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AHoTtanis. Mema pooomu: yNOCKOHAJIEHHS Ta BHKJAJ METOIMKM OIL[IHIOBaHHS TAaHTEHIAbHUX Ta OCHOBHX
3IMIIKOBUX HANpyXeHb Yy XOoJNoAHOAe(pOpPMOBaHMX Tpybax Ta TpybOax micis TepMidHOI OOpOOKHM MeTomoM
M. M. laBuncuka. Memoou docnidscens: Metoq M. M. JlaBuneHka po3pi3aHHs Kiliellb Ta BHPi3aHHS CMYT i3 TPYO.
Po3paxyHKn 3aJIMIIKOBHX HanpyXeHb. Pe3zynemamu. YIOCKOHANEHO Ta HAaBEJICHO METOAWKY OIHIOBaHHS
TaHTeHIIAIBHUX Ta OChOBUX 3aJIMIIKOBUX HANpYXEHb y TpyOax ITicisi XosomHoi nedopmamii Ta micyist TepMidHOi
00poOku. HaBeneno dopMynu po3paxyHKy 3ajHIIKOBUX Hanpyx eHb. Ilpakmuune 3nauenna. TpyOHUM 3aBomaM auist
PO3pOO0JIEHHST TEXHOJOTIYHHUX IPOIECiB BUTOTOBICHHS HOBUX BHJIB TPyO Ta NIJs BUKOHAHHS CTaHAAPTIB Ha TPyOH
MOTpiOHA OINiHKA 3aJWINKOBHX HANpPyXeHb. YJIOCKOHAJEHAa Ta BUKJIAJCHA METOJHMKA JOMOMOXE BHPOOHHKAM B
OIIiHIOBAaHHI 3aJUIIKOBUX HAINPYXeHb. Bucnoeku. Po3rnsHyTo cydacHi METOAM OIiHIOBAHHS 3AIHIIKOBUX HANPY>KEHb.
HaBeneno MeToauKy po3paxyHKy TaHTCHIIAIbHUX Ta OCHOBHX 3aJMINKOBHX HampyxkeHb 3a M. M. JlaBumeHKOM
PO3pi3aHHsIM KiJIellb Ta BHUPI3aHHAM CMYT i3 METaly IOCIHiHKyBaHUX TpyO. MeTtomuka odirmiitHO 3apeecTpoBaHa, IO
JTO3BOJISIE 3aCTOCOBYBATH ii A O(ILIHOTO OIIHIOBAHHS SIKOCTI TPYO.

KuarouoBi cioBa: szanuwxosi nanpyoicenns;, memoo M. M. Jlasudenka; maneeHYianbHI ma o0Cb0O8i 3aIUUKOSI
HAnpyIceHHs

DETERMINATION OF RESIDUAL STRESSES IN PIPES
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Abstract. During production, operation, transportation, and aging of finished products, stresses occur in the pipe
metal. As a rule, these residual stresses affect the quality of pipes. The presence of residual stresses in products can
cause brittle fracture, cracking due to corrosion, reduced elasticity, warping, etc. The development of methods for
managing residual stresses in metals and products is the realization of a powerful reserve for improving the quality of
metal products, which means increasing the reliability of machinery. The question arises as to which method,
convenient in production conditions, should be used to assess residual stresses. A simple and affordable method for
estimating residual stresses is needed in production conditions. This paper presents a simplified method for estimating
residual stresses in pipes. The purpose of the work is to improve and present a methodology for estimating tangential
and axial residual stresses in cold-formed pipes and tubes after heat treatment according to the method of
M.M. Davydenko. Research methods: M.M. Davydenko's method for cutting rings and cutting strips from pipes.
Calculation of residual stresses. Results. The method for estimation of tangential and axial residual stresses in pipes
after cold deformation and after heat treatment is improved and presented. The formulas for calculating residual stresses
are given. Practical value. Pipe plants need to estimate residual stresses to develop technological processes for the
manufacture of new types of pipes and to meet pipe standards. The improved and presented methodology will help
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manufacturers in assessing residual stresses. Conclusions. Modern methods for assessing residual stresses have been
considered. A methodology for calculating tangential and axial residual stresses according to M.M. Davydenko by
cutting rings and cutting strips from the metal of the studied pipes is presented. The methodology is officially
registered, which allows it to be used for official assessment of pipe quality.

Keywords: residual stresses; M.M. Davydenko’s method; tangential and axial residual stresses

Beryn

Y mporeci BHUPOOHHMIITBA, EKCILTyaTallii,
TPaHCIIOPTYBaHHS miggac BUJIC)KYBaHHS
rOTOBOI MPOJYKIii BUHUKAIOTh HANPYKEHHS Y
MeTtanmi TpyO. Sk mpaBWio, Il 3aJTUIIKOBI
HaTpYy>KEHHsI BiJIrpalOTh HEraTUBHY pOJIb B
SKICHUX  TIOKa3HWKax  Tpy0.  HasBHicTh
3aJMIIKOBUX HANpyXeHb Yy BHpoOax Moxe
BUKJIUKATH KpUXKE pyHHYBaHHS,
PO3TPiCKYBaHHS BHACTIZOK KOpPO3ii, 3HMKECHHS
MEXI1 TIPY>KHOCTI, )K0JI00JIEHHS TOIIIO.

Tak, nns ra3ompoBimHUX TPYO MOKa3aHO,
110 3aJMIIKOBI HANpPY>KEHHsS BHOCSTH 3HAYHI
3MiHU B PO3MOJII HANIPYKEHb y Tl TpyOH, 110
BHUKJIMKaHI BHYTpImHIM THCKOM [1; 2]. Ame
1HOJI  3aJMIIKOBI  HANMpPY)KEHHS CTHCKHOTO
XapakTepy MOXYTh BIJITpaBaTH 1 MO3WTHUBHY
pOJIb, HANPUKJIAJ, MiJBUIIYBATH BiOpaliiiHy Ta
BTOMHY MilHIicTe. ToMy aBTtopm mpari [3]
BBAXAIOTh, IO  PO3pPOOJIEHHS  METOJIIB
YIOPaBIiHHS 3aJUIIKOBUMH HAIMPYXEHHSIMHU Y

MeTajax Ta BUpoOax — 1Le pearizamis
MO>KJIMBOCTEMN MOTY>KHOT'O pe3epBy
MiJBUIICHHS ~ SKOCTI  METaJONMpONYKIlii, a

3HAYHTE, MABUIIEHHS HAJIMHOCT] TEXHIKH.
3anuIIKOBI HaIpYXCHHS — e
HampyXXeHHs,  TOB’si3aHI 3 MPYKHUMU
nedopmariisiMu, sKi ICHYIOTH Yy MeTaji Micis
MMOBHOTO TPUITMHEHHSI 30BHINIHIX BIUIMBIB Ha
MeTal.  3riH0 3  HAWOIIBII  BAAJIOIO
kinacudikamiero M. M. JlaBunenka [4], icHyIOTb
3aJIMIIKOBI HANpYXKEHHS TPbOX PpOJIB, SKI
BIJIPI3HSIOTHCS 00’eMamu, e BOHH
BPIBHOBaXYIOThCS.  HampyxeHHs  mepuioro
poay (MakpOHampyKeHHs), BPIBHOBAXYIOTHCS
Yy MakpoCKOMNIYHUX 00’eMax, 4acTo B 00’eMax
ychoro 3pa3ka uM Jetanmi. HampyxkeHHs
JIPYroro pony (MiKpOHATIPY>KEHHS )
BpIBHOBXYIOTbCS B 00’€Max OJMHHYHUX
KPUCTaJiB 1 YacTMHOK KpUCTAJITIB, IIO
MICTSITBCS MDK  JIIOYHUMU [UIOIMHAMU
KoB3aHHs. [louaTKOBHIA TEpMiH «HAIPYKEHHS
TPETHOTO  POAY», SKI  BPIBHOBAXYIOTHCS
y MeXax NEeKUIbKOX TPyl aToMiB, MOCTYIOBO

3MIHWJIM Ha TEPMIH «CTAaTU4YHI CIIOTBOPEHHS
KPUCTATIYHOI  pemIiTKW», 110  3yMOBJEHI
[IOJIAIMHA nedopmartii, [10B’ I3aHUX 13
TOYKOBUMH Jie)eKTaMu, TUCTOKAIIAMHU [5].

HaiiGinpii  3anMImkoBi  Hampy>KeHHS
JeKaTh y MOBEPXOBUX IIapax, /e HAMPYyKEHUH
cTadH OJIM3BKO IO IBOBICHOTO. TOIl MOMIIHUBO
paxyBary, 00  HaWOIbINI  3AJTHIIKOBI
HaTpYy>KEHHS :

Ooct S 1.15 OT.

Haii6iap1m nommpenuii crnocid BU3HaAYCHHS
3QIMIIKOBUX ~ HANpyKeHb y  Tpybax —
MEXaHIYHUH cmoci®d po3pizaHHs Kinenb. Y
MPOMHUCIOBUX YMOBaX METOJA  pO3pi3aHHS
KUICIb HAIIJICHUH Ha BHU3HAYEHHS OKPYKHHUX
HanpyXeHb Oinsg cTiHkM TpyOu. Ilo3utuBHI
3HAQYCHHSI Gocr BIJMOBIAIOTh HAMPYKCHHSIM
pO3TATY, a HETATUBHI — CTHCKY.

Y 1wl cTaTTi pO3MVISIHYTO HAMNpPYKEHHS
HepIIoro pony CTOCOBHO XOJIOZHO-
nedopMoBaHUX TPYO. 3aTMIIKOBI HAMPYKEHHS
NEepUIOro poJy BHHMKAIOTH 3a il aedopmarii,
HEOJHOPITHOTO HarpiBaHHSI a00 OXOJIOKEHHS,
nig yac (GazoBUX Ta CTPYKTYPHHUX MEPETBOPEHb.

Jnst po3poOnieHHS HOBUX TEXHOJIOTTYHHX
IpPOIIECiB  BUTOTOBJIEHHS TpyO 13 pi3HHX
METaJliB Ta CIUIaBIB YacTO 3aMOBHUK BHMarae
OI[IHUTH PIBEHb 3AIHIIKOBUX HAMPY>KEHb, Ha
Iii OCHOBI BHOpAaTH PpEXUMU TEPMIYHOT
00poOku. Tak, y pa3i BUTOTOBJIECHHS TpPYyO i3
CIUIaBy TUTaHy 3aMOBHHUK IMOTPeOye MOCTaBKU
Tpy0 y crtani CWSR (xomomna mpokatka +
HU3BKOTEMIIEpaTypHa TepMidHa oOpoOka st
3HSTTS 3AJIMIIKOBUX HAIPY>KEHb) [6].

Bubip pexumiB TepmiuHOi  00poOKH
nepeadavae OIIIHFOBaHHS 3QTUTITIKOBUX
HanpyXeHb y TpyOax. BuHUKae muTaHHs, SKUM
METOJIOM, 3PYYHHM B YMOBaX BHPOOHHIITBA,
CJI/I OIIHUTH 3QJIMIIKOBI HATIPYKEHHS.

B ymoBax BHpoOHHUITBA MOTPiOEH pOCTHt
Ta JOCTYITHHIA METO/] OIiIHIOBAHHS 3aJIUITKOBUX
HanpykeHb. HalOinpm yHiBepcaiabHI MeTOAU
OI[IHIOBAaHHS HANpY)XEeHb TakKi: MeXaHIuHI,
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PEHTI'eHIBChKi, yABTPA3BYKOBI, XiMiuHi,
MarHiTHI, TOJISIPU3AIliHHO-ONITUYHI Ta TEPMIYHI.
MexaHiuHI METOAM OTPUMAIH IIUPOKE
3aCTOCYBaHHS Yy BU3HAYCHHI HANpyXeHb Y
npyTKax, JpoTi, Tpybdax micias XOJOTHOI
nedopwmarii. 1. A. Biprep cucremarusyBaB Ta
MaTeMaTH4HO OOIPYHTYBaB MEXaHiuHI METOIU
BU3HAYCHHS  3aJMIIKOBUX  HANpPYyXeHb Y
JeTaNsaX HaOLIhII omupeHux ¢popM [7].

