2003. — 109 1.

17. Kyrenos, A.1O. Bnusinue BHyTPEHHUX HANPSDKEHUH B HUKEJIEBBIX MOKPBHITUSAX HA UX MArHUTHYIO IIPOHUIIAEMOCTH /
A.1O. Kyrenos, A.Il. Kpens // IIpubopoctpoenne-2017: matepuanst 10-it MexxayHap. Hayd.-TexH. KoHd., 1-3 Hos16. 2017 I,
r. Munck / peaxoin.: O.K. T'yces (upexc.) [u ap.]. — Munck: BHTY, 2017. — C. 223-224.

18. Kytenos, A.10. Omnenka pacTATHBAIOMMX HANPSIKEHWH B HHUKEIEBBIX MOKPBITHUSX MAarHUTHBIM TOHIEPOMO-
topueiM MetogoM / A.FO. Kyrenos, A.Il. Kpens, E.B. 'nyrenko // I[Ipu6opoctpoenne-2018: marepuanst 11-it Mexny-
Hap. Hay4.-TeXH. KOH(]., 14—16 HO516. 2018 1., . MuHck / peakoin.: O.K. I'yces (npexc.) [u ap.]. — Munck: BHTY, 2018. —
C. 28-30.

19. Pyauuukwuii, B. A. Oco6eHHOCTH H3MEPEHUS TONIIMHBI HUKEIEBBIX TIOKPHITHI MATHUTHBIM MeTozoM / B. A. Pyauui-
kuii, B.1. Aatunenxo // Joka. Axkan. Hayk BCCP. — 1977. — Ne3. — C. 202-204.

20. Ko3znos, A.T. K onieHke BIUsTHUS HAMIPSIKEHHOT'O COCTOSIHUS IajIbBAHMUYECKUX HUKEJIEBBIX MOKPBITUN HA MOKA3aHUS
MarHuTHBIX TonHoMepoB / A.T. Kosnos, B. A. Pynaunkuii, A. K. Hlykesuu / [ledpexrockonus. — 1977. — Ne5. — C. 61-65.

21. Cannmomupckuii, C.I. Pacuer n ananu3 pasmaranumBaromero ¢akropa gpeppomarautheix ten / C.I. Cangomup-
ckuil. — MuHnck: benapyc. HaByka, 2015. —244 c.

22. Tonmaues, 1. U. ®usndeckre 0CHOBBI U TEXHOJIOTHSI MATHUTONOPOIIKOBOro koHTposst / U. M. Tonmaues. — Tomck:
Uszn-so TITY, 2007. — 130 c.

23. Kyrenos, A. 0. Ouenka npennsnonHoctu npudopa HT-800 mist konTpost HukeneBsIx nokpsiTHii / A. 1O. Kytenos,
A.Il. Kpens, E.B.Tuyrenxo // Ilpubopoctpoenne-2020: marepuansr 13- MexayHap. Hayd.-TexH. KoH(Q., 18-20 HOs0.
2020 r., . MuHck, Pecnt. Benapycs / peaxon.: O.K. I'yces (npenc.) [u ap.]. — Munck : BHTY, 2020. — C. 71-72.



180 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 167-181

References

1. Burkin S. P., Shimov G. V., Andrukova E. A. Residual Stresses in Metal Products. Yekaterinburg, Ural University
Press, 2015. 248 p. (in Russian).

2. Ulybin A. V., Kukushkina G. A. Features of the application of the resistive electrical contact method for steel struc-
tures stress-strain state monitoring. Inzhenerno-stroitel 'nyi zhurnal = Magazine of Civil Engineering, 2010, no. 3 (13), pp. 32—
34. https://doi.org/10.18720/MCE.13.13 (in Russian).

3. Rasilo P, Aydin U., Martin F., Belahcen A., Kouhia R., Daniel L. Equivalent Strain and Stress Models for the Effect
of Mechanical Loading on the Permeability of Ferromagnetic Materials. /EEE Transactions on Magnetics, 2019, vol. 55,
no. 6, pp. 1-4. https://doi.org/10.1109/tmag.2018.2890407

4. Weisensel N. Liang C. Magnetotagging, A New Method for Active and Passive Nondestructive Evaluation of Stresses
and Defects in Composite Structures. Materials Technology, 2016, vol. 10, pp. 142—144. https://doi.org/10.1080/10667857.1995.
11752613

5. Kostin V. N., Kadrov A. V., Kuskov A.E. Magnetic Properties of a Material Used to Estimate Elastic and Plastic
Strains of Ferrite-Pearlite Steels. Russian Journal of Nondestructive Testing, 2005, vol. 41, iss. 10, pp. 632—639. https://doi.
org/10.1007/511181-006-0014-7

6. Kostin V. N., Tsar’kova T. P., Nichipuruk A. P., Loskutov V. E., Lopatin V. V., Kostin K. V. Irreversible changes in the
magnetization as indicators of stressed-strained state of ferromagnetic objects. Russian Journal of Nondestructive Testing,
2009, vol. 45, iss. 11, pp. 786—796. https://doi.org/10.1134/S1061830909110059

7. Gorkunov E. S., Subachev Y. V., Povolotskaya A. M., Zadvorkin S.M. The influence of elastic deformations on the
hysteresis properties of a two-layer ferromagnet composed of components with magnetostrictions of opposite signs. Russian
Journal of Nondestructive Testing, 2014, vol. 50, iss. 8, pp. 469—480. https://doi.org/10.1134/S1061830914080051

8. Ivanova I., Partalin T. Comparative measurements of the stress state in a rolled carbon steel using magnetic
Barkhausen noise and ultrasonic method. Russian Journal of Nondestructive Testing, 2012, vol. 48, iss. 2, pp. 137-146. https:/
doi.org/10.1134/S1061830912020040

9. Kostin V. N., Vasilenko O. N., Filatenkov D. Y., Chekasina Yu. A., Serbin E.D. Magnetic and magnetoacoustic test-
ing parameters of the stressed-strained state of carbon steels that were subjected to a cold plastic deformation and annealing.
Russian Journal of Nondestructive Testing, 2015, vol. 51, iss. 10, pp. 624—632. https://doi.org/10.1134/S1061830915100071

10. Filinov V. V., Kuznetsov A. N., Arakelov P.G. Monitoring stressed state of pipelines by magnetic parameters of
metal. Russian Journal of Nondestructive Testing, 2017, vol. 53, iss. 1, pp. 51-61. https://doi.org/10.1134/S1061830917010065

11. Akulov N. S., Rudnitskiy V. A. On the ponderovotive magnetic metal testing theory Doklady Akademii nauk BSSR
[Reports of the Academy of Sciences of the BSSR], 1970, vol. 14, no. 10, pp. 889—892 (in Russian).

12. Gnutenko Y. V., Rudnitsky V. A. Determination of the thickness of the components of a double-layer nickel-chromi-
um coating by magnetic ponderomotive method with unilateral access to the controlled surface. Pribory i metody izmerenii =
Devices and Methods of Measurements, 2017, vol. 8, no. 4, pp. 365-373 (in Russian). https://doi.org/10.21122/2220-9506-
2017-8-4-38-45

13. Vonsovskiy S. V., Shur L. S. Ferromagnetism. Moscow, Leningrad, State Publ. House of Technical and Theoretical
Literature, 1948. 816 p. (in Russian).

14. Birger 1. A. Residual Stresses. Moscow, State Scientific and Technical Publ. House of Machine-building Literature,
1963. 232 p. (in Russian).

15. Schlesinger M., Paunovic M. Modern Electroplating. 5th ed. Hoboken, John Whiley & Sons, 2011. 736 p. https://doi.
org/10.1002/9780470602638

16. Morgun A.1. The Emergence and Relaxation of Internal Stresses in Electroplated Coatings. Tyumen, 2003. 109 p.
(in Russian).

17. Kutepov A.Yu., Kren A.P. The influence of internal stresses in nickel coating on its magnetic permeability.
Priborostroenie-2017: materialy 10-i Mezhdunarodnoi nauchno-tekhnicheskoi konferentsii, 1-3 noyabrya 2017 goda,
Minsk [Instrument Engineering-2017: Proceedings of the 10" International Scientific and Technical Conference, November
1-3, 2017, Minsk]. Minsk, BNTU, 2017, pp. 223-224 (in Russian).

18. Kutepov A. Yu., Kren A. P., Gnutenko E.V. Tensile stresses evaluation in nickel coating using magnetic pondero-
motive method. Priborostroenie-2018: materialy 11-i Mezhdunarodnoi nauchno-tekhnicheskoi konferentsii, 14—16 noyabrya
2018 goda, Minsk [Instrument Engineering-2018: Proceedings of the 11 International Scientific and Technical Conference,
November 14-16, 2018, Minsk]. Minsk, BNTU, 2018, pp. 28-30 (in Russian).

19. Rudnitskiy V. A., Antipenko V.I. Features of nickel coating thickness measurement using magnetic method. Doklady
Akademii nauk BSSR [Reports of the Academy of Sciences of the BSSR], 1977, no. 3, pp. 202—-204 (in Russian).

20. Kozlov A. G., Rudnitskiy V. A., Shukevich A.K. On evaluation of galvanic nickel coatings stress state influence on
magnetic thickness gauges readings. Defektoskopiya [Defectoscopy], 1977, no. 5, pp. 61-65 (in Russian).

21. Sandomirski S. G. Calculation and Analysis of the Demagnetizing Factor of Ferromagnetic Objects. Minsk,
Belaruskaya navuka Publ., 2015. 244 p. (in Russian).

22. Tolmachev I.1. Physical Foundations and Technology of Magnetic Particle Testing. Tomsk, TPU Publ. House, 2007.
130 p. (in Russian).

23. Kutepov A. Yu., Kren A. P., Gnutenko E. V. NT-800 nickel testing device precision evaluation. Priborostroenie-2020:
materialy 13-i Mezhdunarodnoi nauchno-tekhnicheskoi konferentsii, 18—20 noyabrya 2020 goda, Minsk [Instrument
Engineering-2020: Proceedings of the 13 International Scientific and Technical Conference, November 18-20, 2020, Minsk].
Minsk, BNTU, 2020, pp. 71-72 (in Russian).



Becui HaupisinanbHail akagmii HaByk benapyci. Cepols dizika-ToxHiuHbIX HaByK. 2022. T. 67, Ne2. C. 167-181 181

HNudopmanus 06 aBTopax

Kymenos Anecv FOpvesuu — mnaqmuil Hay4dHbI cO-
TPYAHHK J1a00paTOPHH KOHTAKTHO-AMHAMHUECKUX METO/IOB
KoHTpoust, UHCTUTYT mpuknanHoi ¢usuku HammonanpHON
akaznemuu Hayk benmapycu (yn. Akagemuueckas, 16, 220072,
Munck, Pecnybnuka benapycs). E-mail: ales.kutepov@
gmail.com

Kpenv Anexcanop Illemposuu — HOKTOp TEXHUUYECKUX
HayK, JOLEHT, 3aBEAYIOUINI 1abopaTopueil KOHTaKTHO-IH-
HAMHYECKUX METOAOB KOHTPOJsA, MHCTUTYT NpuKJIaTHON
¢usuku HarmonanbHoi akagemun Hayk benapycu (yi. Aka-
nemudeckasi, 16, 220072, Munck, Peciyonuka benapycs).

https://orcid.org/0000-0001-9658-1003. E-mail: alekspk@
mail.ru
I'nymenxo Eeop Bnadumuposuu — cTapmiuii Hayd-

HBI COTPYIHUK JIAOOpaTOpUM KOHTAKTHO-AMHAMHUYECKHUX
METOJIOB KOHTpoJs, MHCTHTYT mpukiagHod ¢usmkn Ha-
LUOHATBHON akazemMuu Hayk bemapycu (yn. Axkamemude-
ckas, 16, 220072, Munck, Pecniybnuka Benapycs). E-mail:
gnutenkoev(@gmail.com

Information about the authors

Ales  Yu. Kutepov — Junior Researcher of the
Mechanical Testing Laboratory, Institute of Applied
Physics of the National Academy of Sciences of Belarus
(16, Akademicheskaya Str., 220072, Minsk, Republic of
Belarus). E-mail: ales.kutepov@gmail.com

Alexander P. Kren — D. Sc. (Engineering), Associate
Professor, Head of the Mechanical Testing Laboratory,
Institute of Applied Physics of the National Academy of
Sciences of Belarus (16, Akademicheskaya Str., 220072,
Minsk, Republic of Belarus). https://orcid.org/0000-0001-
9658-1003. E-mail: alekspk@mail.ru

Egor V. Gnutenko — Senior Researcher of the
Mechanical Testing Laboratory, Institute of Applied
Physics of the National Academy of Sciences of Belarus
(16, Akademicheskaya Str., 220072, Minsk, Republic of
Belarus). E-mail: gnutenkoev@gmail.com



182 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 182-190

ISSN 1561-8358 (Print)

ISSN 2524-244X (Online)

UDC 622.363.2.013.364(045)(476) Received 14.07.2021
https://doi.org/10.29235/1561-8358-2022-67-2-182-190 [octynuna B pegaximro 14.07.2021

Ivan I. Golovaty', Sergei A. Chizhik?, Andrey B. Petrovskiy', Viktor Ya. Prushak®

1JSC “Belaruskali”, Soligorsk, Minsk Region, Belarus
’Presidium of the National Academy of Sciences of the Republic of Belarus, Minsk, Belarus
3Soligorsk Institute of Resources Saving Problems with Pilot Production, Soligorsk, Minsk Region, Belarus

DEVELOPMENT OF TECHNOLOGY FOR ADDITIONAL EXTRACTION OF POTASH ORE
RESERVES FROM PREVIOUSLY MINED OUT PANELS AT THE DEPTHS EXCEEDING
600 METRES OF THE STAROBIN POTASH SALT DEPOSIT

Abstract. Studied the possibility to extend the life of the Production Unit no. 3 mine of JSC “Belaruskali” through the
additional extraction of sylvinite ore reserves left in the previously mined panels of the mine field of the 3" potash level. It was
determined, that during the period from 1971 to 1980 a considerable part of the southern direction of the mine field on the area
of more than 5,3 million m? was mined by the roadways on the layers 2, 2-3, 3 without the mining of the 4" sylvinite layer.
The volume of the leftover reserves of minerals in the mined panels makes more than 22 million tons. There is direct access
to these panels from the main southern gates. As a study result of geological structure of the mined panels it was determined
that under the influence of rock pressure the undermined sylvinite layer no. 4 took the form of a wave-shaped seam with the
capacity of about 1 meter which rests on compressed inter-chamber pillars and on compressed rocks of layers 2, 2-3, 3 of de-
stroyed inter-roadway pillars, which fills the space of the roadways. Such geological structure of the seam enables to extract
minerals using the technology of selective layer mining by successive top and bottom faces. As a study result of the stability
of the mine workings performed along the roadways and inter-chamber pillars under conditions of different roof positioning,
it was determined that during the preparation of the faces the most advantageous locations for development workings are the
areas previously mined by the room and pillar mining system. In this case, the highest stability of mine workings located in
the stopes of the room and pillar mining system will be provided by their roofing location with cut of 0.15 m of the 4 sylvin-
ite layer. When this occurs, their predicted life without repair, even without the use of special protection methods, would be
between 3.5 and 8 years. Based on the results of the study, a conclusion was made on the technical possibility and economic
feasibility of additional extraction of sylvinite ore reserves left in the western panels of the southern direction of the mine field
of the 3™ potash level of the Production Unit no. 3 mine, finished over 40 years ago by the room and pillar mining system us-
ing selective layer mining technology by the longwall faces. With minimal capital, organizational and technical expenditures,
the extraction of these reserves will allow the company to produce additionally 5.5 million tons of potash fertilizers.

Keywords: mine, seam, stopes, potash ore, geological structure
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PA3PABOTKA TEXHOJIOI' MM JOU3BJIEYEHU S 3AITACOB KAJIMITHOM PY/IbI 13 PAHEE
OTPABOTAHHBIX ITAHEJIEN HA I'TYBUHAX CBBILIE 600 METPOB CTAPOBUHCKOI'O
MECTOPOXKJIEHUSI KAJTUNHBIX COJIEN

AnHoTanus. M3ydeHa BO3MOKXHOCTD IPOJICHNUS CPOKa CiIy)Obl pyaHuKa TpeTtsero pynoympasierus OAO «bemapychb-
KaJlMi» 3a CYeT JOM3BICYEHHS 3allacoB CHIIBBHHUTOBOHM PYyJBI, OCTAaBJIEHHBIX Ha riyOuHax cBeime 600 M B oTpaboTaH-
HBIX paHee MaHeJsAX IAaXTHOTro Mmojs TpeTkero KaaumiHoro ropu3oHTa CTapoOHMHCKOIO MECTOPOXKICHHS KAJHHHBIX CONCH.
YcranoBineHo, uto B iepron ¢ 1971 mo 1980 1. 3HaunTeNbHAs YacTh F0KHOT'O HAIIPABJICHHS MIAXTHOTO IOJIs Ha IO i Oojee
5.3 MutH M GbLIa oTpaboTaHa OYUCTHBIMHU XOAaMHU TI0 ¢J10siM 2, 2—3, 3 6e3 BbIeMKH 4-T0 CHIIBBUHHUTOBOTO cJiosi. O0beM ocTaB-
JICHHBIX 3aI1aCOB TIOJIE3HOTO MCKOMIAeMOT0 B OTPA00TAHHBIX TAHENSIX COCTaBIIsIeT Oonee 22 MitH T. [Ipr 5TOM MMeeTcst psiMoit
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JOCTYH K 3THM TTaHEJSIM CO CTOPOHBI INIABHBIX I0XKHBIX IITPEKOB. B pe3ynbraTe H3ydeHus reoJornIeckoro CTpOeHUs 0Tpado-
TaHHBIX MaHeJIeH yCTAaHOBJIEHO, YTO MOJ[ BO3EHCTBHEM T'OPHOTO JIABJICHUS, ITOAPA00TaHHEIH 4-1 CHIIBBUHUTOBBIH CIIOW MPHUHSIT
BHJI TJTACTa BOTHOOOPA3HOTO MPOGHIIS, MOIIHOCTBIO OKOMO | M, KOTOPBIH MOKOUTCSI HA CAABIEHHBIX MEKKAMEPHBIX IIENNKaX
U Ha YIUIOTHEHHBIX ITOpOJiax CJIoeB 2, 23, 3 pa3pyIICHHBIX MEXXO/IOBBIX IIEJINKOB, 3aIIOJHUBIIMX IIPOCTPAHCTBO OUYMCTHBIX
x0710B. Takoe reonornyeckoe CTPOSHHE MIacTa AeIaeT BO3MOKHBIM H3BJICUEHHUE MTOJIE3HOTO HCKOMAEMOT0 C TPIMEHEHUEM TeX-
HOJIOTHH CJIOEBOH CEJIeKTUBHON BBIEMKH ITOCIIE/IOBATEIBHO BEPXHEH N HIDKHEH 1aBaMu. B pesynbraTe n3ydeHns ycTOHYNBOCTH
BBIPAOOTOK, MPOHIEHHBIX MO OUUCTHBIM XOJaM M MEKKaMEPHBIM II€INKaM, B YCIOBHUX Pa3HON MPHUBSI3KH KPOBJIH YCTaHOBIIE-
HO, YTO IIPH TIOJATOTOBKE OYHCTHEIX JIaB HanOoJiee palioHaIbHBIMI MECTAMH 3aJI0XKEHHSI IIOATOTOBUTEILHBIX BEIPAOOTOK SIBIISI-
I0TCS y4acTKH paHee oTpaboTaHHbIE KAMEPHOI CHCTEMOM, TPH 3TOM HanboJjiee BHICOKYIO yCTOHUYNBOCTh BBIPAOOTOK MPH PACIIO-
JIO’KCHUY B OYUCTHBIX OJIOKaX KaMEPHOH CHCTEMBI 00ECIICUUT MPUBSI3KA UX KPOBIH ¢ pupe3koit 0,15 M 4-ro CHIBBHHUTOBOTO
ciiost. B 3ToM citydae ux nporHo3upyemMslii 6e3peMOHTHBIN CPOK CIIykKObl, ake 0e3 IPUMEHEHHUS CHELHAIBHBIX CII0COO0B 0X-
paHBbL, COCTAaBUT OT 3,5 1o 8 etT. Ha ocHOBaHMM pe3yIbTaToOB HCCIECAOBAHNS CETAH BBIBO O TEXHHUYECKOI BOZMOKHOCTH U HKO-
HOMHUYECKOH 11eJ1ecO00pa3HOCTH IOM3BIICUCHHUS 3aM1aCOB CUIILBHHUTOBOM PY/Ibl, OCTABJICHHBIX B 3aMaHBIX MaHEISX F0XKHOIO
HAIpaBJICHUS MIAXTHOTO MO TpeThero KaIMuHHOTO TOPH30HTA pyAHMKA TPeThero pyAoympaBieHHUs, OTPadOTaHHBIX Ooiee
40 neT Ha3aJ KaMEPHOU CUCTEMOH pa3pabOTKH C MCIOJIb30BAHUEM TEXHOJIOIMH CJIOCBOH CEJICKTHBHON BHIEMKH IJIACTa OUUCT-
HBIMU JIaBaMu. [Ipyn MEHNMAaIBbHBIX KAaTUTAIbHBIX H OPraHU3allHOHHO-TEXHHUECKHX 3aTPaTax U3BJICUCHUE YKA3aHHBIX 3aI1acoB
MOJIE3HOT'0 MCKOMAEMOT0 MO3BOJIUT MPEAIIPUSTHIO BBIITYCTUTH JOMOJTHUTEIBHO OKOJIO 5,5 MITH T KQJIMHHBIX YI0OpEHUI.

KuroueBble c10Ba: pyIHUK, IIJIaCT, OYHUCTHBIC KAMEPBI, KaJIUHHAs Py, T€0JIOTHIECKOe CTPOCHHE

Juasi nutupoBanusi: Pa3paboTka TEXHOJOTMHM JIOM3BJICYCHHMs 3aMacoB KaJIMWHOW pyAbl W3 paHee oOTpa-
OoraHHBIX mnaHened Ha TiyomHax cBbime 600 MerpoB CTapoOOMHCKOTO MECTOPOXACHUS KalUHHBIX Coled /
W.U. Tonosatsiii [u ap.] / Bec. Ham. akan. naByk Bemapyci. Cep. ¢i3.-taxH. HaByk. — 2022. — T. 67, Ne2. — C. 182-190.
https://doi.org/10.29235/1561-8358-2022-67-2-182-190

Introduction. JSC “Belaruskali” is the world’s largest producer of potash fertilizers. Its main raw
material base is the Starobin potash deposit. The development of the deposit is carried out by four
Production Units, including the Production Unit no. 3 (PU 3), which mined out and processed 14.3 mil-
lion tons of sylvinite ore in 2020. Such intensive extraction of minerals from the subsurface is rapidly
depleting mineral reserves. Currently, the mine mines out the second and third potash levels, which con-
tain all the resources of the PU 3 mine field and previously they were classified as commercial reserves.
The 2" potash level is mined out for 90 %, while the 3" level, which is the main one in terms of reserves
and ore extraction volumes, is mined out for 75 %.

The urgent need to replenish and develop the mine’s resource base requires careful, resource-effi-
cient approaches to mining the left reserves. One such promising approach, aimed at extending the mine
life, is the additional extraction of potash reserves left in the 4™ sylvinite layer and the inter-chamber and
inter-roadway pillars in the areas of the 3™ potash level previously mined out using the room and pillar
mining system.

It is known that initially since 1971 the 3" potash level at the PU 3 mine was mined out using a room
and pillar mining system with a low mineral extraction rate. Only since the 1980s progressive longwall
mining began to be used to ensure a more complete extraction of sylvinite ore from the rock mass [1, 2].
As aresult of the ten-year period of intensive application of the room and pillar mining system, a large sec-
tion of the mine field has formed, containing significant amounts of minerals left in the 4™ sylvinite layer,
inter-chamber and inter-roadway pillars. According to preliminary estimates, this amount significantly ex-
ceeds the annual output of the mine. However, the possibility of re-mining the stated area in order to mine
additionally the left reserves has not been studied and appears to be a complex scientific and technical
problem. Till now, many important geological and mining and technical aspects of this problem have not
been investigated. Although there are a number of works devoted to the study of geological structure of the
seam, describing the features of the distribution of rock pressure in the development and mining workings
during the extraction of undermined and abandoned reserves in the 4™ sylvinite layer and between the pil-
lars under conditions typical to the 3" potash level of the PU 3 mine [3—8]. However, the following import-
ant aspects regarding the problem of abandoned mineral reserves mining in areas mined out by the room
and pillar mining system at depths greater than 600 m have not been studied or have been insufficiently
studied in these works: a condition and a degree of disturbance of the left reserves, a character of lowering
the 4" sylvinite layer above the roadways, a geological structure of rocks above the face roof: the content
of KCI on the collapsed rocks in the inter-roadway pillars and roadways; possibility of extraction of the
left reserves in relation to the sylvinite layers 2, 2-3, 3, 4; a character of the workings deformation, caused
by roadways and inter-chamber pillars, their stability in conditions of different roof location. Currently,
there is only one known work [9], which addresses some aspects of the above problems in relation to other
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geological and mining conditions of the Starobin deposit, different from the conditions of the PU 3 mine,
characterized, first, by a significantly lower formation depth of mineral deposit. Therefore, the results of
the abovementioned work could not be directly used to solve the problem of re-mining the mentioned sec-
tions of the 3™ potash level of the PU 3 mine, although we have used the methodology of this study. The
task of the study was to solve the abovementioned issues, and the purpose of which was to assess the tech-
nical feasibility and economic viability of extracting the reserves left in the 4™ sylvinite layer, inter-cham-
ber and inter-roadway pillars at the sections of the 3 potash level of the PU 3 mine, previously mined out
using the room and pillar mining system, as well as to develop a technology for re-mining these sections.

Results and discussion. In accordance with the methodology adopted, the study was carried out
along the following lines: study of the mine surveyor’s documents describing the location of the mine
field areas, mined out by the room and pillar mining system; time and mining technologies used; visual
and instrumental study of the rocks geological structure in the mined out area, characteristics of the rock
pressure and course of deformation processes in the workings; calculation of mineral reserves in the
areas available for re-mining; developing the ways for re-mining these areas, selecting the best methods
for performing the development workings and assessing their stability.

Parameters of stopes driven by the room and pillar mining system in the 3™ potash level of the PU
3 mine were studied during the analysis of the survey documents taking into account the layers and the
time for minerals mining. It was determined that in the period from 1971 to 1980 a part of the area of
the mine field of the 3" potash level, on the panels of the south direction from the 1% west to the 18™
west panel (Figure 1, a), was mined out by room and pillar mining system on the layers 2, 2-3, 3. At the
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Figure 1. Mining plan of the 3" potash horizon of mine: @ — plan of the mine field (I — blocks of the chamber development

system, 2 — research area); b — layout of the research work (/ — research work, 2 — auxiliary drift no. 1 drift no. 11-5, 3 — lava

transport drift no. 11-5, 4 — lava conveyor drift no. 11-5, 5 — drifts of the 18™ western panel, 6 — lava drifts no. 4); St. 28—
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same time, significant amounts of minerals were left not only in the undermined 4" sylvinite layer, but
also in inter-chamber and inter-roadway pillars where layers 2, 2-3, 3 were mined with recovery factor
0.38-0.45. Accordingly, should be investigated the possibility of preparing for mining followed by the
extraction of the reserves left in all abovementioned layers of the western panels 1-18. It was assumed
that the reserves of the 4 sylvinite layer, being prepared for mining, might have changed their spatial
position over the past 40 years after undermining. Moreover, the main transport and air-feeding work-
ings of the future face, its assembly gate on the pillar to be mined out should be carried out in the stope
area of the room and pillar mining system.

The mined out panels 1-18 are located close to the active main south gates, but direct access for
visual and instrumental investigation of the geological and mining conditions was not possible due to
destruction of the panel entries. Taking into account the inaccessibility of these sections of the mine field
for visual and instrumental studies, it was decided to fulfill a special research working (Figure 1, ) in
the roadways and inter-chamber pillars of the 18'" west panel in its north-east section adjacent to the face
no. 4, that undermined the 4™ sylvinite layer in the period from 1979 to 1981. Considering the fact, that
while starting the researches described above, driving the development workings of the face no. 11-5, in
the border zone of the 18™ west panel, parallel to old gates of the above panel began, a research working,
240 m long, was made by the roadheading machine KRP-3 starting from the haulage road of the face
no. 11-5.

As aresult of visual inspection and instrumental measurements in the research working, it was found
that the panel workings and the roadways of the 18" west panel, made 40 years ago, are collapsed and
are in “compressed” condition, i.e. the previously mined out space is filled with rock debris. The soft pil-
lars in the roadways were crushed and compressed by about 1 m. Accordingly, layers 3—4, 4, 4-5, 5 were
lowered by the same value in this area; hard inter-chamber pillars with the width from 5.0 to 9.0 m were
slightly compressed by 50—-150 mm, in comparison with their capacity in the virgin rock. The results
obtained are well in line with the results of the previous study of the geological structure of the deposit
rocks in the southeastern border zone of the 18™ west panel in its southeastern section [8].

The geological structure of the roof rocks was also investigated in the research working, with core
sampling over 3.0 m high. Samples were taken from the bored core to assess the KCl content in the ore
by chemical analysis. The boreholes chart for core samples collection and the geological structure of the
roof rocks are shown in Figure 2.

Analysis and compilation of the obtained data on the geological structure of the deposit rocks of the
18" western panel enabled to calculate forecast values in relation to quantity and quality of the remain-
ing ore reserves in other western panels of the south direction, mined out by the room and pillar mining
system. According to the calculations, more than 22 million tons of sylvinite ore are concentrated in the
area of 5.3 million m?, including 13.4 million tons in the 4" sylvinite layer and 9 million tons in com-
pressed and collapsed rocks of layers 2, 2-3, 3.

Analysis of the identified features of the seam geological structure allowed drawing the conclusions
about its important features directly affecting the choice of mining technology of minerals left in the
18" western panel and, by analogy, in other western panels, mined out by the room and pillar mining
system. It was found that the 4™ underworked sylvinite layer took the form of a wave-shaped seam
with the capacity of about 1 meter, with the wave height of 0.6—1.3 m at a wave pitch of about 17-20 m.
The wave crests, located above the inter-chamber pillars, are parallel and directed along the strike of the
roadways. Such geological structure of the 4™ sylvinite layer enables to mine it with a top face using the
SL-300-type shearers, with subsequent mining the layers 2, 2-3, and the 3™ layer — with a bottom face,
i.e. the layer can be mined out by the widely used selective mining technology with longwall faces. This
technology is described in “Instructions on application of development systems at the Starobin deposit”
(Soligorsk, 2018).

In order to select the possibility and optimal locations for development workings of the future faces
designed to mine the western panels of the south direction, the deformation character of the research
workings contour was studied, including measuring the deformations of the workings contour according
to the stations of the contour survey plugs; assessment of the workings stability and preliminary calcu-
lation of their maintenance-free period, depending on the chosen roof positioning; visual assessment of
the workings contour condition after the mining.
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Figure 2. Study of geology aspects of the deposit rock from the research working: a — boreholes

chart for core samples collection in the roof of the research working no. 5 (I — 1% sylvinite layer, 2 —

2™ sylvinite layer, 3 — 3™ sylvinite layer, 4 — 4™ sylvinite layer, 5 — 5" sylvinite layer, 6 — roadways

of the 18" western panel, 7 — roof and ground profile of the research working no. 5); b — geological
structure of roof rocks by boreholes

The research working was made in stages with several risings in order to study its stability in dif-
ferent roof locations. The working was conventionally divided into 4 sections, differing in their location
and roof positioning:

section 1 is approximately 90.0 m long. The working was made in a protective pillar, with a protec-
tive band, left in the roof, in the 3 sylvinite layer with the capacity of 0.25—0.30 m;

section 2 is approximately 60.0 m long. The working was made in the roadways and in the in-
ter-chamber pillars; the roof positioning was done with 0.15 m cut of the 4™ sylvinite layer;

section 3 is approximately 60.0 m long. The working was made in the roadways and in the in-
ter-chamber pillars, with a protective band, left in the roof, in the 4" sylvinite layer with the capacity of
0.3 m;

section 4 is approximately 30.0 m long. The working was made by the 5™ sylvinite layer.

The research working width was 3.0 m. There was no anchoring. As a protection measure in sec-
tion 1, compensating slots were cut in the ground, roof and walls of the working.

Installation lay-out of the monitoring stations for the roof-ground convergence and the convergence
of the workings walls is shown in Figure 1b. Previous investigations in the border zone of the 18" west-
ern panel in its northeastern part showed that the contour of the working is deformed more in the areas
where it crosses the inter-chamber pillars, and the de-stressed zone is still kept in the roadways [8]. This
is why it was decided to install monitoring stations in the most highly stressed zones of the working, i.e.
where the linear parts of the workings intersect the inter-chamber pillars. The monitoring stations were
installed following the roadheader with the lag not exceeding 30.0 m from the face.
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During the whole monitoring period of 231-306 days, the convergence of the research working was
12—-62 mm and the convergence of the walls was 7-48 mm. The minimum deformations values of the
working contour were observed at the stations installed in the sections worked out by the room and pillar
mining system and were on average 2 times less than at the section of the working made in the protec-
tive pillar (station no. 28). The lowest convergence rate was observed at the section 2 (stations no. 30,
no. 34, no. 36) and it was 0.04—0.09 mm/day. The maximum rate of 0.12—0.20 mm/day was recorded at
the section 1 (stations no. 28 and no. 29) in the protective pillar. At the sections 3 and 4 these rates were
0.13-0.15 mm/day and 0.09 mm/day respectively.

Figure 3 shows the visual condition of the research working and the nature of the deformation along
the entire length of the working. After more than 300 days from start of instrumental as well as visual
monitoring, the condition of the research working was satisfactory. The graphs in Figure 3, e show that
the convergence values in all the study sections do not exceed the maximum permissible values.
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The summary table presents the value on the deformation of the research working and the remaining
time of its maintenance-free condition. The forecast calculation of the remaining maintenance-free ser-
vice life of the working was carried out according to the formula:

t= Umax.perm./Vst:

where ¢ — maintenance-free life of the working, day; Upax perm. — maximum permissible values of the
working contour deformation in mm according to the “Instruction on protection and support of mine
workings in the Starobin deposit” (Soligorsk, 2018); V;; — average steady deformation rate of the working
part, mm/day.

Summary of the deformation nature of the research working

Accumulated deformations of the Maximum Remaining
Stati Monitori contour U, mm permissible Steady conver- mainte-

ation Conditions/roof positioning Jonitoring values of the | gence rate, mm/ nance-free
number time, days Roof-ground Convergence convergence day service life, .
convergence of the walls Unax perms mn’1 days(year;) ’

28 | Section no. 1 in the protective 306 62.0 48.0 120 0.20 530 (1.45)

pillar / 0.25-0.30 m i ] i i
29 3rd sylvinite layer 306 38.0 35.0 120 0.12 928 (2.54)
30 Section no. 2 306 15.0 25.0 120 0.05 2433 (6.67)
34 in thgl roadways / 0.15 m 299 12.0 19.0 120 0.04 2978 (8.16)
36 47 sylvinite layer 294 27.0 29.0 120 0.09 1280 (3.51)
37 Section no. 3 294 16.0 12.0 120 0.05 2189 (6.0)
38 in the roadways /0.3 m 294 37.0 37.0 120 0.13 917 (2.51)
39 47 sylvinite layer 294 44.0 42.0 120 0.15 758 (2.08)
Section no. 4
59 in the roadways / 5th sylvinite 231 20.0 7.0 120 0.09 1366 (3.74)
layer

According to calculations, the longest period of 3.5-8.2 years of maintenance-free working life is
predicted for section no. 2, the shortest of 1.5-2.5 years — for section no. 1.

As a study result of stability of workings made along the roadways and inter-chamber pillars, their
stability in conditions of different roof positioning, it was concluded that the most advantageous places
for the development workings are areas previously mined out by room and pillar mining system, com-
pletely destroyed and filled with consolidated rocks. Thus the highest stability of mine workings while
locating in the roadways of room and pillar mining system will be ensured by their roof positioning with
0.15 m cut of the 4™ sylvinite layer.

In this case the forecast period of their maintenance-free condition, even without the use of special
protection methods, will be from 3.5 to 8 years.

Then, the studies performed enabled to determine that it is technically possible to extract addition-
ally sylvinite ore reserves from the western panels of the southern direction of the 3™ potash level of
PU 3 mine, which were mined out 40—50 years ago by the room and pillar mining system. Extraction
of mineral reserves is possible and reasonable by means of faces using the selective layer mining.
Preparation of longwall faces will require minimal capital expenditures, associated with development
workings, mainly in the de-stressed zones, with minimum protective equipment, provided that there
is an optimal roof positioning. Re-mining these areas is very convenient from an organizational and
technical point of view, as they are compactly located, close to the skip shafts and adjoin directly to the
existing main southern gates.

The economic feasibility of additional mineral resources extraction at the western panels is also
evident. With minimal capital and organizational and technical costs, about 22 million tons of ore can
be extracted, from which, with the existing beneficiation technology, about 5.5 million tons of potash
fertilizers.

Conclusion. Studied the possibility of extending the life of the PU 3 mine through the extraction
of off-balance reserves of sylvinite ore left in the mine field section of the 3™ potash level, which was
mined more than 40 years ago by the room and pillar mining system. It was determined, that during the
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period from 1971 to 1980 a considerable part of the mine field on the area of more than 5300 million m?

was mined out by the roadways on the layers 2, 2-3, 3 without mining of the 4™ sylvinite layer. The
amount of the mineral resources left in the mined out panels exceeds 22 million tons, including 13.4 mil-
lion tons of the 4™ sylvinite layer and 9 million tons of the 2" and 3™ sylvinite layers. However, these
panels are close to the shaft yard and are directly accessible from the main southern gates.

As a result of studying the geological aspects of the mined panels, it was determined that under the
influence of rock pressure, the undermined sylvinite layer no. 4 took the form of a wave-shaped seam
with the capacity of about 1 meter which rests on compressed inter-chamber pillars and on compressed
rocks of layers 2, 2-3, 3 of destroyed inter-roadway pillars, which fill the space of roadways. Such geo-
logical structure of the seam enables to extract minerals using the technology of selective layer mining
by successive top and bottom faces.

Based on the study result of the stability of the mine workings made along the roadways and in-
ter-chamber pillars, as well as their stability under conditions of different roof positioning, it was deter-
mined that the most advantageous locations for development workings are the areas previously mined
out by the room and pillar mining system, fully destroyed and filled with the consolidated rocks. Thus,
the highest stability of mine workings, when located in the roadways of the room and pillar mining sys-
tem, will be ensured by their roof positioning with 0.15 m cut of the 4" sylvinite layer. In this case, the
forecast period of their maintenance-free condition, even without the use of special protection methods,
will be from 3.5 to 8 years.

As a study result the conclusion was made about the technical feasibility and economic viability of
additional extraction of sylvinite ore reserves in the mine field of the 3™ potash level of the PU 3 mine,
mined more than 40 years ago by the room and pillar mining system using the selective layer mining
of the seam by longwall faces. With minimal capital, organizational and technical expenditures, the ex-
traction of these reserves will allow the company to produce about 5.5 million tons of potash fertilizers.
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TEIIJIO- 1 MACCOOBMEH OBOBIIEHHBIMHA KOMIVIEKCHBIMHU IIEPEMEHHBIMH
PU TEPMHUYECKOM OBPABOTKE M CYIIKE TEIIOU3O0JISAIIAOHHBIX
MATEPHAJIOB

AnHotanus. M31m0XeHbl pe3yabTaThl aHAIN3a YKCIEPUMEHTANBHBIX JaHHBIX 110 TePMHUECKOH 0OpaboTke B Ipo-
Heccax CyIIKM TOHKHX TEIJIOM30JISLHOHHBIX MaTepHasioB. B pe3yibraTe 00pabOTKH ONMBITHBIX TaHHBIX 00OOIICHHBI-
MH KOMIIJICKCHBIMH TIEPEMEHHBIMH MOJTYUYCHbI (POPMYJIBI JUUIS ONPEACICHHUS MIIOTHOCTH TEIUIOBBIX MOTOKOB, CPEIHCHH-
TerpajbHbIX TEMIIEPATypP, NHTCHCUBHOCTH MCHAPEHUS BJIArH, NPOAOJIKUTEIBHOCTH MPOLEcca TEPMUIECKOH 00paboTKH
MaTepuaioB. Ha ocCHOBe 3JIeMEHTOB TEOPUU TEIJIOBOTO PETYISIPHOTO PEeKHMa 00pabOTKOIl ONBITHBIX JAHHBIX METOIOM
HAMMEHBIINX KBaPAaTOB YCTAHOBJICHBI (GOPMYJIBI IJIsl ONPECICHHUS TEMIIA HAarpeBa BIAXXHOIO Tella U TeMIa yObIIH Bla-
rocoJiepkaHusi. PaccMOTpEHBI yCIOBHS MPOTEKAHUS [IpoLecca CYLIKH B peryisipHoM pexume. OO6paboTka sKCHepruMeH-
TaJbHBIX JAHHBIX 00OOUIICHHBIMU KOMIICKCHBIMH IIE€PEMEHHBIMH MO3BOJISET MEPEXOAUTh OT OJHUX CHCTEM KOOPAMHAT
K APYTUM, OT OJJHUX IIEPEMEHHBIX K APYTUM, O3 IPOBEACHUS JIONOTHUTEIbHBIX TPYJOEMKUX SKcriepuMeHToB. Ha ocHo-
B€ YPaBHEHUs KMHETHKHU CYLIKH U 0000IIEHHON KPUBOI CYIIKH MPUBEACHA CBsI3b O€3pa3MepHOTo MOTOKA TEIJIOTHI C OT-
HOCHTEJIBHON CKOPOCTHIO CYyIIKHU. J{JIsT 0OTHO30HAIBHOIO METO/Ia pacyeTa KPUBOW CKOPOCTH CYLIKH JaHa MPUOINIKESHHAS
3aBHCHMOCTb JJIsl ONPEJICNICHHs] OTHOCHTEIBHOI CKOPOCTH CYIIKH. YCTaHOBIICHA CBS3b TEMIIEPATYPbI IIOBEPXHOCTH Ma-
Tepuajga ¢ OTHOCHUTEIBHOH CKOPOCThIO cyIikH. [To BceM MpuBeAeHHBIM GopMyiiaM MpoBeJieHa IPOBEPKa JOCTOBEPHOCTH
HOJIYYEHHBIX 3aBHCHMOCTEH, a TaK)Ke CONOCTABICHHUE PACUCTHBIX 3HAUCHHH OCHOBHBIX NMAapaMETPOB KHHETUKH CYIIKH
C 9KCIEPHUMEHTOM.