Meron M. M. JlaBupeHka po3pizaHHS
KiJIellb, MPUAATHUNA JJI OLIIHEHHS 3aJTUIIKOBHX
Halpy>XeHb y TOPOXKHIX IWIIHApPaX 1 Tpydax,
BBAXKA€ETHCS KIIACUYHUM.

Y HaykoBo-IOCTITHOMY Ta KOHCTPYK-
TOPCHKO-TEXHOJIOTIYHOMY IHCTHTYTI TpyOHOI
npomucioBocti iM. S. FO. Ocamm (AT HATI)
pO3po0JIEHO Ta  3aTBEP/XKEHO  CHPOILEHY

«MCTOI[I/IKy BU3HAYCHHA 3AJIMIIKOBHUX
3 5
4 G a
1 2 8 1 471065
y/ 10/ L
11 )

HanpyxkeHb y Tpybax» MBB 244-74-13 [8].
Bona mnepenbavae BH3HAUCHHS 3aJHIIKOBUX
HANPYXeHb TaHreHIiaTbHUX (Of) Ta 0ChOBHUX
(6s) y MeTaneBux Tpybax miamerpom Bix 20 Mm
10 250 MM 1 TOBIIMHOIO CTIHKM Bix 1 MM 110
10 MM 3a kiMHaTHOT Temneparypu (20 10*1°) °C.
Metonuka  yIOCKOHAjieHa i 3PYYHOTO
PO3paxyHKYy.

Bu3HavyeHHsI TaHIeHI[iaJILHUX Hampy-
skeHb MeToaoM M. M. J/laBujieHKka

st BHU3HAYCHHS TaHTEHIIAIbHUX
HaNpyXXeHb UM  METOJIOM 3aCTOCOBYIOTh
3pa3Kd 'y BHIJISIII KUTENb JOBXHHOK 12 MM
(puc. 1) y KUIBKOCTI TPhOX IITYK BiJ OAHIET
Tpyou. Kinbus nutidyroTs 3 ABOX CTOpiH, MpH
IIbOMY CTOPOHM TIOBHHHI OyTH  CTpPOTO
napaiesbHi.

Puc. 1. Kinbyesuii 3pasox 014 8USHAYEHHA 3ATUUKOBUX MAHSEHYIANbHUX HANPYIHCEHb ) MpPYoax

Ilepen 3amipamu 3pa3KiB TPOBOIATH iX
PO3MITKYy, HAHOCATh MITKH B TOYKax a 1 b
(ab = Smm g TpyO miamerpom 110 50 Mm;
ab = 10 mm nns TpyO miamerpom moHan S0 Mm
(puc. ). Jnst ILOTO MPOBOJATH
MEePHNEHIUKYISIp 10 JlaMeTpa y cepeauHi
TOBIIMHU CTiHKA 1 TIPOBOJATH KEPHEHHS Y
Toukax a 1 b. 3amipu BHKOHYIOTH Ha
IHCTPYMEHTAJIbBHOMY MIKPOCKOIT 3 TOXHOKOO
0,001 mm.  3amipsaroTh  Dsops.  (30BHIIIHIM
niamerp Tpyom y Ttoukax 1-7, 3-9, 5-11) i
BU3HAYAIOTh  Dsopn cepenHe.  3aMipsIOTh
Deguyr.(BHYTpILIHIN AiaMeTp TpyOH) y TOYKax
2—8, koo Dk cp.

Jlam 3aMipsrOTh CepeHIO TOBIIUHY CTIHKH
S Mix Toukamum 1-2, 3—4, 5-6, 7-8, 9-10,
11-12 1 BU3HAUYaIOTh CEPEIHIO TOBIIUHY CTIHKH
KUTBLS Scep; 3aMIPSIOTH BiICTAaHb MiXK TOYKAMU
a 1 b daktnuHy A0 pO3pi3aHHSA KIJIBIIA.

10

BUKOHYIOTH OZHOCTOPOHHE PO3pi3aHHS KiTbIIA
dpe3oro (ToBuMHA (Ppe3u He OunbiIe 2 MM) TIO
JiHil 7—8 cTpOro mepneHIuKyIsSIpHO 10 CTIHKU
KUTbIIST (pO3pi3aHHS BECTH Ha MIiHIMAJIBHHUX
o0opoTax 13 MiIHIMAIBHUM TIOJAaHHSAM Ta 3
oxojokeHHsaM). [licis pospizaHHS — KiJIbIl
BU3HAYAIOTh BijcTanb a' b'.

Po3paxyHoKk TaHreHUiaJILHUX HaMpy-
JKeHb Gt

- BU3HAQUUTH  3MiHY  BIJCTaHi  MiX
KepHaMHU:
+ AS=a' b'+ ab;

- BHU3HAYUTH 3MIHY JiaMeTpa KUIbI
niciis po3pizanus AD:

AS
+ AD= —;

A

- 3a dbopmyor po3paxyBaTu
TaHTeHI[IaJIbHI HAIIPY)KEHHS:
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cp.

ne E — momyne mpyxHOCTI (11 BYTJIEIEBOT
cram 1,8-2,1x10%), H/MM*; pn — koedirient
ITyaccona ans manoi mapku crani (0,28—0,3);
Do cep — IlaMeTp CepenHbOI OKPYKHOCTI [0
PO3pI3KH, MM; Ocp — CEpEeIHs TOBLIMHA CTIHKH
KUTBIIS, MM; AD — 3MiHa JiaMmeTpa KUTbIS TiCs
PO3PI3KH, MM.

E _ 21-10°

_— - =230770
1— 1—0,3

Ili po3paxyHKH BHKOHYIOTH JUIsi KO>KHOTO
3 TPHOX KIJICIIb.

BuzHaueHHs1 0CbOBOI0 HAMNPY:KEHHS.
Buna 3pa3kiB Ta BUMOIHY 10 iX BUTOTOBJICHHS
Bin  TpyOm  BigpizaroTh  maTpyOOK

noBxuHO0 100 MM, muTidyrOTh 3 ABOX CTOPIH
M0 TOPISIX, MPH LIbOMY CTOPOHM MOBHMHHI OyTH
CTporo mapanenpbHUMu (puc. 2). 3aMipsoTh
MIKpOMETPOM TOBIIMHY CTIHKH TpyOW ¢

(puc. 2).

%

Puc. 2. Po3mip nampybxa 00 upizanHs cmpiuku

1=180a0s

I[ToTiM  MexaHIYHMM  CIIOCOOOM  3a
JIOTIOMOTO10 (ppe3u TOBIIMHOIO HE OiTbIe 2 MM
BUPI3al0Th Y3/I0BX OCHOBOI JIiHII TpU CMYyTH

TUPUHOIO 10 MMm. Bupizani CMYTH
BUKPUBJIAIOTHCA BHaCHi[[OK HCEOAHAKOBUX
OCBhOBHX HANpyXeHb IO IX TOBIOIMHI Ta
noBxuHi (puc. 3).

3amipsIOTh Ha IHCTPYMEHTAIBHOMY

MIKPOCKOITl JTOBXUHY KOXKHOI CMYTH o (MIXK
TOYKaMHU da 1 b) 1 leq (M TOUKAMHU C 1 d).

11

- d

Tab

Ted

Puc. 3. Cuyea nicas supizanus

Busnayaioth JIOBXHHY CMyru /n 1o
CepeIHii JiHiT :
_ lab+ lcd
ln=—"—,
2
Ha  iHCTpymMeHTaJIbBHOMY  MIKpOCKOIII

3aMipsIIOTh CTPLUTY IPOTUHY f.

Po3paxyHOK 0ChOBHX HaINpYy:KeHb

OcpoBe HampyKeHHS TpyOu BH3HAUYaIOTh 32
dbopmyIoro:

6, - Et-S

=— H/mMm?
L (11— )

b

ne E — Moaynb mpyXHOCTI (11 BYTJIEINEBOI
cram 1,8-2,1x10°), H/Mm%; p — koedimienT
[Tyaccona mnsa manoi mapku craii (0,28—0,3);
f — cTpiia MPOTHUHY CMYTH, MM; ! — TOBLIMHA
CTIHKH TpyOW, MM; L — TOJOBWUHA JTOBXWHU
CMYTH [, MM.

Po3paxyHOK BHKOHYIOTH MJIsi KOXKHOI 3
TPHOX CMYT.

Meton
3pa3KiB

Jlns BU3HAUYCHHSI OCHOBOTO HAIPY)KEHHS
METOJIOM «SI3U4YKa» Ha TaTpyOKy ITOBKHUHOIO
50—100 MM BIOAUISIOTH BiJ CTIHKH TpyOH
(mpopi3ar0Th 13 TPHOX CTOPIH) TO3OBXKHIM
«13u90Kk». Cxema Ta pO3TalTyBaHHS «SI3UYKa»
HaBeJIeHI Ha PUCYHKY 4.

CHABHIKA». BuroroBJjieHHS

Puc. 4. Cxema i posmawiysanns «A3uuxa»
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JloBxkrHa «i3u4Ka» L TOBMHHA OyTH HE

MeHme 15mM, a mupuna 0,1-0,2 Bix
30BHIIIHBOTO  JiaMeTpa Tpyou. «SI3u4ok»
BHUpPI3alOTh  TOCEPEWHI  JOBXKUHU  3pa3Ka-

naTpyOka, HE 3 caMoro Kparo. Bupizanus
BHKOHYIOTh €JIEKTPOICKPOBHM METOJI0OM abo Ha
BepcTaTax 13 JOTPUMAHHSIM 3ax0/11B
(OXOJIOKEHHS Ta PEXUMIB pi3aHHA), IO
BUKITIOYAIOTh 3MiHY BJIACTUBOCTEH MeTay Mmix
yac HarpiBaHHs, Hakjiemy, jaedopmarii, sKi
BUHUKAIOTh Y Mpolieci MexaHi4HOi 00poOKu.

BumiproBanus 3pa3kiB

BUKOHYIOTE [0 BHpI3aHHS  «I3UYKa»
HACTYITHUM YWHOM: TOBLIMHY CTIHKHM 3pa3Ka-
naTpyOKa 3aMmipsIOTh y JBOX MICIIX Yy MicIi
BHUpI3aHHS «I3MYKa» 3 TOXHUOKOIW He Oulbiie
0,01 mm. Cepenne 3 JBOX BHUMIpPIOBaHb
MPUIMAIOTh 32 TOBIIUHY CTIHKHU.

[Ticna Bupi3aHHA <«I3MYKa» JOBXHUHY L
BUMIPIOIOTh IITAaHTCHIMPKYJEeM abo 1HIIUM

cnocoboM, skl  3a0e3medye  TOXHOKY
BUMIiproBaHb He Oumbmie 0,05 MM; BiIXuICHHS
«A3UUKa» o BUMIpPIOIOTh Ha

IHCTPYMEHTAJIbBHOMY MIKPOCKOIT 3 TMOXHOKOIO
He Ourbmre 0,01 mm.

Po3paxyHOK 0OCHOBOro HANpYKeHHSI GS
MPOBOJIATH 3a (popMyIIor0:

E.S-0

65=

b

Jie 0s — OChOBE 3QJIMIIKOBE HANpYXKeHHs; £ —
MOYJTh MPY>KHOCTI (s cTayneu
E = 2,1 10°H/MM? ); S — TOBIIMHA CTiHKH
3pa3ka-naTpyoka; 0 — BIIXWJICHHS SI3MUYKa, MM;
L — noBxuWHA S3UYKA, MM; Y — KOEQIIieHT
ITyaccona (s craneii y = 0,3).

O0po0xka pe3yJbTaTiB BUMIpIOBaHb

3a pe3ynbpraTaMH BHIIPOOYBaHb TPHOX
3pa3KiB y BHUIJIIAI KUIEIb pPO3PaxoOBYIOTh

cepeHe apudmMeTHIHe 3HAYCHHS
TaHTEHI[laIbHUX  HAalpyXeHb o0y, a 3a
pe3yJibTaTaMi BHIIPOOYBaHb TPHOX CMYT —
cepenHe apudmeTnuyHe 3HAYEHHS OCHOBHUX
HAIpYKEHb O,

BucHoBku

Po3rasiHyTo cydacHi METOIM OIIHIOBaHHS
3QJIMIIKOBUX HamNpyXeHb. HaBeneHo cydacHy

Kkmacu(ikamiro  3aIMITKOBUX  HAaINpY)KCHb;
METOTUKY PO3paxXyHKY TaHTCHINATLHUX
3QIMIIKOBUX  HampyxkeHb 3a M. M.
JlaBuiecHKOM  po3pi3aHHsAM KLJIEb BiJ

JOCIIIJDKYBAaHUX TPyO, a TaKoX METOJIUKY
PO3paxyHKy OCHOBHX 3aJIUIIKOBUX HANpyXeHb
M Yac BHpI3aHHA CMYr 13  MeTaly
JOCIIJKYBAHUX TPYO Ta METOIHKY «I3HUKA».

Metonuka ogimiitHO 3apeecTpoBaHa, IO
JI03BOJISIE  3aCTOCOBYBAaTH 11 i oQiliiiHOrO
OIlIHIOBaHHS  SIKOCTI TpyO B yMOBax
BUPOOHMUIITBA.
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AHoTtaniss. Mema oOocnidxycennss — BUBYCHHS OCOOJUBOCTEH MPOCKOB3YBaHHS Ha MiX(pa3HUX TpaHUIILX
rerepodasHe BKIIOYCHHS «TyromiaBka (asza, oToueHa JIETKOIIaBKOIO OOOJIOHKOIO» — MATPHII CTaji B iHTEepBaii
TeMriepatryp rapsdoi nedopmaii. Memoouka. 3pasku craner 08T, 0810, 12I'C, 08km, 0912C, HB-57, 08I'CIOT®
migaaBaiyd po3TsaryBanHio 3a Temmeparyp 20...1 200 °C y Bakyymi Ha mpuctpoi IMAII-5C 3i crnemianbHUMH
3axBaTaMU, MIBUJKICTh MEPEMIMICHHS SKUX cTaHoBmiIa 20 MM/XB. 3aCTOCOBYBAIIM METOAM JOCIHIDKCHHS: meTporpadis,
MIKpOpeHTTeHOCTIeKTpanbHuil  aHami3 («Cameca MS-46, Nanolab-7», ontmuna wikpockormis (Neophot-21).
Pesynemamu. BcranosieHo, m0 pi3HOMaHITHICTH (a3, SIKi CTAHOBIATH reTepodasHi BKIIOYEHHS THITYy «TYTroIlIaBKa
(a3a, O OTOYEHA JIETKOIIIIABKOI0 000JIOHKOIO», BUKJIMKAE iX pi3HY IMOBENIHKY 3a IutacTuuHOi nedopmanii. [TokazaHo,
10 32 YMOB BHCOKOTeMIlepaTypHoi aedopmariii MikdaszHi IpaHull BKIIOYEHHS — MaTpHL, IO € TPAaHHUIIMH MK
(ha3010-000JIOHKOI0 BKJIIOUEHb Ta CTAJIEBOIO MATPHIECIO, TPOSBISIOTh IUIACTHYHICTH Y PE3YJIbTaTi HPOCKOB3YBaHHSI.
BcraHoBcieHo, 110 3aJ71€KHO BiJl piBHS TUTACTUYHOCTI (pa3, sKi CTAHOBISATH BKIIOYCHHS, IIPOCKOB3YBAaHHS BiOyBaEThCS
3 pi3HOIO iHTeHCHBHICTIO. [IpoaHaizoBaHO OCOOIMBOCTI MpOIeCy MPOCKOB3YBaHHS IJIs TeTepo(a3sHUX BKIIOYECHBb THILY
«ryromiaBka (asza, oOToYeHa JIETKOIUIaBKOIO 0000oHKOIO». Haykosa noeusna. OOTrOBOPIOETBCS MEXaHI3M
MIPOCKOB3YBAaHHS IS BKJIIOYEHD THITY «TYyroruiaBka (paza, OTOYeHa JIETKOIIJIABKOIO OOOJOHKOIO», SKi MICTATh (a3 3
Pi3HUM piBHEM IIACTHYHOCTI, ITOB'I3aHUN 3 PyXOM BIIaCHUX MiK(DAa3HUX TUCIOKAIINA HA TIJISTHKAX TPAHUIh BKIIOUCHHS
— MaTpuus (BJacHE NPOCKOB3YBaHHS) ab0 BHECEHMX JIMCIIOKAIlif, a TaKoX i3 KOHTAaKTHUM TEPTSAM 1 BHYTPILIHIM
TEePTsM, IO BHHUKAE B TPAHUILIX 3a pyXoM jauciokariii. [lokasaHo, MmO akTHBi3allisi MPOCKOB3YBAaHHS MOXE
BiIOyBaTHCS 3aBIKU TiepeOya0BaM Ie(heKTiB, sSKi 3HAXOASITHCS HAa MidK(a3HUX MPAHUISIX BKIFOYCHHS — MATPUISL CTaI.
BcranoBineHo, o BigMiHHICTH MpUpoau (a3-000JOHOK, a TaKOX BIUIMB JIpyroi (asu BKIIIOYEHb «TYroluiaBka (asa,
OTOYEHA JIETKOIUIABKOIO 00O0JIOHKOIO» CIIPUSIOTH PO3PIZHEHHIO IUIACTUYHOCTI IPaHHIb BKIIIOUEHHST — MaTpPHULS CTall 3a
BUCOKOTeMIIepaTypHoi nedopmarii. Ilpakmuuna 3nauumicms. BUKOpUCTAaHHS OTPHUMAaHHMX PE3YJBTATIB JO3BOJUTH
PO3pOOUTH TEXHOJIOTI] OTPHUMaHHS CTajel 3 PerijaMeHTOBAHUMH BUAAMH retepodasHuX HeMeTaleBUX BKIIOYCHbB, L0
JTO3BOJIMTH CYTTEBO MiJIBHIIUTH X TEXHOJOTIUHI Ta eKCIUTyaTaliiHi XapaKTepHCTHUKH, a TaKOX 3alO00IrTH YTBOPEHHIO
pizHOMaHITHHX Ae(eKTiB i yac 0OpOOKH cTajeit THCKOM Ta eKCIuTyaTallii BUpOOiB.

KuarouoBi cnoBa: cmans, cemepogasni nememanesi 8Kit0OUeHHs, NPOCKOB3YB8AHHS, a3u, mixcgpasni epanuyi

FEATURES OF THE DEVELOPMENT OF SLIPPING ALONG
THE BOUNDARIES HETEROPHASE INCLUSION “HIGH-MELTING
PHASE SURROUNDED BY A LOW-MELTING SHELL” — STEEL MATRIX

GUBENKO S.1.'%*, Dr. Sc. (Tech.), Prof.,

PARUSOV E.V.2, Dr. Sc. (Tech.), Sen. Res.,
CHUIKO LM.4, Ph. D.
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Abstract. Purpose. To study features of slippage at the interphase boundaries, heterophase inclusion “refractory
phase surrounded by a low-melting shell” — steel matrix in the temperature range of hot deformation. Methods. Samples
of steels were subjected to stretching at temperatures of 20...1 200 °C in a vacuum on the IMASh-5S device with special
grippers, the speed of which was 20 mm/min. Research methods were used: petrography, micro-X-ray spectral analysis
(“Cameca MS-46, Nanolab-7”, optical microscopy (Neophot-21). Results. It was found that the diversity of phases
composing the heterophase inclusions of the “high-melting phase surrounded by a low-melting shell” type leads to their
different behavior under plastic deformation. It was shown that during the high-temperature deformation the inclusion —
matrix interphase boundaries, which are the boundaries between the inclusion-shell phase and the steel matrix, exhibit
plasticity as a result of slipping. It was found that depending on the plasticity level of the phases composing the
inclusion, the slipping occurs with different intensity. The features of the slipping process for heterophase inclusions of
the “high-melting phase surrounded by a light-melting shell” type were analyzedScientific novelty. 1t is discussed the
slipping mechanism for inclusions of the “high-melting phase surrounded by a low-melting shell” type containing
phases with different plasticity levels, which is associated with the movement of interface dislocations at the inclusion —
matrix boundaries (intrinsic slipping) or inserted dislocations as well as with contact friction and internal friction
occurring at the boundaries due to the dislocation movement. It is shown that the activation of the slipping can occur
due to the rearrangements of defects located at the interphase boundaries of the inclusion — matrix of steel. It was
established that the difference in the nature of the phases-shells, as well as the influence of the second phase of
inclusions “high-melting phase surrounded by a low-melting shell” contribute to difference in plasticity of inclusion-
matrix boundaries of steel under high-temperature deformation. Practical value. The use of the obtained results will
make it possible to develop technologies for producing steels with regulated types of heterophase non-metallic
inclusions, which will significantly increase their technological and operational characteristics, as well as prevent the
formation of various defects during the processing of steels by pressure and the operation of products.

Keywords: steel; heterophase non-metallic inclusions; slipping, phases, interphase boundaries

Beryn MaTpHIIs CTall B IHTEpBaIi TeMIepaTyp rapsqoi
OcHoBHI Buu rerepodazHux HemeTaneBux  aedopmartii.
BKIIOYCHb B CTallfAX, PO3MJISHYTI y Mparsix
[1-10], cBiquaTh PO BETUKY Pi3HOMAHITHICThH Martepiaau Ta MeTOAHKH
MDK(pa3HUX TPaHUIL BKIIOYCHHS — MAaTPUIIS. 3pasku craneit 08T, O8O, 12I'C, 08xm,
Hepinko omHa 3 ¢a3 Ha pisHmx ginsakax mae  0912C, HB-57, O08I'CIOT®  mignasanu
pisni rpanmmi (MikQasHa rpaHuWNs 3 iHmow ~ PO3TATYBaHHIO 3a Temmeparyp 20...1 200 °Cy
da3or0 BKMIOUEHHS, Mikda3Ha rpaHmns 3i  Bakyymi Ha  mpuctpoi  IMAII-5C  3i

cTaneBoro Martpunero). Ockinbku ¢asu B CHELIaIbHAMH 3axBaTamH, IIBUJIKICTh
rerepoda3HUX BKIIOUEHHAX MAlOTh pi3HMH  NEPEMINICHHS sKuX craHoBuia 20 MM/XB.
piBEeHb MIACTUYHOCTI 1 MIIIHOCTI 32 OYAb-SIKUX 3acrocoByBaiu METOIN JOCIIJKCHHS:

Temneparyp ~ nedopmanii, B  mpomeci  nerporpadis [7; 15-18], MikpopeHTreHo-

HABAHTA)XKEHHA HAa MDK(asHMX rpaHuMusx  CHCKTpainbHui  aHam3 («Cameca MS-46,

BKJIFOUEHHS — MaTpUId HEMHUHYYE€ BUHHUKAIOTh Nanolab-7», OIITUYHa MiKpOCKOHiSI (Neophot-

HANpY)KeHHs, SKi MOXyTh 3ymoBuTH ix  21).