KuroueBble cj10Ba: BIarocosiepxanue, TeMrneparypa, KodGGUIueHT Cymky, BpeMsl CyIIKH, TeMJIOIPOBOTHOCTh, KO-
(UIHEeHT TerIooTAa4H, Yucio bruo
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Vitebsk State Technological University, Vitebsk, Republic of Belarus

HEAT AND MASS TRANSFER BY GENERALIZED COMPLEX VARIABLES DURING HEAT TREATMENT
AND DRYING OF THERMAL INSULATION MATERIALS

Abstract. The results of processing experimental data on heat treatment in drying processes of thin thermal insulation
materials are presented. As a result of processing the experimental data by generalized complex variables, formulas for de-
termining the heat flux density, average integral temperatures, the intensity of moisture evaporation, and the duration of the
heat treatment process of materials were obtained. Based on the elements of the thermal regular regime theory, formulas for
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determining the rate of heating of the wet body and the rate of loss of moisture content have been established by processing
experimental data using the least squares method. The conditions of the drying process in the regular mode are considered.
Processing experimental data with generalized complex variables allows you to move from one coordinate system to another,
from one variable to another, without performing additional time-consuming experiments. Based on the equation of drying
kinetics and the generalized drying curve, the relationship between the dimensionless heat flux and the relative drying rate
is given. For the single-zone method of calculating the drying rate curve, an approximate relationship for determining the
relative drying rate is given. The relationship between material surface temperature and the relative drying rate in the heat
treatment processes of ceramic tiles, asbestos sheets, wool felts was established. All of the above formulas were used to check
the reliability of the obtained dependencies, as well as to compare the calculated values of the main parameters of the drying
kinetics with the experiment.

Keywords: moisture content, temperature, drying coefficient, drying time, thermal conductivity, heat transfer coeffi-
cient, Biot number

For citation: Ol’shanskii A. 1., Kotow A. A., Kuzmenkov S. M. Heat and mass transfer by generalized complex variables
during heat treatment and drying of thermal insulation materials. Vestsi Natsyyanal nai akademii navuk Belarusi. Seryya
fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022,
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BBenenne. HeBO3MOKHOCTh TOYHOTO aHAJTUTHYECKOTO pelieHus AuddepeHnnansHoro ypaBHe-
HUS MaccolepeHoca ¢ NepeMEeHHBIMH KO3 PULHEeHTaMH NIEPEeHOCca, 3aBUCALIMMH OT BJIAr0COJACPKaHUS
¥ TEeMIEepaTypsl MaTepralia B O4eHb CIOXKHOW (hopMe, BBI3BIBAET HEOOXOAMMOCTH B pa3pabOTKe IMpo-
CTBIX MPHUOIMKEHHBIX OMBITHBIX YPaBHEHUH JIJIsl pacueTa JJIUTEIbHOCTH CYIIKH.

HawnbGonee »¢hhekTHBHBIMEU ABISIOTCS METOABI OOpaOOTKH ONBITHBIX JaHHBIX, OCHOBAHHBIE Ha
YCTOMUYMBBIX KOMILJIEKCHBIX TIEPEMEHHBIX, XapaKTepU3yIOIINX Hanboee o0Iue 3aKOHOMEPHOCTH TIPO-
TEKaHUs MMPOLECCca U YCTAaHABIMBAIOLINE CBA3b MEKIY Pa3INYHBIMU MapaMeTpaMHu IPH TEIIOBOH 00-
paboTKe MaTepHajoB.

K 0000meHHBIM TepeMEHHBIM CJIEAYEeT OTHECTH clieAyromue: 0000IeHHoe BpeMs TemIoBOM
00paboTKku NT, OTHOCUTEIbHAs CKOPOCTh CyIIKH N* OTHOCHUTEIBHOE BIIArOCONepKaHWe MaTepHa-
na it/itp, OTHOIIEHHE BPEMEHH TEIIOBOH 00pabOTKU B IIEPBOM M BTOPOM IIEPUOJAX MPOLECCa CyIl-
KH T11/1].

Kommiekc 0000IEeHHBIX TEPEMEHHBIX CO3/IaeT YCIOBHS WHBAPUAHTHOCTH BEIIMUYHUH OCHOBHBIX
napamMeTpoB Ipolecca TENJI0BOH 00pabOTKH M CYIIKH IMPH JAaHHOM HAa4YaJbHOM BJIArOCOACPKaHHUH
Matepuana [1-3] He3aBHCHMO OT pekuMa Tmporecca oopadoTku. IlepekpecTHass MHBAPHAHTHOCTH
BEJINYMH, COCTABJIAIONINX MPOIECC TENI0BOW 00pabOTKH, MO3BOJISIET pa3padoTaTh NPUOIHIKEHHBIE
ypaBHEHHS s pacdyeTa OCHOBHBIX mapameTpoB mporecca [1-3]. MHBapraHTHOCTH 000OIIEHHBIX
MEPEMEHHBIX CO3/]aeT YCJIOBUS MEepPexojia OT OJHUX IMePEMEHHBIX K IPYTHM, OT OJHOH CUCTEMBI KO-
OpAMHAT K ApYyToi 6e3 NpoBeAeHUs JOMOJHUTEIbHBIX TPYI0EMKHX SKCIICPUMEHTOB [1].

Kunerunka TenjioBoii 00padoTku u cymkn. Beenenne I K. dmioneHko B MpakTHKY CYIIKHA 0000-
LICHHOW KPUBOM CYIIKH CHITPaji0 3HAYMTEIBHYIO POJIb B Pa3BUTHU CHOCOOOB 0OpaOOTKH OIMBITHBIX
JAHHBIX U B pa3pabOoTKe MPUOIMIKEHHBIX METOJOB pacyeTa KHHETHKH TerioBlarooomeHna [1—4].

Merton I'. K. ®unonenko, OCHOBaHHBIA Ha 00OOIICHHBIX KPUBBIX CYIIKH, OBLT B JaJbHEHIIEM pas-
BUT U ycoBepiieHcTBOBaH B. B. KpacuukoseiM [1-3]. Ha ocHOBe aHain3a MHOTHUX SKCIIEPUMEHTATbHBIX
TMAHHBIX 110 CYIIKEe Pa3IUYHBIX MaTepuainoB B. B. KpacHHKOB ycTaHOBHII, YTO TIPH CyIIKe JII0OOOTO Ma-
Tepuaja C 3aJaHHBIM HauyaJbHBIM BIIArOCOACPIKAHUEM il HE3aBHCUMO OT PeKUMa Ipolecca CoXpaHsi-
ercsa HensMeHHou BenuunHa Nt [1]. IlepemMennas Nt sSBiIsieTCsl yCTOMYMBBIM KOMILIEKCOM BEJIMYUH, Xa-
PaKTepHBIX IIJIsi BCEX MPOILECCOB TEIUIOBOH 0OpPa0OTKH M CYIIKH Pa3lIMYHBIX BJIAKHBIX MaTEPUAJIOB
IIpU pa3HbIX MeToJaX dHepromnoasona [1-3]. Benuunna Nt Ha3BaHa 00OOIIEHHBIM BPEMEHEM TEIIOBOM
obpabotkm [1].

OTHOCHTENBHASI CKOPOCTDH CYIIKH N* B IIeprojie majatouield CKOpOCTH (BTOPOH MEPUOI) HE 3aBUCHT
OT PEKUMHBIX ITapaMeTPOB MpoIecca U MPEACTaBIseT OO0 TUIIh (PYHKITUIO BIarocoiep aHus Ma-
Tepuana [1-4]. AHaIu3 ONBITHBIX JJAHHBIX 110 TEIJIOBOW 00pabOTKe Pa3IMYHbIX BIaKHBIX MaTCPUAIIOB
HOKAa3aJl, YTO KOMILIEKCHI ii/ily, U Tyj /T TAKIKE ABJIAIOTCSA 0000IEHHBIMY IIEPEMEHHBIMU U CBA3AHBI C BE-
JTUYUHON CKOPOCTH CYIIKH B repBoM nepuone N [1-3].

JKcnepuMeHT. PaccMOTpUM 3aKOHOMEPHOCTH TEIIOBOM 0O0pabOTKHM B MpoLeccax CyIIKH TOHKUX
TEeTJION30ISIIMOHHBIX MaTEPHAJIOB Ha OCHOBE 0000IIEHHBIX TIEPEMEHHBIX.
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OcHOBHOE ypaBHEHNE KMHETUKHU CyITku A. B. JIsrkoBa [2, 7-9]

g*~ L~ N*(1+Rb), (1)
q
rie g* — 6e3pa3MepHBIi TEMIOBOH MOTOK; ¢, ¢|; — IVIOTHOCTH MTOTOKA TEMJIa COOTBETCTBEHHO B MIEPBOM
¥ BTOPOM HepHoiax cymku, Br/m?; umcio Pe6unyepa Rb ycraHaBnmBaeT cBS3b My TEIIooOMe-
HOM ¢* 1 BiaroooMeHom N* [1-3].
[Tpu TepMo0OpabOTKE TOHKUX TUIOCKUX BIIQYKHBIX MaTEPUAJIOB PACXOJ] TeIlJla Ha HAar'PeB BIIAYKHOTO
TeJla MHOTO MEHBIIIE pacxoja Ha UCTIapeHue U3 Hero Biaru u yucna Rb < 1 [1-3].
[Ipenedperas unciom Rb mpu ManbIx €ro 3Ha4€HUSAX U YUUTBIBAs, YTO MAKCUMAaJIbHbIC 3HAUCHUS
Rb = 0,25-0,35 HabnromaroTcs B KOHIIE MPOLECCA CYyNIKH IIPH BIArOCONAEPKAHUU MaTepuana i — i,
(up, — PAaBHOBECHOE BIIArOCOJAEPKAHUE MaTEPHUaa), KOraa Mpolecc HEOOXOAUMO 3aKaHYMBaTh BO H30e-
JKaHHe TIepecy LK MaTeprala 1 nepepacxoaa sHepruu Ha rnpouecc [1, 2, 9]. Toraa npubanKeHHO MOX-
HO 3amucarb
qg* =~ N* )

U3 mMeToma 0000IIeH ST KPUBBIX CYIIKH U CKOPOCTH CYIIKH BBITEKAET, 4TO 0000IIeHHOE BpeMs Nty
U OTHOCHTEJbHAS CKOPOCTh CYNIKH N* SBISIOTCS JUIb QyHKIMEH BIarocoaepKaHusi 1 MOXKHO 3aIu-
catb N* = f(i1), Nt;; = f(ir). CienoBartenbHo, 1715 Oe3pa3MepHOro moToka Temia [7, 10]

1 |du
g N*x o =exp(~aNTy), ¥
q*zN*z%Z—Z:eXp —m? ) @
I

O0pabOTKOH OIMBITHBIX JAHHBIX ISl IIEJIOTO PAJia BIaKHBIX MaTepuaioB ObUIM YCTaHOBIICHBI IIPHU-
ONMIKEHHBIE BBIpAKEHUS 1JIs1 TIOCTOSIHHBIX a ¥ 1 B ypaBHeHusx (3), (4) [7, 10]:

a~28 )
Uy
m= 0,490 ©)
qu

TJIE il — BJIArOCONEPKAHHUE NEPEXO/IA IIEPBOrO NEPHO/IA CYIIKH BO BTOPOM.

Ha puc. 1 u 2 npexncrarieHa o0pab0TKa ONBITHBIX JaHHBIX JJIs 3aBUcUMocTel (3) u (4) s npo-
I[ECCOB TEIIOBOW 00pabOTKM M CYIIKHM KEPaMUYECKOHW TIIUTKH, JUCTOBOTO acOeCTa W IIEPCTSIHOTO
BOIJIOKA.

Warerpupys ypasaenus (3) u (4) mist BToporo nepuona cymku oT T = 0 10 TeKy1ero t (MUH) U Bia-
TOCONEPIKAHUSA OT iy, 10 TEKYILETO i, nomy4um [7, 8, 10]:

1 —
THZ_EIH(I_“(“@_”)): (7
iy — 17, ey — 1
Ty =———LIn| 1-| =2 — |m |. ®)
mN Uy — Uy

CKOpOCTh CYIIKH PaCCYUTHIBACTCS COTIACHO BBIpaKeHHUIO [1-3]

du _
E:K(”_”p)- ©)]
KoaddurueHT cyniku B CBOKO o4epeib ONpeAeseTcs CieAyomuM oopazom [1-3]:
K= _L (10)
U, —Uu
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Puc. 1. 3aBHCHMMOCTB OTHOCHTEIBLHON CKOPOCTH CyIikH N* 0T 0600meHHoro BpeMenn Nty (a) 1 kosdduuunent lga = f (i@/i) (b)
JUTSL ICCIICIOBAHHBIX MAaTepPHasoB: /| —KepaMHuecKas IINTKa, 2 — JIUCTOBOU acOecT, 3 — MICPCTAHON CTPOUTEIBHBIN BOMIIOK.
Pesxxum cymiku: 7. = 90 °C u 120 °C; ckopocTh Bo3lyXa L =3 M/C U 5 M/C; OTHOCHTEIbHAS BIAXKHOCTH BO31yXa @ =5 %

Fig. 1. Dependence of the relative drying speed N* on the generalized time Nty (@) and factor Iga = f (/i) () for the studied

materials: / — ceramic tiles, 2 — sheet asbestos, 3 — wool construction felt. Drying mode: ¢, = 90 °C and 120 °C; air speed
v =3 m/s and 5 m/s; relative air humidity ¢ =5 %

v
0.9 4 & A 0,8
’ \\ 3 L 0,6
y N L ) T 2 04
3 \ // ] 4/3 P ~ 3
07 \ - Ve 02
, \\\\ . 5 0 02 04 06 Wiy
0,6
\ \\ )
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1 . : .
o \ \ .
03 —
0,2 \
0 0,4 08 12 16 2,0 uh

Puc. 2. 3aBUCHMOCTD OTHOCHUTEIBHOM CKOPOCTH CymIKn N* oT 6e3pa3mMepHOro BpeMeHn Ty; /1y (@) n Koddduiinenta n, Ot oT-
HOCHTEJIBHOTO BIArOCOAEPKAHUS /il (D) M1t IPOLECCOB CYIIKHM MCCIIEN0BAHHBIX MATEPHAIIOB: | — KEpaMHUYECKas IIHTKA,
2 — nucTOBOM acbecT, 3 — MIEepCTAHON CTPOUTEIbHBINA BOWIIOK. PeKMBI TeoBol 00paboTKH yKa3aHbl Ha puC. |

Fig. 2. Dependence of the relative drying rate N* on the dimensionless time Ty /11 (@) and the coefficient mg on the relative
moisture content i#/ii,, (b) for drying processes of the studied materials: / — ceramic tiles, 2 — sheet asbestos, 3 — wool
construction felt. Heat treatment modes are shown in Fig. 1
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IToncrasmnss (9) u (10) B (2), mOTy9InM BEIPaKEHHE TSI OTHOCUTEITLHOW CKOPOCTH CYITKU N*:

1|du
N|dt

~—P &
Ugp ~Up  Uyp

u-—u u
* M

~

(1)

ITpu Temnepatypax temoHocutens & > 90 °C paBHOBECHOE BJIArOCOIEPKaHUE MaTepuaa u, ~ 0.
Wcnonsays (11), 3anumem ypasuenus (3) u (4) B Buze:

u T
— ~exp(—ayNty ) ~exp| —my—L |. (12)
qu T
3HavYeHUs IOCTOSTHHBIX d( U 11 YCTaHABIMBAIOTCS 00pabOTKOM AKCIIEPUMEHTANIBHBIX JaHHbIX |7, 10].
Bpems cymku Bo BTOpOM TIEPHOAE ONPENSTIICTCS U3 YpaBHCHUS

TH:L -2 _ 1 M7ty -2 |. (13)
agN Uegp | my N Uy

O0paboTKOH KPUBBIX, MPEACTABICHHBIX Ha pUC. 1, b 1 puc. 2, b, ycTaHOBJIEHO, YTO KOd(h(PUIUCH-
THI d( U Mg B ypaBHeHNN (12) N3MEHSAIOTCS OT BIAroCoAEpKaHNUs MaTepraia 1o CIOKHBIM YKCIIOHEHIIH-
AJTbHBIM 3aBUCHMOCTSIM.

B pesynbrare 00pabOTKH MOTYYEHHBIX JaHHBIX SKCIEPHMEHTa METOIOM HaMMEHBIINX KBaJpaToB
BBIBEJICHBI TPHOIIKEeHHBIE (GopMYyITbI 11t KO3DOUIIUEHTOB ag | my:

ay = Bexp| 2,0 |, (14)
iy
my = Aexp—. (15)
7.

Ha puc. 3 nanel 3aBucumocty Tyy/ty = f(it/ifp) B poLeccax CylmKM KEpaMHKH, acOecTa, BOMIIOKA
W HATyPalbHOHN KOXKU.

OO0paboTka KpHBBIX IPOBE/ICHA B BUJIE CTENEHHON 3aBUCUMOCTH Tyy/Ty = f(Agit/ilyp)" M SKCTIOHEHIIH-
aneHOM Ti/T1 = flexp(Myit/iiyp)). B pesynbraTe Takol 0OpabOTKHM JaHHBIX METOIOM HAWMEHBIIUX KBa-

JPaTOB MOJTYUYESHBI MPUOTKEHHBIE POPMYIIBL:
-1,25

-7
e g 2 (16)
N Uy
iy 1 7
er%MO exp| —2,5— |. a7)
Uy

PerynsipHblii Ten/jioBoii pe:xuM HarpeBa TBEpAOI0 BJIAKHOIO TeJia. BTopoll mepuon TerioBoi
00pabOTKH MPH BJIATOCOACPIKAHUM MaTEpHaa il < i, MPOTEKAET B CTAMU PETYIAPHOrO TEILIOBOTO
pexuma [2, 5, 6]. OCHOBHBIM NPU3HAKOM PETYJISPHOIO PEeKMMa SABIIETCA COOTHOLIEHHE [6]

1 dt
t,—t dt
riae df /dt — cKOpOCTb BO3PACTaHMsS TEMIEPaTyphl BO BPEMEHH; 71, — TEMII HArpeBa Tejla, MUH ..
Perynspuszanus 1o temmnepaTypam U TEIJIOBBIM ITOTOKaM IIPOMCXOANT BO BTOPOM MEPUOAE C yBEJINYe-
HHEM TeMIepaTyphl ¢ > f,, (£, — TeMIEpaTypa MOKPOTo TEPMOMETPA), a 110 BJIAroCOAePKaHUIM — HOCIIe
OKOHYaHUs CTaAuM NMporpesa mMarepuania [5, 6].

TeMI HarpeBa BJIAXHOTO TeJIa 71, U TeMIT yOBIIH BIAr0COAepKaHus /1, (MHH ') HAXOMATCS SKCIIEPH-
MEHTAJILHO Iy TEM TIOCTPOEHHs IpapuuecKux 3aBucuMoctel In(t, — 1) = £'(v) u In(iy — @) = f(t) nns AByx
MIPOU3BOILHBIX MOMEHTOB BPEMEHH PETyIISIpHOTO pexnma [6, 11]:

. In(7,—4)-In(t, - 7,)

t bl
Th—7

=m, = const, (18)
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Puc. 3. 3aBUCHMOCTB KOMIUICKCHO# TIepeMeHHOH Ty1/T OT 0000MIEHHBIX NEPEMEHHOM if/ily, B MPOLECCAX CYIIKH MCCIEI0BaH-

HBIX MaTepHayioB: / — JIUCTOBOH acOecT, 2 — KepaMudeckasi MINTKa, 3 — MIEPCTSIHOM BOIIIOK, 4 — HATypasbHast Koxka (F0o(Th).

Jlns kpuBBIX /, 2, 3 TEIIOBBIE PEXKUMBI IaHBI HA PHC. 1; peKUMBI CyIIKH KOXH (KpuBas 4): f. = 30 °C; 40 u 50 °C; v = 0,5 m/c
u 1 M/c; OTHOCHTEIBHAS BJIAXKHOCTD Bo3ayXa ¢ = 35 %; 45 n 60 %

Fig. 3. Dependence of the complex variable tj;/t; on the generalized variables ##/ity, in drying processes of the studied

materials: / — sheet asbestos, 2 — ceramic tiles; 3 — wool felt, 4 — natural leather (yuft). For curves /, 2, 3 thermal modes are

given in Fig. 1; modes of skin drying (curve 4): ¢, = 30 °C, 40 and 50 °C; v = 0.5 m/s and 1 m/s; relative humidity ¢ = 35 %;
45 and 60 %

= In (i, — i1, ) — In (i1, —ﬁz).
TL~—T

I'padmyeckue 3aBUCUMOCTH JJISL M1, ¥ M, B NPUHSATON CHCTEME KOOPIHMHAT MPEICTABISIOT COOOM
MIpsSIMBIC U, CIICTOBATEILHO, SBIISIOTCS KCTIOHeHTaMH. OOpabOTKOM OOIBIIOTO YHCTa TAKUX 3aBUCHMO-
cTel N1 KepaMuKu, acOecta, BOWIIOKA, KAPTOHA, TKAHEH MPU Pa3JIMUHBIX PEKUMAX CYIIKH YCTaHOBIIC-
HBI CIIEYIOIUE MTPUOIKEHHBIE 3aBUCUMOCTH [5]:

m, ~ 0,105 exp(~2it,y, ), (19)
m, ~8,7TN exp (-2 ). (20)

Ha puc. 4, a n3o6paxena 3aBucumMocTs m,/N = f{ily) AJs1 IPOLIECCOB CYIIKH Pa3IMYHBIX MaTepua-
noB. OOpaboTKOI 3TOH SKCHOHEHLIMATBHOW KpHBOH monydeHa ¢opmyna (20). OtHomenue m,/N npu
JTAHHOM HA4YaJIbHOM BJIArOCOJCPIKAHUU Tl SIBIISICTCS BETUYMHOMN MOCTOSTHHOW M 3aBUCHT TOJIBKO OT BUJA
BIIYKHOTO MaTepuaia [5].

U3 pemennst audHepeHInaIbHOrO YpaBHEHUS TEIJIO- U MacCOMepeHoca JUisi HeorpaHHUUCHHOMN
MIJIACTHHBI ITPH KPACBBIX YCIOBHIX TPEThEro poja (CyIIKa), Ipu paBHOMEPHOM HavallbHOM paciipe/elie-
HUU TEMIIEPaTypbl B IIJIACTHHE, HAaIpeBaeMoil B cpefie . = const npu 3HaueHusX yucia buo Bi < 1, kor-
na kputepuii ITocHoBa Pn = 0 A.B. JIIkOBBIM futst Ge3pa3sMepHbIX Temmepatyp (0) u Biarocomepika-
nuii (U) nonyuens! ypasHenus [6]:

Golel L =exp(—Bi-Fo)=exp(-m, -1y), 2D
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Puc. 4. 3aBucumocTb 0000IIEHHOH KOMIIEKCHON I€peMEHHOH 71,/N OT HauaJbHOTO BJIArOCOAEPMKKAHUS () AJIs IIPOLECCOB

cymku: / — KepaMu4ecKas ININTKa, 2 — JIUCTOBOU acOecT, 3 — MEepCTIHOI BOMIIOK, 4 — TEXHUYECKHN KapTOH, 5 — HaTypalb-

Has Koka. J{7s KpuBBIX /-3, 5 TEIJIOBBIE PEKUMEBI TaHBI Ha pHC. | U pHC. 2; peXXUMBI CYIIKH KapToHa (kpuBas 4): ¢, = 90 °C
u 110 °C; v =3 m/cu 5 m/c

Fig. 4. Dependence of the generalized complex variable m,/N on the initial moisture content i, for drying processes: I —
ceramic tile, 2 — asbestos sheet, 3 — wool felt, 4 — technical cardboard, 5 — natural leather. For curves /-3, 5, the thermal
modes are given in Fig. 1 and Fig. 2; the cardboard drying modes (curve 4): . = 90 °C and 110 °C; v =3 m/s and 5 m/s

<
|
S

U=—2L=exp(-Bi, -Fo, )=exp(-m, - 1), (22)
uO - Llp
rne Bi, Bi,, Fo, Fo, — temmo- u maccooOmennsle kputepun brno m ®ypbe s BTOPOro mepuosa.
HauanbHag Temneparypa ¢, = t,. I3 Teopun peryasapHoro TenjaoBOro pexuma s TBepAbIX Tel 3aJaH-
HOU (hOpMEI cienyeT [ KoMmruiekcoB Bi-Fo = m, - 1y; Bi,-Fo, = m,, -t [6, 11].
W3 ypaBuenuii (21) u (22) ompenensroTcss CpeHEUHTETpaIbHBIE TEMIIEPaTyphl MaTepHaja BO BTO-
POM TIEPHO/JIE U JUTUTEIBHOCTH TETLNIOBOK 00padoTKu U cymiku [5, 12, 13, 14]:

t=1.— (tc - tM) *CXp (7mt ! TH)a (23)
u-—u
T= —Lln_—p. (24)
m, Uy —u,

Bpems cymiku Bo BTOpom nepuoze [5] paBHo
1 u-—u
= —In—2. (25)
m, U, — U,
B Tabn. 1 gaHo comocraBiieHUe pacUETHHIX 3HAYCHHUH JTUTEIBHOCTH TEIJIOBOM 00paOOTKHU C JKC-
MEPUMEHTAILHBIMU MIPH CYIIKE KEPAMUUYECKOH IIUTKH, JIUCTOBOTO acOecTa W MIEPCTSHOTO BOMIIOKA,
BBIYHCIICHHBIX 10 popmyinam (7), (8), (13), (16), (24).

O6o3HaYMM CKOPOCTh Harpesa Tena dt /dt =b' (rpan/c) u 3anumiem
dr _
b'=—=m,-(t,—1). 26
T (1,-7) 06)

TIET—BC, m,—Bc’l.
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Tadonunma 1. ComnocraBiieHre IKCIIEPUMEHTAIbHBIX 3HAYEHHI JJIMTEIHLHOCTH TEIJIOBOI 00padOTKH U CYyUIKH
¢ pac4eTHBIMM 3HaYeHUSAMH 110 popmyaam (7), (8), (13), (16), (24)

Table 1. Comparison of experimental values of heat treatment and drying duration with calculated values
by formulas (7), (8), (13), (16), (24)

T, T, T, i T, T, T, T, T,
Iz/lzkp MHWH MHUH MHUH MHUH MHUH MHWH MHUH MHUH MHUH
3KC ) ®) 13) 13) 16) (16) 3KC (24)
JuctoBoii acbect: 8 =6-107 M; p="1770 Kr/M; i = 0,46; ity = 0,2; N=0,028 MuH " T = 8,6 MUH;
g1=5300 Br/m?; 1, = 42 °C; my, = 0,09 mun~".

Pexxnm cymkn: £, = 120 °C; v =5m/c; 0 =5 %

=

0,16 0,8 17 1,55 1,52 1.8 1,82 1.8 2,0 10,5 11,0
014 07 2,5 2,46 242 2,2 2,25 2,6 2,65 11,0 12,2
0,12 0,6 3,6 3,46 3,37 4,0 3,90 3,6 3,45 12,5 13,4
0,08 0,4 6.8 5,86 5,74 5,96 6,25 6.4 6,2 15,5 16,4
0,04 0,2 11,5 9,22 9,21 11,35 11,6 11,7 10,8 20,5 21,8
0,02 0,1 14,5 11,40 11,88 14,8 14,8 - 13,6 23,5 25,5

Kepamuueckast mauTka: 6 =5+ 1073 M; p = 1860 Kr/M3; itg = 0,2; i, = 0,1, N=0,0156 MHH’I; T = 6,5 MuH;
q1=5800 Br/Mm%; t, = 48,5 °C; my, = 0,12 mun .

Pexxum cymku: 7. = 120 °C; v =3 m/c; 0 =5 %

0,08 0,8 1,6 1,52 1,50 1,72 1,76 1,72 1,76 8,0 7.8
0,06 0,6 3,5 3,15 3,34 3,17 3,10 3,10 3,35 10,0 10,2
0,04 0,4 6,0 5,32 5,86 5,85 5,27 5,8 5,96 12,5 13,6
0,02 0,2 10,5 8,9 9,9 10,9 8,96 10,8 9,95 17,5 18,5

lepcTsinoii BOiIOK: 6 = 8- 1073 w; p=200 Kkr/m>; g = 1,4; ity = 0,75; N= 10,048 MuH 5 1 = 8,2 MUH;
q1= 13150 Br/m?%; t, = 37,5 °C; my = 0,0512 mus.
Pexxum cymiku: £, =90 °C; v =5m/c; =6 %

0,6 0,80 4,5 3,39 3,85 3,72 3,74 4,4 4,90 12,5 12,8
0,5 0,67 7,0 6,23 5,86 5,75 5,87 6,6 6,95 15,0 15,6
0,4 0,53 10 9,15 9,64 9,38 9,62 9,8 9,78 18,5 19,6
0,3 0,40 13,5 12,8 14,5 13,62 12,6 12,8 13,55 21,5 22,7
0,2 0,27 19,0 17,27 18,2 19,7 17,4 19,2 17,40 27,5 29

IMIpuMeuanwue J— TONIMHA MaTEPUAIIA, P — INIOTHOCTH MaTepHaa.

Koadppuuument ' onpenensiercs rpapudeckum auddepeHIInpoBaHIEM TEMIIEPATYPHOM KPUBOI
t = f{(r). Buepsbie Takoil MeTox ObLI peuioxken A. B. JIbikoBbiM [15].

Ecau moctpouts 3aBucumoctu b’ = f{(¢), To oHM OYAyT IPEACTABIATL COOON MPAMBIE, IPOIOIIKE-
HHS KOTOPBIX OTCEKAIOT M0 OCSIM KOOPIWHAT OTPE3KH, 0003HaUYeHHBIE Ha prc. 5 kak OB u OA.

Ha puc. 5, a jaHa 3aBHCHMMOCTh TEMIICpaTypHOro Koddduinenta b’ oT cpeaHell Temmeparypsbl
B Tpoleccax CyIIKH KepaMUKH JUIsl pa3HbIX pexxuMoB. Ha puc. 5, b mpencraBieHa KpuBasi CyIIKH
i = f(t) ¥ TeMnepaTypHas KpuBas = f{T) JUIs KEPAMHMKH [IPU PEXUME CYIIKH £, = 120 °C; v = 3 m/c.

[pu 3HayeHusx yucia Bi < 1 Temn Harpesa Tela onpeneisieTcs 3aBUCUMOCTBIO [6]

@ -1
mt = C,
Cpn "P- RV
e O — CpenHMi KOd(GUIHUEHT TEII00TIaul BO BTOPOM Hepuone, Br/m? - rpan; ¢, — yaenbHas Te-
TJI0eMKOCTB BJIAXKHOTO Tea, J[K/KT - Tpajy; p — MIOTHOCTh, KI/M; Ry — OTHOIIEHHE 00bemMa Tea K To-
BEPXHOCTH, M. B mporiecce KOHBEKTHBHOTO HArpeBa Tella MTHOBEHHBIM MOTOK TeTia U3 ypaBHEHUS
Oananca [16]

_ - dr
oc-(tc—t)chH-p~RV-E. (27)
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Puc. 5. 3aBHCHMOCTD TeMIIepaTypHOro KodhduimenTa b’ oT CpeAHEHHTETPATBHON TeMIIepaTypsl ¢ sl CYIIKH KepaMu-
K# (@). Pexxumer cymkn: 1 —¢. =90 °C,v =10 wm/c; 2 —1. =120 °C, v =3 m/c; 3 — £, =150 °C, v =5 m/c. Kpupas cymku i = f{(t)
U TeMIeparypHast Kpusasi ¢ = f(t) (b) A5t CyMIKH KepaMuIecKoi uTKu: f. = 120 °C,v=3 m/c, p=5%

Fig. 5. Dependence of the temperature coefficient " on the average integral temperature ¢ for drying ceramics (a). Drying
modes: / —#,=90°C,v=10m/s; 2 — ¢, =120 °C, v =3 m/s; 3 — t. = 150 °C, v = 5 m/c. Drying curve @ = f(t) and temperature
curve ¢ =(7) (b) for drying ceramic tiles: 7. = 120 °C; v =3 m/s, 9 =5 %

CoryacHo ypaBHeHHIO (26) TaHTEHC yIJla HakjIoHa npsambeix b’ = f(1) (puc. 5, a) pasen [15]

cBn'p'RV’

OTPE3KH, OTCEKAaeMBIC Ha OCAX KOOpAWHAT (puc. 5, a), —

o
Od=——,
Con P Ry
a OTPE30K OB paBeH TeMInepaType Cpeasl f., U, CIeA0BATCIIbHO, TEMIT HArpeBa Tea
b'(04)
m, = [—

C

Taxum 06pa3oM, 3aBUCUMOCTb b’ = f{1 ) 110 OHOMY PEKHMMY H TI0 OJHOMY 3HAUYEHHUIO TEMIIEPATY PhI
MIPH JIAHHOM BIIArOCOJICPIKAHUU MaTepHalia ONpeeisieT BETHUNHY 1, TSl PA3JTMYHbBIX PEXKUMOB TEILIO-
BOI 00pa0OTKM KOHKPETHOTO MaTepHalia.

Ha ocnose koddduiuenta b’ ycraHaBIuBaeTCs CBA3b MEXKILY 00OOIIEHHBIMH IIEPEMEHHBIMHU /iy,
¥ Ty/1. Ha puc. 4, b, c IpuBOAATCS Pe3yNIbTaThI ONBITOB JUIS 3aBHCUMOCTel b’ = f(it/li,) 1 b' = f (t11/11)
B IIPOIECCaX CYIIKU KePaMHYECKOU IINTKU. BUIHO, 4TO 00pa3yroTCs SKCIIOHEHIIUAIbHBIC KPUBBIE, KO-
TOPBIC aANIMTPOKCUMHUPYIOTCS TPUOTMIKEHHBIMA ypaBHEeHUSIMU [17]:

b':izs-exp z 24| 28)
dt u

Kp
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dr T
b ==K, -exp| -¥-L|. (29)
dt T
3nech nocTostHHAs S — nuHeitHas QyHKIMs Temmneparypsl, S = 1,9-107%,. Benuunna Z 1is KepaMUKH
n acOecTa CoCTaBIseT

JIJ1s1 BOMJIOKA —

7 ~0,375-_0,05.

Uy

[ocTosHuas K, Takxke MuHelHas QyHKUUS Temmeparypsl f., Ky = 107¢,. Kospduunent ¥
B Ipolieccax CYIIKH KEpaMHKH, acOecTa M BOWIIOKA MPHOIUKEHHO ONMPENeNsieTCs COOTHONICHH-
em ¥ = I/_le/I/_l().

Pemennem ypaBuenuit (28) u (29) yctaHaBiIuBaeTcs CpeJHEMHTEr pajbHas TeMIepaTypa BO BTOPOM
niepuone [17]:

T=t,- ¢.exp| Z2- |, (30)
m, Ugp

F=tg —— .70 X oyl @I 31

R N p n 3D

Ha ocHoBe perienust ypaBHeHUs1 KpUBOH ckopocTu cywkH |dif||dt] = NN* . K. ®unonenko [4] ycra-
HOBUJI CBSI3b MEK/Ty TETIOOOMEHOM U BIarooOMEHOM B BUJIC yPaBHEHHS
-t
-t

C

n_ (32)

C M

e ¢, — TeMIeparypa Ha IOBEpXHOCTH MaTepHala.
Temneparypa Ha TOBEpXHOCTH MaTepHuaia u3 ypaBHeHus (32) paBHa

ty=t,—(t,—ty ) N*, (33)
nJIn
ty =ty +(t.—1,)-(1-N*). (34)
[oncrasnss (11) B (33), momyuaem
ty=t.—(1, —tM)_u_—up. (35)
Up ~HUp

WHTEeHCMBHOCTD MCIIApEeHHUsl BJIaru ¢ MOBEPXHOCTH MaTepHasia B MPOLECCE MOCTOSHHON CKOPOCTH
CYIIIKH OIpeNesieTcs BeIpakeHueM [2, 3]

Ji =p~N-RV,KF/M2'C,

MHTEHCUBHOCTS HCMIAPEHUS BJAard B MEPHOJE Magaromell CKOPOCTH CymKH [12] pacCUuThIBACTCS
CIIEYIOIINM 00pa3oM:

u Lu
=po-Ry N—=j;

Ugp Kp

di

i =pn-R 36
Ju =Po th (36)

3nagenus kodpdunuerToB 4, My, ¥ mansl B TabI. 2, COMOCTaBICHUE YKCIICPUMEHTAIBHBIX 3HAYC-
HU TapaMeTPOB KHHETHUKU CYIIKH C paCYCTHBIMH, BEIYHCICHHBIMHU 10 (JOpMYyIiaM, — B TaOII. 3.
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Taonuma 2. 3unadyenns koddpduunuento B popmyaax (14), (15), (16), (17), (29) B npoueccax cymKkn
KepaMH4eCKOii IUIMTKH, JTUCTOBOr0 achecTa, CTPOMTEIbHOI0 HIEPCTSIHOI0 BOMJIOKA
Table 2. Valuesof the coefficients in formulas (14), (15), (16), (17), (29) in the processes of drying of ceramic
tiles, sheet asbestos, construction wool felt

Kosdpduunentsr
Matepuax B A Ao M, v
(14) (15) (16) (17) (29)
JIucroBoii acoect 5,5 1,8 0,226 1,9 0,435
Kepamuueckas niaurtka 9,2 1,6 0,225 2,5 0,500
CTpouTeabHbIN EPCTIHOW BONIOK 1,3 1,0 0,500 4.5 0,760

Ta6nwumuoa 3. 3HaYeHHUs MIOTHOCTEH TEIIOBBIX IOTOKOB, 0OTHOCHTEIbHOI CKOPOCTH CYIIKH, HHTEHCHBHOCTH
HCHapeHus BJIaru, CpeJHEHHTEr PaJIbHBIX TEMIIEPaTyp BO BTOPOM IepHo/Ie TEINJI0OBOI 00padoTKH KepaMuyecKoi
IVIMTKHU U JJUCTOBOro acoecra no gpopmyaam (1), (2), (3), 4), (23), (30), (31), (33), (36)

Table 3. Valuesof heat flux densities, relative speed of drying, intensity of moisture evaporation, average
integral temperatures during the second period of heat treatment of ceramic tiles and sheet asbestos according
to formulas (1), (2), (3), (4), (23), (30), 3D, (33), (36)

g5 N* | g* N* | g% N* qu, Br/v? tn, °C 7.,°C 7,°C 7,°C £, °C 1, 103 kM2 ¢
3) (C)) (2 (O] 9KC (23) (30) (31 (33) (36)

ii /i

Tutka kepamueckas: 8 =5-107 m; p = 1860 kr/m’; i = 0,2; il = 0,1; N = 10,0156 mun™'; gy = 5800 Br/m%; 1, = 48,5 °C;
m, = 0,0945 MI/IH’I;jI= 0,24-1073 kr/m>-c.
Pexum cymiku: ¢, = 120 °C; v =3 m/c; 0 =5 %

0,08 0,8 0,82 0,82 0,81 4756 65 64 63 63,5 63,5 0,197
0,06 0,6 0,63 0,64 0,63 3712 75 75 73 73,5 73,5 0,154
0,04 0,4 0,43 0,44 0,43 2494 84 86 84 82,5 84,5 0,104
0,02 0,2 0,23 0,24 0,23 1390 103 102 99 101 102 0,0576

AcGect mucToBOI: = 6107 M; p=1770 Kr/M; i = 0,46; it = 0,2; N=10,028 muE ' g = 5300 Br/Mm%; 1, =42 °C;
m,= 0,077 mun; ji = 0,215-1073 xr/m?-c.
Pexxnm cymkm: £, = 120 °C; v =5M/c; 0 =5 %

0,16 0,8 0,82 | 0,81 0,8 4292 59 58 57 58 56 0,174
0,14 0.7 073 | 074 | 075 3922 65 66 64 63 62 0,157
0,12 0,6 0,67 | 0,67 | 0,64 3445 71 71 68 70 69 0,144
0,08 0,4 044 | 043 | 042 2280 79 80 78 80 76 0,095
0,04 0,2 0,28 | 027 | 0,26 1490 86 - 88 85 85 0,060
0,02 0,1 0,23 | 024 | 0,22 1450 101 - 98 - 98 0,043

3akouenue. OOpadOTKOM ONBITHBIX JAHHBIX, OCHOBAHHBIX Ha 000OIICHHBIX KOMIICKCHBIX TIEpe-
MEHHBIX, TIOJIy4eHbI TPUOJINKCHHBIE KCIICPUMEHTANIbHBIC YPaBHEHUS JUJIsl pacueTa KMHETUKH CYIIKH
TETION3O0JISIIMOHHBIX MaTepuanoB. THBapHaHTHOCTH I'pyNIIbl 0OOOIIEHHBIX MEPEMEHHBIX ITO3BOJISET
NEePEeXOJUTh OT OAHOrO BHJIA TIEPEMEHHBIX K APYTHUM, OT OJHOH CHCTEMBI KOOPAMHAT K APYTOi HE3aBU-
CHMO OT peXHMa TepMHUECKOH 00paboTKH, O0e3 MPOBeIeHNs JOMOIHUTEIBHBIX TPYIOEMKHX 3KCIIEPH-
MCHTOB. I/IHBapI/IaHTHOCTI) BCINYHUH O606HI€HHI)IX NEPEMCHHBIX MMO3BOJIACT COKPATHUTH YHCJIO OKCIICPH-
MEHTOB, U30€XXaTh OMHNOOK, YMEHBIIUTH IMOTPEITHOCTH 0OOPaOOTKH OIMBITHBIX JaHHBIX U pa3padoTarh
0oJsiee TOUHbIE TPUOIMKEHHBIE YpPAaBHEHUS JJIsl pacyeTa OCHOBHBIX TapaMETPOB KMHETHUKH CYIIIKH.

Cnucok ucnojib30BaHHBIX HCTOUHHKOB

1. Kpacuukos, B.B. Konnykrusnas cymka / B.B. Kpacuukos. — M.: Dueprus, 1973. — 288 c.

2. JIsikoB, A.B. Teopus cymxku / A.B. JIpikoB. — M.: DHeprus, 1968. — 472 c.

3. Axynwuu, I1. B. PacueTsl cymuiabHBIX U TenaooOMeHHBIX ycTanoBok / II. B. Axynnu. — Munck: benopyc. Hayka,
2010. — 444 c.



202 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 191-203

4. ®wmonenko, I K. Cymmunbaeie yecranosku / I. K. @unonenko, I1. /1. Jlebenes. — M.; J1.: T'ocaneproucnar, 1952. — 264 c.

5. OmpmaHckuid, A. Y. PerynsipHbIii TENJIOBOM pPEKUM HArpeBaHUsS BIAKHBIX IJIOCKUX KaMUJUISPHO-TOPHCTHIX
MaTtepuayoB B mponecce cymku / A. . Onpmanckuit, B. . Onpmanckuii / Uaxenep.-¢pus. xypH. — 2014. — T. 87, Ne 6. —
C. 1308-1318.

6. JIsikoB, A.B. Teopus temno- u Mmacconeperoca / A. B. JIsikoB, 0. A. Muxaiinos. — M.: ['ocaneprousaar, 1963. — 536 c.

7. Ky, I1. C. HekoTopsie 3aKOHOMEPHOCTH TEIIIIOBIAr000OMEHa 1 MPHUOIMIKEHHBIC METOBI PacyeTa KHHETUKH IpoLecca
cymku Braxasx Matepuaion / [1. C. Kyn, A. 1. Onpmanckuii / Unxenep.-pus. :xypH. — 1977. — T. 32, Ne 6. — C. 1007-1014.

8. JIpikoB, A.B. Kunetnka teminooOMeHa B mpolmecce CYIIKH BIaxHBIX MaTepuaioB / A.B.JIsikos, II.C.Kym,
A.W. Onpmanckuii / Uaxenep.-¢us. xypa. — 1972. — T. 23, Ne3. — C. 401-406.

9. Ompmanckuii, A. V. DkcnepuMeHTaIbHOE HCCIIEI0BAHNE KUHETHKH CYIIKH TOHKHX TIOCKHX BIIQXHBIX MaTepH-
aJIOB METO/IOM PETYJISIPHOTO PEKHMMa C MCHOIb30BAaHHBIM 00OOIIEHHBIX KOMILICKCHBIX mepeMeHHBIX / A. . OnpImaHcKui,
A.M. I'ycapos // Unxenep.-¢pu3. xypH. — 2017. — T. 90, Ne3. — C. 700-713.

10. JleBuna, H.C. HccaenoBanne KMHETUKH HarpeBa M cymkd mopucteix marepuanoB / H.C. Jleuna // [lon3yHOB.
BecTH. —2008. — Ne 1-2. — C. 49-53.

11. IopuHn, C.H. Tennonepenaya / C. H. lllopun. — M.: Berenr. mk., 1964. — 490 c.

12. Harapees, C.B. MacconepeHoc B mporecce CyIIKH BIa)KHOTO MaTepHaia Ipyu KOHBEKTHBHOM MOABOAC TETIOTHI /
C.B. Harapees, E. H. Benkun, O.C. Harapees // 13B. By30B. Xumus u xum. Texnonorus. — 2012, — T. 55, Ne3. — C. 104-108.

13. Harapees, O.C. TemmomepeHoc B mpoluecce KOHBEKTHBHOW cymku BiaxHoro warepmana / O.C. Harapees,
H.P. Kokuna, C. B. Hatapees / U3B. By30B. XumMust u xuM. TexHonorus. —2015. — T. 58, Ne2. — C. 67-72.

14. Ompmanckuii, A.U. HccnenoBanue TemnooOMeHa B Ipolecce CYLIIKH BIAKHBIX MaTEpHANIOB MO YKCIIEPUMEHTAIb-
HBIM JaHHBIM BJIarooOMeHa ¢ HCIOJIb30BaHHBIM 0000IEHHBIX KOMIICKCHBIX IepeMeHHbIX / A. M. Onpmanckuii / UHxeHep.-
¢us. xypH. —2014. — T. 87, Ne4. — C. 887-897.

15. JIsikoB, A.B. Temno- u maccooOMeH B mporneccax cymku / A. B. JIpikos. — M.; JI.: Tocareprousaar, 1956. — 464 c.

16. JIpikoB, A.B. TeopeTrueckue 0CHOBBI CTpOUTENbHOM Termnopusuku / A. B. JIsikoB. — Munck: AH BCCP, 1961. — 520 c.

17. Onpmanckuii, A. W. MccnenoBanue mpouecca CyIIky MIOCKUX BIAKHBIX MAaTepUaIOB METOAOB 00OOIIEHHBIX TIepe-
MeHHBIX / A.W. Onpmanckuii / Uaxkenep.-¢us. xypH. —2013. — T. 86, Ne 1. — C 66-76.

References

1. Krasnikov V. V. Conductive Drying. Moscow, Energiya Publ., 1973. 288 p. (in Russian).

2. Luikov A.V. Drying Theory. Moscow, Energiya Publ., 1968. 472 p. (in Russian).

3. Akulich P. V. Calculations Drying and Heat Exchange Systems. Minsk, Belorusskaya nauka Publ., 2010. 444 p.
(in Russian).

4. Filonenko G. K., Lebedev P.D. Drying Systems. Moscow; Lenigrad, Gosenergoizdat Publ., 1952. 264 p. (in Russian).

5. Olshanskii A.I. Regular Heat Regime of Heating of Moist Capillary-Porous Materials in the Process of Their Drying.
Journal of Engineering Physics and Thermophysics, 2014, vol. 87, no. 6, pp. 1362—1373. https://doi.org/10.1007/s10891-014-1139-5

6. Luikov A. V., Mikhajlov Yu. A. Theory of Heat- and Mass Transfer. Moscow, Gosenergoizdat Publ., 1963. 536 p.
(in Russian).

7. Kuts P. S., Olshanskii A.I. Some features of heat and moisture transfer and approximate methods of calculating the
drying kinetics of moist materials. Journal of Engineering Physics, 1977, vol. 32, no. 6, pp. 650—656. https://doi.org/10.1007/
bf00862568

8. Luikov A. V., Kuts P. S., Olshanskii A.I. Heat transfer kinetics in the process of wet materials drying. Inzhenerno-
fizicheskii zhurnal = Journal of Engineering Physics and Thermophysics, 1972, vol. 23, no. 3, pp. 401-406 (in Russian).

9. Olshanskii A. L., Gusarov A. M. Experimental Study of the Kinetics of Drying of Thin Plane Moist Materials by the
Regular-Regime Method Using Generalized Complex Variables. Journal of Engineering Physics and Thermophysics, 2017,
vol. 90, no. 3, pp. 665—678. https://doi.org/10.1007/s10891-017-1614-x

10. Levina N.S. Investigation of kinetics of heating and drying of porous materials. Polzunovskii vestnik = Polzunovsky
Bulletin, 2008, no. 1-2, pp. 49-53 (in Russian).

11. Shorin S.N. Heat Transfer. Moscow, Vyshaya shkola Publ., 1964. 490 p. (in Russian).

12. Natareev S. V., Venkin E. N., Natareev O.S. Mass transfer in the process of drying wet material with convective
heat supply. Izvestija vuzov. Himiya i himicheskaya tekhnologiya = News of Institutes of Higher Education. Chemistry and
Chemical Technology, 2012, vol. 55, no. 3, pp. 104—108 (in Russian).

13. Natareev O. S., Kokina N. R., Natareev S.V. Heat transfer in the process of convective drying of wet material.
Izvestija vuzov. Himiya i himicheskaya tekhnologiya = News of Institutes of Higher Education. Chemistry and Chemical
Technology, 2015, vol. 58, no. 2, pp. 67-72 (in Russian).

14. Olshanskii A.I. Study of the Heat Transfer in the Process of Drying of Moist Materials from Experimental Data
on Moisture Transfer. Journal of Engineering Physics and Thermophysics, 2014, vol. 87, no. 4, pp. 917-928. https://doi.
org/10.1007/s10891-014-1089-y

15. Luikov A.V. Heat and Mass Transfer in Drying Processes. Moscow; Lenigrad, Gosenergoizdat Publ., 1956. 464 p.
(in Russian).

16. Luikov A. V. Theoretical Fundamentals of Construction Thermophysics. Minsk, Publishing House of Academy of
Sciences of BSSR, 1961. 520 p. (in Russian).

17. Olshanskii A.I. Investigation of the process of drying of plane moist materials by the method of generalized variables.
Journal of Engineering Physics and Thermophysics, 2013, vol. 86, no. 1, pp. 69-79. https://doi.org/10.1007/s10891-013-0806-2



Becui HanpisnanbHait akagamii HaByk benapyci. Cepblst isika-ToxHiuHbIX HaByk. 2022. T. 67, Ne2. C. 191-203

203

HNudopmanus 06 aBTopax

Onvwanckuu Anamoauii Mocugosuy — KaHIUIAT TEX-
HUYECKUX HayK, JOLEHT, AOUeHT kadenpsl «Temmosnepre-
THKa», BHUTEOCKUH TOCYZapCTBEHHBIH TEXHOIOTHYECCKHUI
yHuBepcuteT (MockoBckuit mp., 72, 210035, Burebek, Pe-
cnyosuka benapycs). E-mail: tiomp@vstu.by

Komoe Anexceit Anamonvesuuy — acCUCTEHT KageIpbl
«TenmosHepreTnkay, BuTeOCckuil rocymapcTBEHHBIH TeX-
HOJIOTHYeCKHi yHuBepcuteT (MockoBckuit mp., 72, 210035,
Bureb6ck, Pecniybnuka Benapycs). E-mail: tiomp@vstu.by

Kyszvmenxos Cepeeti Muxaiinosuy — acCUCTEHT Kade-
apbl «TexHONIOTHMsI MAaIIMHOCTPOCHUs», Burebckmii rocy-
JTApCTBEHHBIN TEXHOJOTHYeCKHi yHuBepcHTEeT (MOCKOB-
ckuil mp., 72, 210035, Butebcek, PecnmyOnuka bemapycs).
E-mail: tiomp@vstu.by

Information about the authors

Anatolii I. Ol’shanskii — Ph. D. (Engineering), Associate
Professor at the Department of Heat Power Engineering,
Vitebsk State Technological University (72, Moskovsky
Ave., 210035, Vitebsk, Republic of Belarus). E-mail: tiomp@
vstu.by

Alexej A. Kotow — Assistant at the Department of Heat
Power Engineering, Vitebsk State Technological University
(72, Moskovsky Ave., 210035, Vitebsk, Republic of Belarus).
E-mail: tiomp@vstu.by

Sergey M. Kuzmenkov — Assistant at the Department
of Mechanical Engineering, Vitebsk State Technological
University (72, Moskovsky Ave., 210035, Vitebsk, Republic
of Belarus). E-mail: tiomp@yvstu.by



204 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 204-213

ISSN 1561-8358 (Print)

ISSN 2524-244X (Online)

VK 543.573 [Moctynmna B pegaxmmro 12.03.2022
https://doi.org/10.29235/1561-8358-2022-67-2-204-213 Received 12.03.2022

C.B. Bacuiesnu', M. B. Masbko?, /1. B. lerrepos?, A. H. Acagumii’

! Benopyccras eocydapemeennasn axademus asuayuu, Munck, Pecny6nuxa Benapyce
2Hnemumym suepeemuxu Hayuonansnoii akademuu nayx Benapycu, Munck, Pecny6nuka Benapyce

BJIMAHUE PASMEPA YACTHUL JOJTIOMHUTA HA KUHETUKY ITPOLECCA
ET'O TEPMUYECKOTI'O PA3JIOKEHUSA

Annotanus. OOCYXJaIOTCS pe3yNbTaThl AKCIEPHUMEHTAIBFHOTO MCCIEIOBAHUS TEPMHUYECKOTO Pa3NIOKCHHS MPUPOJI-
HOT'O JI0JIOMUTA, BHITIONTHEHHOT'0 Ha Ja00paTOpHOM 000pyAOBaHHH MPH MOCTOSHHBIX TeMmeparypax 650 °C, 700, 750, 800
u 850 °C. B kadecTBe McclaeaIyeMbIX 00pa3IoB HCHOJIb30BATKCh YACTHIBI OeIopycckoro mojgomurta Maccou 0,58 r, 0,88,
2,3,2,7,7,6 u 16,3 r. [IpuBeeHo ypaBHeHHE, OMUCHIBAIOIIEE KHHETUKY TEPMHUUECKOT'0 PA3JIOKEHHS TPUPOAHBIX JJOJOMHUTOB
Benapycu. [TokazaHo, 9TO CKOPOCTH PEAKIIUU TEPMUIECKOTO PA3IIOKECHHS JOTOMHUTA 3aBUCUT HE TOIBKO OT TEMIIEPATypPHOTO
peXuMa B peaKIMOHHOM 30HE, HO U B 3HAUUTEIBHOM Mepe OnmpeenseTcss MacCoi ucciaeTyeMbIX 00pas3IoB. YCTaHOBJICHO, YTO
KOHCTaHTa CKOPOCTH TEPMHUYECKOTO PA3JIOKEHHST JOIOMHUTA B HCCIIEyeMOM AHana3oHe Macc 00pa3oB MOXKET OBITh PacCcuu-
TaHa M0 HIMIUPHUIECKOMY BBIPAXKEHUIO, NACHTH(GUIINPOBAHHOMY B XOJI€ HACTOSIIETO HcclieoBaHus. OnpeneneHsl KOHCTaH-
TBI CKOPOCTH TEPMUYECKOTO PA3JIOKEHUS YaCTUI JOJIOMHUTA pa3InyHOi Macchl. [IpuBeneHo cpaBHeHUE 3HAYCHHI KOHCTAHT
CKOPOCTH, TIOJTYYeHHBIX SMITUPUUYECKUM ITyTEM U PACCUUTAHHBIX C yUETOM Macchl 00pa3oB. OTMeUeHo, YTO pa3padoTaHHas
MOJEJIb SIBIsIeTCS (U3MYECKH 000CHOBAHHOM, a MpeIIoKeHHasl B paboTe 3aBUCUMOCTb MOXKET OBITh HHKOPIIOPHPOBAHA B CY-
IIECTBYIOIINE WHXEHEPHBIE METOJUKH PAacUeTOB CHCTEM OYHCTKH T'€HepaTOPHBIX Ta30B, UCIOIB3YIOMINX JOJIOMHUT B Kaue-
CTBE KaTajau3aTopa u copOeHTa.

KuroueBble cj10Ba: TOIIMBHBIN ra3, JOJIOMHT, TEPMUYECKOE Pa3I0KEHUE, COPOCHT, TEPMOIPaBUMETPHYCCKUN aHATIN3,
KHHETHKA Pa3JI0KeHHUs, SHEPT s aKTUBAIIMH, TPEIIKCIOHEHIINAIBHBIN (hakTop

Jas nuTupoBanusi: BiusHue pazmepa 4acTHI[ JOJOMHUTA Ha KUHETHKY IIPOLECCA €ro TePMHUUYECKOr0 Pas3yIoKeHus /
C.B. Bacunesnu [u np.] / Bec. Hau. akax. HaByk bemapyci. Cep. ¢i3.-oxH. HaByk. — 2022. — T. 67, Ne2. — C. 204-213.
https://doi.org/10.29235/1561-8358-2022-67-2-204-213
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INFLUENCE OF DOLOMITE PARTICLE SIZE ON THE KINETICS
OF ITS THERMAL DECOMPOSITION PROCESS

Abstract. The results of an experimental study of the thermal decomposition of natural dolomite, carried out on
laboratory equipment at constant temperatures of 650 °C, 700, 750, 800 and 850 °C, are discussed. Particles of Belarusian
dolomite weighing 0.58 g, 0.88, 2.3, 2.7, 7.6 and 16.3 g were used as the test samples. An integral equation describing the
kinetics of thermal decomposition of natural dolomites of Belarus is presented. It is shown that the reaction rate of ther-
mal decomposition of dolomite depends not only on the temperature regime in the reaction zone, but is also largely de-
termined by the mass of the samples under study. It has been established that the rate constant of thermal decomposition
of dolomite in the studied range of sample masses can be determined by the empirical expression identified in the course
of this study. The rate constants of thermal decomposition of dolomite particles of various masses have been determined.
The values of the rate constants obtained empirically and those calculated taking into account the mass of the samples
are compared. It is noted that the developed model is physically justified, and the dependence proposed in the work can
be incorporated into existing engineering methods for calculating generator gas purification systems using dolomite as
a catalyst and sorbent.

Keywords: fuel gas, dolomite, thermal decomposition, sorbent, thermogravimetric analysis, decomposition kinetics, ac-
tivation energy, pre-exponential factor

For citation: Vasilevich S. V., Malko M. V., Degterov D. V., Asadchyi A. N. Influence of dolomite particle size on
the kinetics of its thermal decomposition process. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-tech-
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Beenenue. B Hacrosimee BpeMs HaOM0OAAaeTCsl TEHACHIUS K IOMCKY PeLIeHUs IPo0IeM SHepreTu-
4ecKol APPEKTUBHOCTH MPOU3BOJCTB, AUBEPCUPHUKAIIMH YHEPTETUKH, B TOM YHUCIIE 3a CUET BOBJICYE-
HUSl HEUCIIOJIb3YEMbIX paHee BUAOB TOIJIMBA W/WUJIM PACHIMPEHHS JUala30Ha UCXOAHBIX XapaKTepH-
CTHUK HUCTIOJIb3yEeMbIX TOIUIUB. IIpy 3TOM MHTEHCHBHO pa3BUBAETCs CHCTEMA TEIJIOBBIX 3JIEKTPHUYECKUX
crannuit (TOC), obnagaromux CPaBHUTEIBHO MAJIONH MOIIHOCTBHIO U UCHOIb3YOIUX Pa3IUIHbIC BUIbI
MecTHOro TorutuBa [1-4]. [lomoOHbIe Mable SHEPTETUYCCKHE OOBEKTHI, KaK MPaBUIIO, MPEANOIaraloT
MOJIyYEHUE T€HEPAaTOPHOro ras3a, a He MPsIMOe COKUTraHue ToInBa [3—5].

D¢ (dhexTHBHOCTH TAaHHOTO TUIA JCKTPOCTAHIINN B HACTOSIIIEE BPEMS CYIIECTBEHHO JTUMHUTHPYET-
Csl HECOBEPILEHCTBOM MPOLIECCa OYUCTKU M OXJIAXKJICHHS T'€HEPaTOPHOIO ra3a MpPU BBICOKOH CTOMMO-
ctu (10 15-20 % ot obmieit 1iers! crpoutenberBa TOC ¢ mapora3zoBoil yCTaHOBKOM [3]) ammapaTypHOTo
odopmIteHUsI HEOOXOIUMBIX JIJIsl ATOTO CUCTeM [3—5].

[lepcneKTUBHBIM KaTaJIN3aTOPOM-COPOEHTOM [UIsl OUUCTKU IEHEPaTOPHOIO Ias3a sBJAETCS [0JI0-
MuT. Mcronp3oBaHue 10JI0MHUTA JIJIsl ATUX Liesiell 000CHOBAaHO HA Ka4eCTBEHHOM YPOBHE TEXHOJIOTHYe-
ckuM pemenueM [4, 5]. [IpoaykTsr pasnoxkenus: goidomuTta (CaO u MgO) CBA3BIBAIOT COMEPIKAIIIHICS
B Ta3oreHeparopHoM rase auokcun yriepona (CO,), obpasys kapOoHarsl kanbuus U MarHus (CaCOs
1 MgCO3) COOTBETCTBEHHO.

YacTuisl 1oaoMuTa npu paboTe B KauecTBE COPOCHTA U KaTaau3aTopa OOBIYHO OPraHU3yIOTCS B He-
TIOJIBMKHBIH CIION, Yepe3 KOTOPBIN (DUIIBTPyeTCst TeHepaTOpHbIi ra3. [1ogo0HbI ci1oii sSBiseTcs 00beK-
TOM C pacnpee]CHHBIMH NIapaMeTpaMu, U OJJHa U3 BaXKHBIX 3a/1a4 IIPU MIPOESKTUPOBAHUU 000pyI0Ba-
HUSI OYMCTKH IeHEPATOPHOI0 ra3a COCTOUT B (POPMHUPOBAHUH YCIOBHH, 00CCIICUNBAIOIINX PA3TI0KEHUE
JIOJIOMUTA € 3aJJaHHOM CKOPOCTHIO. [IpOlyKTUBHOE pellieHUE YKa3aHHOM 3a7auu 3aTPYyJHUTEIBHO, €CIIU
HET JOCTAaTOYHO MPOCTHIX, HO (PU3MUECKU aJCKBATHBIX MaKPOKMHETUYECKHX MOAEICH TePMUYECKOTO
pa3noKeHus JOIOMUTA.

Takum 00pa3oM, IEPBOOCHOBOM JIJIsl pacyeTa anmnaparypbl O4YHCTKH [eHEPATOPHBIX Ta30B SBISCTCS
JOCTaTOYHBIN yPOBEHb 3HAHUS O peajau3aluy IIpolecca B OMHOYHON YaCTULE U KIIIOUEBBIX (PAKTOPAX,
BIIMSIOIIMX Ha 3TOT TNpolecc. M3ydyeHne JaHHBIX MPOLIECCOB, HAa HAII B3NS, TOCTATOYHO MPOTHUBOpE-
yuBo. C OJHON CTOPOHBI, B HACTOSIILEE BPEMs JOCTATOYHO LIMPOK (PPOHT MCCIEAOBATEILCKUX PadoT,
MOCBSIIIIEHHBIX 3TON npobieme [5—16]. C apyroil cTOpOHBI, aBTOPbI, U3JIHUIIHE JICTATUIUPYS MHKPO-
Y HAaHOCTPYKTYPHBIE Ipeo0pa3oBaHus Marepuana 1 3QQeKTsl, OCTABISIIOT BHE 30HBI CBOCT'O BHUMAHHUS
TEXHOJIOIMYECKHE aCMeKThI Ipoliecca.

Tak, B [6—8] 3aTpOHYTHI BONPOCH OTHOCHTENFHO JACHCTBUTEIFHOIO0 MEXaHH3Ma TePMOIpeoopas3o-
BaHM oJloMUTa. B [7] mpuBeneHs! pe3ynbTaTsl, CBUIETEIHCTBYIOINE O TOTOTAKTUYECKOM MEXaHHU3Me
peayin3auyy NMEePBUYHBIX CTPYKTYPHBIX MPeoOpa30BaHMi MPU TEPMUUYECKOM PA3JIOKCHUU KaJIbLIUTA,
Y TIOKa3aHO, YTO CaM IPOIIECC Pa3I0KEHUSI MOJKET ObITh OMUCAH KaK PeaKklHs MepBOro MopsaKa.

Llenwv Oanmnoii pabomul — onipeniesieHNe 3HAYCHUH KHHETHYECKUX TapaMETPOB PEAKIIMH TEPMUIECKO-
I'o pa3joKeHUs JOJIOMMTA B 3aBUCUMOCTHU OT pa3Mepa (Macchl) UcciaeayeMoro oopasna u Temieparyp-
HOT'0 peXHMMa peanu3aluy mporuecca.

MeTtoauka ucciaenoBanus. [y 3KCIEPUMEHTAIBHOIO HCCIEIOBAHUS IIPOLECCAa TEPMUUYECKOTO
pasfokKeHHUsT UCTIONb30BAINCh 00pa3Ibl IPUPOAHOTO OENOpPYCCKOro AosioMuTa. OMBITH TPOBOAMINCH
B CTaTWYECKUX ycHoBUsX mpu Temmeparypax oT 500 mo 850 °C (c marom 50 °C). BHe 3aBuCcHMOCTH
OT BBIOPAHHOTO TEMIIEPATYPHOTO PeXUMa U Macchl HABECKH 00pasell J0JOMHUTA MOMEIIAICs B CIICIH-
anpHOU KroBeTe B JlabopaTtoprHyto nedb SNOL7,2/1300 (OAO «Ywmeray», Poccust). Dta niedp 1mo3BoIsieT
MO AEPKUBATh MOCTOSHCTBO TemrepaTypbl B mHTepBase 500—1500 °C ¢ Tounoctsio + 2 °C. Ilocie no-
CTH)KEHUS ONPEICICHHOTO NIEPHOJia BPEMEHH KIOBETA M3BJIEKAIach U3 IIEYH M B3BELIMBAIACh HA JJICK-
TpoHHBIX Becax Stohl ¢ Tounoctrio + 0,02 1.

B o0pasne nonomMuTa B 3aBUCHMOCTH OT TEMIIEPATYPbl MaTepHaia MOy T IIPOUCXOJUTH MOCIIe0Ba-
TEIBHO W/UJIW TIapaJUIeITEHO CIIEAYIONTNE XUMUYECKIe peakiun [14]:

npu temneparype ot 311,2 °C

MgCO; «—>MgO + CO,; 1)
npu Temmeparype ot 315,5 °C
CaMg(COj;), «——>CaCO; +MgO +CO,; 2
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pu Temreparype ot 331,9 °C
CaMg(COs ), «—>CaCO; +MgCOs; 3)

npu Temrneparype ot 538,2 °C
CaMg(COj;), «—>Ca0 +MgO +2CO0,; @

pu Temreparype ot 845,8 °C
CaCO; «——>Ca0 +CO,. )

CornacHo XMMHUYECKOMY ypaBHeHHIO (1) B 00nacTu paccMaTpuBaeMbIX B HACTOSIIEM HCCIIEI0Ba-
Huu Temmeparyp marae3ut (MgCOs) MONHOCTHIO pacha aeTcs 10 OKCUJa MarHus U TMOKCH A yTIIepo-
na. [ociieiHee MO3BOJISET caM Mpoliecc 00pa3oBaHMs MarHe3UTa He pacCMaTpuBaTh B KOHTEKCTE pado-
ThI. Tak)e MOXXHO JIOIYCTUTh, YTO HA OPYTTO-PEaKIIUI0 TepMOIIpeoOpa3oBaHus 00pasiia MPaKTHUSCKH
HE OKa3bIBacT BIHsAHHUE oOpa3oBaHue okcuaa Kanbius (Ca0), XOTs TEOPETHISCKH OHO BO3MOXKHO TIPH
TeMreparype Boime 846 °C.

VcXOmHBIH JOIOMHT UMEET KPUCTAJUTHYECKYI0 aTOMapHYIO CTPYKTYpY, KOTOpasi HapyIIaeTcs 1mo-
cie ero TepMuueckoit 0opadborku (puc. 1). OOpaboTaHHBII MaTepHal CONEPKUT CPaBHUTEIHLHO OOJIb-
IIee KOJIMYECTBO MOP ¥ MEIKHX CTPYKTYp. [locineqHee 0OCTOATENECTBO KOCBEHHO YKa3bIBaeT Ha TO,
yto auddysus yriaekuciaoro raza (CO,) NpoucXoauT B 3aTPYAHEHHBIX YCIOBHSX, a 9BaKyalHs raza
u3 o0pasua COMpOBOXKIACTCS pa3pyllleHUEM CTPYKTYpbl MaTepuana. TakuM oOpa3oM, MOCTPOEHHUE
aZIeKBaTHOW (U3MUYECKON MOoneH NmpoABrxkeHus u yaanenus CO, U3 yacTUI MaTepHuaa, O4eBHIHO,
ABJIACTCA HCO6XO}:[I/IMI)IM JJid COBCPIICHCTBOBAHUA MCTOAUK pacde€Ta CUCTEM OYUCTKHU I'€HEpaTOp-
HBIX I'a30B.

Signal A= QBSD  Date :20 May 2016 2ym Signal A=0BSD  Date :7 Jun 2016
Mag =5.00 KX WD =16 mm Photo No. = 1783 Time :12:06:11 — Mag =10.00 KX WD =16 mm Photo No. = 2316 Time :15:24:36
ENT = 20.00 KV ENT = 20.00 KV

r
3

u

Puc. 1. MukpodoTtorpaduu HEOTOXKECHHOTO (a) M OTOXIKEHHOTO (b) TOITOMHUTA

Fig. 1. Micrographs of unannealed (@) and annealed () dolomite

Ha puc. 2 npeacraBiieHbl pe3yabTaThl IKCIEPUMEHTATBHBIX TEPMOTPaBUMETPUUECKUX HCCIIEN0BA-
HUH MO U3YYCHUIO TUHAMHUKH 00XKHUTa YaCTHIL JOJIOMHUTA PA3HOW MAcCChl MIPH JIBYX Pa3lIUYHBIX TeMIIe-
paTypHBIX pexumax (B crarnyeckux ycnoBusax npu 650 u 850 °C). [lorpemHocTs U3MEPEHUsI MaCChI
cocrasisina 4 %.

YacTuIisl ¢ pa3HOH Maccoi HCIOIb30BAINCH U MPU MPOBEJICHUU TEPMOTPABUMETPUUYECKUX OIIBI-
TOB UISL APYTUX MCCIIEAOBAHHBIX TEMIIEPATYPHBIX PEKUMOB. B KaueCTBEHHOM OTHOIIEHUH Pe3yJibTa-
ThI 3THX 3KCHEPUMEHTOB OKa3aJUCh XOPOLIO COIIACOBAHHBIMU. B yacTHOCTH, OBLIO OIpenesneHo, 4To
pu temreparype 10 500 °C XuMHYecKkue MPOIEeCcChl, ONMPEAeTIonue OPYTTO-PEaKIIUI0 PA3I0KEHUS
JOJIOMHUTOB, IPOUCXOAST KpaiiHe MeIJICHHO. B moTepro Macchl yacTULIAMM [TPU ATOH TeMIepaType BHO-
CHUT BKJIaJl HCIIAPEHHUE TUT'POCKOIIMYECKON BOJBI B MCXOIHBIX 0Opa3uax. [Ipu 3ToM rUrpockonuuHoCTb
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Menkoit kpomku (m < 0,58 T) He0OO0KIKEHHOTO JTOJTIOMHUTA COCTABIIS-
et ot 5 10 7 %. bonee kpymnHas kporika (m > 0,58 T) ©UMeeT TUrpo-
ckonuyHOCTh OT 0 10 3 %. Bpems BbIxoAa Biaru u3 10JIOMUTA — OT
5 no 10 muH.

B ciyuae ucnionb3oBaHus 60jee BHICOKUX TeMIepaTyp (BbIIIe
600 °C) paznoxxeHHe JOJIOMHUTA CTAHOBUTCS 3aMETHBIM, YCKOPSET-
Cs C POCTOM TEMIIepaTypbl M YMEHBIICHHEM MacChl YacTHI], YTO
MOJITBEPIK/Ia€TCSI TAaHHBIMH pUC. 2. 3aBUCHMOCTH CTENEHU Pa3io-
JKEHHSI OT Macchl 00pa3la yKa3blBaeT Ha CYLIECTBEHHOE BIIHSHUE
mpoIriecca dBaKyaluu MOJIeKyl yriekucioro raza (CO,) u3z oobe-
Ma oOpa3a.

O0cyxaeHue MoJy4eHHOro pe3yiabsrara. [lonydeHHble dKcHe-
pUMEHTAbHBIE JaHHBIE ObLIN MPOAHAIM3UPOBAHBI HA OCHOBE KH-
HETHYECKUX YPaBHEHH, TPUMEHIEMBIX IIPH HCCIETOBaHNU TEPMHU-
YeCKOro PAa3JIOKEHHs JJOJIOMHTA, a TakXKe APYTHX TBeprodasHbIX
MPOLIECCOB. 3HAYCHUE CTETeHN Pa3JI0KEHUS OMPEIeIsIOCh 10 BbI-
paxenuto [12—-15]

o=—-, 6)
my — My,
TJie My — Macca UCXOHOro o0pasma, T; m — mMacca o0pasia B Te-
KYIIUI MOMEHT BPEMEHH, T; M, — MUHUMAJIbHOE 3HAYEHUE MACChI
o0Opa3siia, ToCTUTaeMOoe B IKCTICPUMEHTE, T.
Ha npenpiaymux stanax uccnenosanusi [17-18] ObL1o ycTaHOB-
JICHO, YTO HamOOJee TOYHOE OMHMCAHWE KWHETUKU TEPMHYECKOTO
pa3noKeHus MPUPOJHBIX JOJIOMUTOB benapycu 1aeT ypaBHeHUE

o' =k-t, 7

rJie 71 — SMIUPUYECKHUH TapaMeTp; K — KOHCTaHTa CKOPOCTH OpyTTO-
peaKuum, ¢'; £ — BpeMs BBIIEPIKKH, C.
B norapudmudeckoii popme paBeHCTBO (7) MPUMET BHI:

In(a) = (ln(k) + ln(t))/n.

1,00

095 Qééggoaooag
0,90 o, noo_
0,85 oo oag
[o)Ne}

[oXe]
0,75 000

0 10000 20000 t,¢

10 8

05 4
0.4

0 5000 10000 1, ¢

Puc. 2. Jlunamuka u3BMEHEHUSI OTHOCH-
TEJIBHOI MacChl YACTHII JJOJIOMUTA IIPH
obxwure mpu Temmeparypax 650 °C (a)
u 850 °C (b); 0 — Macca UCXOAHOTO 00-
pasua mgy = 0,58 , O — Macca UCXOAHO-
ro obpasmua my= 0,88 r, A — macca uc-
XOIHOTO oOpasna my = 2,3 1, ¢ — macca
HCXOJHOTO 00pasma my = 2,7 T.

Fig. 2. Dynamics of change in the
relative mass of dolomite particles
during firing at temperatures of
650 °C (a) and 850 °C (b); © — mass of
the initial sample m( = 0.58 g, 0 — mass
of the initial sample m = 0.88 g, A —
mass of the initial sample mg= 2.3 g,
O —mass of the initial sample my=2.7 g

)

JlaHHbIC, IPENICTABICHHBIC HA PHC. 3, TIOKa3bIBAIOT 3aBUCUMOCTH In(a) oT In(f), mocTpoeHHYO Ha

OCHOBaHWHU SMITUPUYECKUX 3HAUYCHUHN CTENEeHH Pa30KeHUs, KOTOpble ObLIM YCTaHOBJIEHBI B OIBITaX
[0 TEPMHUYECKOMY Pa3lIoKeHHUI0 00pasiia mpupoHoro aojgomura benapycu npu temneparype 800 °C.

W3 puc. 3 BUIIHO, 4TO JJIsl pacCMaTPUBAEMbIX 00pa3I0B XapaKTePHBI JIMHEHHBIC 3aBUCUMOCTH In(al)
oT In(#), 9TO yKa3piBaeT Ha BO3MOXXHOCTH HMCIIOJI30BaHUS ypaBHEeHHs (7) JJIsl ONMMCAHUS MEXaHW3Ma
TEPMHUYECKON KOHBEPCUU JIOJIOMUTA.

Jlns mony4yeHuUs aJleKBaTHOTO YPaBHEHUs, KOTOPOE MPUBOJIUT K JUHEHHOCTH GyHKIUU In(o) oT
In(?), ncrionp30BaH METO/I HANMEHBIIUX KBAJIPATOB. Takas IMHEWHAs 3aBUCHMOCTH BO3MOKHA TOJIHKO
B ciryuae Kod(pGUIHUEHTA eTepMUHALMHE R anIpoKCHMAIlHN 3HAYCHUiT 9To# PyHKIMH oT In(f) Gu3-
koro 1. /lanHoe 00CTOATENBCTBO OBLIIO HCIOIB30BAHO MPU HAXOKICHUH JIJIs1 KajKI0TO IKCIIEPUMEHTa
KOHKPETHBIX TTapaMeTpOB JIMHEHHON 3aBUCUMOCTH Y = f(x), rae ¥ = In(a), x = In(f). [lomyuennsie 3a-
BUCUMOCTH TaK)Ke IPEJICTAaBICHBI Ha pUcC. 3. B 001ieM BUe 9TH 3aBHCHMOCTH MOXKHO 3aIMUcaTh Kak

Y=~U/mn)yx+z ©)

3neck Y = In(a), x = In(?), z = (1/n)In(k).

3Has BEJINYMHBI IAPaMETPOB JIMHEHHOHN anIpOKCUMAMK (KOTOpPbIE ONPENesoTCs METOIOM Hau-
MEHBIINX KBAJPATOB MO JAHHBIM SKCIEPUMEHTOB) U HCHOJB3YS BhIpakeHue (9), MOXKHO HalTH 3Hade-
HUA IapaMeTpa 71 1 k 115 BCceX 3aBUCUMOCTEH, rpaduKi KOTOPBIX IPEACTaBICHBI Ha PUC. 3:

k= exp(z-n).
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Puc. 3. 3aBucHMOCTh 3HaueHUS JOrapudma CTEleHH MPEBpaIleHUs O OT Jorapudma BpEMEHH TEIJIOBOH 00pabOTKH mpH

800 °C; MapKepbl — 3KCIIEpUMEHTAIbHbIC 3HAUEHU S, TNHUHU — aIIPOKCUMAIIHS: @ — Macca UCXoIHoro oopasma my= 0,58 r; b —

Macca UCXOIHOro obpasma my = 0,88 r; ¢ — Macca ucxomHoro odpasua my = 2,3 r; d — Macca UCXOAHOTO 00pa3sia ny = 2,6 T;
e — Macca HCXOIHOro odpasna my = 7,6 T; f — Macca ucxonHoro oopasua my = 16,3 r

Fig. 3. Dependence of the value of the logarithm of the degree of conversion o on the logarithm of the heat treatment time at

800 °C; markers — experimental values, lines — approximations: @ — mass of the initial sample m, = 0.58 g; b — mass of the

initial sample m = 0.88 g; ¢ — mass of the initial sample my = 2.3 g; d — mass of the initial sample my = 2.6 g; e — mass of the
initial sample mo = 7.6 g; f— mass of the initial sample my=16.3 g

B xozme 00paboTKM MOIyYeHHBIX SKCIIEPUMEHTAIBHBIX JaHHBIX OBLIO OMPEAEICHO, YTO IMIIUPHYe-
CKUH MapaMeTp 7 3aBUCUT OT HAa4aJIbHOM Macchl m (CM. puc. 3), 4To 0OBSICHIETCS BIUSHUEM TUPPY-
3MOHHBIX TIPOIIECCOB HA MEXaHU3M TEPMUYECKOIr0 pa3joxkeHus fojomMuta. Ha puc. 4 mpuseneH npumep
rpaduka 3aBUCUMOCTH 00paTHOIrO apameTpa 1/n oT HauaabHON MacChl YaCTHIIBI 1OJIOMUTA.

[okazanHast Ha rpaduKe 3aBUCHMOCTH OTIMCHIBACTCS YPABHECHHEM

1/n=—-0,0174-my+ 0,7562. (10)

1in Ha ocHOBaHWH 3KCIIEPUMEHTAJIBHBIX 3aBHCHMOCTEH In(c) ot
10 In(f) nns Bcex paccMaTprBaeMbIX TEMIIEPATyp W HA4allbHBIX Macc
08¢ OBITM OmpeneNieHbl 3HAaYeHUs IMapaMeTpoB 7 U k, OJJHAKO 0coboe

. BHUMaHHE aBTOpaMU OBbLIO Y/ICJICHO HCCIICTOBAHUIO BIIMSIHUS Mac-
Chl YACTHUL JOJOMHUTA Ha 3HAYEHHE KOHCTAHTHl CKOPOCTHU peak-

0,61

041 N N ]

Y =—0,0174x + 0,7562 o1, TaK KaK JaHHBIU IMMapaMETp B 60JIBHIeI/I CTCIICHU XapaKTCpu

0,21 H2:0,8262 3yCT TCMII NPOTCKAHUS PCAKIUU, IPU 3TOM 3HAYCHHUSA KOHCTAHTBI

0 Myl CKOPOCTU OPYTTO-pEaKINU OIMPENSISITUCh C MTOMOIIBIO ypaBHE-
4 5 10 15 20 Hus (8).

Puc. 4. 3aBucumMocTh 3HAUCHUS 00-
parHoro mapamerpa l/n oT HavaJIbHON
Macchel yactuibl Jojomuta npu 800 °C;
MapKepbl — 3KCICPUMCHTAIILHBIC 3Ha-
YEHUSI, IMHUS — ATITPOKCHMAIIHSI

Fig. 4. Dependence of the value of the
inverse parameter 1/n on the initial
mass of a dolomite particle at 800 °C;
markers — experimental values, line —
approximations

B Tabnuie npencraBiieHbl 3HAYEHUsST KOHCTAHT CKOPOCTH Tep-
MUYECKOTO PA3JIOKECHHS YACTHUIL JIOJIOMUTA Pa3IMYHONU MacChl, IMO-
JydYeHHBIE TIPH aHAlM3e Pe3yNIbTaTOB BCEX SKCHEPUMEHTOB (JIIist
pa3JIMUHBIX TEMIIEPATYP U MAcC HABECOK) M UCIOJIb30BAHUU YpaB-
HeHus (8).