MJIACTUYHY TMOBEMIHKY (ITPOCKOB3YBaHHS) a0o0 PesyibraTn

pyiiayBanms [8; 11-14]. I'erepodazni BKJIFOUEHHS TUITY
MeTa pO6OTI/I — BUBYEHHS OCOOJIMBOCTEH «TYroIuIaBKa (1)3_33_, OTOYCHA JICTKOIUIIaBKOIO

NPOCKOB3YBaHHA Ha MiK(pa3sHUX TpaHuIsaX  OOOJOHKOI» CKIAfaloThest 3 (asu-000NOHKH

retepoasHe BKIIOYEHHS «TyrommaBka ¢asa,  ¢-ol Ta BHyrpimHboi hasu ¢p2. Tomy Tinbku

OTOYEHA JIETKOIUIABKOIO  OOOJIOHKOKI»  — ¢asza-obononka (-0l KoHTaKkTye 3i CTaJIeBOKO
MaTpHUIICI0 Ta YTBOPIOE 3 HE MiK(asHy
TPAaHUIIO BKIIOYCHHS — MaTtpuls (-olem.
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B inTepBani Temnepatyp 25...600 °C mo6muzy
BKJIIOUEHbB CriocTepirain JIOKaJIi3aliro
nedopmMariii craaeBoi MaTpulli. 3a TeMIepaTyp
700..900 °C 3'sBuiHCS O3HAKM  MPOCKO-
B3yBaHHS Ha TPaHMUIKX 3€pEH  CTaJeBOL
Mmatpuili. [IpockoB3yBaHHsS Ha  TIpaHUIIX
BKIIIOUEHHsT — wmarpuisl (-ol«>M cmoctepi-
raetbes 3a remmeparyp 1 000...1 200 °C. Bono
NPOSIBIISIETBCS. Y PO3IIMPEHHI  MDK(pa3zHUX
rpaauns  (puc. 1, a), mosBI penbedy
nedopmartii  Ta MIATBEPIKYETHCS  (PaKTOM
PO3pUBY PUCOK MOOJIU3Y BKIIIOYEHH (pHC. 1, 0).
[Tobnu3y BKIIOYEHb, SIK 1 33 HIDKYAX
TeMIeparyp, CIocTepirajacs  JIOKaIi3allis
nedopmariii, mpudomMy 3 000X OOKIB BiJ
MDK(]a3HOT rpaHUIll BKIIOYEHHS — MATpUL y

pa3i MIACTUYHMX CUJIIKaTHUX Y CYIb(iIHUX
da3 ¢-ol.

Hedopmartiss 3 000x OOKiB BiJ TpaHHII
¢b-0l«M Oyna HECUMETPHUYHOIO, IO TOB'SI3aHO
3 pI3HUM pIBHEM IUIACTHYHOCTI CTaJeBOi
MaTpuili Ta $ha3u-o00JI0HKH BKIOUEHHS (-01.

a 9]

Puc. 1. IIpockoe3ysanus Ha epanuysnx KIOYEHHS —
mampuysi ¢-ol<m 3a memnepamyp 1 000
(a, MnO-SiOz + Al;0s, 08F0) i 1 100 °C
(6, (Fe, Mn)S + MnO-SiO; 0810); x1 000

Tabnuys 1

Beauunna 3milieHusi pucok A, MKM, VISl BKJIIOYEeHb
«TYromjiaBka (paza, 0TO4eHA JerKoILIABKOI0 000J10HKOI0»

t,°C
MnO-SiO; + Al,O3, 0810
1 000 9
1100 18
1200 OILJIABJICHO

Bimomo, mo mimacTu4HICTh CynbdiaHOT Ta
CWITIKaTHOI (a3u-000I0HKH (-0l 3aNmeKUTh Bif
temneparypu nedopmarmii [7; 12; 14; 15].
Cynbdimai ¢asu ¢-ol nerxoruaBki. BoHu
nehOpMYIOTECSl CIUIBHO 3 MaTpuIiero 1 (a3oro
BKJIFOUEHHS b2 110 TeMIlepaTypu
1 050..1 120 °C, 3a pgocAIrHEHHS SKOi
BiI0OYBA€ThCS 1X IUTABJICHHS, IO CIPHYUHIOE
pI3Ky 3MiHYy XapakTepy MiK(a3zHUX rpaHuIlb }-
ole>M. 3a OUTbII  BHUCOKHX TeMIEpaTyp
3'SIBIISIFOTHCS MOPO>KHUHU, 3aroBHEH1
posmnaBoM. Cuitikaty MnO-SiO2 mutacTuuHi 3a
temneparyp Bume 900 °C, komm, BiacHe, i
CIIOCTEPITaeThCsl SIBUINE, SKE BHUBYAETHCS. 3a
OUThbII  HU3BKMX  TEMIIEpaTyp  CHJIIKATH
miacTuyHo He aedopmyrotees [7; 12; 14; 15].

OueBuaHO, Ha TpaHUX (-ol<>M MawTh

criocTepiratucs «CILTIECKH IUIACTUYHOL
nedopmariii, SIK1 MOYKHA BUSIBUTH
CHeliaJbHUMH  JochipkeHHssMu  [7; 15—19].

3acTOCOBYIOUM METOJI HAHECEHHS perepHUx
JiHIM Mo0aM3y BKJIIOYEHB, BHBUYAIU PO3IMOJILT
JIOKaJbHOT ~ MIKpOHEOAHOPiAHOT  medopmartii
Y37I0BXK JIHIA, SKi € JOTUYHI 10 BKIIOYCHHSI.

Bximrouenns ¢-ol + ¢2, crams
(Fe, Mn)S + MnO-SiO,, 0810

(Fe, Mn)S + TiCN, 08T

15 12
24 20
OIJIaBJICHO OILJIABJICHO
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Posnosin Beaw4uH 1HTEHCUBHOCTI aedopmartii
Mi Ta KoedilienTa KoHUeHTpaii nedpopmarii Kz
3a BIZICYTHOCTI MPOCKOB3YBaHHS Ha MDK(}a3HIN
rpanuii ¢-ol«<>M 3amexaB BiJ TeMmIepaTrypu
nedopmartii Ta TUITY CTadl.

3a miABMIIEHHS TemIeparypu aedopmarii
NPOCKOB3yBaHHS Ha TpaHUIEX (-oloMm
pPO3BUBAJIOCS 3 PI3HOIO 1HTEHCUBHICTIO, IO
3aJICKUTh B PpIBHA IUIACTHYHOCTI  (as3u-
000J710HKM BKJIIOYEHHS (¢-0l, omHAK B YCIX
BUNQJIKAX Ha pemepHii JiHil crnocrepiranu
«CILJIECKU IHTEHCUBHOCTI nedopmarii
(tabi. 2). BigminnicTs npupoau ($haz-00010HOK
BKIIOYeHHs1 (-0l BigOunacs Ha BeTUYHHI
napaMeTpiB iHTEHCHBHOCTI Ti Ta KoeilieHTa
KoHIeHTpanii nedopmarii Ke. MakcumaibHO
«CILJIECKU IHTEHCUBHOCTI nedopmarii
BUSIBJISIFOTHCS 32 MIJBUILEHHS TeMIepaTypu s
KOXKHOTO BHIYy TeTepoda3sHOro BKIIOYCHHS
JOCTIKYBaHOTO THITY.

MexaHi3M  TPOCKOB3YBaHHS  Y3JIOBXK
MDK(a3HUX TpaHUIb BKIIOYEHHS — MaTpULS
b-ol>M TmoOB'SI3aHWI 3 PyXOM BIACHUX
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IpaHUYHUX JHCIOKalid abo BHECEHHWX Ha
TPaHMI JUCIOKAIM 31 CTaJieBOi MaTpHIli,
NPUYOMY OCTaHHI MOXYTb TEHEPYBaTHUCS
JoKEpenioM y camiid rpanuii ¢-ol<«>Mm abo Oytu
BHYTPIIIHBO3EPEHHUMH  JAMCIOKALISAMHU, IO
MPOJUCONIIOBAIM Ha TpaHWUYHI JUCIOKAIli
[8; 20]. Aucnokarii B Mi>k(pa3HUX TPaHUIAX 32
MIIBUIIICHUX TEMIEPaTyp CTalOTh HECTINKUMHU
Ta JEJIOKaTi3yI0ThCs, CTBOPIOIOYM IIACTUYHI
HECYMICHOCTI, 11(0) BUKJIMKAIOTh pyx
JTUCIIOKAIlid  y3M0OBX [HUX TpaHHlb. 3a
nenokamsanii saep JuciIoKaiiid Ta ix pyxy
aTOMHA CTPYKTypa TpaHUIb BKJIIOYECHHS —

MaTpHILL d-ol—Mm 6e3nepepBHO
nepeOyI0BYETHCS 1 BUSBISIETHCS Y CTPYKTYPHO-
HECTINKOMY CTaHi, 110 CIPUYMHIOE 3HUKECHHS
onopy rpaHuyHOMY 3CYBY [8; 19; 20].
AKTHBI3allis  TPOCKOB3YBaHHS  MOXeE
BiIOyBaTHCS 3aBISIKA HasIBHOCTI
HEKOMIICHCOBAaHMX  TIOTOKIB  BakKaHCii  Ta
JIOMINIIOK Ha TPaHUIBIX BKIIOYCHHS — MATPHIIS
d-ol—m. HIBUAKICTH IIPOCKOB3YBaHHs
JTIMITYETHCS HEKOHCEPBATHBHUM pyxom
MDK(a3HUX JIUCIOKAIii y TpaHUILX, M0
BUBYAIOTHCA. SIK TpaBWIIO, MPOCKOB3YBAaHHS
BiZIOyBa€ThCS Y3JI0BXK yci€el rpaHuli ¢-ol M.

Tabnuys 2

3HaYeHHd iIHTEHCHBHOCTI 1; Ta KoedinicHTa KoHNeHTpanii nedpopmanii K. B cTanesiii maTpuni noo6ausy
rerepo()asHNX BKJIIOYEeHb «TYIoNJaBKa (a3a, 0ToYeHA JIerKOMIABKOI0 000710HKO0I0)»
3a PO3BUTKY NPOCKOB3YBaHHs HAa TPAHMISAIX 32 Pi3HUX TeMIlepaTyp Ta cepeJHiX cTyneHiB Jedopmanii

Bxumtouenns ¢-ol + §2, cranb ,°C (—9, o b “
MnO-SiO; + ALOs, 0810 R 10 éﬁj : jﬁjg gﬁ: : Zig
(Fe, Mn) S + MnO-ALOs, 0810 R 2 ;45‘: : :i:g Y :45‘22
MnO-SiO, + TiCN, 08T o . 25 an | 35 an

[TpockoB3yBaHHsI Ha TPAHUIIX BKIFOUCHHS
— wMarpuusg  ¢-ole>mM — 1 JAMHaMivHA
KOHTaKTHa B3aemomis (a3-o0osoHOK -0l
BKJIIOYEHb 1 CTaJleBOi MaTpulli B Mporeci ix
cniapHOl nedopmartii. JIuHaMIYHUNA KOHTAKT
mux ¢a3 MOKHA TMOSCHUTH, 3aCTOCOBYIOUHU
MOIEIb KoH(pirypariitnoi JIOKaJsi3aril
BaJICHTHUX eNeKTpoHiB [21]. Mix ¢azoro-
000JIOHKOIO BKJIIOUEHHsA (-0l Ta cTaneBoro
MaTpuIer0  4depe3  MikdazHy — TpaHHIO
BiIOyBa€eThCss OOMIH €IEKTPOHAMH, OCKUIBKH
¢aza ¢-ol BKIIOYEHHS € JOHOPOM EJIEKTPOHIB,
a cTajyieBa MaTpHIls — aKIENTOPOM EJIEKTPOHIB.