W3 npuBeieHHBIX TaHHBIX MOYKHO 3aKJIHOYHTh, YTO JIJIs JIFOOO#
UCIOJIb3YEMOI TEeMIEPaTypbl KOHCTAHTA CKOPOCTH CYIINECTBEHHO
3aBHCHUT OT MaccChl 00pa3ia | JUIsl HCCIIeAOBAaHHOTO Uana3oHa pas-
MEPOB OTINYACTCS HA OJMH-JIBA TIOPSIKA.
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KoHCTaHTBI CKOPOCTH TEPMHYECKOr0 Pa3JI0KeHUsI NIPUPOIHOIO 10JI0MHUTA

Rate constants of thermal decomposition of natural dolomite

T,°C | 650 | 700 | 750 | 800 | 850
my=0,58 1

kel | 147+£01-10° | 267+01-10° | 103,1£0,1-10° | 2055+0,1-10° | 760,040,1-10°
my=10,88 1

kel | 72+00-10° | 365+0,1-10° | 379+0,1:10° | 1435+0,1-10° [ 313,6+0,1-10°
my=2,3T1

ke' | 42+01-100 | 59+01-10° | 22,0+01-10° | 121,6+0,1-10° | 266,7+0,1-10°
my=2,7r

ke' | 2501100 | 71+01-10° | 236+0,1-10° | 907+01-10° [ 272,9+0,1-10°
my=76T1

ke' | 20+01-100 | 28:01:10° [  61+0,1:10° | 398+01-10° | 937+0,1:10°
my=16,31

k¢! | 0,6+0,1-10° | 24+0,1-10°° | 22+0,1-10°6 | 177+0,1-10°° | 74.9+0.1-10°°

Ha puc. 5 npencrasiiensl rpadguku 3aBucumocty In(k) ot In(1/mg) (morapupma oOpaTHON BETUIHHBI
Ha4YaJIbHOM MacChl YaCTHIIBI) JJIs1 HEKOTOPBIX TEMIIEPATyPHBIX PEKUMOB 00pabOTKH 00pas3IoB.

W3 puc. 5 BUAHO, 4TO B MpeAeiax paccCMaTpHUBAEMbIX MAacc YacTHUI] 3aBUCUMOCTH In(k) ot In(1/m)
MMeeT JMHEIHBIN BUJI, a YToJI HaKJIOHA I'PpaMKOB MPAKTHYECKH HE 3aBUCHT OT TEMIIEpaTypsl. B oOmem

BUJIC 3aBUCUMOCTD OITMCBIBACTCA BBIPAKCHUEM

In(k) = C-In(1/my) + B,

(1)

rae C — 6e3pa3MepHBIil SMIUPHIECKHUN MTapaMeTp, CBSI3aHHBIN C yTJIOM HaKJIOHA U UMEIOIIUN TIOCTO-
SHHOE 3HaueHue (ONpenersicst Kak cpeaHee apuMeTHUECKOe JIJIsl BCEX pacCMaTpHUBaeMbIX 00pa3lioB
u coctaBui 0,88); B — SMIUPHYECKHI IMapamMeTp, He 3aBUCAIINN OT MAcChl 00pasIia.

5 6 7

Y =0,9461x — 17,652
R?=0,980

In(1/myg)

4 5 6 7 8 4
0 1 1 1 ) 0
In(1/m
] (1/mo) ]
4 _
Y =0,9963x — 18,999 !
— % R2=0978 _ 5
< x
Z -8 - z -8 -
-10 ~ 10 A
—12 A 12
14 14
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-4 R%=0,9663 e
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Puc. 5. I'paduku 3aBucumoctu In(k) ot In(1/m) nnst paznuunsix Temneparyp: a — 650 °C, b — 700 °C,
¢ —750°C, d— 800 °C; mapkepbl — 9KCIICPUMEHTAIbHBIC 3HAUYCHHU S, TINHUU — PACUCTHBIC 3HAUCHUS

Fig. 5. Plots of In(k) versus In(1/m) for various temperatures: a — 650 °C, b — 700 °C, ¢ — 750 °C,

d — 800 °C; markers — experimental values, lines — calculated values
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1T ¥ MOXT ObITh WCIOIb30BaH JUISI ONPEICIICHUS SHEPrUU aKTHBA-

51 Y=-26311x+9,3231 nun. Ha puc. 6 mpenctaBiieH Tpauk 3aBUCIMOCTH B 0T 00paTHOM
R?=09127 BEJIMYUHBI TeMiieparypsr 1/7.

10 - W3 puc. 6 BUAHO, 9TO 3aBUCUMOCTH B oT 1/7T nMeeT JTMHEWHBIN

BUJ, HAa YTO YKa3bIBaCT 0IU30CTh KOS(l)(bI/IL[I/ICHTa ACTCPpMUHA-

15 4 unn R? x 1. TlogcTaBmsisi BEIpaXKCHHE JTHHEHHON alMpOKCHMALINH
B ypaBHenue (11), momyunm:

20
In(k) = 0,88 - In(1/mq) + 9,3231 — 26311 - (1/T),

-25- B
k= (1/mg)*38- 11194 - exp(-26311/T), ¢!, (12)

Puc. 6. I'paduk 3aBuCUMOCTH IMIIHUPU-

yeckoro napamerpa B ot 1/T k= (l/mo)O,SS 671640 - exp(—26311/T), MI/IH_I.
Fig. 6. Graph of the dependence of the
empirical parameter 5 on I/T Ucxons u3 (12) KOHCTaHTa CKOPOCTH MOMKET OBITh BBIPAXKEHA

B (hopMe appeHUYCOBCKOT'O YPABHEHUSI
k=fimo)-A-exp(~E/R - T), (13)
rie f(mg) — SMmuprUeckas (pyHKIMS Macchl 06pasia (11s paccMaTpruBaeMoro mporecca f(mg)=(1/mg)°),
A n E — cCOOTBETCTBEHHO MPEIIKIOHCHITHAIBHBIA MapaMeTp U SHEPrHsl aKTUBAIUH Mpoliecca. Brimie
OpeaACTaBJICHbI KUHETUYCCKUEC MMaPpaMETPhI 3TOI'0 COOTHOLICHU A, YTO MMO3BOJIACT 3al1MCaTh €ro B BUAC

k=(1/mg)¢ - A-exp(=E/R - T), mun !, (14)

e A = 671600 £ 50 mun', E =218 700 + 50 Jx/mons, C = 0,88.
Ha puc. 7 npencraBieHbl rpaduKy 3aBUCHMOCTH KOHCTAHTBI CKOPOCTH OT MAcCChl JJIsS pa3iind-
HBIX TEMIIEpaTyp.
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Puc. 7. T'paduku 3aBUCMMOCTH KOHCTAHTBI CKOPOCTH TEPMUYECKOTO PA3TIOKECHHS JOJIOMHUTA OT MAacChl I PA3IHYHBIX TEM-
nepatyp: a — 650 °C, b — 700 °C, ¢ — 750 °C, d — 800 °C, e — 850 °C; mapkepbl — IKCIIEpUMEHTAJIbHbIE 3HAYCHUSI, INHUN —
PacyYC€THBIC 3HAYCHU A

Fig. 7. Plots of the dependence of the rate constant of thermal decomposition of dolomite on the mass for different temperatures:
a—650°C, b—700 °C, c—750°C, d—-800°C, e — 850 °C; markers — experimental values, lines — calculated values
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W3 puc. 7 BUIIHO, UTO pacueTHbIE 3HAYCHUSI KOHCTAHTBI CKOPOCTH JIOCTATOYHO XOPOIIIO COTIacyIoT-
Csl ¢ pe3yJIbTaTaMy SKCIEPUMEHTOB ISl BCEX PACCMATPUBAEMBIX MACC YACTHI[ M TEMIEpaTypPHBIX pe-
KUMOB 00pa0OTKH MaTepuaa, 9TO YKa3sIBaeT Ha IEeJIeCO00Pa3HOCTh UCITOIb30BaHUS BhIpaskeHwmi (13)
1 (14) mpu pacdyeTe KOHCTAHTHI CKOPOCTH TEPMHUUICCKOTO Pa3JI0KEHHUS TOJIOMHUTA.

BoiBoabl. Pe3ynbraThl aHanmmM3a 3KCIEPUMEHTAILHOTO UCCIEIOBAHUS TEPMHUECKOTO PA3IOKEHHS
MPHUPOIHOTO JOJIOMUTA, BHIMIOIIHEHHOTO YCJIIOBUSIX Ha J1a00paTopHOM 000pYJIOBAaHUH TIPU MOCTOSTHHBIX
temmeparypax 650 °C, 700, 750, 800 u 850 °C, moka3aiu, 9TO KOHCTAHTa CKOPOCTH TEPMUUECKOTO pa3-
JIO)KEHU S IOJIOMUTA B HCCIIAYEMOM JIHAINIa30He MacC 00pasIioB MOXKET OBIThH OMpPEesIeHa [0 AMITUPHYe-
CKOMY BBIP@KCHHIO, HICHTH(DUIIMPOBAHHOMY B XOJIC HACTOSIIIETO UCCIICOBAHUS:

k= 1/mo)C-A-exp(—E/R- T), mum""

rie mo — HadallbHasi Macca HccieayeMoro obpasma joiaomMuta, kr; C — SMIMPUYECKUN MapaMeTp
(C=0,88), 4 — mpemPKIOHCHIIMATBHBIN MapaMeTp PEakIIuyd TEPMUUIECKOTO PA3IIOKEHUS TOJIOMUTA (A =
671600 + 50 mun""), E — sneprus aktusammu (E = 218 700 + 50 JIx/Mo1Ib).

Crenyer OTMETHTb, YTO MMOJyYECHHBIC B JAHHOM HCCIICIOBAHUHN PE3YIIbTAThI (IPEK/IE BCErO 3aBUCH-
MOCTh KHHETHYECKUX MapaMeTPOB OPYTTO-pEaKIMH OT pa3Mepa UCXOIHOW YaCTHIIBI) UMEIOT MPaKTH-
YecKoe 3HAueHHE, MOCKOIBKY MOTYT OBITh BKIIIOUEHBI B Pa3JIMUHbIC METOJIbI pacueTa copOIMOHHO-Ka-
TATUTHYECKUX CHCTEMBI TA3009MCTKH Ha OCHOBE JIOJIOMHTA, MOBBIIIAIOIINAE JOCTOBEPHOCTh ONMUCAHHUS
mporiecca ¥ Ka4ecTBO MPOrHO3UPOBAHUS €T0 MapaMeTPOB.
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KOHCTPYKIUUSA DKPAHA QJIEKTPOMAT'HUTHOI'O U3JIYHEHUS HA OCHOBE
INCEBAOOBAJIbBHBIX PACCEUBAIOIIUNX DJIEMEHTOB JAJIS1 3ALIIUTBI
NH®OPMALMHU OT YTEYUKMU 110 JJIEKTPOMAT'HUTHOMY KAHAJIY

AHHoOTanus. PaccMOTpeHBI pe3yIbTaThl HCCIE0BAHNA 3HAUYCHUH KO3()DUIIMCHTOB OTPpaKeHUS U (P (PEKTUBHON MTOBEPX-
HOCTH pacCesHus pa3pabOTaHHOI KOHCTPYKIMM SKpaHa 3JIeKTPOMarHUTHOTO M3JIy4eHMs B AuanazoHe 4actoT 2...12 I'T.
KOHCTpYKIIUSI COCTOUT M3 CJIOSI BIIAarOCOAEPIKAIIUX MCEBOOBAJIBHBIX PACCEHBAIOIINX JIEMEHTOB C JIMHEHHBIMU pa3Mepa-
mu 1...4, 1...2 u 10...20 MM, KOTOpBIH pa3MeIleH MEXKIY ABYMs CIOSMHU NOJUYPETAHOBOM I'epMETHU3UPYIOLICH MAaCTUKH.
[Ipumenenne B pa3paboOTaHHOW KOHCTPYKIIMM 3KpaHa AIEKTPOMATHUTHOTO M3JIy4EHHS NICEBJOOBAIBHBIX AJIEMEHTOB C JIH-
HEHHBIMH pa3Mepamu 1...4 MM, comepskallux pacTBOPHI, BEIOTHEHHBIC HA 0CHOBE 20%-HOTO pacTBOpa, MO3BOISET CHU3UTD
3HAYCHUS KOA(PPUIIMEHTOB OTPaKEHUS MEKTPOMArHUTHOI'O M3JIy4eHHs Ha 4yacTtoTax 4,2...6,5 u 1,0...4,1, 8,0...12,0 I'T.
d)OpMI/lpOBaHI/le KOHCTPYKIHHU SKpaHa BJIEKTPOMArHUTHOI'O HU3JIYYCHUS HAa OCHOBE JJICMEHTOB C JIMHEHHBIMHA pasMepaMu
1...2 n 10...20 MM, nporntaHHbIX 20%-HBIM PacTBOPOM XJIOPUAA HATPHS, IPUBOJUT K CHMIKEHUIO 3HaYCHUH K02 puiineH-
TOB OTpa)KeHUs B uamna3oHe 4acToT 2...12 I'T. YcranosneHo, 4To 3HaueHHS 3)(HEKTUBHOM ITOBEPXHOCTH PACCESTHUS Ha3eM-
HBIX OOBEKTOB B CIIydae pa3MEIICHUs MM 3aKPEIUICHHUS Ha MX IOBEPXHOCTH yKa3aHHOTO BapHaHTa KOHCTPYKIIMM SKpaHa
3/IEKTPOMArHHTHOTO H3/TydeHus cocTaBisior 0,6...24,0 M? B quamasone yactor 2...12 T, 4T0 06yCIOBIMBACT CyIECTBEH-
HOE 3aTpyAHEHHE MONydYeHHEe JO0CTOBEPHONH HMH(OPMALUU O MECTOMOIOKEHHH M XapaKTePHCTUKAX HA3eMHBIX OOBEKTOB
B paccMaTpHBAEMOM J[HAMa30HEe YacTOT.

KuroueBble ci10Ba: KOHCTPYKIIHSI DKpaHa, JIEKTPOMarHUTHBIN KaHaJ, 3aluTa HH(GOpMannu, NCeBI00BaIbHbIH paccen-
BAIOIINH JIEMEHT, XJIOPUJ HATPHI, METO]] BaKyyMa, KOd(QPUIIMEHT oTpaxeHus, 3pPpeKkTHBHAS TOBEPXHOCTH PACCESTHUS
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ELECTROMAGNETIC SHIELD DESIGN BASED ON PSEUDOOVAL SCATTERING ELEMENTS
FOR INFORMATION PROTECTION FROM LEAKAGE VIA THE ELECTROMAGNETIC CHANNEL

Abstract. The results of the study of the values of the reflection coefficients and the effective scattering surface of the
developed design of the electromagnetic radiation screen in the frequency range of 2...12 GHz are considered. The struc-
ture consists of a layer of moisture-containing pseudo-oval scattering elements with linear dimensions of 1...4, 1...2 and
10...20 mm, which is placed between two layers of polyurethane sealing mastic. The use of pseudo-oval elements with
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linear dimensions of 1...4 mm containing solutions made on the basis of a 20 % solution in the developed electromagnetic
radiation screen design allows reducing the values of the reflection coefficients of electromagnetic radiation at frequen-
cies 4.2...6.5 and 1.0...4.1, 8.0...12.0 GHz. The formation of a screen design based on elements with linear dimensions of
1...2 and 10...20 mm, impregnated with a 20 % sodium chloride solution, leads to a decrease in the values of reflection
coefficients in the frequency range of 2...12 GHz. It is established that the values of the effective scattering surface of
ground objects in case of placing or fixing of the specified design variant of the electromagnetic radiation screen on their
surface are 0.6...24.0 m? in the frequency range of 2...12 GHz. This makes it significantly difficult to obtain reliable in-
formation about the location and characteristics of ground objects in the frequency range under consideration.

Keywords: shield design, electromagnetic channel, information protection, pseudooval scattering element, sodium chlo-
ride, vacuum method, reflection coefficient, effective scattering surface
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Brenenue. M3BecTHo [1], uTO monyuyeHue WHGOpPMAIIMU O HA3EMHBIX O00BEKTaX OCYIIECTBIIS-
eTCsl B PEe3yJIbTaTe COMOCTABICHHUS MHTEHCUBHOCTEH AIEKTPOMAarHUTHBIX n3nydenuit (OMU), 00-
Pa30BaHHBIX MPHU OTPAKEHHUH TMMOBEPXHOCTHIO ITHX OOBEKTOB M OKPYIKAIOIIEH Cpeqoi H3mydeHn,
dopmupyembix Texanueckumu cpeacrBamu (TC), koTopbie QyHKIIMOHUPYIOT B AMANa30HE YaCcTOT
2...12 I'T'g [2, 3]. 3amuTa TakuX CBENCHUM sABISETCS OJHOU U3 aKTyalbHBIX 3axad [4], a ee pe-
[IeHWe COCTOUT M3 KOMIIJIEKCa Mep, BKIIOYAIOIMINX CHIKEHHE OTPAXKAIOIHUX CBOWCTB Ha3eMHBIX
00BeKTOB [5]. Peanuzanus 3Toro cnocoda oCymieCTBISETCS 3aKPEIIICHUEM WJIUM HAHECCHUEM Ha UX
MOBEPXHOCTh KOHCTPYKIIUI 3kpaHoB DMMU [6], oOecrieunBarOINX CHUIKEHHE HHTEHCHBHOCTH OT-
pPaXXEHHBIX U3JyUYEHUH 10 TpedyemMoro ypoBHs. B daucierHoM BeIpakeHUH 3P PEeKTHBHOCTH TpHUMe-
HEHUS KOHCTPYKIIMU dKpaHa B [ENAX 3alIUThl HHPOpPMAIUH O HA3eMHBIX O0BEKTaX OLICHHBACTCS
uX 3HaueHUsAMH 3 PexTuBHON MoBepxHOCTU paccesnus (OIIP) B nuama3zone yactor QyHKIHNOHU-
poBanus TC [7].

B [8, 9] nokazana nenecooOpa3HOCTh NMPUMEHEHHUSI B TBEPIOTEIbHBIX KOHCTPYKIHSAX 3KPAHOB
OMMU niceB100BaIbHBIX PACCENBAIOIIUX DJIEMEHTOB C JIMHEHHBIMU pazMepaMu 1...4, 1...2 1 10...20 MM,
collepKaluX pacTBOPbI, chopMupoBaHHbie Ha ocHOBe xyiopuna Hatpus (NaCl). YuutsiBas 3Ha4H-
TEIBHBIM BEC TAKWX KOHCTPYKIMH M HECTaOWJIIBHOCTh WX 3HAYCHUU KOA(PPUIIUEHTOB OTPaKCHUS
3JEKTPOMArHUTHOTO W3JIYYEHHUs BCIIEJCTBHME HCHApPEHUs PacTBOPHOI'O HAIMOIHUTENS, NEPCHEKTHUB-
HEIM TIpeicTaBiseTcs GOPMHUPOBAHNE KOHCTPYKIIUH dKpaHa MMyTeM 3aKPETIeHUS BIaroCoIepKaIinx
TICEBIOBAJILHBIX 3JIEMEHTOB B TIOJTMMEPHBIX MaTepraliax, 9TO MO3BOIHUT MOTYyYUTh THOKNE KOHCTPYK-
MU SKpaHa MpH HU3KHUX 3aTparax Ha UX M3rOTOBJICHHE. TakuM 00pa3oM, akTyalbHBIM MpEACTaB-
JIIeTCs BHITIOJTHEHUE MCCIICAOBAHUIN BIUSHUS JUHEHHBIX pa3MEpOB IICEBJIOOBAJLHBIX 2JIEMEHTOB Ha
3HaYeHUs KOd(P(PUIHEHTOB OTpakeHHs U AP (HEKTUBHON MOBEPXHOCTH PAaCCESHUS THOKON KOHCTPYK-
LM 3KpaHa JIEKTPOMArHUTHOTO W3JIy4YEHMS, BBINIOJHEHHON Ha HMX OCHOBE, B JMAIa30HE 4YacTOT
2...12I'T.

MeToauka npoBeaeHus uccjaenoBanmii. Pazpaborana koHcTpyknus skpana MU B Buie MOHO-
CJI0S1, TIOJIYYEHHOT'0 B pe3yjibrare 0ObeMHEHHUs IBYX CJOEB CBS3YIOLIETO MaTrepuaia 2, MexXay Ko-
TOPBIMH PAaBHOMEPHO PACIIPE/IEIICH CIIOW BIIATOCOJIEPIKAIIHNX TICEBIOOBATBHBIX PACCEUBAIOIINX dJe-
MEHTOB [/ ¢ nuHeHHBIMU pasMmepamu 1...4 mm, 1...2 u 10...20 MM (puc. 1). [Ipunanne KOHCTPYKITHH
skpa"a OMU npoyHOCTHBIX CBOMCTB 00eceunBaIoch NPUMEHEHUEM apMUPYIOIIUX 3JIEMEHTOB 3.

YuuThIBas, 4TO CHM)KEHUE 3HAUYCHUH KOA((PUIUEHTOB OTpakeHUss DMU KOHCTPYKIUH 3KpaHOB
00yCIIOBJICHO COTJIACOBAHHMEM BOJHOBBIX COMPOTHBIECHUU Ha TPaHUIIE CPEll «CBOOOTHOE MPOCTpPaH-
CTBO — MOBEPXHOCTH 3KpaHay, «IMOBEPXHOCTh dKpaHa — MOBEPXHOCTh HA36MHOTO 00BEKTa», B Kaue-
CTBE CBS3YIOILEro MaTepuala IpUMEHJIAach JBYXKOMIIOHEHTHAs F€pMETUZHPYIOLIas MOJINYpPETaHO-
Bas mactuka Mapku [lomuCun (TY Pb 191766081.0002—2013), koTopast ABIASECTCS THIICKTPUUICCKUM
MaTepHajJoM HEOPraHWYECKOTO IPOUCXOKACHHS, XapaKTepHU3yeTCsl CTOWKOCTBIO K BO3AEHCTBUIO
arpeccUBHBIX Cpell, B TOM YHUCJIE PAaCTBOPOB ¢ BbICOKOH KoHIeHTpauui NaCl, n sKcmryaTaliuOHHBIX
(haxTopoB B nuama3one Temmeparyp ot —60 mo +70 °C, a Takke 00J1agaeT BRICOKOH anare3ucii k 6eTo-
HY, METAJIITy ¥ TTOJTUMEPHBIM TIOKPBITHSIM.

CornacoBaHue BOJIHOBBIX CONPOTHBIIEHWH Ha TpaHUIE CPEN «IOBEPXHOCTh JKpaHa — IOBEpX-
HOCTHh Ha3eMHOT'O OOBEKTa» OCYIIECTBISIIOCh BEIOOPOM (POPMBI PACCENBAIOIINX JIEMEHTOB, KOTOpPHIE
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Puc. 1. Dcku3 KOHCTPYKIIMH 3KPaHa 3JIEKTPOMAarHUTHOTO U3JIY4YEHHUS: @ — COCTaBHBIC JIEMEHTHI KOHCTPYKIUH (/ — ICceBIO-
OBaJIbHBIE PACCEHBAIOIINE MIEMEHTHI, 2 — CJION MACTHKH, 3 — apMHUPYIOIIHE JJIEMEHTHI); b — BUI COOKY

Fig. 1. Sketch of electromagnetic shield design: a — composite design elements (/ — pseudooval scattering elements, 2 — mastic
layers, 3 — fiberglass); b — side view

npornutsiBaIACH 20%-HBIM pacTBopoM NaCl n pacTBoOpaM#, BEITIOTHEHHBIMHU Ha OCHOBE 2%- 11 4%-HOT0
pacTBopoB KapOokcumeTuiauenaonossl (Na—KMILI), B couetanuu ¢ pactBopom NaCl yka3aHHOH KOH-
neHTpanuu. TonmuHaa KOHCTpYKInuu dkpaHa OMU ompenensinack B pe3ynbTaTe dKCIEPUMEHTAIbHBIX
uccaenoBanuil u cocrasisina 10 MM npu nuHeitHoM ee pasmepe 400 X320 mm.

Jl1s1 ycTaHOBIIEHUS BIUSTHUS DJIEMEHTOB KOHCTPYKIIUHU Ha ee 3HaueHUS K0d(pPHUIIHeHTa OTpakeHNs
OMMU B nuamnaszone 4actoT 2...12 T, ObLIO BBINOJIHEHO MIECTh 00Pa3I0B KOHCTPYKIIMK dKpaHa (1a-
nee — 00pa3irel okpana Ne 1-6).

[Ipu popmupoBanuu 06pasuoB 3kpana Nol 1 2 NpUMEHSITUCH MICEBA0OBATIbHBIC PACCEUBAIONIUE
3JeMeHTHl ¢ JauHeiHbIiMu pa3mepamu 1...4 u 10...20 MM, coxepxamme 20%-ub1ii pactBop NaCl;
oOpaszuoB Ne3 u 5 — aeMeHTHI ¢ JUHEHHBIMH pa3Mepamu 1...4 u 1...2 MM, mponUTaHHBIE PACTBO-
POM, BBINIOJTHEHHBIM Ha ocHOBe 2%-Horo pactBopa Na—KMILL u 20%-noro pactopa NaCl; obpa3s-
moB Ne4 u 6 — ayieMeHTHl ¢ TuHeHHBIM pazmepoM 10...20 mm, comepkammue 4%-Hb1i pacTBOp Na—
KMII B couetanuu ¢ 20%-ubim pactBopoM NaCl. [IponuTka 3eMeHTOB, IPUMEHSEMBIX B 00pa3nax
Ne 1-4, BBITOTHSIACE METOAOM MMMEPCHOHHOTO CMadWBaHUs, B oOpas3max Ne5 m 6 — mom Bo3fei-
CTBHMEM BaKyyMa.

Brarocoaepskanre IceBIOOBATBHBIX JIEMEHTOB ¢ IMHEHHBIM pa3MepoM 1...4 MM B 0Opasmax dKpaHa
OMMU Ne 1 u 3 cocrasmsuio 22...24 u 36...39 % COOTBETCTBEHHO; C JIMHEHHBIM pa3mepoM 1...2 MM B 00pa3-
e okpana N5 —45...48 %. Bnarocoaeprkanue a1eMeHTOB ¢ JTHHEHHBIM pazMepoM 10...20 MM B oOpasiax
skpana OMU Ne2, 4 u 6 BapeupoBanock B nmpeaenax 19...21 %, 38...40 u 41...45 % cooTBETCTBEHHO.

Omnpenenenne 3Ha4eHnH KA duIneHToB oTpaxennss MU o0pa3noB 3kpaHa B AWAITa30HE YaCTOT
2...12 I'T't ocyIeCTBIISIOCH C TIOMOIIBIO TAHOPAMHOTO U3MEPHUTEIIsI KO3(PPHUIIUCHTOB Mepeiay U OT-
paxenust SNA 0,01-18 ¢ pynopubiMu auteHHamu [16-23 M no metoauke, npuBeaeHHoi B [10]. [Ipu usz-
MEpEeHUH 3Ha4eHU KodpuimreHToB orpaxkeHuss IMU oOpasubl skpana Ne 1-6 pasMerianuch Ha Me-
TaJUTMYECKOH MOJIOKKE, KOTOpasi MIMHTHPOBalia MOBEPXHOCTH HA3EMHOI'O OOBEKTA.

Usmepenne 3nauenuit JI1P oOpasnor sxpana DMU BBIIOTHSIOCH C TIOMOIIBIO CIICIIHATIU3HPO-
BaHHOTO M3MEPUTEIBFHOI0 KOMIIEKCA, COCTOSIIET0 U3 0€39X0BOH KaMepbl, CHCTEMBI TPOCTPAHCTBEH-
HOM (UKCAIIMU UCCIETYEeMBIX 00pa3loB AKpaHa, BEKTOPHOTO aHAIHM3ATOPa JJIEKTPHUYECKUX IIeTIei
Anristu VectorStar MS4642B u xomnnekta anTeHH [16-23A, B COOTBETCTBUU C METOAUKOM, MpUBE-
nennoi B [11].

Pesyabrarsl m ux o6cy:kaenue. Ha ocHoBaHMM aHaln3a MOJTYYEHHBIX PE3yJbTaTOB YCTAaHOBJIE-
HO, 9TO B quana3one yacToT 1...17 I'T' 3nauenns kosdduimenTor orpaxenus IMU oo6pa3mos sxpa-
Ha Ne 1 u 2 Bappupytrotcs B ipenenax —0,7...—9,9 u —0,1...—10,7 a1b (puc. 2). 3nauenus ko3PppuiueHra
otpaxkennss DMU oOpasmnos skpanHa Ne3 u 4 cocrasustor ot —1,6 no —15,2 u or —2,8 no —14,1 nb
(puc. 3), oopasmos Ne5 u 6 — ot —0,3 10 —15,6 u ot —1,8 10 —17,1 b B paccmaTpuBaeMoM nuUamna3oHe
4acToT (puc. 4).
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Puc. 2. YactoTHble 3aBucHMOCTH (nuana3oH 4actot 1...17 I'T) 3HaueHuii ko3 GpUIUEHTOB OTpasKeHU s
JIEKTPOMArHUTHOT'O H3JTy4eHHs 00pa3uoB 3kpana Ne 1 u 2, pa3MeIieHHbIX Ha METAJUINIEeCKON MOIOKKE;
JIMHECHHBIN pa3Mep ICEBA0OBAIBHBIX 21eMEHTOB: / — 1...4 MM, 2 —10...20 MM
Fig. 2. Frequency dependencies (frequency range 1...17 GHz) of electromagnetic radiation reflection
coefficients of shields samples no. 1 and 2 placed on a metal plate; linear size
of pseudooval elements: / — 1...4 mm, 2 — 10...20 mm
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Puc. 3. YacrorHble 3aBucuMocTH (nuamna3ol yactor 1...17 I'Tu) 3nauennii koapPUIHEHTOB OTpaXKeHUs
JNIEKTPOMAarHUTHOTO M311y4eHHs 00pa31oB skpaHa Ne3 u 4, pa3MeIleHHbIX Ha METaJINYeCKON MOATOKKE;
JIMHEHHBIN pa3Mep [CEBAOOBANIBHBIX 3JeMEHTOB: / — 1...4 MM, 2 —10...20 MM

Fig. 3. Frequency dependencies (frequency range 1...17 GHz) of electromagnetic radiation reflection
coefficients of shields samples no. 3 and 4 placed on a metal plate; linear size
of pseudooval elements: / — 1...4 mm, 2 — 10...20 mm
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Puc. 4. HacToTHBIe 3aBUCUMOCTH (Auana3oH 4yactoT 1...17 I'T'1y) 3HaueHunit ko3 PpuureHTOoB OTpaKeHHS
3JIEKTPOMATHUTHOTO U3JTy4YeHHUs 00pa31oB 3kpana Ne5 u 6, pa3MEIICHHBIX Ha METANTMYCCKOM MOIOKKE;
JIMHENHBIHM pa3Mep ICEeBA0OBAIBHBIX AIeMEHTOB: / — 1...2 MM, 2 —10...20 MM

Fig. 4. Frequency dependencies (frequency range 1...17 GHz) of electromagnetic radiation reflection
coefficients of shields samples no. 5 and 6 placed on a metal plate; linear size of pseudooval elements:
I—-1..2mm, 2-10..20 mm

[loxazaHo, 4TO repMeTH3aIus MCeBI00BAIBHBIX PACCEUBAIONINX IEMEHTOB C JUHEHHBIMU pa3me-
pamu 1...4 u 10...20 mm, copepxkammx 20%-Hb1ii pacTBop NaCl, TpUBOIUT K YBEIHUCHHUIO 3HAUCHUH
ko3 dunmentoB orpakenuss IMU obpasnos skpana Nel u 2 Ha 9...14 1b Mo cpaBHEHHUIO ¢ TBEpPAO-
TEJIbHBIMH KOHCTPYKLMSIMH SKPAHOB, BHINIOJHEHHBIMH HA OCHOBE aHAJOTWYHBIX 3JeMeHTOB [12, 13].
DTO BBI3BAHO YMEHBIICHHEM B 00Opasmax 3kpana OMU Nel um 2 konmdecTBa JIEMEHTOB C JTHHEHHEI-
mu pasmepamu 1...4 u 10...20 MM B 3,3 u 1,3 paza COOTBETCTBEHHO, a Tak)ke CHHKeHueM Ha 5...10 %
UX BJIATOCOAEP)KAaHUS, YTO OOYCIIOBJIEHO NIPOLECCAMHU MOJIMMEPH3ALUH 10Ny PETAHOBOM MAaCTUKHU O
BO3/JEIICTBHEM BIIaTH.

OmpeneneHo, 9To yBeaudeHue B 1,6...2 pasza BiarocomepskaHus MCEBI0OBATBHBIX PACCEHBAOIINX
3JIEMEHTOB X IIPOIMUTKON METOAOM HUMMEPCHOHHOTO CMauyMBaHUs PACTBOPAMM, BBIIIOJTHEHHBIMU Ha OC-
HoBe 20%-Horo pacTBopa NaCl, mprBOIUT K CHIIKEHUIO 3HAYeHNH KOd(PPHUITMEHTOB OTpaXeHHs 00pa3-
1oB 3kpaHa OMMU Ne3 u 4 B 4,3 paza B quanazonax yactot 1,3...3,0 u 6...17 I'T'u cooTBETCTBEHHO.

YceranoBineHo, uTo B nuamna3zoHe yactot 1...17 I'T BBegeHue B ICEBIOOBAJIbHBIE AIEMEHTHI C JIU-
HelHbIMU pasmepamu 1...2 u 10...20 MM aHaJIOTUYHBIX PACTBOPOB MOJ BO3JACHCTBUEM BaKyyMa IPUBO-
JUT K YBEIMUCHHIO BJIATOCOACPIKAHUS ATHX 3JIEMEHTOB B 2,2...2,4 pa3a u obecrieyuBacT 1151 00pa3LoB
skpanoB OMU Ne 5 u 6 cHmkenne 3HaueHn i koapduunenton orpaxkenus u DI1P B 2,5...10 pa3 (puc. 5).

[lokaszaHo, 4YTO MpPUMEHEHHUE MCEBIOOBANBHBIX AJIEMEHTOB C JIMHEHHBIM pasMepoM 1...4 MM B 00-
pasuax skpaHa OMU Ne 1l u 3 B ciaydae UX pa3MelleHUs UM 3aKpEMJICHUs] HAa TOBEPXHOCTH Ha3eMHBIX
00BEKTOB 00ECTIEUNBACT CHI)KEHUE 3HAUEHU I KOAQPUINEHTOB OTpakeHus Ha yactoTtax 4,2...6,5 [T,
12,9...14,4, 15,7...17,0 u 1,0...4,1, 8,0...17,0 I'Tu. [IpumeHeHnEe NCEBAOOBAIBHBIX AJIEMEHTOB C JIMHEH-
HBIM pa3zmepoM 1...2 MM B 0Opa3ie sxpana OMU Ne5 oOycnoBianBaeT cHUKEeHUE 3HaUeHUH Koadduu-
eHTa OTpakeHHUs B quamnaszoHe yactot 3...17 I'T.

OmnpezeneHo, 4To BBIIOTHEHNE 00pa3oB 3kpaHa OMU Ne2 u 4 Ha OCHOBE IICEBJIOOBATIBHBIX dJie-
MEHTOB ¢ JJHHEeHHbIM pazmepoM 10...20 MM, mponuTanHbIX pacTBopamu NaCl MeTooM MMMEpPCHOHHO-
ro CMa4yuBaHMUsl, 00ECTIEYNBAET 3AITUTY UHPOPMAIIUU O MECTOIOJIIOKEHUH U XapaKTepHUCTHKaX Ha3eM-
HBIX 00BbeKTOB Ha yacToTax 7,1...93 [T u 1,1...12,6 I'Tm coorBeTcTBeHHO. [IponuTka IprUMEHIEMBIX
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Puc. 5. YacrorHsele 3aBucumocTH (auamnazon 4acTot 1...17 I'T'n) 3HayeHuit 5 pekTHBHON MOBEPXHOCTH
paccesHus 00pa3noB 3kpaHa Ne5 1 6, pa3MeIICHHBIX HA METANINUECKON MOTIOKKE;
JIMHEHHBIH pa3Mep ICEeBI0OBaIbHBIX AEeMEHTOB: [/ — 1...2 MM, 2 — 10...20 MM

Fig. 5. Frequency dependencies (frequency range 1...17 GHz) of the effective scattering surface
values of shields samples no. 5 and 6 placed on a metal plate; linear size of pseudooval elements:
1-1..2mm, 2—10..20 mm

B 00Opasiie skpana OMU Ne 6 351eMEHTOB pacTBOPOM, BBITIOTHEHHBIM Ha ocHOBe NaCl, o Bo3ieiicTBU-
€M BakyyMa 00eCreyuBaeT MpH Pa3MEIICHUH TAKOrO0 JKpPaHa Ha MOBEPXHOCTH HA3E€MHBIX OOBEKTOB

CHIDKEHUE 3HaueHni koddduimenta orpaxkenus B nuanazonax 4actot 1,0...2,4 u 3...17 I'T.
YcraHoBIIeHO, 4TO B Auana3oHe 9actor 2...12 I'T' 3nadvenus OI1P Ha3eMHBIX 00BEKTOB, Ha MOBEPX-

HOCTH KOTOPBIX pa3MelleHa WJIM 3aKperjieHa KOHCTPYKIHUs dKkpaHa DM, BBINONHEHHAs HA OCHOBE
MICEBA0OBAIBHBIX PACCEUBAIOLINX JIEMEHTOB C TMHEHHBIMU pa3mepamu 1...2 u 10...20 MM, nponuTaH-
HBIX TI0J] BO3JICHCTBIEM BaKyyMa pacTBOpaMH, BBITIONTHEHHBIMH Ha ocHOBE 20%-Horo pactBopa NaCl
coctaBnsmor 0,6...24,0 M%. DTO CBHIETENBCTBYET O CYIIECTBEHHOM 3aTPyIHEHHH TOTyUEHHS JOCTO-
BEPHOH MH(YOPMAILMU O MECTOIOJIOKEHUH M XapaKTEPUCTUKAX HA3eMHBIX OOBEKTOB B paccMaTpHUBae-

MOM Jidana3oHe yactort [14].
3akaouenue. TakuMm 00pas3oM, OIMpeeNieHo, YTO MPH pa3MEIIeHWH Ha MOBEPXHOCTH HA3EMHBIX
00BEKTOB TPENJIOKEHHOTO BapuaHTa KOHCTPYKUUHU 3kpaHa OMU, chopMupoBaHHOH Ha OCHOBE IICEB-
JIOOBAJIBHBIX PAaCCEUBAIOLIUX JIEMEHTOB € JIMHEHHBbIMU pazMepamu 1...2 u 10...20 MM, NpONUTaHHBIX
pactBopamu Ha ocHoBe 20%-nHoro pactBopa NaCl, mom Bo3jelcTBHEM Bakyyma, ux 3HaueHue OIIP
BapeUpyIOTCs B mpeaenax 0,6....24,0 M? B auamasone wactot 2...12 TTi. Ilpu 9ToM B IMana3oHax ya-
croT 2,4...42 u 7,6...12,0 I'T'1 mpeAnOYTUTEIBHO UCIIONB30BAHIE B KOHCTPYKIINU dKpaHa OMU mices-
JOOBAJIbHBIX PAaCCEMBAIOLIMX BJIEMEHTOB C JIMHEWHBIM pa3zmepoM l...2 MM, B [uana3oHax 4acToOT
2,0..24u4,2..76 I'Tn — anemerToB ¢ nuHeiHBIM pasmepom 10...20 mm. Pacmmpenne nuama3oHa pa-
00YnX YacTOT MPEJIOKEHHON KOHCTPYKIMH 3KpaHa OMM BO3MOKHO B pe3ysbTaTe COBMEIICHHS B €T0
KOHCTPYKITHH TICEBI0OBATBHBIX PACCEHBAIOIINX JIEMEHTOB C JIMTHEWHBIMHA pa3zmepamu 1...2 n 10...20 mm.
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N.P. I'ynakos, A. Q. 3eneBuy, O.B. Kouepruna, T. A. MaTrkoBckasi

benopyccras cocyoapcmeennas akademus ceasu, Munck, Pecnyonuxa benapyco

XAPAKTEPUCTUKU T'EPMAHUEBBIX JJABUHHBIX ®OTOAUOAOB B PEXKUME
CUYETA ®OTOHOB

AnnoTtanms. [IpoBeeHo UccienoBaHHE XapaKTePUCTHK I'€PMaHHUEBBIX JIABMHHBIX (OTOIMOIOB, pabOTAIOMINX B pe-
JKUMe c4eTa (POTOHOB B (POTONPUEMHEIX yCTPOHCTBAX BOJIOKOHHO-ONTHYECKHUX JIMHUHN CBSI3H, HCIOJIB3YEMBIX B KBAHTOBBIX
KpUNTOTpauIeckuX CHCTEMax. B 4acTHOCTH, yCTaHOBIEHO, IPU KaKoW HaMOOINBIIEH TemmepaType BO3MOXHA peann3a-
us pexxnMa cdera (pOTOHOB, TaKKe PACCMOTPEHO BIHSHHE TEMIEPaTyphl U MEePEHANPSKEHUS HAa TyBCTBUTEIBHOCTH (o-
ToAMOA0B. [l MpoBeeHNs HCCIeoBaHUN pa3paboTaHa 3KCIepUMeHTalbHas ycTaHoBKa. OnpeneneHo, 4To HanOOIbIIas
TeMIeparypa oKpy Kalolieil cpesibl, Mpu KOTOpoil repMaHueBble JaBuHHBIE (poToauonsl JIO/-2 paboTaroT B pexuMe cuera
(doronoB, coctasisier 243 K. YcraHoBiIeHO, YTO HAMOONIBIIAs YyBCTBUTEIBHOCT ATHX ()OTOAHOJOB COOTBETCTBYET JAHama-
30HYy JJIMH BOJH onTudeckoro usnydeHus 1310+1490 um. IloHmkeHue TeMneparypbl IPUBOAUT K yBEIMYCHUIO 4YBCTBH-
TenbsHOCTH (hoTonmonoB. ITokazaHo, YTO 3aBUCHMOCTH OTHONIEHUSI CUTHAJI/IITYM OT TePEHANPSIKEHUS IMEeT MaKCHMYM, CO-
oTBeTCTBYoNHH nepeHanpsykernio AU = 0,1 B. [lonnkeHne TemMnepaTypsl IPUBOJUIO K YBETHUEHUIO TyBCTBUTEIBHOCTH
U OTHOILIECHMS CHUTHaN/myM. Takke yCcTaHOBJICHO, YTO MpH paboTe JaBUHHOrO (HOTOAMO/A B PEKHME cyeTa (OTOHOB IS
obecreueH s MAaKCHMaJIbHOW 4yBCTBUTEIBHOCTH HEOOXOAMMO BEIONPATH IIEPEHANPSKEHNE, COOTBETCTBYIOIIEE MAaKCUMYMY
OTHOIIECHUs CUTHaN/IIyM. [loydeHHbIe pe3yIbTaThl MOTYT OBITh HCIIOJIE30BaHbI B KBAHTOBBIX KPUITOrpaQHISCKUX CHCTE-
MaX, TEXHHUECKUX CPEACTBAX 3alIUTH HHPOPMAIUH, IIepe1aBaeMOi M0 BOJOKOHHO-ONTHYSCKUM JIMHUSIM CBS3U, H JUIS Me-
TPOJIOTHH OTHO(POTOHHBIX HCTOUHUKOB M3y YEHHS.

KuroueBble cjioBa: repMaHUEBbIH JIJaBUHHBII (OTOANO/, TeMIIepaTypa, cueT ()OTOHOB, YyBCTBUTEIBHOCTh, OTHOLICHHE
CUTHAJI/IIYyM

Jas umTHpoBaHHs: XapaKTepPUCTHKM TEePMAaHUEBHIX JIABUHHBIX (OTOAMOJOB B pekuMe cueta (OTOHOB /
W.P.I'ynaxoB [u np.] / Bec. Ham. akax. maByk bemapyci. Cep. ¢i3.-toxu. HaByk. — 2022. — T. 67, Ne2. — C. 222-220.
https://doi.org/10.29235/1561-8358-2022-67-2-222-229

Ivan R. Gulakov, Andrey O. Zenevich, Olga V. Kochergina, Tatiana A. Matkovskaya

Belarusian State Academy of Communications, Minsk, Republic of Belarus

STUDY OF THE CHARACTERISTICS OF GERMANIUM AVALANCHE PHOTODIODES IN THE PHOTON
COUNTING MODE

Abstract. A study was made of the characteristics of photodetectors for fiber-optic communication lines using quan-
tum cryptographic systems — germanium avalanche photodiodes operating in the photon counting mode. In particular,
it was established at what highest temperature the implementation of the photon counting mode is possible, and the in-
fluence of temperature and overvoltage on the sensitivity of photodiodes is also considered. An experimental setup has
been developed for the research. It has been determined that the highest ambient temperature at which LFD-2 germanium
avalanche photodiodes operate in the photon counting mode is 243 K. It has also been found that the highest sensitivity of
germanium avalanche photodiodes corresponds to the optical radiation wavelength range of 1310+1490 nm. Lowering the
temperature leads to an increase in the sensitivity of germanium avalanche photodiodes. It was found that the dependence
of the signal-to-noise ratio on overvoltage has a maximum corresponding to overvoltage AU = 0.1 V. Lowering the tem-
perature led to an increase in sensitivity and signal-to-noise ratio. Since there was no shift in the maximum dependence
of the signal-to-noise ratio on the overvoltage, it was therefore concluded that when the avalanche photodiode operates in
the photon counting mode, in order to ensure maximum sensitivity, it is necessary to select the overvoltage correspond-
ing to the maximum signal-to-noise ratio. The results obtained can be used in quantum cryptographic systems, technical
means of protecting information transmitted over fiber-optic communication lines, and for the metrology of single-photon
radiation sources.

Keywords: germanium avalanche photodiode, temperature, photon counting, sensitivity, ratio/noise

For citation: Gulakov I. R., Zenevich A. O., Kochergina O. V., Matkovskaya T. A. Study of the characteristics of
germanium avalanche photodiodes in the photon counting mode. Vestsi Natsyyanal nai akademii navuk Belarusi. Seryya
fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022,
vol. 67, no. 2, pp. 222-229 (in Russian). https://doi.org/10.29235/1561-8358-2022-67-2-222-229



Becui Hanpisnanbuail akajomii naByk benapyci. Cepbist disika-Toxuiunbix HaByk. 2022. T. 67, Ne2. C. 222-229 223

BBenenue. B HacTosmee Bpemsi i1 oOecriedeHHs 3allUTHl JAaHHBIX, MEpeJaBaeMbIX 10 BOJIO-
KOHHO-ONTHYECKUM JIMHHUSM CBSI3M, MCIIOJB3YIOTCSl KBAHTOBBIE KpHUITOTrpaduueckue cuctemsl [1, 2].
D10 00yCIOBIEHO TE€M, YTO CHCTEMBI KBAHTOBOW KPUMITOTPA(QHH, B OCHOBY KOTOPBIX MOJIOKEHBI MTPHH-
UMbl KBAHTOBOM MEXaHUKH, MO3BOJISIOT 00eCeYnTh aOCOMIOTHYIO 3alIHIEHHOCTh TPAaHCIUPYEMOH
uHpopManuu. B ykazaHHBIX cUCTeMax B KadecTBE (POTONPUEMHBIX YCTPONUCTB HUCIOJIB3YIOTCS JIABUH-
HbIe (DOTONIPUEMHUKH, pPadOTarOIINEe B peKUMe cueTa (OoTOHOB [3].

B coBpeMeHHBIX BOJIOKOHHO-ONTHUYECKUX JTUHUSAX CBSA3M JUJIA Mepeadl JaHHBIX TPUMEHSIOTCS O]
HOMOJIOBBIE ONTHYECKHE BOJOKHA. [l0 TaKMM ONTHYECKMM BOJIOKHAM JIaHHBIE TPAHCIUPYIOTCS ONTH-
YECKUM H3JIYYCHHEM CO CICAYIOIUMHE JuinHaMu BoH A: 1310, 1490, 1550 u 1625 um [4]. HaubGonee
YacTO JJIS PErUCTPAllH ONTHYECKOTO H3ITYUYEHHUS C TAKUMH JJTMHAMU BOJH UCITIONB3YIOTCS JTaBUHHBIE
dotonpuemnnxu Ha coenunennax A'BY. Jlns peanusamuu pexuma cueta GOTOHOB TIPH MOMOIIM Ta-
KUX (OTOMPHUEMHHUKOB HEOOXOAMMO WX OXJaxjaeHue mo temmeparypsl 240 K u mmxe [5]. Apyrumu
JOCTAaTOYHO MEPCHEKTUBHBIMU (POTONMPUEMHHUKAMHE ISl UCTIOJIb30BAHUSI MX B KBAHTOBBIX KPUITOIpa-
(UUECKUX CHCTEMaX SBIISIOTCS TepMaHUEBbIe JaBUHHBIC GoTomuonsl (JID) [6]. DTo cBsA3aHO C TeM,
YTO OHM 00JIaAaI0T JOCTATOYHO XOPOILIEH YYBCTBHTEIBHOCTHIO KO BCEM OTMEUEHHBIM BBIILIE JJTMHAM
BOJIH ONITHYECKOTO n3ny4deHus. OQHaKo B HACTOSIIEE BpeMs XapakTepucTUKU repmanmneBbix JIO/] B pe-
JKuMe cueta (POTOHOB Ha JuTuHaX BOH A = 1310, 1490, 1550 u 1625 HM He0CTaTOUHO M3ydeHbl. Takxke
HE YCTaHOBJICHO, IPH KaKoi HanOombInel Temneparype 1 atux JIO/] Bo3mokHa peanuzanus pexxrma
cueta (hoToHOB. Bee 31O M onpenenuiio ek TaHHOM padoTHI

JKCcNepUMEHTAIbHAST YCTAHOBKA W METOAHMKA M3MepeHmii. B kadecTBe 00BEKTOB HCCIEIOBa-
HUS UCTIOJIB30BAINCH CEPUIHO BBINTyCKaeMble TepMaHueBble aBuHHbIe GoTonuoasl JID/-2. [ns mpo-
BE/ICHUSI M3MEPEHHUI U3 TMapTHH CIIy4YailHBIM 00pa3oM ObUTH OTOOpaHbl TPU JABHHHBIX (HOTOAMOMA.
CTpyKTypHas cxeMa 3KCIIEpUMEHTAIbHON YCTAaHOBKY PUBEACHA Ha puc. 1.

nn

Al 4

Unnp

Puc. 1. CtpykTypHas cxema SKCrepuMeHTaIbHON ycTaHOBKH: VW — HcTouHNK n3mydeHus (Habop MOy IpOBOIHUKOBEIX JIa-

3epoB); AT — aTTeHtoatop; P — passerButens; UM — nu3mepurens MomHocTH; Y — yeunutens; Y — yactotromep; AJl — ammnu-

TynHbIH quckpumuHaTop; UI1 — ncrounuk nutanus goronpueMuunka; B — Bonsrmetp; A — amnepmetp; KTX — kamepa Ternina

u Xoinopa; R, — compoTusieHne Harpysky; 1 — nuadparma, OC — ocunmnorpad; JIO/] — maBunHbI hoToanon; R — nepemMeH-
HbIH pe3nucTop; Upep — HOPOTOBOE HANIPSIKEHUE

Fig. 1. Block diagram of the experimental setup: U — radiation source (a set of semiconductor lasers); At — Attenuator;

P — splitter; UM — power meter; ¥ — amplifier; U — frequency meter; AJl — amplitude discriminator; UIT — power supply for

the photodetector; B — voltmeter; A — ammeter; KTX — heat and cold chamber; R, — load resistance; /| — diaphragm; OC —
oscilloscope; JI®J] — avalanche photodiode; R; — variable resistor; Uy, — threshold voltage
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OnTnueckoe M3jIydeHHe OT UcTouHMKa u3nyudeHus (M), B kadecTBe KOTOPOro MCHOIB30BAJI-
cs1 Habop TOTYIIPOBOHUKOBBIX JTIa3epoB ¢ JummHamMu BorH A = 1310, 1490, 1550, 1625 um, moctymaeT
B ontrdeckoe BojokHO (OB). BeiOpaHHbIE JIMHBI BOJH H3TyUYCHHUS COOTBETCTBYIOT OKHAM IIpO3pad-
HOCTH OINTOBOJIOKHA M 00ECIeUnBaIOT c1adoe 3aTyXaHHue CHTHaja mpu nepenade. Mamensis koaddu-
LUEHT OcialJieHusl aTTeHioaropa (AT) MOXXHO DPEryjJupoBaTh MOIIHOCTH ONTHYECKOTO HW3TyUCHHS.
PasserButens (P) pasmenser onTuueckoe n3nydeHne TakuM 00pazom, 4yTo 50 % 3TOro u3irydyeHwHs mo-
naetcs Ha GoTonpueMHUK, a 50 % — Ha uzmepurens MomHoctd (MM). B xauecTBe M3mMepuTesist MOIL-
HOCTHU Hcnoib3oBaiics mpudbop MTP-6000, paboTatomumii B pexkiMe ONTHYECKOro TecTepa.

JlaBunHBIN (oTonmon pacnomaraercs B kamepe Teruta u xonona (KTX), koTopas mo3BosnseT u3-
MEHATh TEMIEPaTypy BHYTpHU Hee B quanaszoHe oT 313 no 213 K. JlanHBII TemnepaTypHbIi AMana3oH
BbIOpaH Ha ocHOBaHUHU Toro, uTo JID/] Hambosee yacTo IKCIITYyaTUPYIOTCS UMEHHO NPU yKa3aHHBIX
TemnepaTtypax. Pexxum cueta (hOTOHOB peanu3yeTcs [0 CXeMe aCCHBHOIO TallleHHsl JJaBUHBI [6], Koraa
JI®JI BkIIOYAaETCs MOCIENIOBATEIBHO C HATPY30UHBIM Pe3UCTOpoM Ry, (cM. puc. 1). OT ucTounuka mnu-
tanus (MI1) na naBuHHBIN (oTORMOA TONACTCS HANPSDKEHUE MUTAHUS ONM3KOE MM MPEBBIIIAIOIICE
HanpsoKkeHue mpobosi p—n-nepexona. Ecnu mpu TakoM HampspkeHHHM B 00J1aCTh MUKPOIJIA3MEHHOTO
po0bosi p—n-nepexona nonajaaet GoTo- WIK TEPMOICHEPUPOBAHHBIH HOCUTENb 3apsija, TO OH MHULU-
WpyeT JaBUHHBIN MpoOoi. B MOMEHT BO3HMKHOBEHHS Mpo0os mpoTekatonuii yepes JIDJ] Tox pesko
BO3pacTaeT Y NaJCHUE HANPSKCHUS Ha Ry 3HAUMTEIbHO YBEIMYMBAETCS, YTO NPHUBOAUT K yMEHbILE-
HUIO NaJIeHUs HanpskeHus Ha Goroauone. B pesynbrare 3TOrO0 j1aBUHA racuTcs. [l BOCCTaHOBJICHUS
HanpspkeHus Ha JIO/] 1o mepBoHaYaTFHON BETUIHWHBI TPEOYETCSI HEKOTOPOE BPEMsI, TO €CTh IOCIE Kak-
JIOTO UMITYJIbCa HACTYIAET OTPE30K MEPTBOIO BPEMEHM HEOIPENIEIEHHON JIUTENbHOCTH, Korna JIDJ]
HEYYBCTBUTEJIEH K OCTYIAIONIEMY Ha HETO ONTHYECKOMY M3ITYUYESHHIO.

Nmmynscel, 00pa3oBaHHbIE TEPMOTEHEPHPOBAHHBIMY HOCUTENSIMU 3apsija, gajiee OyaeM Ha3bIBaTh
TEMHOBBIMU MUMITYJIbCaMH, a 00pa3oBaHHbIe ()OTOreHEPUPOBAHHBIMU HOCHTEIISIMU 3apsijia — CUTHaIb-
HbIMU uMIyibcaMu. Hanpsxenue nutanus JIO koHTponaupoBaiu BoasTMeTpoM (B), a mporekarommii
yepe3 hoToano TOK — amnepmerpoM (A). Bennuuna HarpyszouHoro pesucropa Ry, = 1 kOwm, 410 coOT-
BETCTBYET MUHUMAaJIbHOMY 3HaYEHHIO CONPOTUBIIEHUS, IPH KOTOPOM BO3MOYKHA peau3alusl pexuma
cueTa (pOTOHOB.

Wmmynbepl HanpsoKeHHs! ¢ R, YCUIMBAIOTCS IIHPOKOMOJIOCHBIM UMIYIBCHBIM ycuiuteneMm (V)
U TIOCTYMAIOT Ha BXOJ aMILTUTyIHOTrO AuckpumuHaropa (A/Jl). I[lopor ammuntynnoi cenexuuu A/l BbI-
Oupascs BbIlE YPOBHS COOCTBEHHBIX IIYMOB YCHUJIUTENS W YCTAHABJIMBAJICS IMPU MOMOLIM IEepPEeMEH-
Horo pesuctopa (R;). Takke BUJ UMITYIbCOB, UX aMIUIMUTYAA U JJIUTEIBHOCTh Ha BBIXOJEC YCUIIUTEIS
KOHTponupoBaiuck ocuuiorpagom (OC).

JMCKpUMUHATOP BBIAEIIS U3 IOTOKA UMITYJIBCOB YCHUIIUTENS JIMIIb T€ U3 HUX, aMIUIUTYAa KOTOPBIX
IpeBbIIIaia NOpor aMIUINTyAHOU cenekuuu. Ha Boixome Al hopMHUpOBaINCH CTAaHAAPTU3UPOBAHHbIC
10 aMIUIUTYIE U JUIMTEIBbHOCTH UMIIYJIbChI, YACTOTA CIEJOBAHUS KOTOPBIX PErHCTPUPOBAIACh YacTO-
tomepoM (Y).

Kamepa temna n xomoma (KTX) skcriepuMeHTaNbHONH YCTAHOBKHA MMEET CIICHATLHOE OKHO C JH-
acdparmoii. [Ipu 3akpeITOil THadparmMe onTHUECKOE M3MyUueHHe He moctynaet Ha JID/ u mpoucxonut
perucTpanusi TeMHOBOr0 ToKa /I, mpoTtekatomiero yepes JIO/, u konmuuecTBa TEMHOBBIX UMITYJILCOB IV,
c(hOopMUPOBAHHBIX HA pe3uUCTOpe R, 3a BpeMs HaKoIieHus curaasna . [Ipu oTkpeIToil uadparme usimy-
yeHue nopaetrcs Ha JIOJ] v mporucXouT perucTpanus Toka 3aCBETKH /.. U CMECH CUTHAJIbHBIX U TEMHO-
BBIX UMITYJIbCOB N 32 BpeMs .

B xone uccnenosanus gororok JIDI Iy, onpenensncs kak Iy = I, — I;. KonuuecTBo CHrHaIbHBIX
UMIyJIbCOB, 00pa30BaHHBIX Ha pe3rcTope R, 3a BpeMsl HAKOIJICHUS CHUTHANA ¢, PACCUYUTHIBAIOCH IO
dhopmyne N.= N — N,. lcxonist U3 3TUX JJaHHBIX OMPeesijiach CKOPOCTh CYeTa TEMHOBBIX 71, M CUTHAJIb-
HBIX 1 UMITYJIBCOB. [10/1 CKOPOCTHIO CYETa TEMHOBBIX UMITYJIBCOB /1; TIOHUMAJIOCh KOJINUECTBO UMITYJIb-
COB, BBI3BAaHHBIX MUKPOILIa3MEHHBIM MPOOOEeM p—n-niepexofa (GOTONMPUEMHUKA M 3apETUCTPUPOBAH-
HBIX 32 AMHHILY BPEMEHHU B OTCYTCTBHUE 3aCBETKH (¢ = | ¢). 3a CKOpPOCThH cueTa CUTHAJILHBIX UMITYJIbCOB
e IPUHUMAJIOCHh KOJIMYECTBO OHO(OTOHHBIX HMITYJIbCOB, 3aPETUCTPUPOBAHHBIX 3a £ =1 C.
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OTHOIIEHNE CUTHAJI/IITYM P pacCYUTHIBAIOCH 10 hopmyite [7]

Pt . m
N, +2N,

[Mockoneky ncenenyemsle JIO/] umenu pasnnanble HanpsKeHUs Mpo6os Uy, TO 11 CPAaBHEHUS UX
XapaKTEePUCTUK MEKIy COOOH MCIONIb30Bajiach BEIMUMHA MIEPEHANPSIKCHUS, OIpeaessieMasi COrJIacHO
BoIpakenuio AU = U — Uy, rae U — Hanpsbkenne nutanus Goroaunona. Hanpsoxenue mpo6os paccuu-
THIBAJIOCH IO BOJIBT-aMIIEPHON XapaKTepUCTHUKE B COOTBETCTBUM C METOJUKOM, OMMMCAaHHOM B [6].

s uccnenoBanus ObLT BEIOpaH quanasoH rneperanpsbkeHuit AU = — 0,1+0,4 B. DTo cBs3aHo ¢ TeMm,
4yT0 pu AU < — 0,1 B TeMHOBBIE M CHTHAJIbHBIE UMITYJILCBI HAa Pe3ucTOpe R, He POPMHUPOBAIINCE, & IIPH
AU > 0,4 B 3HauUTENbHO BO3PACTAET DIEKTPUUECKUN TOK, MpoTeKatomuil uepes JID/, uto Morno npu-
BECTH K TEIJIOBOMY ITPOOOI0 p—n-TIepexoaa.

Pe3yabraThl H3MepeHust U UX 00Cy:K/1eHHe. BeIosHeHHBIE U3MEPEHUs TTOKa3aIH, YTO HaIlpshKe-
Hue TIpobos uccienyemerx JIOJ[ co CHIKEHHUEM TeMIIepaTypbl YMEeHbIaeTcs. Tak, pu TeMIiepaType
T = 313 K nanpsokenue npobos cocrapusno Uy,= 20,5 B, a mpu T'= 213 K U= 18,6 B. B uccie-
JyeMOM TEMIIEpaTypHOM [Hala30HE 3aBHUCUMOCTb HAIIPsDKEHHUsS NMPO00s OT TeMIeparypbl ObLia Jin-
nelinod. Kosdpuuuent nmuneiinoi sapucumoct Uy, o1 T s uccnenyembix JIO/I onpenensics kax
k= AUyp/AT, rne AU, n3MeHenne HanpsKeHus po0os Ipy H3MEHEHNH TeMnepaTypel AT, u ObLI paBeH
k=19 mB/K.

Haubosnpiiast reMmneparypa, Ipu KOTOpOi OBl peann30BaH pexXuM cueTa (POTOHOB Ha UCCIEAYEMBbIX
JI®JI, cocrasinsina 243 K. Hanbonee Bbicokas TeMriepaTypa, Mpu KOTOPOW HAaYMHAIOT (POPMUPOBATHCS
HMMITYJIbCHI, BRI3BAHHBIE MUKPOILJIAa3MEHHEIM 1pobdoem p—n-niepexona JIDJ], pasna 293 K. Ognako BbI-
JIeNINTh CUTHAJIbHBIE UMITYJIBCHl Ha ()OHE TEMHOBBIX HMITYJILCOB HE TIPEICTABIISETCS BO3MOXKHBIM.

IoydeHo, YTO B HCCIeyeMOM HHTepBaJie epeHanpsykenuit u npu ne < 2,5°10° ¢! i u ammu-
Tyl TEMHOBBIX M CUTHAJIBHBIX UMITYJIBCOB, KOTOPbIE (POPMHPOBAIINCH HA R;;, OBLIM HEpa3IUIHMBbI.
Tak, npu T = 243 K u nepenanpsixennn AU = 0 B cpegHss aMIiuTyia 3TUX UMITYJIbCOB COCTaBJIsIa
16 MB, a mmmTenpHOCTH Ha MONYBBICOTE — 250 He. lpm 3TOM TIHTENBHOCTH (DPOHTA HAPACTAHUS Ty
Obuta paBHa 40 HC, a INMUTEABHOCTH cnaaa T, — 160 He. JnuTensHocTH (GPOHTA HApacTaHUS U claaa
UMITyJIbCa ONPEAEIIAINCh KaK MHTEPBal BPEMEHHU, B TEUCHHE KOTOPOr0 aMILIUTYa 3TOr0 MMITYJIbCa
M3MeHsJIach B npesaenax yposHeit ot 0,1 10 0,9 oT MakcMManbHOT 0 3HAYEHU S, a JIUTEITBHOCTD UMITYJIb-
ca — KaKk BpeMs, B T€UEHUE KOTOPOI'0 BEJIMYMHA HAIIPSDKEHUS! UMITYJIbCa IPEBBILIAECT 3HAUYCHUE, COOT-
BeTCTBYIOIIEe ypoBHIO 0,5 ero ammautyasl [6]. s uccneayeMbplxX MepeHanpsKeHU JIUTEIBHOCTh
UMITyJIbCa, (PPOHTA HApPACTAaHUS U CIa/la OCTaBaJINCh IOCTOSHHBIMH.

[Ipu nocTossHHON BeIMYMHE MEPEHANPSYKEHUS U HHTEHCUBHOCTEN PErucTpUPyEMOTo ONTHYECKO-
rO M3JIYUeHHMs, TIpH KOTOpeIX 7 > 2,5°10° ¢!, ammnuryna mmmynscos, GpopMupyeMBIX Ha Ry, cTa-
HOBHWJIACh MEHBINE aMIUIUTYJbl TEMHOBBIX MMIIYJIHCOB. YBEJIMYEHHE WHTEHCUBHOCTH IPHUBOIUIIO
K YMEHBIICHUIO HE TOJIBKO aMIIUTYABl HUMITYJIbCOB, HO M UX CKOpOCTH cueTa. [Ipu cnenyromux 3Ha-
YEHUSX WHTEHCUBHOCTHU omTuueckoro usnydeHus mist AU = 0,4 B u T = 243 K nabmroganocs mpe-
KpaiieHne hopMHPOBAHHUSA HUMITYIIbCOB Ha R, J = 5.4 MBr/cm? nis A = 1310 um; J = 5,5 mBt/em? nis
A = 1490 um; J = 6,2 MBr/cm? st A = 1550 um; J = 6,6 MBr/em? uis A = 1625 am. C YMEHBIIICHUEM
NEepeHaIPSHKCHHS 3HaYeHHEe MHTEHCUBHOCTH, IPH KOTOPOW MpeKpamaiock GopMHUpOBaHUE UMITYIb-
COB Ha pesucTope, ymenbinaercs. Tax, mpu AU =0 B u T =243 K: J= 1,0 mBr/em? st A = 1310 um;
J=1,1 MBr/em? st A = 1490 um; J = 1,3 MBr/em? st A = 1550 um; J = 1,4 MmBr/em? miast L = 1625 HM.
Yka3zaHHasi 3aBUCUMOCTH 00YyCJIOBJICHA TE€M, UYTO MPU YMEHBUICHUH MEPEHANPSKEHHUST YMEHbBIIACTCS
HANPsHKEHHOCTH JIEKTPUYECKOTO MOJsl B 00JaCTH MPOCTPAHCTBEHHOTO 3apsija. [loaTtomy nis Kom-
NEHCALMHY YMEHBIICHHOT0 3HAUYCHUSI HAIPSDKEHHOCTH 3JIEKTPUUECKOTro MoJIsl TpeOyeTcsi MeHbILee KO-
JINYECTBO CBOOOIHBIX HOCHUTEINIEH 3apsa/1a, a COOTBETCTBEHHO, O0jiee HU3Kasi HHTEHCUBHOCTh ONTHYe-
CKOT'0 M3JIyUYeHHUSI.

Takoe n3MeHeHHe aMIITUTYIbl UMITYJIBCOB MOKHO OOBSCHUTDH TE€M, YTO TOCJIE BOSHUKHOBEHUS Jia-
BUHHOTO 1po6ost B JI®J[ 115t BOCCTAaHOBIEHUSI HANIPSKEHHOCTHU 3JIEKTPUUYECKOTO TOJISL B €ro p—n-Te-
pexoje A0 MorpoOoitHOTO 3HaUEHUS TpedyeTcsl HeKOTopoe BpeMs. Eciu B TpoMexXyTOK BpeMeHHU BOC-
CTaHOBJICHUs HanpsbKeHHOCTH Ha JID/] mocTynuT GPOTOH ONTHYECKOTO M3IIYUYECHHUS, TO OH MOXKET OBITH



226 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 222-229

HE 3aperucTpupoBaH. B ciydae jxe peructpanuu GpoToHa aMIUIMTYAa UMIIyJIbca, co3qaBaeMas Ha Ry,
OyzeT MEHbIIIE YeM JIsl UMITYJIbca, CHOPMHUPOBAHHOTO MIPH MOJTHOM BOCCTAHOBICHUH HAIPSIKEHHOCTH
NIEKTPUUECKOro Nouist. Yem Oosblie HHTEHCUBHOCTD ONTHYECKOI0 U3JIyU€HHS], TEM BbILIE BEPOSITHOCTD
nocryruieHus Ha JIO/] poTroHa B MpoMeKyTOK BpEMEHH BOCCTAHOBIICHHS HAMIPSKEHHOCTH DJICKTpHYE-
CKOT'O 1I0JIs B ero p—n-nepexozne. Ilpu noctaTouHo G0IbIINX HHTEHCHBHOCTSX ONTUYECKOTO U3J1yYeHUs
BEPOSITHOCTH MOCTYIICHHSI (POTOHA B TAaKOH MPOMEKYTOK BPEMEHH CTAHOBHUTCSI OJM3KOW K €NUHUIIE,
1 HaPSDKEHHOCTD 3JIEKTPUYECKOTO TOJISl B 3TOM CiIydyae HE MOXKET BOCCTAHOBUTHCS 710 AONPOOOIHOr0
3HaueHus. B pe3yibraTe 9TOro MMIyJbChl Ha Ry He popMupyrores.

Jlns n < 2,5°10° ¢! amnmTya uMmymscoB, GopMHpYeMBbIX Ha R, yBETHUHBAIACh C HOHMKEHHEM
temreparypsl. Tak, mpu temnepatype 7 = 213 K cpennsis aMIunTyja 3TUX UMITYJICOB yBEITHYHBAJIAChH
B 1,5 pa3a no cpaBHeHuto ammuutynoi npu 7' = 243 K u cocrasisuia 24 mB. YBenuuenue aMIuury-
IbI 00YCJIOBJIEHO T€M, YTO IIOHUKEHHE TEMIIEPaTypbl IPUBOAUT K YMEHBIIEHNUIO BEPOATHOCTH pacces-
HUS CBOOOJHBIX HOCHUTENEH 3apsijia Ha KoJeOaHUAX KPUCTANINYECKON PeIIeTKH MOy TPOBOJHUKA, YTO
yBeIu4YnBaeT Kod(Q(PUIHeHT YMHOKEHHSI HOCHTEINEeH 3apsna B 00JIaCTh MUKPOIUIA3MEHHOTO TPO0Os
p—n-nepexona JIOII.

[Ipu temmeparype T = 213 K u mepenanpsokenun AU = 0 B mmrensHOCTh (poHTA HapacTa-
HHS T, dTUX HMITYJIbCOB HE MpeBbimana 60 HC, a JIUTEIBHOCTH chana T, yBenumumiaack m10 190 He.
JAnuTenbHOCTh UMITYJIbCA HA MOJYBBICOTE MPU 3TOM paBHsiiack 270 Hc.

VYBenuueHue T, ¢ YMEHBIICHHEM TEMIepaTyphl CBI3aHO C POCTOM IOCIIEAO0BATEIHHOTO COMPOTHB-
nenus R JIOJI, kotopoe npu temneparype 7 = 243 K umeno 3nauenue R = 20,1 xOm, anpu 7=213 K-
R = 21,1 kOwm. IIpn sTom emkocTs JID/] mpakTHyeckn He N3MEHSIACh.

Ha puc. 2 npeacraBiaeHsl 3aBUCUMOCTH CKOPOCTH CU€Ta CUTHAJIBHBIX MMITYJIBCOB OT MHTEHCUBHO-
CTH PETHCTPUPYEMOTO ONITHYCCKOTO N3 TydeHU J. JlaHabIe 3aBUCUMOCTH oy 4deHbI Tipu 1 = 243 K s
A = 1310 am. [ns npyrux vcciaeqyeMbIX JUTHH BOJIH ONTHYECKOTO U3JIYUYSHHSI 3TH 3aBUCUMOCTH OBLIH
aHaJOrMYHBIMU. Kak BUAHO M3 puUC. 2, Ha BCEX 3aBUCMMOCTSIX UMEETCs IMHEHHBIN ydacToK. Hannane
TaKoOTO Y4YacTKa CBUICTEIbCTBYET O ToM, uTo JID/] moryt paborarh B pexxume cuera (HOTOHOB MPH
3HAUEHMSX J, COOTBETCTBYIOIIUX 3TOMY yuacTKy. IloBwimieHue nepenanpsibxkenus JIOI npuBonuio
K YBEJIMYEHHIO JUIMHBI JIUHEHHOTO y4acTKa 3aBUCUMOCTH /. OT J. OTMETHM, 4TO JUana3oH JUHEH-
HocTH ompenensiics 10 20%-HOMY OTKJIOHEHHIO 3aBUCUMOCTHU OT JINHEHHOH, aHAJIOTMYHO TOMY, KaK
ato tpedyer 'OCT 17772-88 «IlprueMHUKHN H3ITyUeHHUS MOJTYIPOBOAHHKOBBIE (POTOINEKTPUUYECKUE
u (ortompueMHsie ycTporcTBa. MeTonbl U3MepeHus (QOTOIIEKTPUUSCKUX MapaMEeTpOB U Omperese-
HUSI XapaKTePUCTHUK» IPU OINpEACSICHUU IUHa-
MHUYECKOTO Juana3oHa QoronpueMHuka. Tak,

5 -1
45110 ans AU = 0 B B auama3oHe THHEHHOCTH 71, =
35 ) 3 1,3-10° ¢; s AU=0,1 B n, = 1,8-10° ¢'; s
/ AU=04Bn,=2,510°c". [Ipu Gomee BEICOKHX
307 / TeMrnepatypax, Hanpumep 7' = 253 K, ckopocTh
25 2 cyeTa CHUTI'HAJIbHBIX MMIIYJIbCOB IIPUHMMAaJa 3Ha-
20 genus n, < 10° ¢! Bo Bcem muamasone mccneny-

€MBIX MOIIHOCTEH U MEPEHANPSIKEHUN U JIUHEH-
HBII Yy4YacTOK BBIJICIUTh HE YyAAJIOCh. Takum 00-
pa3oM, pexxuM cueta (OTOHOB Ha T€PMaHHEBBIX
(hoTonpUEMHUKAX Peau3yeM MPU TeMIIepaTypax
243 K u HUXKE.
J, OTH. €. Bce 3aBucuMocTH, TIpeACTaBJIEHHbIE Ha
pHC. 2, UIMEIOT pa3HbIN yroj HaKJIOHA JMHEHHOTO
ydacTKa K OCH J, 4TO TOBOPUT O TOM, YTO HU3Me-
Puc. 2. 3aBUCMMOCTb CKOPOCTH CUETA CUTHAIBHBIX UMITYJIb-  HEHHUE MEPEHANPSIKECHUS BBI3BLIBACT H3MCHEHHE
COB OT UHTEHCUBHOCTH PETUCTPUPYEMOTO ONTUUYECKOTO U3- ayBcTBHTEIbHOCTH JIDJ] K ONTHYSCKOMY H3ITy-
nydenus: kpusast /[ — AU = 0 B, kpuas 2 — AU = 0,1 B,
kpiBas 3— AU= 04 B YEHUI0, KOTOpas pPACCUUTHIBAETCS CJEAYIOLIUM
Fig. 2. Dependence of the count rate of signal pulses on the obpasom: S = Anc/AJ, rae Ang — H3MEHEHHE CKO-
pOCTH CcYeTa CUTHAJbHBIX MMITYJbCOB, COOTBET-

intensity of the recorded optical radiation: curve / —AU=0V,
curve 2—AU=0.1 V, curve 3—-AU=04V CTBYIOILIEE U3MEHEHUIO HHTCHCUBHOCTH AJ.

1,5 1
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Ha puc. 3 moka3zana cnexTpaibHas YyBCTBH-
TenpHOCTh S uccnenyembix JIOJ, padorarommux
B pexkxuMme cueta (DOTOHOB, B JHMANa3oHE JTHH
BOJIH ONITHYECKOT0 u3nyuenus A = 1310+1625 uwm.
HanHas 3aBucumMocTh nonydena npu AU = 0,1 B.
W3 puc. 3 BugHO, 9TO YyBCTBUTEIBHOCTH JID/]
MOCTOSIHHA B UHTEPBAJIC JJIMH BOJH ONTUYECKOIO
uznydeHust A =~ 13101490 am. dus A > 1490 am
HaOJI0]AeTCSl CHUIKEHHE YyYBCTBUTEIBHOCTH. TaK,
s temrepatypsl 7 = 243 K mpu A = 1625 HM
qyBCTBUTEIBHOCTh yMeHbIIaercd B 1,4 paza 1o
CpPaBHEHHUIO C 3HAYCHHUEM S, TIOTYICHHBIM JUIS A =
1310 uMm. IloHmkeHHe TemmepaTypbl OKpY:Karo-
el cpenbl NPUBOAUT K MOBBIIIEHUIO YYBCTBU-
TEIBHOCTH MCCIIEAYEMBIX ()OTOJUOIOB, HO Xapak-
Tep MOBEJICHHS 3aBHCHMOCTH S OT A COXpaHSEeTCs
(cM. puc. 3).

Ha puc. 4 npencraBieHbl 3aBUCUMOCTH CKO-
pOCTH cueTa TEMHOBBIX U CUTHAJBHBIX HUMITYJb-
COB, a TaK)K€ OTHOIICHHS CUTHAI/IIYM OT BEIH-

S, 0TH.eq
1,6 7

A, HM
0 T T T 1
1250 1350 1450 1550 1650

Puc. 3. 3aBUCHMOCTb CHEKTPaNbHON UyBCTBHUTEIBHOCTU OT
JUIMHBI BOJIHBI ONTHYECKOr0 M3JIy4YeHMs: KpuBass [ — IpH
temneparype 243 K, kpusas 2 — npu temnepatype 213 K

Fig. 3. Dependence of the spectral sensitivity on the
wavelength of optical radiation: curve / — at a temperature of
243 K, curve 2 — at a temperature of 213 K

YUHBI IepeHanpsKkeHuss AU. DTH 3aBUCUIMOCTH TIOMYYCHBI JJIS MMOCTOSHHBIX 3HAYCHUN TeMIIepaTyphl
T =243 K 1 MUHTEHCUBHOCTHU ONTUYECKOTO U3JIyUEHHUS, IPU KOTOPOIH CKOPOCTh CUETa CUTHAJIBHBIX UM-
MynbCoB He pesbimaet 3 - 10° ¢! Bo BceM HccienyeMoM HHTepBae TIepeHanPsKEHHIL.

W3 puc. 4 BUIHO, YTO YBEIUYCHUE EPECHANPSHKCHUS IPUBOAUT K POCTY CKOPOCTH CUETA TEMHOBBIX
ummynbcoB. Tak, n,= 1,0- 103 ¢! npu AU =0 B, n,= 13,5- 10° ¢! npu AU = 0,4 B. Takoe moBeneHme
MOYXHO OOBSICHHTH TEM, YTO C POCTOM TEPCHAIPSKCHHS YBEIMYUBACTCS 001aCTh JIABUHHOTO YMHO-
JKEHHUsI HOCUTEIICH 3apsia U B Hee MOXKET IMOMNagaTh BCe OOJIbIIee KOJUUSCTBO TEPMOTCHEPUPOBAHHBIX
CBOOOJIHBIX HOCHUTENICH 3apsija. DTO O0O0YCIIaBJIMBACT POCT BEPOSTHOCTU BO3HUKHOBEHUS MHKPOILIA3-
MEHHOTO TPO0OSI W COOTBETCTBEHHO CKOPOCTH

CYeTa TEMHOBBIX UMITYJIbCOB. non 0% o, 0TH e
YBenuueHHe NepeHanpsKeHUus B JUAIa30He

AU = —0,1-0,2 B npuBomut k pocTy ckopoctu 140 7 T 400

CYeTa CHIHAJIBHBIX MMITYJIbCOB M IOCICAYIOUIC- o0 |

My HACBIIICHUIO 3aBUCHMMOCTH. Hanmuuue yuact- L a0

Ka HAaCBIIICHUST MOXHO OOBSICHHTH SKpaHHpoB- 100 7

KOM HEOCHOBHBIMHM HOCUTEJISIMHM 3JIEKTPUUECKO- 50 4

ro mojsi B 00NacTH MPOCTPAHCTBEHHOrO 3apsija L 900

p—n-niepexoa M IOHM)KEHHEM Kod(hpHULIMEHTa 60 - 3

ycusieHus: [8]. CHUTHAJIBHBIE WMITYJIBCHI OBLITH

HOJTYYECHBl IPU ONTHYECKOM H3IYyUYEHHH C IJIH- 407 , [ 100

HOI1 BoiHBI A = 1310 HM ¥ MHTEHCHUBHOCTBIO J = o)

45 uB1/cM?. TIpu yBeTMUEHHH JUTMHBI OTHYECKO- 7S

ro msnydenus ot 1310 mo 1625 HM xapakTtep 3a- 0 to 0

BHCHMOCTH COXPaHSAETCA, TO €CTh B JMANa3oHE -02 01 0 01 02 03 04 05

AU = —0,1+0,2 B Habaromaercss pocT CKOPOCTH AU, B

CUCTa CHUIHAJIBHBIX HMITYJIbBCOB, a 3aTEeM Ha-
CBIILIICHUC XapaKTepI/ICTI/IKI/I. HpI/I 3TOM HMEECT
MECTO YMCHBUICHHUC CKOPOCTHU CUCTAa CUTHAJIb-
HBIX UMITYJIBCOB TaKUM 00pa3om, uto mpu AU =
0,1 B, T=243 K u J = 45 uBt/em? n. = 1,810° gus
A = 1310 uMm, 1. = 1,7:10° mis A = 1490 uwm, n, =
1,3-10° st A = 1550 um, n, = 1,0-10° s A
1625 M.