Ha  wmikdaszuiii  rpanuni  ¢-olem
30cepekeni aromu a3 (-0l BKIIOYECHHS Ta
MaTpHIl 3 HaOLIbIIT HNOPYIIEHUMU

€JIEKTPOHHUMH KOH(ITYypaIlissMi Ta 3HUKEHOIO
CTATHCTUYHOIO BAarol0 aTOMHHX CTaOUIBHUX
KoH(pirypariii. MixkdaszHi gucnokariii, nepextu
YIaKOBKH (pO3MICTUICHI IUCIOKAIl), MPUCYTHI
y CTPYKTYpl TPaHHWII BKJIIOYCHHS — MATPHUIIS
¢-ol>m [8—10; 20], po3citolOTh €NEeKTPOHH,
0 PYXarmThCS UYepe3 TPAHMIKO, 32 PaxXyHOK
MPYXHUX Ta €JIEKTPOCTATUYHHUX CIIOTBOPEHb, 1
Ile BIUIMBAE HA EJIEKTPOHHY 30HHY CTPYKTYPY

17

IUX TpaHMIb. EJIEKTpoCcTaTHYHI CIIOTBOPEHHS
MoB'sI3aHI 3 TUM, [0 MiX(]a3Hi TUCIOKAIii,
BaKaHCIi, JOMIIIKOBI aTOMU € EJIEeKTPOHHUMU
neeKTaMy, OCKUIBKM OISl iX HalpyXeHb
CTBOPIOIOTH JIOKAJIbHI TOPYIIEHHS PO3IMOILTY
3apsiB, BUKIMKAIOYM  HEOJHOPIAHOCTI Yy
PO3MOALT eNEeKTPOHHOT MUTBHOCTI [22].

Bimomo, 110 IHACTOKAIT MaroTh
CNEKTPUYHUN  3apsi, SKUH BIUIMBAE Ha
B3a€EMOJIII0 MDK HUMH. B Mikdasniil rpanumi
YTBOPIOIOTBCSI  yTPYNMOBaHHSA AeEKTIiB, IO
CTBOPIOIOTH PIi3HI 32 3HAKOM 1 BEIHYHUHOIO
€JICKTPUYHI TOJIA, 1 1€ CIpHse MEePepO3NOALTY
camux  gedektiB. Takum  yuHOM, pyX
MiK(Da3HUX UCIIOKALT y TPaHMIIIX
BKIIIOYEHHsT — Mmarpuusg ¢-ol«>m B mpoueci
NPOCKOB3yBaHHS Ma€ TaKOX BHYTPIIIHIO
€IeKTPOCTHUMYIIHOBAHY TIPUPOTY.

Pyx wixda3Hux mgucnokariii y mporieci
IIPOCKOB3YBaHHS BiJIOYBA€TbCA Y CKIIAJHOMY
CEpE/IOBHINI EJIEKTPOCTATUYHOI B3aemomii (a3
(BKJIFOUEHHSI Ta Marpuli) Ta MibK(pa3HUX
nedeKTiB, MO0 MICTATBCS Y  TPaHUIX
BKJIIOYEHHSI — MaTpullsd ¢-ol—mMm. besnepepsHi
3MIHU 3apsAI0BOT MIUIBHOCTI €JIEKTPOHIB Y
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TPaHUIISAX, SKI BUBYAIOTHCS, Ma0yTh, CIyKaTh
CTUMYJIOBAJIHHUM (paKTOPOM MPOCKOB3YBAHHS,
OCKUTBKM TOPYIIYIOTH JIOKaJIbHI PIBHOBaru B
cucteMi MiDK(a3HOI TpaHWIl BKIIOUYCHHS —
Matpunst (-ole>m 1 € cTUMynoM s
nepeMileHHss MbK(pa3HUX JUCITOKAIlN y MeKax
i€l rpanuni. TakuM YMHOM, MPOCKOB3YBAHHS
Ha TPAHULAX BKJIIOYEHHS — MaTpuus ¢-olem
€JIEKTPOCTUMYJIbOBAHUM TMHAMIYHAN
JUCIIOKAIIIHHUN TIPOIIEC.

Po3rnsgaoun MexaHi3M IPOCKOB3YBaHHS
Ha MDK(pa3HuUX rpaHuIEgx (-olowm, cmin
BpaxoBYBaTH, 110 MixX (ha30r0-00010HKOI0 (h-01
BKJIIOUEHHS 1 CTaJIeBOIO MaTpPHULIEIO
PO3BHBAETHCS KOHTAaKTHE TEPTSA, 3YMOBJICHE
B3a€EMOJII€I0 iX TmoBepxoHb [7; 14; 15].
Konraxthe TepTA MPOSIBIISIETHCS Ha
MIKPOCTPYKTYPHOMY PiBHI 1 TEPEIIKO/KAE
BITHOCHOMY TNepeMillleHHI0 (a3u BKIIOYCHHS
¢-ol 1 crameBoi MaTpHIll, TOMy BOHO TallbMYe€
BIUIMB Ha MPOCKOB3YBaHHA Y370BX MiK(]a3HOI
rpaaui ¢-ol<m. PosrmsHyre Teprta — 1ie
KiHEMaTHYHE CyXe TepTsd KOB3aHHs, IO
OMUCYEThCA 3aKOHOM AMOHTOHa [7; 14; 15]. Ha
OLTBII TOHKOMY PiBHI Ha MIK(a3HUX TPaHULSIX
b-0l<>M TIPOSIBASETBCA BHYTPINIHE TEPTH,
NOB'A3aHE 3 PYXOM MiXK(a3HHX Ta BHECEHHX

JMCTIOKAIIA  y3/IOBX 3a3HAUYEHUX TpaHHIb
[8; 23].
Jucnokarii (pemnriTkoBi, 3epHOTPAHUYHI,

Mikda3Hi) B MeTali, SKi CTAaHOBJIATH OJHE 3
TOJIOBHHX JDKepeNl  BHYTPIIIHBOTO  TEpTS,
CTBOPIOIOTH pEJaKCalliiHUI CHIEKTp 3a Pi3HUX
temnepatyp [23]. 3a BHCOKO-TeMIEpaTypHOi

nedopmarii BiJI0yBa€ETHCS B3aeMOIiA
penakcamifHux  mporeciB  y  MDK(pa3zHUX
rpanuisax  (g-ol<>M, MmO € CKIaI0BOIO
MEXaHi3My MPOCKOB3yBaHHS Y3I0BXK

3a3HaYeHUX TpaHullb. Po3CifoBaHHS €Heprii
peNaKkcamiifHuX KOJIMBaHb TOB'S3aHE 3 OMOPOM
3a3HAYEHUX TPaHUIL MNPoOIry Mikda3sHUX Ta
BHECCHMX JUCIIOKaIii [23].

OueBHIHO, B MpoIleCi MPOCKOB3YBaHHS Ha
TPaHUISAX BKIIOUYEHHS — Marpuis ¢-olom
BUHUKAIOTh  HAaNpyXeHHs,  TMOB'SI3aHl 3
raJbMyBaHHSIM  pyXy JUCIOKalii. SKmo
BiOyBaeTbcs  mepeOyaoBa  ITUCIOKAIIMHOI
CTPYKTYpH, MOKJIBE JUHAMIYHE PO3IICTIICHHS
UUX  TpaHULb, Ppe3ylIbTaTOM  SIKOTO €
(dbopMyBaHHST HOBUX 3€peH Ta pPyX HOBUX
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rpanunbs y 3epHo [8; 15-19]. YV xomi
MPOCKOB3YBaHHS Ta BHITPOMIHIOBaHHS
AKOMOJIAI[IHHUX ~ PEIIITKOBUX  JMCIIOKAIli
no0au3y  BKJIIOYCHHS  MOXKE  3'SIBUTHCS

nedeKTHUN Imap 13 TMiJABHINEHOI NIUIEHICTIO
JTUCIIOKALIIHA. Ie IIOBUHHO BUKJINKATU
3HIDKCHHST [IBUAKOCTI TMPOCKOB3YBAaHHS Ha
rpaduIli §-ol<>M, OCKITBKH JAJICKOTIHHI TOJIS
HampykeHb  JaedekTHoro  mapy  OyayTh
NEPELIKO/KaTH BUIIPOMIHIOBAHHIO aKOMOJa-
IAHUX TUCIIOKAIIIH.

3a BHUCOKMX IIBUAKOCTEH zaedopmarii
TPaHULd BKIIOYCHHS MaTpUIlST MOXE He
BCTUTAaTH  «3aCBOIOBATH»  JUCIIOKalii, 1110
NOTPAIUISIOTh Ha Hel, B pe3yibTaTi MmoOiam3y
BKJIIOUEHHSI TaKOX BUHUKae Ae(PeKTHHH miap,
101(0) Cripusie 3MEHIICHHIO IIBUIKOCTI
MPOCKOB3YBAaHHS, a B CHCTeMl MiK(pa3HHUX
JUCIIOKAIli BiIOYBAIOTHCS CKJIAMHI JMHAMIYHI
MpoIIecH mepedy10B.

IIpockoB3yBaHHs Y3I0BXK yskicizing
b-ol>M CcynpoBOIKYeEThCS Oe3mepepBHUMHU
nepeOyoBaMu B cuUCTeMi  MDK(pa3HHUX

nucnokarii. Ile IuKTyeTbes SK mporecaMu
€JIEKTPOCTATUYHOI B3a€MO/IIT Ae(PEKTiB, TAKOXK 1
FeOMETPUYHUMHU yMOBaMH, KOJIM JHUCIIOKAIli
NparHyTh MEePepO3NOJUIUTUCS B TaKUil crocio,
o0 00J1acTi 3 HaNpyXCHHSIMU PI3HUX 3HAKIB
PO3MOAUTMINCS BIOPSAKOBAHO.

Taki auHamiyHi TIepeOynoBU IedEeKTHOT
CTPYKTYpH TPaHUIll BKJIIOYEHHS — MAaTPHUIL
b-ole>M  TmOB'A3aHI 3 KOOMEPATUBHUM
MEXaHI3MOM TPYNOBHX aTOMHHUX II€pEXOJiB,
pe3yJIbTaTOM SIKUX € JIMHAMIYHE PO3LICTICHHS
rpaHullb BKJIIOYEHHs — matpuusa [8; 15—19].
OueBUIHO, MPOSBISETHCA CTUMYJIOBAIbHA JIist
MPOCKOB3YBaHHS, 10 IMOJIETIIYE MEPepO3MnOIi
JUCIoKalii y MiK(pazHUX rpaHUIsx ¢-olem
AK TIpollecy caMooprasizamii B  CHCTEMI
MiK(]a3HUX ne(deKTiB 32 YMOB iX BHYTPILIIHbBO
€JICKTPOCTUMYJILOBAHO1 JMHAMIYHOT B3a€MO/TI1.