Puc. 4. 3aBUCUMOCTD CKOPOCTH CUYETAa TEMHOBBIX, CUTHAJIb-

HBIX UMITYJIbCOB U OTHOIICHUS CUTHAJI/IIYM OT MEpEeHAINpsi-

JKCHHUSI: KpUBasi I — CKOPOCTh CUYeTa TEMHOBBIX UMITYJIbCOB,

KpuBasi 2 — CKOPOCTh CYETa CHUTHAIBHBIX UMITYJIBCOB, KPH-
Bast 3 — OTHOIICHUE CUTHAI/IITYM

Fig. 4. Dependence of the count rate of dark, signal pulses

and the signal-to-noise ratio on overvoltage: curve / — the

count rate of dark pulses, curve 2 — the count rate of signal
pulses, curve 3 — signal-to-noise ratio
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3aBUCHUMOCTb OTHOIIEHHUS CUTHAJI/IIYM OT IIEpeHaNpPsKEHNsT UMEET MAKCUMYM, COOTBETCTBY FOLLUI
nepenanpsbkenno AU = 0,1 B gy Bcex uccnenyembIx IauH BOIH. OTMETHM, YTO OTHOLICHUE CUTHAJ/
myMm nonydeHo jid ¢t = 1 ¢. Jns nepenanpsikenuss AU = 0,1 B ckopocTh cueta CUTHaJIbHBIX UMITYJIb-
coB Obl1a OOJIbIIIE CKOPOCTH CUETa TEMHOBBIX MMITYJIBCOB HE3aBHCUMO OT JJIMHBI BOJIHBI ONTHYECKOT0
U3y 4eHUSI.

[Ipu moHM>XEHHWH TeMIIEpaTypsl U OJHOM U TOM K€ MepeHANpsHDKeHWH HaOI0Ja’ioch yMEHbIIe-
HUE CKOPOCTH CUETa TEMHOBBIX MMITYJIbCOB U YBEINYCHNUE CKOPOCTH CUETa CUTHAJIBHBIX MMITYJIbCOB.
YMeHbIIIeHHE 71; CBSI3aHO C TeM, YTO MOHMKEHUE TEMIePaTypbl MPUBOIUT K COKPAIIEHUIO KOJIHYECTBA
TEpPMOTeHEPOBaHHBIX HocuTenel 3apsnaa B JIO/. YBenuuenue 7, 00yCcIOBICHO POCTOM KBaHTOBOH (-
(exTHBHOCTH perucTpanuu (poToamona C yMEHBIICHHEM TeMIepaTyphl. [103ToMy ¢ yMeHbIIEHHEM
TEeMIepaTypbl YBEIMUNBACTCS OTHOLICHUE CUTHAJ/IIYM, OJHAKO MPH 3TOM CMELICHUS MakcuMyMa 3a-
BHCHMOCTH OTHOIICHHUS CUTHAJI/IITYM OT TIEPEHANPSIKEHUS HEe TTporucxomauT. Tak, mist A = 1310 am mipu
T=243Kp=333,anpu =213 K—p=495; nna A =1490 am npu 7=243 K p =325, anpu 7'=213 K-
p=480; ma A= 1550 am ipu 7=243 K p =275, anpu 7=213 K— p =390; nnsg A = 1625 am tipu T =
243 K p =230, anpu 7'= 213 K— p = 330.

3akouenue. [IpoBenenHble Hccaen0BaHUS [I0KAa3add, YTO HAaHOOJbIIAs TEMIIEPATypa OKpYyKato-
1iel cpelibl, MpU KOTOPOH pean30oBaH PexXUM cueTa JOTOHOB Ha FrepMaHUEBBIX JJABUHHBIX POTOAMOIAX
JI®/I-2, cocTaBuser 243 K.

Haubonpmiast 4yBCTBUTEIBHOCT TEPMAHHUEBbIX JIABUHHBIX (POTOAMOIOB COOTBETCTBYET JUAA30HY
JUIMH BOJIH onTu4eckoro uznydenus: 1310+1490 um. [lonmxenue teMnepaTypsl IPUBOAUT K yBEIUYE-
HUIO YYBCTBUTEIBHOCTH (POTOTMUOMIOB.

VYcTaHOBIIEHO, YTO 3aBUCHMOCTH OTHOILLIEHUSI CHTHAJI/IIYM OT MEPEHAIPSDKEHUSI HMEET MaKCUMYM,
cooTBeTcTByrOmui nepenanpspxernio AU = 0,1 B. Ilonnmxkenne temneparypsl NPUBOIUT K yBEIUYE-
HUIO OTHOLICHHUSI CUTHAJI/IIYM, HO TIPH 3TOM CMEIICHUE MAKCUMYyMa 3aBUCMOCTH OTHOILCHHS CUTHAII/
LIyM OT IepeHanpskeHust He HaOmrogaetcs. [loatomy npu pabdore aBUHHOIO ()OTONMOAA B PEKUME
cueTta (POTOHOB ISl 0OecIedeHnsT MAKCUMaJIbHOW 4yBCTBUTEIBHOCTH HEOOXOAMMO BHIOMPATH MepeHa-
IPsDKEHUE, COOTBETCTBYIOIEE MAKCUMYMY OTHOLICHHUS CUTHAJI/IIY M.
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9KBUBAJIEHTHBIE ®OPMBbI 3AIIMCH AJI'OPUTMOB PABOTbBI AJAIITUBHBIX
AHTEHHBIX PEHIETOK

AnHoranus. [lorydeHsl SKBUBaJICHTHBIE (POPMBI 3aIIHCH allTOPUTMOB PabOTHl aJaNTUBHBIX aHTEHHBIX PEIIETOK, pac-
CMaTPUBAIONIUX AJITOPUTMBI KaK Pa3HOBHIHOCTH HEKOTOPOro obobmenHoro LMS-aiaropurma. 3To MO3BOIHUT OOJIETYUTH
CpPaBHUTENIbHBIM aHAIN3 XapaKTepUCTUK aaroputMmoB. Paccmorpensl amroputmsl padotsr: LMS, NLMS, LMS-Newton,
SMI, RLS. IIpuBeneHbl UCXOMAHBIC alTOPUTMBI PAOOTHI aIANITUBHBIX AHTCHHBIX PEIICTOK, BHIBOJBI SKBUBAJICHTHBIX aJro-
pUTMOB pabOTHI M SKBHUBAJEHTHAsI CTPYKTypHas cxema obobmenHoro LMS-anroputma. DKkBHBaleHTHBIE (POPMBI 3aITHCH
aJNTOPUTMOB pabOTHI ANANITHBHBIX aHTEHHBIX PEHIETOK M MX IapaMeTphl MPEICTABICHBI TaKXke B BUAC TAOMUIbL. OCOObBIi
HWHTEpEC MPeICTaBIsAeT SKBUBAJICHTHBIN alrOpUTM palboTHl B ciaydae airoputMa SMI, Hanbosee CHIBHO OTIHYAIOUIETOCS
ot anroputMa LMS. DKBHBaleHTHBIE aJTOPUTMbI 00JIaIAl0T TOIBKO CKAISIPHBIM KOIPPHUIIMSHTOM CXOAMMOCTH U MaTpHy-
HbIM HOpMHUpYIOUIUM MHOxHUTeneM. [ns anropurmoB LMS-Newton, SMI, RLS maTpuuHblii HOPMUPYIOIHUH MHOXHUTEIb
OJIMHAKOB, ONpe/eNsieTcs 00palleHHeM OIIeHKH KOPPEJISIIIHOHHON MaTPUIBl BXOAHBIX CUTHAJIOB U TIO3BOJISIET CHU3UThH 3aBHU-
CUMOCTB XapaKTCPUCTHK aJITOPUTMOB OT IMapaMeTPOB KOPPEISAUUOHHONW MaTpuIlbl. CKalIpHBIA KOAPPHUIIUEHT CXOAUMOCTH
SKBHUBAJICHTHBIX aJITOPUTMOB B citydae anroputMoB SMI, RLS 3aBUCHT OT HOMepa UTepallii U CTPEMUTCS K HYIIO IS aj-
roputMa SMI u kK HeKOTOpOI HEeHYJIEeBOH BennuuHe 1 aaroputMa RLS. 3aBucumocts Kod3ppUIHEHTa CXOAUMOCTH OT HO-
Mepa UTepaly MO3BOJIsIET ONTUMU3NPOBATh XapaKTEPUCTHKU aJrOPUTMOB Ha 3Tale NMepexogHoro mpouecca. CtpemieHne
K HyJI10 K03 dHUIHeHTa CXOAUMOCTH B city4ae anroputma SMI nenaet ero 5 (peKTHBHBIM TOJIBKO JIJIsl CTALIHOHAPHBIX BXOJI-
HBIX cuUTHaJoB. HeHnyneBoe ycraHoBHBIIeecs 3HaueHHE KOd(PQUIIMEeHTa CXOAMMOCTH B cirydae anroputMa RLS mo3Bomser
9(h(EeKTUBHO UCTIONB30BATH €TO B HECTAIIMOHAPHOIN 00CTaHOBKE.

KuroueBbie cjioBa: anropuT™Mbl pabOThI, aJalTHBHBIC aHTEHHBIEC PEHIETKH, MOJaBICHNE aKTUBHBIX IIYMOBBIX MOMEX,
9KBHMBaJICHTHas (OpMa 3allMCH AJITOPUTMOB, CPABHUTEIBHBIN aHAJIU3 allTOPUTMOB

Jas murupoBanusi: Kocrpomunkuii, C. M. DxBuBaneHTHbIE (OPMBI 3aIIMCH aJITOPUTMOB pabOThI aJaTUBHBIX aHTEH-
Hbix pemeTok / C. M. Kocrpomunkuii, Y. H. laBeinenko, A.A. Istko / Bec. Hai. akan. HaByk Benapyci. Cep. ¢i3.-T9xH.
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Sergei M. Kostromitsky, Igor N. Davydzenko, Aleksandr A. Dyatko

Radio Engineering Center of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus
EQUIVALENT FORMS OF WRITING OF PROCESSING ALGORITHMS OF ADAPTIVE ANTENNA ARRAYS

Abstract. The article is devoted to obtaining equivalent forms of writing of processing algorithms for the operation of
adaptive antenna arrays, considering algorithms as varieties of some generalized LMS algorithm. This will facilitate a com-
parative analysis of the algorithms’ characteristics. The following algorithms of operation are considered: LMS, NLMS,
LMS-Newton, SMI, RLS. The article contains the initial operation algorithms of adaptive antenna arrays, conclusions of
equivalent processing algorithms and an equivalent block diagram of the generalized LMS algorithm. Equivalent forms of
writing the operation algorithms of adaptive antenna arrays and their parameters are also presented in tabular form. Of par-
ticular interest is the equivalent operation algorithm in the case of the SMI algorithm, which differs most from the LMS
algorithm. Equivalent algorithms differ only by the scalar convergence coefficient and the matrix normalizing factor. For
LMS-Newton, SMI, and RLS algorithms, the matrix normalizing factor is the same, it is determined by inverting the esti-
mation of the correlation matrix of input signals and reduces the dependence of the characteristics of the algorithms on the
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parameters of the correlation matrix. The scalar convergence coefficient of equivalent algorithms in the case of SMI and RLS
algorithms depends on the iteration number and tends to zero for the SMI algorithm and to some non-zero value for the RLS
algorithm. The dependence of the convergence coefficient on the iteration number makes it possible to optimize the charac-
teristics of the algorithms at the transition stage. The tendency of the convergence coefficient to zero in the case of the SMI
algorithm makes it effective only for stationary input signals. The non-zero steady-state value of the convergence coefficient
in the case of the RLS algorithm allows its effective use in a non-stationary environment.

Keywords: operation algorithms, adaptive antenna arrays, suppression of active noise interference, equivalent form of
algorithms, comparative analysis of algorithms

For citation: Kostromitsky S.M., Davydzenko I.N., Dyatko A. A. Equivalent forms of writing of processing algorithms
of adaptive antenna arrays. Vestsi Natsyyanal 'nai akademii navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings
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https://doi.org/10.29235/1561-8358-2022-67-2-230-238

BBenenue. B Hacrosiee BpeMs alaiTUBHbIC aHTCHHbIE PEIIETKH HAXOAST IIHPOKOE IIPUMEHEHHUE
B CHCTEMax paJMOCBA3H, PAJMOJIOKAIIMN M CITyTHUKOBOW HaBUTAIIMU JIJIsl TIOIaBJIEHUS aKTHBHBIX IITY-
MOBBIX MoMeX [1]. BolbIIMHCTBO anrOpuTMOB PabOTHI aJalTUBHBIX aHTEHHBIX PEHIETOK JACISATCS Ha
Tpu rpynnsl [1-3]:

aJTOPUTMBI, Peau3yIoNIue TpagueHTHRIN MeTon (anroputM LMS, ot anrim. Least Mean Squares,
U ero Moau(pUKaun);

aJTOPUTMBI HEMOCPEACTBEHHOI0 oOpaiieHusi Matpuisl (anroput™M SMI, ot anrn. Simple Matrix
Inversion, u ero MonupuKamm);

aNTOPUTMBI PEKYPCHBHBIX HAMMEHBIIWX KBajnpaToB (amroputM RLS, ot anrm. Recursive
Least Squares).

3HaUUTEIbHBIC OTIMYMA B (POpPME 3alMCH AJTOPUTMOB 3aTPYIHSAIOT CPAaBHUTEJBHBIM aHAJIN3 UX
CBOWCTB U XapaKTEPUCTHUK.

Lenv uccredosanus — NONYYCHUE DKBUBAJICHTHBIX (OPM 3aIMUCH aJITOPUTMOB PaOOTHI aJarTHB-
HBIX aHTEHHBIX PEIIETOK, MO3BOJSAIONINX paccMaTpUBaTh yKa3aHHBbIE aJTOPUTMBI KaK Pa3HOBUHO-
CTH HekoToporo obodmenHoro LMS-anropurma. B 3ToM ciiyuyae anropuTMbl OTINYAIOTCS MEXAY CO-
00#1 TOJNBKO CKAJSIPHBIM KO3()(PULIHUEHTOM CXOAMMOCTH U MAaTPUYHBIM HOPMHUPYIOIIMM MHOXHUTEIIEM.
CooTBeTCTBEHHO, 00JIer4aeTCsl CPAaBHUTEIBHBIN aHAN3 XapaKTePUCTHK aJITOPHTMOB.

AJNropuTMBI, peanusymomue rpagueHTHbIi MeTon (LMS-anaroputm m ero Moauukanum).
Kmaccnueckuit LMS-anroputm ¢hopMUpOBaHHS BECOBBIX KOA(D(DHUIIMEHTOB MOKET OBITH TIOTYYEH Me-
TOJIOM 3aMEHBI TPOU3BOJHBIX KOHEYHBIMH PA3HOCTSIMH JIJIs1 aHAJIOTOBOTO MPOTOTHUIIA, PEATTU3YIOIETO
IrpaJMeHTHBIN METOJ TOUCKA SKCTpeMyMa (yHKIMOHaa KayecTa [3]:

W(n)=W(n-1)-pK,E (n)Esg (n), (1)
rne Es (n) =K, (n) +ET (n)W(n - l) — BBIXOJIHOM CUT'HaJ YCTPOMCTBA aAaTUBHON IPOCTPAHCTBEHHOMN
00paboTku; Ey(n) — KOMILIEKCHAS AMILIATY/3 BLIXOJHOTO CHIHaJa OCHOBHOIO KaHasa AHTEHHOU pe-
HIETKH; E(n) = [El (n) E, (n) - Ey (n)] — BEKTOP-CTOJIOCI KOMIUIEKCHBIX aMILIUTYI BBIXOIHBIX
CUTHAJIOB KOMIICHCAIIMOHHBIX KaHAJIOB aHTCHHOW pemeTkh; W = [W1 W, - Wy ]T — BEKTOP-CTOJI-
0ell KOMIUIEKCHBIX BECOBBIX KOA(HIHeHToB; T — CHMBOJI TPAaHCIIOHUPOBAHUS MATPHIIBI; * — CHMBOJ
KOMILJIEKCHOTO CONpsiKeHus; K, — KodppHuUUeHT npeoOdpa3oBaHusi, 00CCICUNBAIOUINI BBIIOIHEHUE
TpeOoBaHMM pa3sMEpHOCTH; 1L — Oe3pa3MepHBIN KOI(PHHUIIMEHT CXOIUMOCTH.

Henocrtarkamu anroputma LMS sSBASrOTCS: BO3MOXKHOCTD MOTEPH YCTOWYUBOCTH TIPH HETIPABUIIb-
HOM BBIOOpE K03 puLIMeHTa CXOQUMOCTH; 3aBUCUMOCTD CKOPOCTH CXOAMMOCTH OT MOITHOCTH TIOMEXH.
JocrounctBo anroputma LMS — MUHHMabHAs BEIYMCIUTENbHAS CIOKHOCTD.

ITonpITKOM yCTpaHEHHS! 3aBUCUMOCTH CKOPOCTH CXOAUMOCTU ajroputmMa LMS oT mMomHoCTH 110-
MeX SIBIISIETCS MCIIOb30BaHue HopMaitn3oBanHoro anroputMa NLMS (Normalized LMS). Anroputm
NLMS wucnons3yercs B TeX ciaydasx, Korjna airoput™ LMS He MoxkeT rapaHTHpOBaTh yCTOHYMBOCTh
M3-32 HEU3BECTHBIX XapPaKTEPUCTUK BXOIHOIO CHTHAJA WM NMpH 00pabOTKe HECTallMOHAPHBIX CUTHa-
JIOB ¥ UMEET CIICAYIONTNi BU [2]:

W(n)=W(n-1)-p—;

__
E (n)E(n)

rae H — cumBon SPMHUTOBA COMPSIKCHUS MATPHUILIBIL.

E'(n)-Ex(n), ®)
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biraromapst cpaBHUTENBHON TTPOCTOTE anropuT™ NLMS sBnsercs ogHUM U3 HanboJee 4acTo HC-
MOJIb3YEMBIX.

AnroputM LMS-Newton paccMarpuBaeTcs Kak CIIOCOO YCTpaHEHHsI 3aBHCHMOCTH HEKOTOPBIX
cBoiicTB anroputMa LMS 0oT mapaMeTpoB KOPPEISIIIUOHHONW MAaTPUIIbI [4], OCHOBaH Ha HUCIOJIb30BAHUU
MeTtonia HploTOHa 1 3amnCchIBaeTCs B BUJIE

W(n):W(n—l)—u-lifl(n)-E*(n)-Ez(n), 3)
R n
rne R = 1 > E (k)ET (k) — OlIEHKA KOPPEIISIITUOHHOW MATPHIIBl TPHHIMACMBIX CHUTHAJIOB.
nj—

AJITOPUTMBI HEMOCPEACTBEHHOT 0 o0pamenus MaTpuusl (aaroputm SMI n ero mognduxanun).
ANTrOpuTM HENOCPEICTBEHHOIO0 OOpalleHUs MATPHUIbl MOJYy4E€H METOJOM HAaMMEHbBLIMX KBaIpaToB
[2, 4] 1 onmUCHIBAETCS BEIPAKEHUEM

Ry R=-SE(HET(K)=—R Ry=3E (K)E(k)=rRy;
n

R | L
e Ry=L 3B (), ()= !

" N =1
R=Y E*(k)E" (k)=nR.
k=1

[ns anroputma SMI 3HaueHHEe BECOBOI'0 BEKTOpA ONPEAEISIETCS YUYETOM HE TOIBKO TEKYILEro OT-
cyeTa n BXOJIHBIX CUTHAJIOB, KaK B aJiroput™Me LMS, HO 1 Bcex mpebIAyIIUX OTCYETOB, YTO ONpEe-
JA€T ONTUMANBHOCTh anroputMa SMI no oTHoweHuto K airoputMy LMS B cTannoHapHoil TOMeX0BOI
oOctaHoBKe. B BbIpaskeHUU (4) MaTpUIIbI Ru ﬁo BBEJICHBI 110 TOM NPUYKHE, YTO MPU UX BBIYUCICHUU
B OTJIMYHE OT MaTpPHIL R u lio OTCYTCTBYET HEOOXOJMMOCTh HCIIOJIb30BaHMS 3aTPATHON B BBIUMCIIHU-
TEILHOM OTHOIIICHUH OTIEpaIliy JCICHUS Ha 1 [2].

AJTOPUTM HEMOCPEICTBEHHOr0 OOpAaIeHUsI MAaTPHUIIBI XapaKTePU3yeTcsi OOIBILON BIYUCIUTEIBHON
CJIO’KHOCTBIO M3-32 HEOOXOAMMOCTH OOpaIeHnst MaTPHUIIbI Ha KaXkIoM mrare. [loaTomy mmpokoe pacmpo-
CTpaHEHHUE MOJYUYUII aJITOPUTM MOJTYyUCHHS BECOBOI'O BEKTOPA C UCIOIb30BaHUEM PEKYPPEHTHOIO 00pa-
IIEHUS MaTPHUITEL. PeKyppeHTHBIN criocod 00paIeHusT MaTpUIlEl OCHOBAH Ha €€ TIPEICTaBICHIH B BUIC [4]

~ * -1 * * ~ *
R(n)= S E (KET (k)= S E"(K)ET (k)+E (n)E" (n) =R(n-1)+E" (n)E* (n). (5
k=1 k=1
Matpuna Buaa A + oB*BT o6pamaercs ¢ ucrons3oBanuemM MaTpuuHOro ypasueHus [1, 5]:
i -1 1* T 4 -1
L ©
I1+oE AT E

B »TOoM citydae pekyppeHTHOE BBIpaKEHHE IS MaTPHITLI, oOpaTHOW MaTpwuIie (5), MOKET OBITh 3a-
IMUCAHO CJIEYIOIIUM 00pa3oM:

R (n)=[R(n—1)+E" (0)E ()] =R (n-1)-

nubo, cornacHo [2, 4]:

R (n - I)E* (ﬁn)ET (n)li_1 (n - 1)
1+E" (n)R™' (n=1)E"(n)

(7

. R (n)zli_1 (n—l)—k(n)ET (n)ﬁ_l(n—l), 8)
e k() = R (n—1)E"(n) .
1+E" (n)R™ (n—1)E"(n)

[Ipeobpazyem hopmyiy s ompeneiacHus mepeMeHHOro MaTpudHoro kodddurnenta k(n) ¢ yde-
oM (8):

_ R(DE()
1+E" (n)R™' (n-1)E"(n)

k(n)

NN

k(n) =R (n - I)E* (n) —k(n)ET (n)lﬁl_1 (n —I)E* (n) = (ﬁ_l (n —1) -k (n)ET (n)lﬁl_1 (n —l))E* (n)
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Onnako B cootsetcTBHH ¢ Bhpakennem (8) R™ (n) =R~ (n—1)~k(n)E" (n)R™ (n-1). Cenosa-
TENbHO, MOJKHO 3amucaTh [2, 4]

k(n)zli_1 (n)E* (n) ©)

PexyppernTHas ¢popmyiia OlleHUBaHUS HEITOCPEACTBEHHO BECOBOTO BEKTOPA MOJIYYaeTCs IMyTeEM YM-
HOKEHUSI PEKYPPEHTHOH OlleHKH 00paTHON MaTPHIIBI Ha BEKTOP KOPPEISIHH:

W (n) =R (1) Ry (m) =~R™" (n) Ry (n~1) + E" (n) Ey () =R~ (n) Ry (n~1) ~R™" (n) E" () Ey () =
[ =)k ()E" ()R (n=1)[Ry (n=1)~R™" () (n) £y (n) =
R (n=1)Ry (n=1)+k(n)E" (m)R™" (- I)Ro(n =R () E" (n) Ey () =
W (1=1) =k (m)E () W (n=1)~k () £y () = W (n=1) =k ()] g () + E" (m) W (n 1) | =
=W(n-1)- () (n)'

Taxum 06pa3zom, 3anumeM [2, 4]

W(n)=W(n—-1)-k(n)Es(n), (10)
o W(n)=W(n-1)-R" (n)E" (n)Es (n), (11)
e By (m)=Ey (n)+ ET ()W (n—1); K(m)=— R TVE ) g Rty

T/ \p-I| >
1+E" (n)R™ (n-1)E"(n)
T Rl
—k(n)E (n)R (n —1).
Brrpaxkenns (10) u (11) ynoOHBI 1715 BBITOJIHEHNS BEIYMCICHUH ¢ MUHUMAJIbHBIMHU BHIYUCINTEIb-
HBIMH 3aTpaTaMH, TaK KaK OTCYTCTBYET HEOOXOIHMMOCTb OOpallleHHs] MaTpUlbl U MUHUMHU3UPOBAHBI
BBIUNCIINTEIIbHBIC ONIEPALIUH, IPH 3TOM OZHAKO YCIOKHSACTCS aHAIN3 XapaKTEPUCTUK aJrOpPUTMOB.

o |
YuuteiBas, 4TO B COOTBETCTBUU € (4) R ! (n) =—R"! (n), BeIpaxkeHue (11) Moguduupyem cienyro-
UM 00pa3oM: n

W(n)= W(n—l)—%li_l(n)E*(n)Ez(n). 12)

Uro0Obl 00eCIIeYrTh MPEEMCTBEHHOCTh (POPMBI TOJIYUYSHHOT'O aJIrOpuT™Ma ¢ (hOpMOi paHee OIHUCaH-

HbIX anroputMoB LMS (1) u LMS-Newton (3), nepenuinem (12) B cieayromneM BUe:
W(n)=W(n-1)-pgy (n)R™" (n)E"(n) Eg (n), (13)
1

TIE Hgmy (”) = e

Omnunune anropurMma (13) ot anropurma LMS-Newton (3), 171 KOTOPOTro KOA(PPHUITUSHT CXOUMO-
CTH L SIBIISIETCS KOHCTAaHTOM, 3aKJIFOUAETCS B 3aBHCUMOCTH KO3(pPHIIMEHTa CXOAMMOCTH MSMI(”) oT
HOMEpa UTepaIuu.

Auaroputm RLS. JlanHbIi anropuT™ noapoOHO paccMOTpPEH B [2] U MO3BONSIET YUUTHIBATH HECTa-
IMOHAPHBIA XapakTep o0padaThiBaeMbIX CUTHAJIOB. HauaabHBIN aNTOPUTM BBIYMCIEHUS BECOBBIX KO-
a¢dunuentos no merony RLS [2]:

W, (n)=-R;'Ry;, =—R;' (1) Ry, (n). (14)

OrneHKa MaTpuIl Ril (n) u R, (n), MPUMEHSIEMBIX TIpH (POPMUPOBAHIH BECOBBIX KOI(PPHUITNEHTOB:

R, (n)= z A"FET (K)ET (k)= :z:x""E* (K)ET (k)+E"(n)E" (n),

k=1

Ry, ()= 27 4E" (k) By ()= S0 1K (k) () " (1) Eo (),

rae 0 <A < 1 — mapameTp 3a0bIBaHUS.
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VauTeiBas, 9To

R, (n-1)= 527K (k)ET (k)= lwamET(k),

k=1

ﬁm(n—1>=f(zlx"-k-lE*(k>Eo<k>=; S () (),

OLICHKY MAaTpHII, HCIOJB3yeMbIX TIpU (HOPMUPOBAHUH BECOBBIX KOA(hUIMEHTOB, st Metona RLS
MOYKHO TIPEACTABUTH CIETYIOMNUM 00pa3oM:

R, (n)= Zzzix""‘l«:* (k)E" (k)+E"(n)E" (n) =R, (n—1)+E" (n)E" (n), (15)
fzm(n):gxn-kE*(k)Eo(k)+E*(n)E0(n):mm(n-1)+E*(n)E0(n). (16)

Marpuna Buma A +oB*BT obpamaercs ¢ HCIOTB30BaHHEM MAaTpHYHOrO ypasHeHHs (6).
Co0TBETCTBEHHO, PEKYPPEHTHOE BhIPasKEHHE AJI1 00paTHON MaTPHILIbI 3alIHUILIEM TaK:

-1

ﬁ;\l(n)z[klik(n—l)+E*(n)ET(n)]lzi[ﬁk(n—l)nL%E*(n)ET(n)} -

A 17
zk—lﬁxl(n_l)_X_IR_I(”__I)E ( ) »'ET (”) 1( )
1+A'ET (n)R™ (n=1)E"(n)
Brrpaxkenue (17) MOKHO MpeACTaBUTH B CEAYIOIEM BUE [2, 4]:
R;' (n)=A"'Ry (n=1)=k, (n)A'ET (n)R}! (n 1), (18)

AR (n—1)E*(n)
1+A7E" (n) Ry (n—1)E" (n)
[IpeoOpa3yem BeIpakeHHe IS IEpEMEHHOTr0 MaTpudHoro koddduiuenTta k; (n) ucxoms uz (18):
k, (n)= AR (n—1)E*(n)-k, (n)?flET (n)ﬁil (n-1)E*(n)=
= (AR (n=1) =Xy, (n)AT'ET ()R (n 1)) E” (n).

Opnako B cootBetcTBUU ¢ (17) ﬁ{l(n):k_lﬁil(n—l)—k ( )k 1ET( )R_ (n—l). Crnenosa-
TEJILHO, MOYKHO 3amucarts [2, 4]:

rae kx( )

- .
k, (n)=R; (n)E"(n). 19)
PexyppenTHble HOpMyIIbl OLIEHUBAHMS HEMOCPEICTBEHHO BECOBOIO BEKTOPA MOJyYHM aHAJIOTHYHO

BeipakeHUsM (10) u (11), yMHOKHB pEeKypPPEHTHYIO OI[EHKY OOpaTHOW MaTPHIIBI HA BEKTOP KOppeis-
nuu (2, 4]:

W(n)=W(n-1)-k, (n)Es (n), (20)
o W(n)=W(n-1)-R;' (n)E"(n)Eg (n), 1)
AR (n—1)E"(n) ol

tne By (n)=Eo(n)+E" (n)W(n=1); k; (n)=
—k, (n)2'ET (n)Ry (n-1).

1+~ IET( )Rx (n—l)E*(n), R, (l’l)=}f1ﬁxl(n—l)_

Brrpaxkenus (20) u (21), kax u (10) u (11), yaoOHBI 1151 BBITIOTHEHHUS BBIYUCICHUH ¢ MHHUMAJb-
HBIMHU BBIYUCINUTEIBHBIMH 3aTpaTaMy, IPHU 3TOM YCIOXKHSAETCS aHAJIN3 XapaKTePUCTUK aJTOPUTMOB.
Monudunupyem Bolpakenue (21) cienyrommum o0pa3om:

W(n)=W(n-1)-R;' (n)R(n)R™" (n)E" (n)Es (n). (22)
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Uto0BI 06€CTIeYnTh TPEEMCTBEHHOCTH (DOPMBI TIOJTYISHHOTO alropuTMa ¢ GopMOi paHee OmucaH-
HbIx anroputMoB LMS (1) u LMS-Newton (3), nepenuiem (22):
W(n)=W(n—1)—p.k(n)f{_1(n)E* (n)Eg (n), (23)

TIe W, (n) = R{l (n)ﬁ(n)
Takum obpaszom, amroputMm RLS, Tak ke kak u anroputmbel LMS-Newton u SMI, MoxHO mipen-
CTaBUTh OTIIMYAIONIUMCS OT airoput™Ma LMS MaTpuyHbIM MHOXUTEIEM R™! (n) MpY OTrPAaHUYCHUU HA
JOTIOTHUTEIBHBIA MHOKHUTEE . [Ipu 3TOM oTiimame ot anroputMoB LMS-Newton m SMI 3akiroda-
€TCsl B MHMBUYaJIbHOW 3aBUCUMOCTH OT HOMEpa UTEPAIIMK MHOXUTEIS |, KOTOpasi B 00IIeM cliydae
MPUHUMAET MAaTPUIHBIA XapaKTep R
w, (n)=R;' (n)R(n). (24)
IIpocnenum, kakum oOpa3oM 3aBucUMOCTh (24) mis anroputMma RLS ominuaercs ot panee mony-
yeHHOU 3aBucuMocTH (13) ms anroputma SMI. Tlonaras cocrasistomue Bektopa E(r) oTcueTamu 3p-
TFOJMYCCKUX CTAIMOHAPHBIX CIYYaHBIX MPOIECCOB M HECTAIIMOHAPHBIM TOJIBKO CIyYailHBIN TPOIECC

Ey(n), ycpenHenne no ancam0II0 peam3anuii mporeccoB Bektopa E(1) MOXXHO 3aMEHUTD yCpeTHEHUEM
1o BpeMeHH. B aToM ciyuae npu n — o0 MOXKHO 3amnucats [2, c. 202; 4, p. 311]:

f M HE{E (K)E (k)f = S AR = sz” k. (©25)

k=1

= 3 FE (K)ET ()
k=1

R, (n)

n—»0

n—>0
rie E{*} — omeparus ycpenHeHus 1o aHcamOIto peanu3anuii; R = E {E (k)ET (k)}

Hcnonsizyem GopMyiny CyMMBI 72 YJICHOB T€OMETPUUYECKON TTPOTPECCUU JIJISI OTIPEICIICHU ST 3HAYCHU ST
zn: kn_k .
k=1 a—a,q 1-A""n 1-2"

SAE T e At ) =

- - )
il 1-¢g 1-A 1-A
xk 1
10 _ o L k-l o L Y9
rac al = 7» = 1 — HepBBII/I YJICH, ak = 7u — NOCJICIHNH YJICH, q = — k > 7» 3HAMCHATCJIb I'COMC-
a k
k-1

TPUUYECKON IPOrPECCUM.
Taxum 06pa3om, MOXKHO 3amucars [2, ¢. 203; 4, p. 311]:

-~ n ok 1-A"
R, (n)*RY A" =R——. (26)
k=1 1=
Co0TBETCTBEHHO, 115l 00paTHOW MaTPHIIBI li;l (n) NpUOJIMKEHHOE BhIpakeHue (20) MpruMeT BUA
R;'(n)=~ L N 27)
i }\‘n—k 1-A"

AHaIOTUYHO MPUOTNKEHHOE BRIPAKEHHE TSI MATPHUIIBI R(n) 3aMHIIeTCs CIESAYIOMHUM 00pa3om:

= LS B (k)ET (k)

n—%

R(n)

~E{E"(k)E" (k)} =R, (28)

n—>0
CrenoBaTenbHO, CIIPaBeJINBa TPUOIMIKEHHAS 3aMTUCh TSl QOpMUPOBaHUS BECOBOI'O KOA(h(HUIIHCH-
Ta MmetogoM RLS

W(n) = W(n -1)- liil (n)li(n)lftl (n)E* (n)E2 (n) ~
1-A I-X o) .
1—p" Y R (n)E" (n)Es (n).
Yro0BI 00ECTIEUNTh MPEEMCTBEHHOCTL (POPMBI MOTYYEHHBIX aJrOpuTMOB ¢ (JOPMOH paHee mpen-

cTaBjieHHBIX ainroputMoB LMS u LMS-Newton, nepenurieMm (29) Takum odopa3zom:

W(n)~W(n- 1)—%R (n)E*(n)Es (n)=W(n—1)—p, (n)R™ (n)E"(n)Eg(n), (30)

29)

~W(n-1)- R™'RR™ (n)E"(n)Eg (n)=W(n-1)-

-2
1-A"

TIe Wy (n) =



236 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 230-238

B cooTtBeTcTBHHE ¢ BEIpaskerueM (30) 3HaueHUE K0P PHUIIHEHTA CXOMMMOCTH JIJISI IEPBOTO JUCKPETa

BPEMEHH PaBHO CTUHUIIC:
1-A

1-2!

3HavyeHue Ko3(pUIMEHTAa CXOOUMOCTH HOC/IE OKOHYAHMS MEPEXOAHOr0 Ipolecca, B OTIUYHUE OT
MeTona SMI, He paBHO HYJIIO M ONIPENeIIIeTCs] BBIPAKEHUEM

1-27
JkBuUBajJeHTHasi (popMa 3amucu ajaropuTmoB. [lanHas ¢dopma 3amucw aaTOPUTMOB PaOOTHI
aJIalTUBHBIX AHTCHHBIX PEIICTOK MMEET CIICTY FOIIUN BHI;

W(n)=W(n—-1)-U, (n)=W(n—1)—u(n) f(E(k))E" (n) Eg (n). 33)

OKBUBAJIEHTHAS CTPYKTY pPHasI cxeMa 0000IIeHHOH a1alITUBHON aHTEeHHOM PeIIeTKH, COOTBETCTBYIO-
mast BeIpaxkeHuto (33), mpuBeacHa Ha puc. 1.

1* w(n)

1. 31)

1-. (32)

. ()

|
|

Es(n)

v

Puc. 1. DxBHUBaleHTHAs CTPYKTypHAs cXxeMa 0000ICHHON aJaITHBHON aHTEHHOH PEIIETKH

Fig. 1. Equivalent block diagram of a generalized adaptive antenna array

DOxBUBaJleHTHas (popMa 3aIUCH alTOPUTMOB PaOOTHI aJaNITUBHBIX AaHTEHHBIX PEIIETOK HE MpeaHa-
3HAYCHA NI pealln3alii, TaK KaK MOXET OKa3aTbCs B BEIYMCIUTEIHLHOM OTHOIICHHH 0O0JIee CIIOKHOM
U B psAJIie CIy4acB HOCUT NMPUOIM3UTEIbHBIN XapakTep. OJHaKO OHa 00JIeryaeT CpaBHUTEILHBIN aHAIIN3
aJTOPUTMOB. DKBUBAJICHTHBIE ()OPMBI 3aIHCH aJITOPUTMOB pabOThl alalTUBHBIX aHTEHHBIX PEIICTOK
Y UX TTapaMeTphbl, MPEICTABICHBI B TAOIHUIIE.

DKBHBAJIEHTHBIE (OPMBI AJITOPHTMOB PAGOTHI AAANTHBHBIX AHTEHHBIX PelIeTOK

Equivalent forms of algorithms for the operation of adaptive antenna arrays

Anroputm w(n) JE(k)) Uso (1)
LMS u K, w(n)K,E () E; (n)
NLMS " eoEe | MO e (A
LMS-Newton u ﬁ’l(n) u(n)li’l(n)E*(n)Ez(n)
SMI . R (n) w(n) R (n)E" (n) E, (n)
RLS = R (1) ()R (n)E (1) E, (1)
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Puc. 2. I'paduku 3aBucumocTeil k03hGHUIHEHTa CXOAUMOCTH (1) OT HOMepa UTepa-
LUK 7 IS Pa3IMYHbBIX aJTOPUTMOB

Fig. 2. Graphs of dependences of the coefficient of convergence i(z) on the number
of iterations n for various algorithms

W3 Beipaxkenust (33) 1 TaOAUIBI BUIHO, YTO BCE aJITOPUTMBI pabOTHl UMEIOT €AUHYIO (GOPMY 3aIlu-
CH, a OTIUYAIOTCS KOOPPHUITUSHTOM CXONUMOCTH (1) u HopMupytommel ¢yukiueit f(E(k)), 3aBucsmeit
OT CUTHAJIOB B KOMIICHCAIIMOHHBIX KaHalaX. ['paduku 3aBucuMocTeil koa(hGuiueHTa CX0qUMOCTH [1(71)
OT HOMEpa UTEpally # IPUBEICHBI HA pUC. 2.

3akawouenue. [TonydeHa sxkBUBasieHTHas! pOpMa 3allUCH alrOPUTMOB PabOTHI aIalITUBHBIX aHTCH-
HBIX PEIIETOK, O3BOJISIIONIAs PACCMATPUBATh YKA3aHHbIC aJTOPUTMBI KaK Pa3HOBUIHOCTH HEKOTOPOTO
ob6obmennoro LMS-anroputma. B 3TOM cityyae anropuTMbl OTIUYAIOTCS MEKIY COOOH TOJBKO CKa-
JSIPHBIM KOA(PPHUIHEHTOM CXOIUMOCTH U MATPUYHBIM HOPMUPYIOLIUM MHOXHUTEIIEM.

Anroputm LMS siBrisieTcs Hanbosee MpoCThIM B BEIYUCIUTEIHLHOM CMBICIIE M TPUCTIOCOOIIEH K pado-
TE€ B HECTAI[MOHAPHBIX YCIOBHsIX. OIHAKO €ro OBICTPOACHCTBHE U YCTOMUNBOCTD CUIIBHO 3aBUCAT OT KOP-
PEALIMOHHON MaTPHULbl BXOAHBIX CUI'HAJIOB, YTO 3HAYUTEIIBHO CHU)KAET €0 OTPEOUTENbCKIE KaueCTBa.

Anroputm NLMS ycTtpanser Henoctatok anroputma LMS, cBA3aHHBIN ¢ 3aBUCUMOCTBIO XapakTe-
PHUCTUK HOCJIEAHEr0 OT MOLIHOCTH BXOJIHBIX CUTHAJIOB 33 CUET HCIIOJIb30BAHUSI HOPMHUPYIOLIEIO MHO-

KUTENA H; [Ipu »TOM CcOXpaHsAETCS 3aBUCHMOCTD OBICTPOACHCTBUS M YCTOMIHUBOCTH aJTO-
puT™Ma OT paCpeacICHUs CO6CTBGHHBIX 3HAYCHHU N KOppeHHHHOHHOﬁ MaTpuilbl CUTHAJIOB.