BucHoBkH

3a  BuUcoOkoTemmeparypHoi aedopmarrii
CTaJlel TPOSIBISIETHCSA IUIACTUYHA TOBEIIHKA
MDK(}a3HUX TpaHUIh BKIIOYEHHS — MaTPHILT
TUTS rerepodazHux BKIIIOUCHB TUTTY
«ryromiaBka ¢a3a, OTOYEHA JIETKOILUIABKOIO
000JIOHKOIO»,  TOB'A3aHAa 3  PO3BUTKOM
NPOCKOB3yBaHHS. MexaHi3M IPOCKOB3yBaHHS
JUIST  BKJIFOYEHb THUNY «TyroIuiaBka ¢asa,



METAJIOSHABCTBO TA TEPMIYHA OFPOBKA METAJIIB, Ne 1 (100), 2023 p., |SSN 2413-7405

OTOYEHA JIETKOIJIABKOIO OOOJIOHKOIO», sKi  BigOyBaTucs 3aBasku mepeOynoBaMm J1e(eKTiB,
MICTATh (a3 3 PI3HUM PIBHEM IUIACTHYHOCTI, IO MICTATBCI Ha MDK(GA3HUX TPaHUIIX
NOB'SI3aHUIA 3 PYXOM BJIACHUX MDK(pa3HUX  BKIIOYEHHS — MaTpul cTaini. BigMmiHHICTB
JUCIIOKAId Ha JUISHKAX TPaHWIb BKIFOYCHHS npupou (Hha3-000JI0HOK, a TAKOXK BIUIUB JIPYroi
— Marpuus (BJacHE TMPOCKOB3YBaHHA) abo  (a3u BKIIOYEHb «TyromiaBka (asza, oTo4YeHa

BHECEHHX JIUCIIOKAIlil, @ TAKOXK 13 KOHTAKTHUM  JIETKOIUTABKOIO  OOOJIOHKOIO»,  CIHPHUSIOTH
TEPTAM 1 BHYTPIIIHIM TEPTAM, 110 BUHUKAE B PO3PI3HEHHIO TUTACTUYHOCTI IpaHulb
TPAHHUIIX 32 PYXOM JHCIOKAIiil. BKJTFOUCHHS - MaTpHLs crami 3a

AKTHBI3alliE ~ MPOCKOB3YBaHHS  MOXE  BHCOKOTEMIIEPATYPHOI Aedopmarlii.
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AHoTanis. Axkmyansnicms pobéomu. Hapasi akTHBHO PO3BHUBAETHCS MPOMUCIOBICTh Y Taly3i BHUTOTOBJICHHS
3ac00iB 3aXUCTy BCiX BHIIB OpOHETEXHIKM BiJ] BOTHEBOTO ypa)kKeHHS CTPUICHBKOIO Ta apTHiepiichKoio 30poeio. B
JlaHuit yac 3abe3neueH s BUCOKOI JUHAMIYHOI CTIHKOCTI OpOHI MPOTH CyYacHUX 3ac00iB ypaykeHHs Oe3 301IbIeHHs i
TOBLIMHU 1, BIITOBIJHO, MacH KOHCTPYKLii B IIJIOMY JOCSTalOTh 332 PaxyHOK 3aCTOCYBAaHHS PI3HUX HEMETAJIEBUX
MarepianiB (OpoHeKepaMiKH, BUCOKOMIIHMX TKAHWH TOIIO) y CKJIaJi KOMIIO3UIIN 13 TPaAUIIIHOIO CTaneBo0 OpoHEro.
Po3poGiieHHs Ta MPOEKTYBaHHS Tpane3gaTHUX MaTepialiB Ta KOHCTPYKLiH OpOHBOBOTO 3aXHCTYy — CKJIaJHAa HayKOBO-
TEeXHIYHA mpoOyieMa, JJisl BUPINICHHS SKOI HEOOXiJTHO BCTAHOBUTH 3B'S30K MK MEXaHIYHHUMH BJIACTHBOCTSIMH
OpOHBOBOI CTaNi Ta 1l CTIMKICTIO Ta XKUBYUICTIO. Mema 0ocnidxycenna — Ha TIICTaBi aHANI3y JIITEPATYPHHUX DKEPEI
BH3HAYUTH B3a€EMO3B'SI30K Mk MEXaHIYHUMHU BIACTHBOCTSIMH CTaJIEBO1 OpOHi Ta ii cTilikicTio. Memoouka. 3acToCOBaHO
METO]T aHaJli3y HayKOBO-TEXHIYHOI JITepaTypH M0JI0 BUMOT 10 OpoHemnepemkon. Pe3yasmamu. BUkoHaHO aHATITHIHI
JIOCITIDKCHHS. B3a€MO3B'SI3KY MK OCHOBHUMH MEXaHIYHUMH BJIACTUBOCTAMH cTajeBOi OpoHi Ta ii OaliCTHYIHOIO
CTIHKICTIO, IO MO3BOJIUTH IPOTHO3YBATH ONTHMAaJbHE IIOEJHAHHSA 3HAYCHb MEXaHIYHUX BIACTHBOCTEH, sKe
3a0e3neYuTh BUCOKY HaIilHICTE OpoHe3zaxwcTy. IliBHIIEHHS TBEpAOCTI OPOHBOBOI CTaji 3a3BHUYAil 3HIKYE YIOapHY
B'I3KICTh CTayieil. 3a3Ha4eHO, M0 OaliCTHYHA CTIKICTh KOHCTPYKLIHHHMX Ta OpOHBOBHX CTallell KOPEIIOE 3 MEXKEIo
MilHOCTI Ha po3TAr. [lokazaHO HAasBHICTH TICHOTO KOPEISLIHHOrO 3B'I3Ky MIXK XapaKTepUCTHKaMH MIITHOCTI MaTepiaiiB
Ta IX OMOPOM MNOIIMPEHHIO TPILMH 32 BHCOKOIIBUAKICHOTO (BHOYXOBOT0) HaBaHTaxeHHs. [l psay marepialliB Mix
nepen0aYeHUMH Ta BHMIPSHUMHU OaJiCTUYHMMH XapaKTEPUCTHKAMHM 32 BHCOKMX JedopMalidd, MNOB'S3aHHX i3
OaJiCTUYHMM yZIapoM, iCHy€ TICHHH B3a€MO3B'A30K, y pasi, KOJHM SK Mipa MIIHOCTI Marepially CIy)HTb CTHCKHE
Hanpy>keHHs Tedii. [TinBuieHHs ynapHoi B'I3KOCTi, 0COONIMBO B KiacaX BUCOKOI Ta HAJABHCOKOI TBEPIOCTI, — Ba)XKJIMBE
3aBIaHHA I PO3pOOJICHHS OpOHBOBOI CTaimi. Mexki TBEpPAOCTI TOMY BCTaHOBIIOIOTHCS JUII KOHKPETHHX KJIAaciB
craneBoi OpoHi, 00 KOHTPOIIOBATH yAapHY B'S3KICTh MiJ 9ac BUPOOHHWIITBA Ta 3HIDKYBATH PH3UK PyHHYBaHHS abo
THIIMX KPUXKHUX YITKOKEHb I KOHKPETHUX CKIIAIIB CTalli Ta 00JIacTeil 3aCTOCyBaHHS.

KurouoBi cnoBa: memanesa 6pons; miynicmos, meepdicms, poboma yoapy, baricmuyna cmiukicmo
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Abstract. The relevance of the work. Today the industry is actively developing in the field of manufacturing
means for protection of all types of armored vehicles against fire damage by small arms and artillery weapons. At
present, ensuring high dynamic resistance of armor against modern weapons without increasing its thickness and,
accordingly, the mass of the structure as a whole is achieved due to the use of various non-metallic materials (armor
ceramics, high-strength fabrics, etc.) as part of compositions with traditional steel armor. The development and design
of workable materials and structures of armor protection is a complex scientific and technical problem. To ensure high
stability and survivability of armor, it is necessary to establish a relationship between the mechanical properties of
armor steel and its ballistic characteristics. Purpose. Based on the analysis of literary sources, determine the relationship
between the mechanical properties of steel armor and its ballistic characteristics. Methodology. The method of scientific
and technical literature analysis regarding the requirements for armored obstacles is applied. The results. Analytical
investigations of the relationship between the main mechanical properties of steel armor and its ballistic characteristics
are conducted in the work, which will allow predicting the optimal combination of mechanical properties’ values that
will ensure high ballistic resistance. Increasing the hardness of armor steel usually reduces the impact toughness of
steels. It is noted that the ballistic characteristics of structural and armor steels are correlated with the tensile strength
limit. The existence of a correlation between the strength properties of materials and their resistance to crack
propagation under high-speed (explosive) loading is shown. For a number of materials, there is a close relationship
between predicted and measured ballistic characteristics at high deformations associated with ballistic impact, when
compressive flow stress is used as a measure of material strength. Increasing impact toughness, especially in high and
ultra-high hardness classes, is an important task in the development of armor steel. Hardness limits are therefore set for
specific grades of steel armor to control impact toughness during production and reduce the risk of fracture or other
brittle damage for specific steel compositions and applications.

Keywords: metal armor; strength; hardness; impact work, ballistic resistance

Beryn Meta pocJainkeHHs

HesBakatoun Ha Te, 110 B JaHWM 4ac AJs Ha mizgcraBi anHainmizy jnitepaTypHUX HKepel
CTBOpPEHHS 3aco0iB  OpOHBOBOTO 3aXHCTy  BHU3HAYUTH B3a€EMO3B'I30K MDK MEXaHIYHUMH
BUKOPUCTOBYEThCSL O€3id pI3HUX MarepiajliB  BIACTUBOCTAMHU  cTajeBoi  OpoHi Ta  ii
(HemeTasnesi MaTepiaiu, BUCOKOMIIIHI 0aJiCTUYHOK  CTIMKICTIO, 10  JO3BOJHUTH
QJIOMIHIEBI 1 THTAHOBI CIUIaBH), OPOHBOBI  MPOTHO3YBAaTH ONTUMAJIbHE MO€THAHHS
CTali TNPOJOBXKYBATUMYTh JIOMIHYBaTH B  3HAUYeHb MEXaHIYHMX BIACTHUBOCTEH, sKe
KOHCTPYKIIAX 33aXHCTy TPAHCIIOPTHUX 3ac0o0iB,  3a0e3MeunTh BUCOKY HAAIMHICT OPOHE3aXHCTY.

3aJIMIIAI0YHCH KOHKYPEHTOCTIPOMOKHUM 3 TpakTHYHOI TOYKH 30py, OpOHSA
MarepiamoMm, SKUK  3a0esmeuye  BHCOKY  HeoOXimHa s 3a0e3ledeHHs ONTUMATbHOT
OaicTuuHy eEeKTHUBHICTh OPOHETIEPEITKOI. e(peKTUBHOCTI MPOTH HU3KH 3arpo3 Ha Mol

Jlnss  BUTOTOBIIEHHS ~ CTajeBoi  OpoHi OO0, BKIIOYAIOYH 3arpo3u MpOOUTTS OpoHi
HalyacTille BUKOPHUCTOBYIOTh BHCOKOMIITHI Ta  Ta YyJIaMKiB.

YIBTPABUCOKOMIIIHI ~ CIIEI[iafibHi ~ cTanmi, II0 OCHOBHBI BUMOTH J0 OpOHBOBOI cTai
XapaKTEePU3YIOTbCS ~ BHCOKOK  TBEpAICTIO,  Taki [3]:

IUTACTUYHICTIO Ta  B'SI3KICTIO, a  TaKOX — BHMCOKa CTIHKICTh — OIPHICTh BIUITUBY
JIOCTaTHHOKO HAJINHICTIO, HU3BKOI BapTICTIO, KYyJIb Ta CHapsIIiB;

MOPIBHSHO 13 OpOHEI0 3 THUTaHy, alIOMIHIIO Ta — KUBYYICTb — 3[[aTHICTb HE PYyHHYBaTHUCS

CIUlaBiB  Ha  iX  OCHOBI, a TaKOX B pasi 0araTopa3oBUX BIy4YeHb CHAPSIIB.
yHiBepcanpHicTIO [1; 2].
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Jlnst 3a0e3nedeH s IUX BUMOT JTUCTOBUH
MpoKaT i3 OpPOHBOBOI CTajl TOBHHEH MaTH
BHCOKY  MIIHICTh Ta  TBEPHICTb IMpH
30€peKeHHI XapaKTEPUCTUK TIACTHIHOCTI Ta
B's13k0CTi. TBepuicTh cran Oe3nocepeTHbo
BIUIMBAa€ Ha OaICTUYHUN 3aXHCT, a yJapHa
B'SI3KICTE  HeoOXigHa It 3a0e3leueHHs
MOTJIMHAHHS eHeprii BUOYXOBOT XBHIIL.