EcTh ocHOBaHMs monarath, 4to anroput™M LMS-Newton obecriedanBaet ociabieHHe 3aBUCUMOCTH
OBICTPOACWCTBHS M YCTOMIMBOCTH OT KOPPETIAIHMOHHON MaTPHUITbI BXOAHBIX CHTHAJIOB 32 CUET HATNINA
HOPMHUPYIOLIET0 MHOKHUTES R (n) KoadpuimeHT cXxoquMOCTH |1 TOCTOSIHEH U 00eCrieunBacT MUHH-
MaJIbHBIE OITMOKH CAMOHACTPONHKH TOJIBKO TIOCIIE OKOHYAHUS TIEPEXOTHOTO MpoIiecca.

Anroputm SMI u ero Mmoaupukanus (peKyppeHTHBIN aIrOpUTM 0OpallleHHs] MaTPHIIBI) CTPOTO OIl-
THMaJIBHBI TOJIBKO B YCJIOBHUSX CTallMOHAPHOW 0OCTaHOBKH. CHUXEHHE 3aBUCHMOCTH CBOWCTB aJro-
puUuTM™Ma OT KOppCHHHHOHHOﬁ MaTpullbl BXOAHBIX CUT'HAJIOB O6€CHC‘II/IB3€TC51 HAaJIMYMUCM HOPMUPYIOLICTO

< 1
MHOxkHuTeIa R (I’l) KOB(l)(I)I/ILII/ICHT CXOOUMOCTU MCHSICTCS 11O 3aKOHY H(I’l) =—Hu O6CCHC‘lI/IBaCT OIITHU-
n

MaJIbHOCTh QJITOPUTMa Ha JTarle MePeXOAHOro MPoIecca, OTHAKO MPUBOIUT K Pa3MbIKAHUIO 00OPaTHOM
CBSI3U TIOCTIE HEKOTOPOTO KOJIMYECTBA IIar0B UTEPAIIHH.

Anroputmbl RLS onTuManbHBI B YCIOBUSX HECTAI[MOHAPHON oOcTaHOBKH. [IpeamonoxutensHoe
CHIDKECHHE 3aBUCUMOCTH CBOMCTB aJTOPHUTMa OT KOPPEIISIIMOHHOW MaTPHUIIBI BXOMHBIX CHTHAJIOB 00¢-
CIICUMBAETCS] HAJIMUUEM HOPMUPYIOIIETO MHOXKHUTEIS R (n) KoadduiueHT cxoqumMocTn MEHsIeTCs

0 3aKOHY u(n) = 11 —

. H 00eCIeYnBaeT ONTHMAIBHOCTh aJITOpUTMa U Ha 3TAllC MCPEXOJHOTO ITPOLECC-

ca, ¥ B yCTAaHOBUBLIEMCS PEXUME. 3HaueHue KOd(QPUIMEHTA CXOAMMOCTU B YCTAHOBUBILEMCS PEKHUME
p(o0)=1-A He paBHO HyIIIO.
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ATIITAPATHASI PEAJIM3ALINSI BEPU®UKAIIMU TUHAMWYECKOM JTYYEBOM
TEPAIIUU

AHHOTanusA. DPPEeKTUBHOCTb MPUMEHEHHSI COBPEMEHHBIX TEXHOJOTHI M METO/OB JIy4eBOTO JEYEHHS 3aBHCUT OT
CPEACTB KOHTPOIIS KaUeCTBA KCILTYaTallMOHHBIX ITapaMeTPOB pPaaroTepaneBTHIecKoro obopynosanus. Bepudukamnus mia-
Ha JTy4EeBOTO JICUEHUS MO3BOJISIET OIEHUTH COOTBETCTBUE JJO30BOTO PACHPEACICHUS, TOCTABICHHOTO K MUIICHH, 3aIlIaHuU-
POBAaHHOMY PAacHpPENEIeHHUIO C IOTPENTHOCTBIO pe3yIbTaTa 00IyUeHN s, He TPEBBIMIAIONICH 3aJaHHYI0 BETNYHHY KPHUTEPHS
npuemsieMocTH. Pa3paboTanbl MHCTPYMEHTANIbHBIE CPEACTBA AJIS OLEHKH TPEXMEPHOI'O J1030BOT0 PaclpeeIeHUs IJIaHOB
Jy4eBOH Tepamuu ¢ MOLYyJIAlHUell HHTEHCUBHOCTH, MCIIOIb3Ys BEIMUUHY a0COITIOTHOM 103kl oOny4eHus. IIpoBenen ananus
CYLIECTBYIOLINX TEXHUUECKUX CPEJCTB U METOAMK MPOBEICHUS BepH(DUKAIINH TJIAHOB JIy4eBON Tepally Ha MEIUIIMHCKUX
JTUHEHHBIX YCKOPUTEISAX 3JIEKTPOHOB, a TAKKE BBISIBICHBI UX HEJOCTATKH. [Ioka3aHo, 9YTO JaHHBIC METOJUKHU OCYIIECTBIC-
HUS BepU(UKAIIIH TPEXMEPHOTO T030BOTO PAaCHpeAeIeHNs] He Jaf0oT TOYHOTO MPECTaBIeHUsI 00 aOCONMIOTHBIX 3HAYEHUSIX
JI03BI U3JTY4YCHUs] B MUIICHH. [Ipe/yioKeHbl CHCTeMa B METO/], O3BOJISIONIEe MTOBBICUTH TOYHOCTD IIPOBEACHUS BepH(pHKa-
L[MM IIJIaHa JTy4eBOU Tepalny 3a CUET UCIIOIB30BAHUS MOJIYYEHHOT0 KPOCC-KaIuOPOBOYHOT0 K03 (DHUIIMEHTA ONPEAEIIeMOro
C y4eTOM 3HaUEHHUs paJIaI[HOHHOTO BBIXO/1a MEIUIIMHCKOTO INHEHHOTO YCKOPUTESI HEMOCPEACTBEHHO B MOMEHT OCYIIECTB-
JIeHUs KaK JJaHHOW TPOLETy b, TAaK M CEaHCa JTy4eBOH TepannH, a TAk)Ke CIoco0 MpoBeaeHUs BepH(DUKAI[UH TIaHa Ty4eBOH
TEpaIuy C UX MPUMCHEHHEM.

KuioueBbie ci10Ba: TyueBas Tepamus, JNHEHHEIH YCKOPUTEIH JICKTPOHOB, BepH(UKAIIHS, MOTYJISINS HHTCHCUBHOCTH,
J103a U3JIy4EHUs,, TPEXMEPHOE 1030BOE paclpeaeeHue, paAualluOHHbII BEIXO]

Jast nurupoBanus: [letkeBnu, M.H. AnnapatHas peanusanusi BepuUKaUK TUHAMAYECKON JIy4yeBOW Tepamuu /
M. H. llerkeBuy, E. B. TutoBu4 // Bec. Hau. akazn. naByk benapyci. Cep. ¢i3.-taxH. HaByk. —2022. — T. 67, Ne2. — C. 239-249.
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HARDWARE IMPLEMENTATION OF DYNAMIC RADIATION THERAPY VERIFICATION

Abstract. The effectiveness of the use of modern technologies and methods of radiation treatment depends on the means
of quality control of the operational parameters of the radiotherapy equipment. The development of technical means for veri-
fication of the radiation therapy plan, allowing accurate assessment of the three-dimensional dose distribution in the target, is
a priority task when introducing innovative methods of radiation treatment. The aim of the work is to develop tools for assess-
ing the three-dimensional dose distribution of radiation therapy plans with intensity modulation using the magnitude of the
absolute radiation dose. The authors analyzed the existing technical means and methods for verifying radiation therapy plans
on medical linear electron accelerators, and also identified their shortcomings. It is shown that these techniques for verifying
the three-dimensional dose distribution do not give an accurate idea of the absolute values of the radiation dose in the target.
A system and a method are proposed that allows improving the accuracy of the verification of the radiation therapy plan by
using the obtained cross-calibration coefficient determined taking into account the value of the radiation output of the medical
linear accelerator immediately at the time of the implementation of both this procedure and the radiation therapy session, as
well as a method for verifying the plan radiation therapy with their use.
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BBenenue. B coBpeMeHHO# BBICOKOTEXHOJIOTHIHON JIYUEeBON Teparuu sl 00eCTIeueHNsI BRICOKOU
TOYHOCTH MOABEACHUS 3aMJIAHUPOBAHHON J03bl U3IYUYCHHUSI K MUIICHU MPOBOAITCS MPOLETYPHl KOH-
TPOJIA KauecTBa BCEX DKCILTYyaTAlMOHHBIX MapaMeTpoB panOTEeparieBTUYecKoro odopymoBanus [l1].
HccrneayroTess 1 KOHTPOJIUPYIOTCS MPUYMHBI BOSHUKHOBEHUS OMIMOOK BO BpeMs IMpollecca MIIaHUPO-
BaHMS 00JydYeHHs, ITpoIiecca Nnepeaadr JaHHBIX BHYTPH OHKOJIOTMYECKON MHPOPMAITMOHHONW CHCTEMBI
(OMC), a TaksKe MpH MPOBEICHUH POLCAYP CUMYIISIIIMKA U HEMOCPEACTBEHHO 00myueHus [2]. OxHoit u3
TaKUX KOMIUIEKCHBIX MTPOBEPOK SIBIAETCS BepuduKanus mianoB ydeBoii Tepanuu (JIT). [lox Bepudu-
Kalyel IiaHa JIy4eBOro JISYeHHsI TOHUMAaIOT HE3aBUCUMYI0 KOMIUIEKCHYIO TIPOBEPKY, MOATBEPIK a0~
LIy COOTBETCTBHUE J030BOT0 PACIIPEACIICHH S, JOCTABICHHOTO K MUIIICHH, 3aIlJIAHUPOBAHHOMY pacIipe-
JIEJIEHUIO C TTOTPEIIHOCTHIO pe3yiabTaTa O0IydeH s, He TIPEBHIIIAIONIEH 3aJaHHYI0 BETNUYNHY KPUTEPUS
npuemsieMocTs («MTHCTPYKIUS 10 MPUMEHEHHUIO: METOJIbI JO3UMETPUIYECKOTO COMPOBOXKICHHS BBICO-
KOTEXHOJIOTHIHON JTy9YeBOU Teparumy, YTBEpPKAeHa MHUHUCTEPCTBOM 3MIpaBoOXpaHeHUs PecyOmnku
benapycs 27.11.2014).

[Iponenypa Bepudrkammy geqeOHOT0 TIaHa TPEIIIECTBYET KypCy OONyUYeHHS KaXkJIOTO MaIlMeHTa
U OCYIIECTBIISICTCS C MPUMEHEHUEM JO3UMETPUUECCKUX IIJICHOK, IBYMEPHOI'0 MAaTPUUHOTO aHalnU3aTopa
oJIsT TMOO WHTETPUPOBAHHOTO B JIMHEHHBIN YCKOPHTENb AJIEKTPOHHOTO JETEKTOpa MOPTAJIBHBIX H30-
opaxenuii (DAI1N) [1]. Bepudukaius ¢ UCIOIb30BAHUEM JIO3UMETPUUYCCKON TUICHKH 00ECIeunBacT
MaKCHMAaJbHYIO pa3pelaronyo crnocooHocts. OQHAKO MpoIeaypa mepeBofa MOTyUYeHHBIX 3HAYCHHH
B a0COJIOTHYIO /103y CJOXKHA, JJIUTENIbHA M JOPOrOCTOAIIA M3-32 HEOOXOJUMOCTHU IPOSABIICHUS PEHT-
T€HOBCKOM TICHKH, UCTIOH30BAHUS MTPEIIM3UOHHOTO JICHCUTOMETPa, ero KaanOpoBku. KauecTBo momy-
YEeHHOU TO3UMETPUUECKON HH(OPMAIIIH TaKKE CUIBLHO 3aBUCUT OT CTAOMIIBHOCTH CBOWCTB MTPOSIBUTEIS,
COOJIFOJICHHST YCIIOBUH TIPOSIBOYHOW KOMHATHI M BO3MOXKHOCTH KOPPEKTHPOBKHU apTe(aKkToB, MOTyUeH-
HBIX B Ipoliecce moay4deHus n3odpaxenus [3]. [Ipu ncnonp30BaHNM MHTETPUPOBAHHOTO B JINHEHHBIN
YCKOPUTEIb AIEKTPOHHOTO JETEKTOpa MOPTAIbHBIX W300paKCHUU MPOM3BOJUTCS CPaBHEHUE pacCuu-
TaHHBIX MJIAHUPYIONIEH CUCTEMOH W TOCTABICHHBIX METUITMHCKAM JTMHEWHBIM YCKOPUTEIEM pacIpeie-
JICHUH 03bI B IIaHUpPYIOMIel cucteme. OCHOBHBIM METOJOM OLIEHKH CIY>KUT raMMa-UHICKCHPOBAHHUE.
[IpomsBonuTcst Takke CpaBHEHNE BHEOCEBBIX PAaCIpPENCICHUI 03I M 3HAYEHUH /103 B OTACIBHBIX TOU-
Kax OUEHKH. JIJ1si KOppeKTHOro u3MepeHust abCOMOTHOro 3HaueHus1 ¢ nomoinbsio DTN Heobxomuma
MpenBapuTeNbHas KaJTUOPOBKa KaK MEXaHMYECKHX, TaK U JIO3UMETPUUECKUX €ro apaMeTpoB [4].

Bepudukanus ¢ ucronb30BaHUEM MATPUYHOTO aHAIU3aTOPa IOJIsl B HACTOSIIEE BPEMsl SIBISETCS
HanOoJee pacpoCTpaHEHHOH MpOoIelypol MPOBEPKH IIaHa OOiydeHus nanueHTa. OHa HauMHAETCS
C mepepacueTa JJO30BOT0 pacipeaeeHus 00 TIaHa 00My4YeHUs IIETUKOM, MO0 B KaKJIOM CEKTOpe
00Jy4eHUs B OTIEIBHOCTH, HA 00BEM PEKOHCTPYHPOBAHHOTO B KOMIBIOTEPHOHN CHCTEME IIAHUPOBA-
nus oonyuenus (KCIIO) BepudukanuonHoro ¢pantoma. B nanpHeiieMm AByMepHOe TUO0 TpeXMepHOe
MpEeACTaBICHUE KOMILIEKCHOTO J030BOro pacmpeaenenus sxcnoptupyetcs uz KCIIO 8 OUC nnsa mo-
CIIEIYIOIIET0 CPAaBHEHUS C PeallbHbIM J030BBIM paciipe/ieIeHneM, H3MEPEHHBIM Ha YCKOPUTEIE /10 Ha-
yaJja JIyueBOro jeueHus naueHTa [3].

CrnemyeT OTMETHTD, UTO JAHHBIE CITOCOOBI OCYIIECTBIICHHS BepU(PUKAIMH JeueOHOTO TIIaHa TTaly-
€HTa HE JaI0T TOYHOTO IMPEJICTABICHUS 00 a0COIIOTHBIX 3HAUEHHUSX 103kl B 00beMe (paHTOMa (Tee
MaIMeHTa), MOCKOIBKY OHU MCIIONB3YIOT IS MTepexoa K eUHUIIAM TIOTJIONIEHHOH 10361 KOO(PQHUITHEHT
Kpocc-KaTuOpOBKU (K(yoss) M, COOTBETCTBEHHO, TPEHEOPETAIOT LIETBIM PSJIOM BEIUYUH, KOTOPHIE MO-
T'yT MOBJIMATH HAa BETUYNHY JOCTABIISIEMOI TIOTJIONIEHHOH /103bl. PeanbHy10 OLIEHKY TOCTaBKH J030BOTO
pacmpenesieHus IpeaCcTaBIseTCs] BO3MOXKHBIM MOTYUYUTb, HCIIONb3Ysl METOJ il Vivo JO3UMETPHUH B cOoYe-
TaHWUHU C OJTHUM M3 OMMCAHHBIX BBIIIE METOIOB BepU(UKAIIUH JI030BBIX pACIIPE/IeIICHUH.

B nacTosmuii MOMEHT MPOBEJCHHUE in ViVo JO3UMETPHUU SIBISETCS EIUHCTBEHHBIM CIIOCOOOM OIle-
HUTH J03Y M3IYyUYCHHs, KOTOPas AOCTABISAETCA MAIUEHTY HEMOCPEACTBEHHO B MOMEHT MPOBEACHUS
MpoLeAYpHl O0yUYeHHS, U, CIENOBATENbHO, if Vivo JO3UMETPUS HCIOIb3YeTCs B KauyecTBE JOMOJIHU-
TEIBHOIO (B psiJie KIMHUK 0053aTeIbHOr0 K MPUMEHEHHIO) CPEICTBA KOHTPOJIS KAueCTBa CEAHCOB BbI-
COKOTEXHOJIOTHYHOM NTydeBor Tepanuu. ClieayeT OTMETHTh, UYTO JaHHAs MPOIeypa PEKOMEHI0BaHA
MATATD k BHEIPEHUIO B KIIMHUYECKYIO MTPAKTUKY PAJIUOTEPANICBTHUYCCKUX OTICICHUI METUIIMHCKIX
YUPEKICHUN OHKOJIOTHIESCKOTO MPOMUIIS U ABIISICTCS 00s3aTEILHON B psilie cTpaH EBporelickoro coro-
3a B Ka4eCTBE JIOTIOJIHUTENBHOTO CPEACTBA KOHTPOJIA KaueCTBa OCYILECTBICHHS BCEro Mpolecca Jryye-
BOM Tepamnuu B LEJIoM [5, 6].
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In vivo 103UMETp TIpEACTaBIsIeT co00it HAOOp in Vivo JETEKTOPOB W HEOOXOIUMOTO 000PYIOBAHMUS
JUTSl CYNTBHIBAHMSI, HHTEPIPETAIIMH U JUCKPETHOTO MPECTABICHUS PE3yJIBTaTOB U3MEPEHUH B KaXI0H
U3 TOYeK OIeHKH [7-9]. In vivo NeTeKTOphl MOTYT OBITH pa3/ieIeHbl Ha JIBe KaTerOpUH: AETEKTOPHI, T0-
3BOJISIFOIIIME TIONYYHUTh PE3YJIbTaT B PEaJibHOM BPEMEHH; JCTEKTOPBI, TPEOYIOUINE JONOIHUTEIBHOM
obOpabotku. K merekTopam, TpeOyrOIHUM JIOTIOJIHUTEIBHOW 00paOOTKHU ISl TIOJTYyYEHUS PEe3yIIbTaToB,
OTHOCSITCSl TEPMOTIIOMUHECIIeHTHBIE 1o3uMeTpsl (TJI/]) 1 onTruecku cTUMyaupyemMble TIOMUHECIIEHT-
Hbie no3umeTpsl (OCJLM). [IppumeHeHre TaHHOTO THIIA IETEKTOPOB MPH U3MEPEHHUH HE J]aeT BUAUMOTO
pe3yibrarta cpasy mocie ux o0iydeHus, a TpeOyeT AOMOIHUTEIBHOM 00paboTKH ISl UX MHTEpIpeTa-
MU C MCHOJIb30BAHNUEM CIELUATU3UPOBAHHOTO 000pYyIOBaHUs [6], UTO AenaeT HEBO3MOXKHBIM UX HC-
MOJIb30BaHNE TTPU MTPOBEICHUH BEPU(DHUKAIIUH C LETBIO OIIEHKHU 3HAYEeHHUs pauallMOHHOr0 Bbixoaa JIY
BCJIEACTBHE TOT'O, YTO J030BOE pacipeesieHie He00X0IUMO CKOPPEKTHPOBATh MEPEl OCYILECTBICHUEM
€ro OIeHKHU. B cBs3M ¢ ’TUM HEOOXOIMUMBIM MPEACTABISETCS NCTIOIB30BAaHUE JETEKTOPOB, TIO3BOISIIO-
HIMX MOJYYUTh Pe3yJbTaThl B peaJbHOM BpeMeHU. K HUM OTHOCSITCSI AMOIHBIC IETEKTOPHI U MOJICBbIC
TpaH3uCTOpHI, ucnonbp3ytomue MOII-addekT. Hanbomee pacrnpocTpaHEeHHBIMH IETEKTOPAMH 3TOTO
TUTA JJIA i1 Vivo JO3UMETPUU SIBISIOTCS JUOAHBIE. JTO O0YCIOBJICHO BO3MOYXHOCTBHIO HENPEPHIBHO-
T0 CYUTBHIBAHUS AAHHBIX B mporiecce o0imydeHus (4to HeBbrmomanMo st TJI] uw OCJIM), ux mMHOTO-
KpaTHOTO HCIIOJIb30BaHUsl 0€3 Cephe3HOT0 YXYALICHHUS YYBCTBUTEIBHOCTH (U4TO WCKIIOUACTCS AJIS
MOII-TpaH3uCTOPOB) U OTHOCUTEIIBHON HEBBICOKOM T1eHOH (B cpaBHeHUU ¢ MOII-Tpan3uctopamu) [5].

CrnenyeT Takke OTMETHTh, YTO BCE PACCMOTPEHHBIE BHUJIBI AETEKTOPOB HYKJAIOTCS B MpeBapH-
TEIBHON KPOCC-KaIMOPOBKE MX J030BOTO OTBETA OTHOCHTEIBHO OTBETA aTTECTOBAHHOW MOHM3AI[UOH-
HOW KaMephbl IIpY MPOBEICHNN 00TyUeHN ONOPHBIM PaIHAIlMOHHBIM TIOJEM Ui OCYIIECTBICHUS KOP-
PEKIIMH BIMSIONINX Ha pe3yiIbTaT U3MEpPEeHN BennyuH [1].

Ha ocHoBanm# mpoOBEIEHHOTO aHAIM3a OCHOBHBIX METOMOB BepU(HUKAIIUU JO30BBIX pPacIpeaesIeHHH
aBTOPaMU CJieJlaH BBIBOA, YTO C yUETOM MMeEIOIIerocs: B PecryOaukaHCcKOM HayYHO-IIPAKTUYECKOM IIeH-
TpE OHKOJIOTHH ¥ METUITMHCKOH paauoiornn nveHn H. H. AnexcanapoBa no3uMeTpraeckoro o6opyaoBa-
HUS UCIIONIb30BaHNE MAaTPUYHOIO JETEKTOPA B COYETAHUU C MOITYTIPOBOIHUKOBBIMHU i1 Vivo IETEKTOPAMHU
JUTSL OCYIIECTBIICHHS TIPOIIETY Pbl BepH(DUKAIINH TPEXMEPHOTO TO30BOTO PACTIPEICIeHUS TIPEACTaBIAETCS
MPEATIOYTHTEIEHBIM METOIOM C IETIBIO 00eCTICUeHHU S paJHalIOHHON 0€30MacHOCTH NalieHTOB.

Taxum o0pazom, yensb danHol pabomol — pa3padoTKa 000CHOBAHHON CHCTEMBI M METO/IA ISl OlIeH-
KM TPEXMEPHOTO T030BOTO paclpeAeseHus MJIAHOB JIyUYeBOW Tepaluy ¢ MOAYJIsALINEeNd HHTEHCUBHOCTH,
YTO TO3BOJUT IMOBBICUTH TOYHOCTh BEPU(UKAIIMU JTyYEBOH TEpanuu 3a CYET WUCHOIB30BAHUSA K rosss
OTIPEAETAEMOr0 C YYETOM 3HAYEHHs PaJUAIMOHHOTO BBIXOAA MEAUIIMHCKOIO JIMHEHHOTO YCKOPHUTENS
HEMOCPEICTBEHHO B MOMEHT OCYLIECTBIIEHUS JaHHOW MTPOLIENY PBI.

YerpoiicTBa 1 npoBeieHus Bepupukanum mjiaHa jJydeBoi tepanuu. Ha ceronHsamHui 1eHpb
HaunOoJIbIIee pacpoCTpaHEHUE MOy YHIIN YCTPOMCTBA I IPOBEICHHS BEpUPUKALINH TIJIaHa JIy YeBOH
Tepanuy ¢ ABYMEPHBIMHU U TPEXMEPHBIMHU aHalIM3aTopaMu mojs. VX mmpokoe mpuMeHeHne 00yCIIOB-
JICHO BBICOKOU 3((EKTUBHOCTHIO MPOBEACHUS KOHTPOJIS JO3UMETPHUECKUX XapaKTEPUCTHK MTydKa HO-
HU3HUPYIOMIET0 N3ITYUYSHHS MEUITNHCKOTO IMHEHHOTO YCKOPUTEIIS DIIEKTPOHOB.

OnHUM U3 MPUMEPOB YCTPOHCTBA AJIsl TPOBEIECHUS BepU(UKALIUHU TIIAHOB JTy4eBOW TEpaIuu sIBIsI-
ercs parnTom MatriXX xommanunu IBA, nmpeacrasstonuiii co0oi TBep0e TEIO0 MPSIMOYToIbHON (hop-
MBI urHOU 314 MM, mupunoit 340 MM u BbicOTOM 340 CM, U3rOTOBJICHHOE M3 TKAHEUMUTHPYIOIIECTO
MarepHuasia (BOIHBIM 3KBUBaJIeHT ¢ morpemHocTbio < 0,5 %) (MatriXX — Universal Detector Array.
URL: https:/www.iba-dosimetry.com/product/matrixx-universal-detector-array). YcTpoicTBO OocHaIIe-
HO MAaTPUYHBIM JIETEKTOPOM MOHHM3AIMOHHOW KaMephl MatriXX ¢ BEHTUIUPYEMBbIMH MOHHU3AI[UOHHBI-
MH KaMepaMH, Kax/as 3 KOTOpbIX HMeeT 06beM 80 Mm>. HeocTaTkoM JaHHOrO yCTPOHCTBA SIBIISETCS
TO, YTO OHO HE J]a€T TOYHOI'O MPEACTaBICHUS 00 aOCOMIOTHBIX 3HAYCHUSIX JI03bI U3ITYUCHHS B 00beMe
(haHTOMA M HE MTO3BOJIAET OCYIIECTBIATH OIIEHKY TPEXMEPHOTO JO30BOTO pacmpeesieHus 6e3 mpoBese-
HUSL IOTOTHUTENBHBIX JO3UMETPUUYCCKUX H3MEPEHHH apaMeTpoB (haHToMa.

Eme ogarM mpumMepoM ycTporcTBa T TPOBEIeHUs Bepru(UKaIlNY TUTAHOB JTy9eBOW TEPAITuu SBIIS-
ercsa pantom ArcCheck kommanuu Sun Nuclear. [TogctaBka ycTpoiicTBa BBIIIOTHEHA B BUAE METAIJIONIA-
CTHKOBOTO KapKaca Ha YeThIPeX PEryIHpPYyeMBIX TI0 BBICOTE HOKKaxX ¢ BhleMKo# st (hanToma ArcCheck
(ArcCHECK. URL: https://www.sunnuclear.com/products/arccheck). ®antom ArcCheck npencrapisier
co0o¥ TBEpAOE TEJO MHINHIPUYECKO (hopMBbl arameTpoM 270 MM u uTiHOM 430 MM, U3TOTOBIICHHOE U3



242 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 2, pp. 239-249

ITOJMMETHIMETAKPHIIA CO BCTPOCHHOI CIIMPAIbHOM CeTKOIT AeTeKTopoB oobemoM 0,019 mm>. danToM co-
JEPKUT MOJIOCTh AuaMeTpoM 150 MM /17151 BCTaBOK M3 TKAaHEAKBUBAJICHTHBIX MaTepralioB. HemoctaTkamu
YKa3aHHOTO YCTPOMCTBA SBISIOTCS HETOYHOCTh MPENICTABICHUS 00 aOCOMOTHBIX 3HAYEHUSX JT03BI U3ITY-
4yeHus B 00beme paHTOMa, a TakKe TO, YTO M3ITyUSHHE MalaeT Ha IETEKTOPbI yCTPOMCTBA HE IO/ TPSIMBIM
YTJIOM, YTO BHOCHT JIOTIOTHUTEIIBHYIO TIOTPEITHOCTh B N3MEPEHHBIE BEIIMIHHBL

Takxe cienyer otMeTuTh Gantom Octavius 4D kommanun PTW, Hanbonee mUpoOKo HUCIONb3Ye-
MBIH KIMHUYECKUMHU YUPEKISHUSIME MIPH MPOBEICHUH BEPUPHUKAIINY TIaHA JIY4eBOU Teparuu. DTOT
(haHTOM MpescTaBIsieT OO0 TBEpAOE TEJIO MUIUHAPUICCKOH GopMbl nuamMeTpoM 320 MM U JIJTHHOU
343 MM, U3TOTOBJICHHOE W3 MOJIMCTUPOIIA (BOIHBII SKBUBAJICHT C MOTPEITHOCTHIO < 2 %) ¢ OTBEpCTHEM
MPSIMOYTOJBHOM (OPMBI B TIEHTpe (aHTOMa JIJIsi BCTABKM MATPUYHOTO JIETEKTOpa C MOHU3AI[HOHHBI-
MU KaMepaMHu. Tesio KpenuTesl Ha MOJACTaBKY, MPEACTABIISIONIY0 COOOH METaJNIONIACTUKOBBINH KapKac
C YETBIPHMS PEryINPYEMBIMH TIO0 BBICOTE HOKKAMH C BBIEMKOMW /ISt ()aHTOMA, YTO MO3BOJISIET YCTAHO-
BUTH YCTPOUCTBO Ha MOBEPXHOCTH JIEYEOHOTO CTOJIA MEAULMHCKOTO JTHHEHHOTO YCKOPUTEIS MPH TIPO-
BenmeHnu Bepudukamuy 1aHa rydeBoi Tepanun (Octavius. URL: https:/www.ptwdosimetry.com/en/
products/octavius-4d). HemocTaTkoM JaHHOTO yCTPOMCTBA TaKkKe SIBJISETCS TO, YTO OHO HE JIaeT TOY-
HOTO TIpeJ/ICTaBJICHHS 00 aOCONFOTHBIX 3HAYCHUSIX J03bI B 00heMe paHTOMa, MOCKOIBKY IS TIepexoaa
K eMHUIAM TOTJIOMIEHHOH 03I UCIIONB3YIOT K(ross, IPEHEOpETasi TAKMM 00pa30M HENbIM PsIIOM He-
00XOIMMBIX HH(POPMAIIMOHHBIX JAHHBIX, KOTOPHIE BIHSIIOT HA BEIMYHHY JJOCTABIISIEMOU ITOTIOMICHHON
JI03bI [IPH CeaHce Jy4eBoi Tepanuu. JlanHbIi GaHTOM MPUHSAT 3a MPOTOTUN pa3padaThiBaeMOi aBTOpa-
MH CUCTEMBI.

Pa3paGoTka cucTembl [1Jis1 IPOBeIeHUsI Bepu(PUKAIMY Jy4eBoii Tepanuu. 3aaueii pazpadaThl-
BaEeMOH CHCTEMBI SIBIISIETCS TIOBBILICHNE TOYHOCTHU MPOBEICHUS BepU(UKALIUHU JIyIEBOH TepaIuu.

J1s perieHust moCcTaBICHHOM 3a/1aqy CO3/IaH0 YCTPOUCTBO (pHC. 1), BKITIOUAIOIIee METAJIOTIIACTH-
KOBYIO MOACTABKY Ha YETHIPEX PETyJIUPYEMBIX MO BBICOTE HOKKAX C BBIEMKOH JJIsl pa3MeLIeHUs Ha Hell
Bepu(puKanmOHHOTO (haHTOMA, MPEACTABIISIIONIETO COO0 TBEPAOE TEIIO ITUINHAPUUIECKON (OPMBI Tra-
MeTpoM 320 MM u AJIHOM 343 MM, U3rOTOBJIEHHOTO M3 MOJUCTHPOJA (BOJHBIN 3KBUBAJIEHT C MOTpell-
HOCTBIO <2 %). B 1IeHTpe BepupuKanoHHOTO (paHTOMa MPEYCMOTPEHO OTBEPCTHE MPSIMOYTOIBHOM
(hopMBI I BCTABKH MaTPUYHOTO JIETEKTOPa C MOHU3AMOHHBIMH KaMEpaMH, OTIIMYAIOIIEeCsl TEM, YTO

PITW OCTAVIUS Detector

Puc. 1. Cuctema 17151 mpoBeieHHsI Bepr(UKAIIUH MJIaHA JIy4eBOH Tepanmuu: / — MOJCTaBKa Ha YETHIPEX PEeryIHpyeMbIX HOX-

Kax JUisl pa3MelleHus] Ha Hell BepudukauuoHHOro (aHToMa, 2 — TBEPAOTENbHBIN LUIMHAPUYIECKON Bepr(UKAMOHHBIIT

(danTOM, 3 — OTBEpCTHE /ISl BCTABKH MAaTPUYHOTO JIETEKTOpA ¢ MOHM3aLMOHHBIMU KaMepamH, 4 — TOJIyHPOBOJIHUKOBBIH

KPEMHUEBBIH JUOJHBINA IETEKTOP MOHM3UPYIOLIEI0 U3IYyUCHHS, 5 — MATPUYHBIN JETEKTOP ¢ MOHU3ALMOHHBIMU KaMEepaMU;

a — BHEITHUI BUJ BepH(UKAIMOHHOTO (paHTOMA, b — MATPUUHBIN AETEKTOP C HOHU3AIIMOHHBIMU KaMepaMH, BCTABISEMBIH
B BepH(DUKAITMOHHBINA (GaHTOM

Fig. 1. System for verifying the radiation therapy plan: / — a stand on four adjustable legs for placing a verification phantom

on it, 2 — solid cylindrical verification phantom, 3 — hole for inserting a matrix detector with ionization chambers, 4 —

semiconductor silicon diode detector of ionizing radiation, 5 — matrix detector with ionization chambers; a — appearance of
the verification phantom, b — array detector with ionization chambers inserted into the verification phantom
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JIOTIOTHATENFHO Ha TOBEPXHOCTH BEPUPHUKAIMOHHOTO (paHTOMAa B TEPECEUYCHUH IEHTPAIBHBIX OCeH
CUMMETPHUU OTIOPHOTO IOJIS (TOYKE BBIXOJIA H3TYUYEHUS U3 ()aHTOMA) YCTAHOBJICH TIOJTYITPOBOTHUKOBBIM
KPEMHHEBBII THOIHBIN NETEKTOP HOHU3UPYIOMIETO U3y YEeHHU S, MOJKIIOUYEHHBIA K I03UMETPY, C YIIIOM
HakjoHa mTaTtuBa 305°.

Cucrema it IpOBeIeHUsT BEPUPHUKAIINN TIJIaHa JTYYEBOW TEPaIMy CONEPKHUT: MOJCTABKY, B BUC
METaJIJIOIIACTHKOBOIO KapKaca ¢ YeThIPbMS PEryJupyeMbIMH MO BBICOTE HOXKAMH C BBIEMKOW JJId
BepupHrKanuoHHOTO (haHToMa (/), TBEPAOE TENO HMUIUHIPUUECKOW (POPMBI U3 MOTUCTUPOIA (BOAHBIH
9KBUBAJICHT C MOTPEITHOCTRIO < 2 %) nuametrpom 320 MM u ayirHOU 343 MM (2) ¢ OTBEPCTUEM MIPSMO-
yroJabHON GOpMBI (3) B IEHTPE 151 BCTABKH MATPUYHOTO JIETEKTOPa C MIOHU3AIMOHHBIMU KaMepami ()
Y TIOJTYITPOBOTHIKOBBIM KPEMHUEBBIN JUOJHBIN AETEKTOP HOHU3UPYIOMIETO 3Ty ICHUS (4).

Meton BepudUuKauKy Ty4eBOH Tepanuu 3aKJrodaeTcs B clieayromleM. BepupukannonHsiii haH-
TOM OPUTHHAIBHON KOHCTPYKIIMH YCTaHABIMBAIOT HA MOJCTABKE HAa YETHIPEX PETYIUPYEMBIX HOKKaX
Ha CTOJI KOMIIBIOTEPHOr0 ToMmorpada u ckaHupytot ero. [lonydenHoe TpexmepHoe n300pakeHHe Tie-
penarmT B CHUCTEMY IUITaHMPOBaHUS 00aydeHHs. OCyIHIeCTBISIIOT pacueT THUIIOBOTO IIaHA OOTydeHUS
(pasmep nosst oomyueHus 10X 10 cM, kosnnmuecTBO MOHUTOPHBIX eauHuI 200 ME) st mocnenytoriero
BBEIYUCITCHUS K(poss C UCTIOIB30BAHUEM OOBEMHOT'0 M300pakeHUsI BepUPUKAITHOHHOTO GaHToMa. JIIst
MOJTYUYCHHS OTIOPHOTO 00BEMHOI'0 JI030BOTO pacnpenesieHus: B tupoBoM Gpopmare, HEOOXOIUMOTO ISt
OTIpeieNIieHUs] OTKJIOHEHHS YCIOBUH 00IyUYeHUS OT IMPEIIHUCAaHHOT0, IIPOBOIST SKCIIOPT PACCYUTAHHOTO
MJIaHa U3 KOMIIBIOTEPHOH CHCTEMBI TUTAHUPOBaHUS 00yueHus. Bepudukanonusiii paHTOM ycTaHaB-
JUBAIOT B MTO3UIHIO BEPUPHUKAIINH.

ABTOpBI MpeIaraloT OPUTHHAIBHYIO HOBYIO CXEMY YCTaHOBKH BepH(UKAIMOHHOTO (paHTOMa IS
MIPOBEJICHUST KPOCC-KaTUOPOBKU: HA JIEUEOHOM CTOJIE YCTAaHABIMBACTCS TBEPAOTEIbHBIN MIHHIPUYC-
cKkHil Bepu(UKaIMOHHBIN GanToM. Ha ero moBepXHOCTH B MEpeceyeHn  IEHTPAIbHBIX OCel cuMMe-
TPUU OMOPHOTO MO (TOYKE BBIXOAA MU3IIYUYCHHS M3 (paHTOMa) KPEMUTCS TOITYIIPOBOJHUKOBBIH KpeM-
HUEBBINA JTUOAHBINA JETEKTOP HMOHU3UPYIOIIETO M3JIy4YEeHHUs, MOJAKIIOUEHHBIH K JO3UMETpy. Yros Ha-
KJIOHA ImTatuBa cocTaBisieT 305°. PaccuuthiBaeTcs 3HaUCHUE K(poss. [IpH 9TOM IS €70 OnpeaeneHust
C WCIIOJIb30BAHMEM PACCUYUTAHHBIX JO30BBIX PACIPENeICHNUN ISl KaTHOPOBOYHOTO IO U3MEPSIOTCS
JIBa 3HAYCHMsI MHTEHCUBHOCTH U3JIyUEHUS: B M30LEHTPE BEPUPUKAIIMOHHOrO (paHTOMa A MpoBee-
HUS KPOCC-KaJUOPOBKU C WCIIONB30BAHMEM MATPHUUYHOTO JIETEKTOPa C MOHWU3AIMOHHBIMH KaMepaMu
Y TIOKa3aHUsl MONYTPOBOJHUKOBOI'O KPEMHUEBOTO JUOAHOTO JIETEKTOPAa HOHU3UPYIOIIETO U3TyUEHHUs.
3HaueHne Kposs PACCYUTHIBACTCS KaK CpeHee apruMeTHIeCKOe IBYX 3HAYCHU HHTEHCUBHOCTH H3ITY-
YeHUSs (ABYX BEITUUHH).

Bepudukanus miaHa 1y4eBod Teparuy OCyIIECTBISETCS ITyTEM CpaBHEHUS OIOPHOTO (paccunTaH-
HOT0) 00bEMHOT'0 JI030BOT0 PAaCIPECIICHHUS C pacipelielieHHeM JI03bl, PeallbHO 00Ty YeHHBIM Ha JIMHEH-
HOM YCKOPHTEJIC U3MEPEHHBIM MAaTPUUYHBIM JETEKTOPOM C MOHU3ALUOHHBIMU KaMepaMu, CKOPPEKTH-
POBAHHBIM Ha TOITYYEHHBIN K(oss C UCTIOTB30BAHUEM METO/Ia TaMMa-WHIEKCHPOBAHUS C 3aJaHHBIMH
napaMeTpaMy UHJICKCAIHH.

TexHuyecKuil pe3ysibraT, KOTOPbIA JIOCTUTAETCS TPU pealin3alliy NpeiiaraeMoro ycTpomcTBa Jiist
MPOBEJICHU S BepUPHUKALMH TJIaHA JTyYSBON TEparuu, 3aKJIF0UYaeTCs B TIOBBIIIICHUN TOYHOCTH MPOBEIC-
HUS Bepu(UKAIUU TIJIAHOB JIy9YEeBOM TEpamuy 3a CYET MPUMEHEHUs IOYITPOBOAHHUKOBOTO THOIHOTO
JIETEKTOpa MOHU3HUPYIOIIETO H3JIYyUYeHUs, TOAKIIOYEHHOr0 K J03MMETpYy € YIJIOM HakJIOHA IITaTHBa
305°, m mcnonb30BaHus 3HAYCHUSA Kiross, OMPENENAEMOro IMyTEM CPABHEHUS IOJIYYEHHOIO JI030BOI0
pacrperesieHus ¢ pacCYMTaHHBIM CUCTEMON TUIAHUPOBAHUS 110 3aIaHHON QopMyIie.

Takum 00pa3om, IpeIaraeMoe YCTPOHCTBO Il TPOBEACHUS Bepu(UKaIUH TIIaHa JIy4eBOU Tepa-
MUY pellaeT MOCTaBICHHYIO 33/1a4y TOBBIIICHUS TOYHOCTH MPOBEACHUS BepH(DUKALINHY TITaHA JTyYeBOH
TEepanuu ¥ MOXKET OBITh PEKOMEHJ/JIOBAHO K HCIOJIb30BAHUIO B KIMHUYECKOH MPAKTUKE MEIUIIMHCKUX
YUPEKICHUH OHKOJIOTHUECKOTO TTPOQHIISL.

O6ocHoBaHHE MeTO/Ia MPOBeAeHUs Bepupukannu gydeBoii Tepanumn. [Iporenypa Bepudpukannu
njaHa o0JydeHUsI B COOTBETCTBHH C MPEMIOKEHHBIM aBTOPAMH METOJIOM HAaYMHAETCS C Iepepacdera
JI030BOTO pacIpesielieHNs] B YCIOBUSAX CEaHCa TeParuyi OHKOJIOTHYECKOT0 MalleHTa ¢ UCTIOJIb30BaHUEM
00BbEMHOT0 H300paKEHNH BEPHPUKAITMOHHOTO (paHTOMA. 3aTeM OCYIIECTBIISCTCS H3MEPEHUE JO3BI U3-
JyYCHUsSI MATPUYHBIM JICTCKTOPOM, KOTOPBIH SIBJISICTCS YaCThIO BepU(DUKAIIMOHHOTO (haHTOMA U TIOME-
LICH B paJlallMOHHOE M0JI€ BMECTO TeJla NalueHTa [7].
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st KoppeKkTHO BepuUKaIi HHANBUIYAIBHOTO JT030BOTO PACIpeesieHHs B 00IIeM cirydae He-
00XOIMMOM SBIISIETCS TIPOIEAYypa KPOCC-KaTMOPOBKH MaTpUIHOTO AeTekTopa. C 3TOM IeNTbI0 aBTOpaMHu
OBIJIO MPEIOKEHO KAJIMOPOBOYHOE TIOJIE CO CICAYIONIMMU MapaMeTpaMu: yroi HakJIoHa ImTtatusa 0°,
yroi noBopota kotumaTtopa 0°, pazmep paguanuoHHoro mnois 10X 10 cm, 200 MOHUTOPHBIX €TUHUIL
(ME), u3nyuenue — GpoToHbI ¢ SHepruei renepanuu 6 MaB. CpaBHeHHE NOITYUYSHHOTO J030BOTO pac-
MIpe/IeIeHNs] B pe3ysIbTaTe pealn3alii TAKOro CeaHca ¢ PaCCUNTAaHHBIM MO3BOJISAET HAMTH KPOCC-Kalu-
OpoBoUHBIA KOG GUITHEHT (K(yoss) KAK PACCIUTAHHOE CHCTEMOU TIJIAHUPOBAHUS COOTHOIIICHHE 3HAUe-
HUSI HOHU3AIIWX B IEHTPATBHON TOYKE OMOPHOTO MOl 00TydeHNS U 3HAYCHHU I, U3MEPEHHOT'O JIETEKTO-
POM B LIEHTPAJIBHOM TOYKE OTIOPHOTO ITOJISI OOy YCHHSI.

Paccuntannoe nnaHupyrOMENR CUCTEMON 3HAUEHUE TOUEYHOM NOTJIOIEHHON T03bI:

71032 B U30LIEHTPE J03UMETpUYeckoro (aHTtoMa (B IEHTPE JCTEKTOpa) JJIsSl MPOBEACHUSI Kpocc-
KaJTUOPOBKY C HCIIOTb30BAHUEM JIETEKTOPAa MAaTPUIHOTO aHaiau3aropa — 2,566 I'p;

7032 Ha TIyOWHE 15 MM OT TOYKM BXO/a My9YKa MOHU3HUPYIOMIETO W3IYUYEHHS IS IPOBENCHUS
KPOCC-KaJTUOPOBKH C HCIIOIB30BaHKUEM in vivo mo3umeTpa — 2,808 I'p.

C 1enpl0 yCTaHOBJICHHS ONTHMAJIBHOW METOIMKH BEPU(PHKALUK, KOTOpas MO3BOJIMAIIA OBl y4ecTh
3HAUCHUE PAAUAIMOHHOTO BHIXOAA MEIUIIMHCKOTO IMHEHHOT0 YCKOPUTENS, & TAKXKE JIJI YCTAHOBJICHUS
OTKJIOHEHUHN K(poss, KOTOPBIE MOTYT OBITH MOJYUYEHBI C UCIIOJIB30BAHUEM PacCMaTPHUBAEMbBIX METOJIOB,
aBTOpaM# OBLIM TIPOBEJICHBI KCIIEPUMEHTAJIBHBIC U3MEPEHUST JTAHHOTO KOX(PQHIIMEHTA ISl CIEAYIO-
IIUX CITy9aeB.

1. Hcnonvzosanue nokazauuti moabKo YeHmpaibHo20 0emeKmopa Mampuybsl.

danToM 0€3 3aKpeluIeHHOr0 Ha HEM Juojia O0Jaydald KajauOpOBOYHBIM TMOJIEM H3JIyYeHUS.
H3mepenHble EHTPAIbHBIM JETEKTOPOM 3HAUCHUSI U PACCUUTAHHBIC BETUUUHBI K(poss TPEICTABICHBI
B Ta0mI. 1.

Tab6nuuoma 1. 3HaueHHs, H3MepeHHbIe HEHTPATBHBIM JeTeKTOPOM MATPHIILI B IIEHTPAJILHON TOYKe OMOPHOT0
noJjs odaydenus (I'p), u paccyuTaHHBbIE BeJIHYHHBI KPOCC-KATNOPOBOYHOT0 KO3 (ppunmenTa Kcyoss

Table 1. Values measured by the central detector of the matrix at the central point of the reference field
of irradiation (Gy) and calculated values of the cross-calibration coefficient K¢,

VYcioBue nuzamepeHuit M, M, M; M, Ms My M; Mg My Mo CpeaHee 3HaueHHe
LlenTpanbHblil AETEKTOP
MaTPHIIBI 2,568 | 2,566 | 2,570 | 2,568 | 2,568 | 2,564 | 2,570 | 2,568 | 2,564 | 2,566 | 2,567+0,002
Bennunna Kcyoss 0,999 | 1,000 | 0,998 | 0,999 | 0,999 | 1,001 | 0,998 | 0,999 | 1,001 | 1,000 | 0,999+0,001

Hcnonb3oBanue moryuyeHHOTO Kcposs HE MPEACTABIISCTCS ONTUMATbHBIM, TAK KaK HE YYUTHIBACT pa-
JIUAITMOHHBINA BBIXOJl TUHEHHOTO YCKOPUTEA.

2. Hcnonvzosanue noxkazanuii 0uooa 6 mouxe xo0d uUsryyeHus U YeHmpaibHo2o 0emeKmopa ma-
mpuybl.

Bepudukannonusiii GaHTOM ¢ 3aKpEIICHHBIM
Ha HEM B IIEHTPAJIBHON TOUYKE BXO/a M3ITYUCHHS
auonoM (puc. 2) obnmyydanu KaJnOpOBOYHBIM TIO-
neM. V3MepeHHbIE TUOMHBIM JIETEKTOPOM H IIeH-
TPaJILHBIM JIETEKTOPOM MAaTPHUIIbI 3HAYCHUSI, & TaK-
JKE€ PACCUMTAHHBIC BEIHYUHBI K(poss MPEICTABIIC-
HbI B TaOII. 2.

[lokazanusi ¢ LEHTPaNIBHOTO JCTEKTOpa Ma-
TPHUIIBI IPH 3aKPETIICHHOM B IIEHTPAJIBHON TOYKE
BXOJ/Ia JIMOJIC HE MPEACTABIISIOTCS KOPPEKTHBIMHU
¥ BO3MOKHBIMH K HCIIOJIb30BAHUIO MTPH OTIpeIeie-
HUH K(poss- ITO CBSI3AHO C TEM, UTO IIEHTPATbHBIN
JIETEKTOP TIEPEKPHIBAJICS THOIOM Ha TTPOTSIKEHIH
BCEro mpolecca 00JIyYeHuUSI.

Fig. 2. Fixing the diode at the point of entry of radiation on Tem He MeHee MOC/E MPOBEICHHS MHOTOYHC-
the verification phantom JICHHBIX I/I3MepeHI/II‘/'I JJIsl LEHTPAJIbHOI'O JIETEK-

Puc. 2. Kpennenne nuoaa B TOUYKE BXOJa U3Ty4EHUs HA Be-
puduKaoHHOM (GaHTOME



Becui Hanpisnanbuail akajomii naByk benapyci. Cepbist dizika-oxuiunbix HaByk. 2022. T. 67, Ne2. C. 239-249 245

TOpa MaTPHIBI C 3aKPEIUICHHBIM HA MOBEPXHOCTH (paHTOMA IUOIOM M 0e3 Hero ObUIO yCTaHOBIICHO,
YTO BEJIMYMHY, Ha KOTOPYIO YMEHBIIAIOTCS IOKa3aHUs IIEHTPAJIBHOIO JETEKTOpa MaTPHUIbl, BO3MOKHO
y4ecTh pacueTHBIM criocoO0M. Pe3ynbpraTel n3MepeHuil mpeacTaBiIeHbl B Ta0I. 3.

TaO6numnoa 2. 3HavyeHHs 103bl, H3MePEHHbIE HEHTPAJIbHBIM 1eTEKTOPOM MATPHIILI B IIeHTPAILHOI TOUKe
OINOPHOIO0 105 00/ 1y4eH I, U 3HAYeHH I 103bl, H3MePeHHbIe IH0I0M B To4YKe BXo/a uzaydenus (I'p)

Table 2. Dosevalues measured by the central detector of the matrix at the central point of the reference
radiation field and dose values measured by the diode at the radiation input point (Gy)

Ycnosue namepeHuit M, M, M; M, Ms My M, Mg My M CpenHee 3HaUeHHE
LlenTpanbHbIil 1ETEKTOP
MaTpPHIIBI 2,370 12,374 {2,380 | 2,372 | 2,368 | 2,370 | 2,376 | 2,372 | 2,374 | 2,368 | 2,372+0,004
Benununna Kcyoss 17151 HEHTpaIb-
HOTO JIETEKTOpa MaTpPUIIbI 1,083 | 1,081 | 1,078 | 1,082 | 1,084 | 1,083 | 1,080 | 1,082 | 1,081 | 1,084 | 1,082+0,002
JluonHbIi 1eTEKTOp 2,82712,828 (2,826 (2,827 (2,828 (2,826 | 2,826 | 2,828 | 2,827 | 2,826 | 2,827+0,001
Benununna Kcyoss 10151 AHOAA 0,993 1 0,993 10,994 | 0,993 | 0,993 | 0,994 | 0,994 | 0,993 | 0,993 | 0,994 | 0,993+0,001

Taonuna 3. BeanyuHa n3MeHeHUs 3HAYEHHS MOKA3AHHUS EHTPAJIBHOI0 1eTEKTOPAa MATPHIBI ¢ THOTOM
u 6e3 Hero (I'p)

Table 3. The magnitude of the change in the value of the reading of the central detector of the matrix
with and without a diode (Gy)
. Cpennee
Venosme wsmepernii | My | My | Ms | My | Ms | Mg | My | My | My | Mo | M | Miy | My | Mg | Mis | Mi | Miy | Mi | Mio | Mg | 25000
HenrpanbHplii w|lo|lo|lw|lew|t|lo|le|t|o|lo|n|l~|w|lv|lw|loc|v|alwv
S| R[S || |R|oc|lo|d|8|lo|m|[8 ||| ||| 8| 2567+
JIRTEKTOp MATPH- | w4y |y | 0 | | |G [ in |0 a0 | n v | g n | g n | in g | n | n
11 6e3 uona Nla|alalad|la]ld|lala|ad|a]ladlalalad|oala] o o] e 0002
CHTPAJIbHBIHN o o w| ol o o | o 0 o
Hentp RIS |IRIE |2 | IZT | B |2 ||| ¥ 2|38 2373
ETEKTOp MATPH- | @ | | a | | er oo @@ alalalalalalalalalal o
I C ZIHOMIOM dld|la|ld|lald|ld|lald|la|ld|ld|d|d|a|a|d]d| | )
Bennunna usme-
HCHUS 3HAYCHU A wlalolv|lg|x(x|(e|o|e(v(v(v (|l alS]T] 0195+
[e))} [©)) (e (@) (=] (e [*)) (=)} (o)} (=)} (o)} (o)} [o)} [o)} 0 [o)} [e)) [o)} (=3 [e)) )
TIOKa3aHus CH- =Y Bl e BB Y By el Bl ey Bl Bl Bl Bl BaY B BaY BaY Bl BN Bl 0.003
(=) (e} [} (e} S (=) (e} (e} o (e} (e (e} [e=} (=] [e=} [e=} o (e}
TPAJBHOTO JETEK- i < ’
TOpa MaTPUIIBI

3. HUcnonvzoeanue nokasanuti OU0008 8 MouKe 6X00d U 8blX00a U3NYUEeHUs MAMPUYbL.
Ha BepudukanmoHHblii (aHTOM CBEpPXY U CHH3Y B IIEHTPAJIBHON TOYKE BXOJIA M BBIXO/IA U3TyUSHHS
OBLIH 3aKpPEIUICHBI MOJTYNPOBOIHUKOBBIE JUOABI (pHC. 3).

Puc. 3. Kpenenue nuonos cBepxy (a) u cHu3y (b) Ha BepuduKanoHHoM GaHToMe

Fig. 3. Fixing diodes from above (a) and below (b) on the verification phantom
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OO0irydeHue mpOBOAIIIOCH 3aJaHHBIM KaTHOPOBOYHBIM TI0JIEM. Pe3ypTaTsl pecTaBIeHEI B Ta0M. 4.

Taonunga 4. 3HayeHHs 103bl, H3MepPeHHbIe 1H0AaMU Nel U 2 B IeHTPaJIbHOI TOYKe BX0/1a M BbIX0/1a
W3JIy4eHHsl, U 3HAYEHHUSI 103b], H3MePEeHHbIe HeHTPAJIbHBIM 1eTeKTOPOM MATPHIbI B IEHTPAJIbHON TOYKE OIIOPHOTO
noJsi o6my4denust (I'p)

Table 4. Dosevalues measured by diodes no. 1 and 2 at the central point of entry and exit of radiation and dose
values measured by the central detector of the matrix at the central point of the reference radiation field (Gy)

Yenosue n3mepeHuii M, M, M, M, Ms My M, Mg My M Cpe/Hee 3HaUeHHE
HenTpanbHblit
JETEKTOP MaTPHIIBI 2,370 | 2,374 | 2,380 | 2,372 | 2,368 | 2,370 | 2,376 | 2,372 | 2,374 | 2,368 | 2,372+0,004

Benuunna Keyoss
TSl IEHTPAIBHOTO
JIETeKTOpa MaTPHIIBI 1,083 | 1,081 | 1,078 | 1,082 | 1,084 | 1,083 | 1,080 | 1,082 | 1,081 | 1,084 | 1,082+0,002

Juon Ne 1 ceepxy 2,827 | 2,828 | 2,826 | 2,827 | 2,828 | 2,826 | 2,826 | 2,828 | 2,827 | 2,826 | 2,827+0,001
Bennunna Ko

st quoga Ne 1 0,993 | 0,993 | 0,994 | 0,993 | 0,993 | 0,994 | 0,994 | 0,993 | 0,993 | 0,994 | 0,993+0,001
Jwox Ne2 cHuzy 0,706 | 0,718 | 0,746 | 0,807 | 0,767 | 0,707 | 0,728 | 0,719 | 0,746 | 0,808 | 0,745+0,038

B xozme mpoBeneHms SKCTIEpUMEHTATBHBIX HCCIeIOBAaHUI OBLIO YCTAaHOBIIEHO, YTO KPETNIEHHUE HIK-
HETOo JMOJIa [IPH YIJIe HAaKJIOHA ITaThuBa 0° sIBJISETCS HEONTUMAJIBHBIM U 110 3TOW MPUYMHE HETOYHBIM,
YTO TPUBOJUT K HEOOXOIUMOCTH BbIOOpa OoJiee yI0OHOTO TIOJOKEHUSI IITATUBA YCKOPUTENS JUIsl OCY-
IIECTBJICHUS JAHHOTO JICHCTBHSI.

4. Huoo ceepxy u cHU3y, HAKIOH UWMAMUBA YCKOPUMEISL HA Y20]l YOOOHbIU 0151 KpenieHus Ouooos.

Ha Bepudukaimonselii paHTOM CBepXy M CHU3Y B IIEHTPAJIBHON TOYKE BXOJla M BhIXOJa ObLIU 3a-
KpEeTIeHBI IOy TTPOBOIHUKOBBIE THOMIBI (pucC. 4).

OO6nyueHre MPOBOAMIOCH CTaHJAPTHBIM KaJIMOPOBOYHBIM TIOJIEM TIPH yTJIe HaKjoHa mtatuBa 305°.
PesynbraThel n3MepeHuit pecTaBiICHbI B Ta0I. 5.

[Ipn w3MeHeHWH yTila HAKIJIOHA MITATHUBA TMOKAa3aHWS JHONA, 3aKPEIUIEHHOTO CBEpXY, M3MEHH-
JINCh HECYIIECTBEHHO.

Takxke OBUIM PacCMOTPEHBI Pa3lIMUHBIE METOJbl KPEILICHUS TOJIYIPOBOJHUKOBBIX JCTEKTOPOB
Ha BepuukanmoHHOM (aHTOME, MpencTaBlIeHHbIE Ha pHUC. 5. Pe3yiasrarel m3MepeHui MPHUBEICHBI
B Tab. 6.

[o pe3ynbraraM MpOBEICHHBIX U3MEPECHHI OBLIU C/IeTIaHbl BBIBOIBI, YTO TIOKA3aHUSI TIOJTYITPOBOI-
HUKOBBIX JHO/IOB HE 3aBHUCAT OT CIIOCO0A UX KPETUICHUS.

W3mepeHus MPOBOAMIKMCH Ui Pa3HBIX KOM-
OuHanuii TUONOB cBepXy u cHu3y. HecMoTps Ha
TO YTO OHH OBLIN OTKAINOPOBAHBI B OJMHAKOBBIX
YCIIOBHSIX, TOKa3aHUS ISl JHONOB, 3aKpeIIeH-
HBIX CHHU3Y, pa3lU4aloTcs MEXIy CO0OH, 4TO
JieJlaeT HeMpPUEeMJIEMBIM HCIOJIb30BaHUE JHOJA
B TOYKE BBIXO/Ia M3JIy4YeHHS U3 (paHTOMA IS OCy-
HIECTBJICHUS M3MEPEHUH MPHU TaKOM CHocode Ka-
TUOPOBKY JHOIHBIX JIETEKTOPOB.

JlarHast mpoOema OblTa pereHa myTeM peKa-
nuOpoBkU noj0B Ne2, 4, 6 Ha BBIXOJIHYIO JI03Yy
n3iyueHus. [loBTOpHBIE H3MEpeHHs TOKa3alu,
YTO BEIWYWHBI, TONYYEHHBIE 3aKpETUICHHBIMHU
CHU3Y IMOJIaMH, OTJIMYAJINCh HECYIIIECTBEHHO.

Ha ocHoBaHWM TMpPOBENEHHBIX 3KCIICPHUMEH-
TallbHBIX HWCCIIEJIOBAaHUM aBTOpaMHu ObLIa TIpe-

Fig. 4. Fastening the diode at the point of entry of radiation NIOeHA CICAYIONAs CXeMa YCTAHOBKH (aHTOMa

on the verification phantom at the angle of inclination of the ~ AJI% HIPOBCICHUA kpocc-kanubposku. Ha seue6-
accelerator gantry 305° HOM CTOJIE YCTaHABIMBAECTCS BEPH(PUKAITMOHHBIN

Puc. 4. Kpensnenune nuona B TOUYKE BXOAAa M3JIYyUYEHHUS Ha
BepUPHUKATUOHHOM (aHTOME HpPU yTIJe HAKJIOHA IITATHBA
yckopurens 305°
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Tabnuua S5 3HayeHUs 103bl, H3MepeHHbIE THogaMu Ne3 U 4 B IeHTPAJIbHOIi TOYKe BX0J1a M BBIX0Ja
U3JIy4YeHUs], U 3HAYEHHUS 103bl, H3MEPEeHHbIE IEHTPAJIbHBIM A1eTEKTOPOM MATPUIbI B IEHTPAJIbHOH TOYKe ONOPHOI0
noJjst 00.1yqyenus (I'p)

Table 5. Dosevalues measured by diodes no. 3 and 4 at the central point of entry and exit of radiation and dose
values measured by the central detector of the matrix at the central point of the reference radiation field (Gy)

VYcenoBue nuzmepeHunit M, M, M; My Ms M; M Mg My My CpenHee 3HaYeHHE
LenTpanbHblii
JIETEKTOP MaTpPHIIbI 2,370 | 2,374 | 2,380 | 2,372 | 2,368 | 2,370 | 2,376 | 2,372 | 2,374 | 2,368 | 2,372+0,004
Bennunna K¢pogs

JUTSI IEHTPaJILHOTO
JIETEKTOpa MaTpPUILbI 1,083 | 1,081 | 1,078 | 1,082 | 1,084 | 1,083 | 1,080 | 1,082 | 1,081 | 1,084 | 1,082+0,002

Juon Ne3 cBepxy 2,850 | 2,848 | 2,849 | 2,847 | 2,849 | 2,850 | 2,847 | 2,847 | 2,850 | 2,849 | 2,849+0,001
Bennunna K¢y

st quona Ne3 0,985 | 0,986 | 0,986 | 0,986 | 0,986 | 0,985 | 0,986 | 0,986 | 0,985 | 0,986 | 0,986+0,001
Juon Ne4 cuusy 0,578 | 0,564 | 0,598 | 0,576 | 0,562 | 0,594 | 0,576 | 0,562 | 0,578 | 0,586 | 0,577+0,013

Tao6nwumoma 6. 3HavueHHs 103bI, H3MePEeHHbIe PAa3HBIMH KOMOMHAIIMSIMHA THOA0B B IEHTPAJbHON TOYKe BX0AA
H BbIXoa u3iay4enus (I'p)

Table 6. Dosevalues measured by different combinations of diodes at the central point of radiation input

and output (Gy)
Venosue mavepermii | M, | My, | My | My | Ms | Mg | My | My | My | My | Cpenncesnavenne

Kombunayus Ne 1

Jluox Ne 1 ceepxy 2,827 | 2,828 | 2,826 | 2,827 | 2,828 | 2,826 | 2,826 | 2,828 | 2,827 | 2,826 | 2,827+0,001

Juon Ne2 cHuzy 0,706 | 0,718 | 0,746 | 0,807 | 0,767 | 0,707 | 0,728 | 0,719 | 0,746 | 0,808 | 0,745+0,038
Kombunayus Ne 2

Jnox Ne3 cBepxy 2,850 | 2,848 | 2,849 | 2,847 | 2,849 | 2,850 | 2,847 | 2,847 | 2,850 | 2,849 | 2,849+0,001

Juox Ned cHusy 0,578 | 0,564 | 0,598 | 0,576 | 0,562 | 0,594 | 0,576 | 0,562 | 0,578 | 0,586 | 0,577+0,013
Kombunayus Ne 3

Juox Ne5 ceepxy 2,834 | 2,835 | 2,838 | 2,835 | 2,836 | 2,836 | 2,837 | 2,838 | 2,834 | 2,836 | 2,836+0,001

Jluox Ne 6 cHu3y 0,603 | 0,605 | 0,615 | 0,601 | 0,608 | 0,611 | 0,611 | 0,617 | 0,604 | 0,605 | 0,608+0,005

p

Puc. 5. Crioco0bI KperneHus MoaynpOBOJHHKOBBIX IHOI0B

Fig. 5. Methods of fastening semiconductor diodes

tanTom Octavius 4D. Ha ero nmoBepxHOCTH B IIGHTPaJIBbHON TOUYKE OMOPHOTO TOJISI (TOYKaX BXO/a U BbI-
X0Jla U3JIy4eHHUs B (aHTOM) 3aKPEIUISIIOTCS OIYIPOBOIHUKOBBIC JUObI, HOAKIIOUCHHBIE K JO3UMETPY
VIVODOS. Bepudukannonusiii paHTOM C 3aKperICHHBIM Ha HEM MOJYTPOBOAHUKOBBIM JTHOAOM 00-
Jy4aeTcsi KaJIMOPOBOYHBIM 1oJjieM (JOTOHHOTO M3JIy4yeHus sHeprueit 6 MaB, pasmepom 10X 10 cm ¢ us-
BECTHBIM KOJINYECTBOM MOHUTOPHBIX eauHull (200 ME). O6my4eHue npoBOIUTCS IO YTIIOM HAKJIOHA
mratuBa 305°.
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brina mpoBeneHa Kpocc-KaauOpoBKa ¢ MPUMEHEHUEM in Vivo W3MEPEHUN M03bI. 3HAUYCHHE K(yogs
OMPENEIsIIOCh YTEM CPaBHEHUSI ITOJYYEHHOT' O I030BOT0 PaCIpeIeiiCHUsI C pACCUUTAHHBIM ILNIAHUPYIO-
el CUCTEMOM 110 popmyJie

KCross = DREFO /M REFO>» (M

rne Drppo — 3Ha4€HUE J03bI B LEHTPAIBHONW TOUKE PEMEPHOro MOJsi 00NydeHus (CTaTHYeCKoe IMoJie
10 X'10 cm), paccuyuTaHHOE CHCTEMOW TUTAHMPOBAHUSA, MPU TPOBENECHUU OONYUYSHHS C HAIPaBIICHUA,
MEePIEeHAUKYIISIPHOTO TOBEPXHOCTH TIOCKOT0 IETEKTOpa HOHU3UPYIOIIETO U3ITyYeHUs CBepXY; MRgro —
H3MEPEHHOE IMOJI0M 3HaUCHUE BXOJHOM 03I TP MPOBEICHUH O0IYUYCHHUSI C HAITPaBJICHU S, IEPIICH U~
KYJISIPHOTO TIOBEPXHOCTH JTHOJIA.

B ciydae mcnonp30BaHMs 3HAUCHUH BBIXOTHOM JT03BI pacdeT Kcyoss OCYIIECTBISECTCS COTIACHO BBI-
pakeHUIO

1 2-D calc D, calc (2)

Cross — ~
2\ M, refDin + kshD M, refDout M, refA kshA

rae D, — 3Hauenue n03bl, paccuutanoe KCIIO; M,qrpi, — U3MEPEHHOE BXOAHBIM AUOAOM 3HAYCHUE
1103bl; Mefpout — M3MEPEHHOE BBIXOIHBIM JTHOOM 3HAUEHUE JI03bI; kg, p— KOIDPUIIMEHT yUUTHIBAIOIIHI
3aCJIOH BBIXOJHOTO THONA;kgh 4 — KOADPHUITUEHT yUUTHIBAIOMIMI 3aCIIOH IEHTPAIBHOTO JIETEKTOpa Ma-
TPULIBL

3akioueHue. ABTOpaMH IMPOBENCH aHANHN3 CYMICCTBYIOINX TEXHUYECKUX CPEACTB U METOAHK
MIPOBEACHUS BepU(DUKAIIMH TITAHOB JIYUEBOH TEpauy Ha MEAUIITMHCKUX JTUHEHHBIX YCKOPUTEISAX DIICK-
TpoHOB. [IpenoxeHsl cucTeMa U METOA, KOTOPBIE MO3BOJISIIOT MOBBICUTH TOUHOCTH MIPOBEACHUS TAaHHOK
MPOLICAYPHI 32 CUET OPUTHMHATBHON KOHCTPYKIIMU U UCIIOJIB30BAHUS TIOJYYSHHOTO KPOCC-KaInOpOBOY-
HOTO KOd(h(DHUITHEHTA, OTPEALSITAEMOTO C YISTOM 3HAUCHUS PAAHAIIHOHHOTO BBIX0Ja METUITUHCKOTO JIH-
HEHHOT0 YCKOPUTEISI HETIOCPEICTBEHHO B MOMEHT OCYIIIECTBIICHHS TAaHHOU MPOLIEAYPHI U CeaHca JIyde-
BOH Tepanuu, a TaK¥kKe Croco0d MPoBeACHMS BepU(UKAIIMY IJIaHa JTy4YeBOM Tepariu ¢ UX TPUMEHECHUEM.
OO0rydeHne MpOBOIMIIOCH CO CICAYIONTUMH IMapaMeTpaMy KaJTHOPOBOYHOTO TIOJIS: SHEPTHS U3ITYUCHU S
6 MbhB, pasmep nons 10 x 10 cM, komudecTBO MOHUTOPHBIX eawHUI] 200, MomHOCTH 0361 6 ['p/MUH,
yroi HakJioHa mratuBa 305°, yron noBopota kosuinMaropa 0°. IToaynpoBOIHHUKOBBIN AUOA Kpenmuics
Ha TMOBEpXHOCTH (haHTOMa B TOYKE BXOJa M3IydeHHs. B kauecTBe ko3 dunneHta Kpocc-KaanOpoBKH
WCTIOJIB30BAJIOCh 3HAUEHUE, IOy YeHHOE TPU H3MEPEHUH C TIOMOIIBIO i1 ViVO I03UMETPa BXOIHOM J03HI.

[Ipu npoBeneHUU MPOIETYPBl KPOCC-KAITHMOPOBKU OBLIH CAENIAHBI BEIBOJBI O TOM, YTO TOKa3aHUSI
TTOJTYTIPOBOTHUKOBBIX TMOIOB HE 3aBUCST OT YIJIa HAKJIOHA IITATHBA JIMHEHHOTO YCKOPHUTES U OT CIIO-
co0a uX KperuieHus Ha BepupukanrnoHHoM GanTome. [lpr 3ToM mokazaHus s pa3TuIHbIX TUOJI0B O
HOTO THIIa U KaJTHMOPOBAaHHBIX B OJHUX YCIIOBHSX, 3aKPEIICHHBIX Ha (DaHTOME ¢ 0OpaTHOW CTOPOHBI OT
HaIPABJICHUS TTyYKa W3TyUYCHHS JIMHCHHOTO YCKOPUTEISI, 3HAYUTEIIBHO Pa3HUINCh, 9TO TTOTPeOOBAIO
WX peKaJIMOPOBKH Ha BBIXOIHYIO 03y OOIyUYCHUS.
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EMERGENCY SITUATIONS AT BELARUSIAN NPP

Abstract. The expediency of using Weather Research and Forecasting (WRF) numerical weather forecast model as
a source of meteorological data during modeling of radioactive substances transfer in the atmosphere is considered, WRF
technical details are briefly described. As the reference emergency scenario, the scenario of the maximum design accident
hypothetically occurring at Belarusian Nuclear Power Plant (BeINPP) 12 UTC 21.03.2021 was chosen. Four numerical exper-
iments with Global Forecast System (GFS) and WRF meteorological data and RIMPUFF and LASAT atmospheric diffusion
models were performed in JRODOS Decision Support Systems (DSS). For each experiment, maps of underlying surface
potential radioactive contamination of I;3; were created. The potential contamination of the underlying surface I;3; from 5 to
100 km from the BeINPP was assessed. The dependency graph of the maximum underlying surface contamination with I3
on the distance from the BeINPP was plotted based on the experiments results. The obtained results indicate the prospects of
using the WRF meteorological model in the DSS at various stages of the emergency situations development at the BeINPP.

Keywords: radioactive contamination, BeINPP, numerical weather forecast, decision support system, numerical simulation

For citation: Shamyna A. Yu., Labokha A.K. Ardziaka A.D. The use of the WRF numerical weather forecasting model
in modeling emergency situations at Belarusian NPP. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-tech-
nichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67,
no. 2, pp. 250-256. https://doi.org/10.29235/1561-8358-2022-67-2-250-256

A.1O. lllambina, A. K. Jla6oxa, A.JI. Apasiko

Benopyccruii cocyoapcmeennulil ynugepcumem un@opmamuxu u paouosnekmponuu, Munck, Pecnyoauxa Beaapyce

NCHOJb30BAHUE YUCJIEHHOM MOJEJU ITPOTHO3A MOI'OJbI WRF IIPU MOJAEJTUPOBAHUA
PA3BUTHUSI ABAPUMHBIX CUTYALIUIA HA BEJIOPYCCKOM ADC

AHHOTanms. PaccMoTpeHa BO3MOXKHOCTbh HCIIOJIb30BAHHUSI YUCICHHOW MOJEIHN NMpPOrHo3a noroisl Weather Research
and Forecasting (WRF) kak HCTOYHHKAa METEOPOJIOTHYECKUX JAaHHBIX NPH MOJCINPOBAHNN MEPEHOCA PaJHOAKTHBHBIX Be-
IIeCTB B arMocdepe, 0003HaYeHbI TEXHUYECKHE JeTall UCIoNb30BaHus WRFE. [l MOgenupoBaHNs aBapUUHON CUTYalllH
OBLT BBIOpaH CIEHAPHII MaKCHMallbHON MPOEKTHOH aBapuu, TUNOTeTHYeckH npounsomenmrei B 12.00 Ha benopycckoit ADC
(berADC) 21 mapra 2021. YeTbIpe YUCICHHBIX HKCIIEPUMEHTA C METEOPOJIOTHUECKUMHU AaHHBIMU Global Forecast System
(GFS) u WRF wu monensimu atmoceproit nuddysun RIMPUFF v LASAT Oblny BHIONTHEHBI B CHCTEMaX MOAJICPIKKH TIPH-
HaTHA pemieHuit JRODOS. lns KaxJIoro SKCIEpUMEHTa CO3AaHbl KapThl NOTEHIMAJIBHOIO PaAMOaKTUBHOIO 3arps3HEHUs
noAcTHiIaoUel noBepxHocTu Ij3;. Ilpoananu3upoBaHo NOTEHIUAIBHOE 3arpsi3HEHHE OACTUIAIOIEH oBepXHOCTH I}3; Ha
paccrostaum ot 5 10 100 kM ot benADC. [TocTpoeH rpaduk 3aBUCIMOCTH MaKCHUMAJIBHOTO 3arps3HeHus 13 moacTuiaromeit
TOBEPXHOCTH OT paccTosHusA oT bemnADC ans mpoBeAeHHBIX SKCIEPHUMEHTOB. [lodyueHHbIe Pe3ynbTaThl CBUAETENbCTBYIOT
0 MEPCIEKTUBHOCTH UCIOIb30BAHMS METEOPOJOrHUECKON Moienu WRE B cucTeMax NOAAEPKKH IPUHSITUS PELIEHUI HA pa3-
JIMYHBIX CTAJIUAX PAa3BUTHS aBapuiiHbIX cuTyanuu Ha benADC.

KuroueBblie ci1oBa: paguoakTuBHoe 3arpsasHenue, benopycckas ADC, ynuciieHHble MOAEIU IPOTrHO3a 0T 0/bl, CUCTEMBbI
TOAJICPKKHU MPUHATHS PEIICHUH, YNCICHHOE MOACTHPOBAHUE
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Introduction. Operational assessments during an accident, prediction of its development and pos-
sible damage are an integral part of the emergency response to any emergency with radiological con-
sequences. Currently, there is a large number of Decision Support Systems (DSS) that make it possible
to assess the predicted radiation situation at different stages of emergency development. However, the
result of their work directly depends on the quality of input parameters: release characteristics, weather
conditions, terrain parameters, etc.

The use of the Weather Research and Forecasting (WRF) [1] numerical meteorological model was ap-
plied to increase the spatial resolution of the initial fields of meteorological data in the works on model-
ing the transport of radioactive substances as a result of the Chernobyl accident [2] and the accident at
Fukushima-1 NPP [3]. The results obtained in these works demonstrate the consistency of such an approach.

The main goal of this study is to improve the characteristics of the forecast of the transport of radio-
active substances in the atmosphere by increasing the spatial and temporal resolution of weather data
using the WRF numerical weather prediction model.

This paper considers the possibility of applying the data of the numerical weather forecast model
WRF as inputs for short-term emergency forecasts, calculated on the basis of weather data of the Global
Forecast System (GFS) [4], which are supplied by the US National Weather Service. WRF data differ
from the initial GFS data in higher spatial and temporal resolution, which is achieved by numerical solu-
tion of non-hydrostatic equations and use of nested calculation grids, taking into account local terrain
features. GF'S data are used to initialize initial values and set WRF boundary conditions.

To predict the transport of radioactive substances as a result of a radiation accident, as well as the
expected dose loads, the JRODOS SRP [5] with RIMPUFF [6] and LASAT [7] atmospheric diffusion
models was used in this work. The maximum design basis accident (MDBA) scenario, described in the
environmental impact assessment report of the Belarusian Nuclear Power Plant (BeINPP) [7], was cho-
sen as the basic emergency scenario.

Preparing the WRF model for the experiment. The WRF predictive model is delivered as open-
source code, written primarily in the Fortran programming language. This approach allows for flexible
customization of the model at the source code level, taking into account the platform used and the tasks
to be solved. However, to run the model, it must be compiled beforehand. In addition to the compiler,
the required libraries must be installed, which makes it somewhat difficult to use the model for inexperi-
enced users. To simplify the deployment of the WRF environment on different platforms, it is proposed
to use the Docker application containerizer. WRF is intended to be used on Linux.

This paper uses version WRF 4.1.5, the source code of which was taken from the GitHub reposito-
ry [8]. Running the model requires pre-processing the data. For this purpose, the WRF Pre-Processing
System (WPS) is used, it consists of three modules. Similar to WRF, WPS is compiled from source code.
The WPS version is the same as the WRF version. A script was written to automate the sequential launch
of the WPS modules and the subsequent launch of WRF.

Description of the numerical experiment. In order to test the hypothesis about possibility and ex-
pediency of WRF use, in the present paper it is proposed to consider the IPA scenario at BeINPP for sev-
eral data sets: GFS and WRF built on its basis. It is also supposed to consider simulation of the chosen
emergency scenario using several atmospheric diffusion models: RIMPUFF and LASAT.

The weather data were selected for 21.03.2021. For the specified date the sets of forecast weather
data GFS were downloaded from the file storage NCAR (National Center for Atmospheric Research)
in GRIB2 format. The dataset contains many values of meteorological parameters with reference to
the spatial grid for different isobaric heights. The forecast duration is 48 hours with a step of 3 hours.
The spatial resolution of the data grid is 0.5° (for Belarusian latitudes the cell size is ~54 km in the north-
ern direction and ~30 km in the eastern direction).

The downloaded data is used as input for running the WRF. The spatial resolution of the obtained
data was ~5 km, and the temporal resolution was 1 hour. Figure 1 shows a cartographic visualization of
the air temperature at a height of 2 m for 06 UTC 21.03.2021 within a radius of 100 km from BeINPP
from two data sets — GF'S and WRF.
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Figure 1. Air temperature at 2 m altitude for 06 UTC 21.03.2021: a — GF'S; b— WRF

The emergency scenario of the PSA assumes release of a large amount of radioactive substances
(RYS) into the atmosphere in 1 hour. The main characteristics of the emergency release are presented in
the Table.

Characteristics of the maximum design basis accident RS release

Name Value
Simulation period 24 hours
Emission duration 1 hour
Dynamics of upper and lower limit of emission 21-25m
Effective diameter of the source 3m
Output speed 1.8 m/s
Overheating 30 °C
Activity I3, Bq 3.1 +EI5
Activity Csjz7, Bq 3.5+El4

It is assumed that the incident occurred at 12.00 UTC 21.03.2021. Taking into account the above, as
well as the parameters of the release, the initial simulation parameters were set in the created JRODOS
project. For modeling, the “EmergencyLite” model chain was used, which in addition to the models of
RS transfer and radiation dose assessment includes models on food contamination and taking counter-
measures.

Four numerical experiments were performed, which differed from each other by atmospheric diffu-
sion models and by the meteorological data sets used. The atmospheric diffusion model RIMPUFF with
the GFS and WRF meteodata sets and LASAT with the GFS and WRF sets were considered.

The obtained results of contamination of the underlying surface with Ij3; isotope in 24 hours
(22.03.2021 12 UTC) after the hypothetical incident are shown in the figures below (Figures 2-5).

Figure 6 shows the maximum values of I;3; contamination of the underlying surface at a distance of
5 to 100 km from the BeINPP, obtained as a result of numerical experiments.

Conclusion. The obtained results indicate the possibility of using the WRF model meteorological data
in the context of modeling an emergency situation with RS emission into the atmosphere. The created as
a result of its work meteodata of higher spatial and temporal resolution in comparison with the original
GFS data allow, probably, a more accurate assessment of the transfer of RS as a result of an emergency
incident. Especially promising is the possibility of connecting the module of assimilation of observational
data, the use of which can also potentially increase the quality and accuracy of the forecast.
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Figure 2. Contamination of the underlying surface with I;3; isotope as of 22.03.2021 12 UTC,
obtained using GFS and RIMPUFF, Bq/m?
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Figure 3. Contamination of the underlying surface with Ij3; isotope as of 22.03.2021 12 UTC,
obtained using WRF and RIMPUFF, Bq/m?
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Figure. 5. Contamination of the underlying surface with I;3; isotope as of 22.03.2021 12 UTC,
obtained using WRF and LASAT, Bq/m?



Becui Hanpisnanbuait akagomii nasyk benapyci. Cepbis ¢isika-toxuiunbix nasyk. 2022. T. 67, Ne2. C. 250-256 255

1e7
16 = GFS RIMPUFF
WRF RIMPUFF
= GFS LASAT
1.4 4
——— WRF LASAT
NE 1.2 4
&
3 10-
£
o
S 08+
g
=
S
'E 0.6
€
s
o
o
o 04 -
0.2
’/_\
— ————
0.0
T T T T T
20 40 60 80 100

Distance from BeINPP, km

Figure 6. Maximum values of contamination density of the underlying surface I3;, Bq/m>

However, the use of WRF requires certain skills, as well as additional time for calculation, which
can negatively affect the speed of protective measures in case of an emergency. Therefore, the feasibility
of using WRF data requires additional research.
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