TBepmicTh 1 ymapHa B'SI3KICTH — JBI
XapaKkTepUCTUKH, IO TepedyBaloTh Yy
noctiiHoMy mnpotupiuui [3; 4]. Tomy, mis
3a0e3neueHHs  BUCOKOi  CTIHKOCTI  Ta
KUBYYOCTI OpOHI, HEOOXIJHO BCTaHOBHTHU
3B'I30K MK OCHOBHUMHM (haKTOpaMu, HAHOIBII
BaXKJIMBUMU IS OaIIICTUYHUX 1
KOHCTPYKIIIMHUX XapaKTePUCTUK OPOHBOBOI
CTaJl. Takum YUHOM, 3aBIaHHS
BCTAHOBJICHHSI 3B’SI3Ky MIK MEXaHIYHUMU
BJIACTUBOCTSIMU ~ OpoHBOBOi  crami 1 ii
OaTICTUYHUMH  XapaKTePUCTHKAMU  CTajio
aKTyaJIbHHUM.

MeTtoauka

Ha Ii/ICTaBi iH(pOopMaIiiTtHO-
AHAIITUYHOTO JTOCIIIKEHHS Cy4acHoi
JiTepaTypy BHUKOHAHO aHalli3 BHUMOT JIO
OpOHETEPEIIKOI.

OcCHOBHI pe3yJIbTaTH J0C/IIKEHb

OnuH 13 HAWUMIOMIMPEHINNX MEXaHI3MiB
pyiiHYBaHHSI TOMOT€HHOI MeTaeBOi OpOHiI —
IUTAaCTUYHE YTBOpPEHHsS OTBOpiB. PobGota 3
(¢hopmyBaHHS TIACTUYHOTO OTBOPY (WDHF)
TIOPIBHIOE POOOTI 3 PO3MIMPEHHS OTBOPY B
OpoHi 10 miaMeTpa cHapsaa.

YV mpangx [5; 6] 3anpomnoHOBaHO ISt
OIIICY B3a€EMO3B'SI3KY MK MIITHICTIO OpOHI Ta
ii omopoM mpoOMBaHHIO OpOHEOIMHUMU
CHapsiIaMHd BUKOPUCTOBYBAaTH (POPMYITy:

r-D*-h,-o,

Wour = 7 > ()
ne D — gpglamerp cHapsga, 10 HE
nedopMyeThes, ho — TOBIIMHA OPOHBOBOTO
JIUCTa, 0o — BINNOBIJHE HAMPYKESHHS
IUIMHHOCTI 3a CTUCHEHHsS (Mipa MIITHOCTI
Marepiany).

OIiHKKM  HaANpY>XeHHS IUIMHHOCTI  3a
BEJIUKUX KBa31CTaTUYHUX nedopmariiit
3aJIeKaTh Bl PaKTUYHOT IMIBUAKOCTI 3MIITHEHHS
[7], 1 y BuUmaaky, MO0 pO3TJISATAETHCS,

BHKOPHUCTOBYETHCSI OJHOBICHE KBa3iCTaTU4YHE
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HanpyKEeHHS TUTMHHOCTI 32 JidcHOI
nedopwmartii 1,0 [6].

Cnig 3a3Ha4uTH, MO JaHa (opMmylia He
3aCTOCOBYETbCSl 11 CHEpUYHUX  KYJIb,
HAMpUKJIIaJl, CBUHIIEBUX KYJb 13 CEPEIHBOIO
BUCOTOIO, 1 Kpalle 3acTOCOBYBaTH 1HIII
METOIM TPOTHO3YBaHHS B3a€EMO3B'SI3KY MiXK
MIITHICTIO OpOoHI Ta Ti OmMOpOM YypaKeHHIO
OpoHEOIMHMMHU CcHapsgaMu. SIKIo cHaps
nedopMyeTbes, K Y BUIMAAKY 3 KyJIbOBUMHU
CHapsiaMu, HATIPHUKIIA], CBUHIIEBUMU
CHapsijaMd 3 MIJHOK OOOJIOHKOIO, TOJII
BUKOHaHa po0OoTa Ta OaJiCTUYHA TpaHULS
3HAYHO TIEPEOIHIOIThCS piBHAHHAM (1), 1
Kpaiie 3aCTOCOBYBATHU 1HII1 METOIU
MPOTHO3yBaHHS [8].

[pupiBusBm piBHAHHSA (1) 70 KiHETUYHOT
€Heprii MPOHUKHOTO CHapsaa, MOKHA OIIHUTH
MIBUJKICTH B3aemofii (v) abo OamicTH4Hy
CTIHKICTh MaTepiary OpoHi 3a ¢popmyrioro [7]:

2

2
7D
Je m — Maca cHapsjua, ,/——— — KOHCTaHTa
m
JUIST  KOHKPETHOTO  BPaXalouoro eJIeMeHTa

(€ KOHCTAHTOIO JIJIsl JAHOTO CHAPS/IA).

s 3amexHicTh MOXe OyTH BHKOpPHCTaHA
JUIA OLIIHIOBAHHSA OOMEXEHHS 3a OaIiICTHYHOIO
CTIMKICTIO TOMOT€HHOI MeTayieBoi OpoHi 3a ii
B3a€EMO/IIT 3 CeplIeBUHAMU CHapSIIB (KYyJIb), 110
He Jnedopmytotees [6]. Ilpu pospaxyHKy
BPaxOBYIOTh BUKITIOYHO TUTACTHYHY
nedopMmariito  (TJIACTUYHA — Tedis), a Taki
XapaKTePUCTUKH, SIK 1HEpIi, TepTsa, Qopma
HAKOHEYHHKA  TOLIO  ITHOPYIOTh.  To0TO
KJIIFOYOBUM (HaKTOpOM OaliCTHYHOI CTIHKOCTI
OpoHi moctae muactuyHa aedopmariis. OpHak,
MOXYTh BHHUKATH W  1HII  MEXaHI3MHU
pyWHYBaHHsI, HaIlpPHUKIAN, 3aKylOPIOBaHHSI B
pasi amiabaTHOro 3CyBy ab0 HaBITh KPHUXKE
pyiiHyBaHHs [3].

[Iporiec migBUIIEHHS TBEPJAOCTI y BCIH
icropii ~ po3BUTKY  BUpOOHMITBA  OpOHI
PO3MIISAZIABCS SIK OAWH 13 HAMOUTBI OYEBHIHUX
NUISXiB  MiABHIIEHHS 11 crilikocti.  OpHak
e(EeKTUBHICTh IABHUIIEHOI TBEPJOCTI 3AJICKHUThH
BiJ YMOB OOCTpiny: BiJ TOBIIMHM OpOHi, KyTa
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oOctpimy, KamiOpy i CHapsiIiB, iX
KOHCTPYKIIIi Ta SIKOCTI.
MiX TBEpIICTIO MOHOJITHOI OpOHBOBOT

cTajleBOol IUIACTMHM Ta 11 OaJiCTUYHUMHU

TUILY

TnacTausa
TeMms (NOTIK)
B Mitnesi

Aniabammzmi  Pospus  PosGuris mimesi
Ve CHapROa

CTIMKICTD /IO IPOHUKHEHHS

TBEPJICTH MIIINEHI

(a)

NLIBHINEHHA OIIOPY MPOHHKHEHHA —»

XapaKTEepUCTUKAMU icHy€ CKJIaJHUI
B3a€MO3B'I30K, SKUM CXEMaTHYHO ITOKAa3aHO Ha

pucyHky 1 [9].

ToBmHHA TLIHTH ’f
e /
-
1IN

(28%mm)

/8N / /
(17 mm) ! r ]
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(13mm)

mm / CHAPSIH
CHAPAIH POSBHBATIHCA
/
| | S TIEPEXL] —wy=—
300 380 400 450 800 850
Teepaicre mwanrn, BHN

|
00 250

(6)

Puc. 1. Bzaemo3s6 30k mione meepoicmio MOHOMIMHOL RAACMUHYU 3 OPOHbO60T cmali
ma it egpexmusHicmio npomu 6POHeOIIHUX CHAPAOIB: A — 3ANENHCHICHb MIdC MEEPOICII0 NAUMU
ma onopom 00 npobusarHs, eupasicena enomeronoziuno [10]; 6 — 3anexcuicmos mixe meepoicmio naumu
1l OnOpoMm 00 NPOOUBAHHSA, KA 3a0aHA Yepe3 3HaueHHs meepoocmi [11]

[Touarkose [T IBUILIEHHS OpOHBOBOT
CTIKOCTI, IO BiJIOYBA€ThCS 31 30UIBIICHHSM
TBEpPIOCTI IUIACTHHH HAa PUCYHKY 1, a €
pe3yibTatoM 30UTBLIEHHS OINOpY  IUIACTHYHIM
nedopmariii B mporeci ¢GopMyBaHHS OTBODY.
[Ticnst meBHOrO MOMEHTY TIJIBHIIICHHSI TBEPIOCTI
TUTACTUHU BiZIOYBAETHCS 3HIDKCHHS 3aXHCTY Uepes3
CIIPUMHATIIMBICTG MaTepialy /10 pyHHYBaHHS 3a
HU3bKOCHEPTeTHYHOTO a/1iabaTiyHoro 3¢yBy. [1pu
yIapi Matepian IIaCTHHU TiJ] CHAPSIIOM IIBHJIKO
TIPHCKOPIOETHCA, CTBOPIOIOYH CTpUOOK
MIBUAKOCTI, [0  3YMOBIIOE  IUIACTUYHY
JOKami3alito B agiadatmuHMX ymoBax [12].
Bincyrtnicth  TepMiuHOT  mudy3ii  CIPHUYMHIOE

BUCOKI TEMIlepaTryp, SKi JONaloTh e(peKTH
3MIITHEHHST Big Aedopmariii Ta  IBHAKOCTI
nedopmartii, BUKJIMKAIOUU KaractpoiuHe
MaiHHA MIITHOCTI.

Cmyru amiabatuyHoro 3cyBy (ASB)

MOIIUPIOIOTECS HAa TOBIIMHY IUIACTHHH, IO
CIPUYMHIOE i pyHHYBaHHS 3a HHXKYUX PIBHIB
eHeprii TOpIBHAHO 3 IHIIUMH KJIACHIYHUMHU
MOJEIISIMU pyiHYBaHHSI. e OinbIIIe
MIJIBUIICHHS. TBEPJOCTI IUIACTUHU 3YMOBIIIOE
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MOCWJICHHST OQJICTHYHUX XapaKTEPHUCTHK, IO,
MIBUJIIIE 332 BCE, TMOB'I3aHO 3 PYHHYBaHHIM
cHapsiia. 3a qy)e BHCOKUX 3HaYeHb TBEPIOCTI

HE/IOCTAaTHS  B'I3KICTh MOXE  CIPHUYUHHUTH
KpUXKE PYWHYBaHHS CTaJ€BOro JiMcTa. ABTOpHU
crarti  [11] 3anpomoHyBanM  aHAJIOTIYHHUNA

B3a€EMO3B'I30K MDK TBEPIICTIO TOMOTEHHOI

cTajeBol IUIaCTUHM Ta il OHNOpPOM IO
npoOWBaHHS CHapsaaMHu, 3HAYEHHS TBEPIOCTI
Oynu  HaBeleHI AN PI3HUX  PEXUMIB
pyHHYBaHHS.

Ha mizgcraBi jgocmikeHb, MPOBEIEHUX Y
nparix [9; 13—15], 3po6iieHO BHCHOBOK, IIIO
OalicTUYHA CTIMKICTh TOB'SI3aHA 3 TBEPIICTIO
crajeBoi OpoOHI, OJHAaK 3a IEBHUX 3HA4YCHb
TBEPAOCTI, 3aJEKHO B BHIY CHapsaa Ta
MEXaHI3My pYHHYBaHHS, IIeH 3B'I30K MOXKeE
3MeHIryBatucst abo 30impmyBatucs. llle omun
BOXJIMBUI BIUIMB TBEPJOCTI OpOHI moOJsrae B
TOMY, YW JIOCTaTHbO BOHa BHCOKa, MLI00
nebopMyBaTH YM  PO3OUTH  CHApsI, IO
3HAYHOI0 MIpPOI0 BIUIMBAaE Ha €QEKTHBHICTH
OpoHi. 3 MPaKTUYHOI TOYKH 30pY TBEPHAICTh —
11e Mipa MIIHOCTI, Ky MOYXHa JIETKO BUMIPSTH
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o1 KOXKHOI  IUTACTMHH, 1 1i
BHUKOPHCTOBYBATH JIJIsl TAPAHTIT SIKOCTI.

Hocnimkenus, mpoBeaeHi B mpami [11],
MOKa3adM, IO OaJiCTHYHI XapaKTEPUCTHKH
KOHCTPYKLIHHUX 1  OpOHBOBHX  cTajie
KOPETIOIOTH 13 TBEPAICTIO 1 TPAHUIICIO MIITHOCTI

MOXHa

IpU pO3TATYBaHHI, aje He 3 TPaHHILEIO
IUIMHHOCTI.

Opnak, sk TMOKazaHO B mpami [6], icHye
3HaYyIla  KOpeJsIiss MDK —~ MeXaHIYHUMHU

BJIACTUBOCTSIMU Ta OAIICTUYHOK CTIMKICTIO JJIs
psamy matepiaiiB. BUKOpHUCTaHHS HampyKEHHS
Tewii JOIIIBHE TpH  pO3TIAl  OLIbIIMX
nedopmariiii, mTOB'SI3aHMX 13  OaTICTUYHUM
ynapoMm,  0coOJIMBO  yepe3  YTBOPEHHSA
IUIACTUYHUX BUTKIB Ta IHIIMX MEXaHI3MIB
pyVHYBaHHS.

Woodward [6; 10] mpomemMoHCTpyBaB
CWIBbHY KOPEIAIII MDK MPOTHO30BAaHUMH Ta
BUMIPSITHUMU OaJIiCTHIHUMH XapaKTepH-
CTMKaMH  JUIsI  pAgy  MarepiaiiB,  KOJHU
KBa3iCTaTHYHE HANPY)KCHHS TeUii 32 CTUCHEHHS
B pa3si  BUCOKMX  Jedopmauiid, TOOTO
HaIpy>XEeHHs Tedil 32 ICTUHHOI AedopMalrii co,1,
a He TpaHWIlsl TUTMHHOCTI 32 CTUCHEHHS Oy

BHKOPHCTOBYBaJlacs  SIK  Mipa  MIIIHOCTI
Marepiany.

Bukopucranss HaInpyXeHHS Tedii
JOLIbHE, SIKIIIO BpaxyBaTH BEJIHKI
nedopmariii, moB’si3aHi 3 €0 OATICTHYHOTO
ynapy, 0C00JIMBO yepes YTBOPEHHS
MJACTHYHOTO OTBOPY Ta 0araro IHIIHX
MeXaHi3MiB pyHHYBaHHS. Kpusa
KBa3iCTAaTUYHOTO  ICTUHHOTO  HANpPYXKEHHS
CTHUCHEHHSA-ICTUHHOT nedopmartii Maixe

IJIOCKA 33 TaKUX BEIMKUX JedopMariiii, oTxke,
I Mipa HampyXeHHS Tedil TaKoX 3HAYHOIO
MIpOI0 HEYyTIuBa 1O TOYHOTO 3HAYCHHS
nedopwmartii [16].

3 aHamizy 3aJeKHOCTEH, HaBEIEeHUX Ha
pucyHky 2 [17], BumiauBae, 1O 3a BHUCOKHX
IIBUJIKOCTEH HABaHTAXXECHHS HANpYXEHHS Teuli
3a BEIUKHX IUIACTUYHUX jAedopmariii  He
3aJIeKUTh BiJl IIBUAKOCTI HaBaHTaxkeHHs. II[o
[IOB'A3aHO 3 OTHOYAaCHUM nepedirom
neopMarifHOro  yIIUIBHEHHS, 3a paxyHOK
MiJBUIICHHS  HANpYyXEeHHS B  MeTam 1
TepMiyHOTO 3HeMinHeHHA. [lokazano, 110
MOYaTKOBE  HANpYKEHHS  Tedil  Iparde
HAONMM3UTHCS /IO 3HAYEHHS KBa3iCTATUYHOIO
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HANIPY)KCHHSI T€Yii 3a BEIMKHUX IUIACTHYHHUX
nedopmarrii.

BinOyBaeTbcst 3MIIHEHHS 32 IBHIKICTIO
nedopmarii, ame 3aranbHa (opMa  KpPUBOL
HampyXeHHs — JedopMallisi 3MIHIOETBCS B
pe3yabTaTi TEPMIYHOTO 3HEMIITHEHHS BHACIIIOK
aniabaTMYHOTO HArpiBaHHS, [IOB’S3aHOTO 3
BEJIMKOI0  BHCOKOUIBHIKICHOIO  TUIACTUYHOIO
nedopmartiero. [HImmMME crioBamu, KpuBa Tedii €
KOMOIHAITIEF0 301TBbIICHHST HANpPYXKEHHS Tedll
BHACTINOK 3MINHEHHS 3a IIEBHOI IIBHJIKOCTI
nedopmarrii, a TakoXX 3MEHIICHHS dYepe3
TEpMiYHE 3HEMIIIHEHHs, M0 pPa3oM MOXe
BUKJIMKATH 3MIHM BUAY KPUBHX HAINpPYyXEHHS —
nedopMmariis 32 BHUCOKMX  IIIBHJKOCTEH
HaBaHTAKEHHS.

Pizaums MIX KBa3lCTaTUYHUMUA
BJIACTUBOCTSIMU 3a CTHCHEHHS Ta pO3TATY
3arapToBaHoi Ta  BIONYIIEHOI  cTali €
nudepenmiamom  wminHocTi [18]. Ile Takox
CTOCYEThCS JMHAMIYHOTO HaBaHTakeHHs [19].
PisHuis  MIHOCTI BUHUKAE dYepe3 Pi3HY
peakiilo Marepially MiXK HaBaHTa)XCHHSM Ha
CTHUCHEHHSI 1 pO3TATY Yepe3 HU3KY MOTEHITIMHIX
NPUYHH, TAaKUX SK: HaABHICTH MIKPOCKOIIYHHUX
MeTalypriiHux TPIIH 1 TPIIUH
3arapTyBaHHs; pyX JUCIIOKAIlii MPOTHU TPAHUIb
3epeH abo0 BKJIIOYEHBb; €(EeKTH TEKCTypu Ta
aHI30TpOmii, M0 BHHHUKAIOTH  BHACIIJOK
MOTIEPETHBOI TIIACTUYHOT iehopmartii.

Kpim Toro, 3a nii po3TATyBaIbHOTO
HABAaHTAKECHHSI MIKPOTPIIIMHN TOIIUPIOIOTHCS,
TaKUM YMHOM 301blIyIoun 00’eM MaTepiainy i,

OT)K€,  OTPUMAEMO  OUIBITy  IUTACTHYHY
nedopmartito.  Ilim  HaBaHTaXEHHSAM  Ha
CTHUCHEHHSI MIiKPOTPILITHH IPUMYCOBO
3aKpUBAIOTHCS, IO  3YMOBJIOE  MEHIII

BUMIpIOBaHI MmiacTuyHi gedopmarii. bynp-ska
30epexeHa ¢aza ayCTEHITy, IO 3aJIUIINAJIACS
micyisl TPOIECIB 3arapTyBaHHS Ta BIAIYCKY,
TaKOX MaTHME IHITy TIOBEAIHKY I dYac
pPO3TATyBaHHSI MOPIBHSHO 31 CTUCHEHHAM [6].
BinmiHHOCTI B TOBEAIHINI  HANPYXEHHS-
nedopMallis MK CTUCHEHHSM 1 pPO3TATOM
MOXYTh  OyTH  JOCHUTh 3HAYHUMH  JUIA
3arapToBaHUX 1 BIIMYIIEHUX CTalel, 1 Mozeni
Jxoncona—Kyka [20] 1 Llepimri—ApMcTponra
[21] 3/1aTHI MPEACTABIISTH MOBETIHKY
Marepialy 3a penpe3eHTaTUBHOI IIBUIKOCTI
nedopmMartii.
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BponboBa cramp JocTynHa B Jiana3oHi
TOBIIMH, 1, $K HACIIZOK, BJIACTHBOCTI
MaTepiany 3MIHIOIOTBCS 10 TMepepizy uepe3
TPYIHOII B TOCATHEHHI JIOCTATHHO1 MIBUIKOCTI
3arapTyBaHHS MiJ yac TepMiuHOi 0OpoOKHU Juist
JOCSITHEHHST CTa0lTbHOI Ta BHUCOKOI TBEPAOCTI
1o BCil TOBIIUHI IUIACTUHU. Ie
cnoctepiraetbes 11 RHA (karana roMmoreHHa
OpoHsI), siKa MOXe OyTH TOBIIMHOIO BifT 2,5 10
150 w™mwm. bigem  ToBcTi  JmcTtH  OpoHi
BUTOTOBIISIIOTECSL 3 OILIbII BHCOKMM BMICTOM

3000

JETYBAIBHHUX €JIEMEHTIB, MO0 MiABUIIUTH IX
3IaTHICTH JO 3arapTyBaHHs, ajie 3MIHU CKJIaay
HE 3aBXIH MOXYTh TOBHICTIO KOMIICHCYBaTH
Taki 3HA4YHI 3MIHM TOBIIUHH, IO CIPUYHUHIOE
3HIDKEHHSI TBEPAOCTI B CEPEUHI MOMEPEYHOrO
nepepizy s OUTBIT TOBCTUX TUTACTHH.

ABropu myOmikamii [22] Bkazamu, sK Ha
nuHaMmiugl  BiaactuBocTi RHA  BmuiuBae
TBEPAICTh, MO0 € 3MIHHOIO 3aJIEKHO BiJ
TOBIMHH IIJIACTUHH, JI€ O1IBII TOBCTI INIACTUHU
MarOTh MEHIIIY IOBEPXHEBY TBEPICTb.

2500
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Icranne nanpy:xenns (MIla)
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===== Kpazi-craTuuni

JInmanivaai
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Puc. 2. Kpusi icmunnozo nanpyosicenns cmucky — oegpopmayii 0ns1 6ponvosux cmanei MARS: MARS 190 (RHA),
MARS240 (HHA) i MARS300 (UHHA) 3i wisuoxocmsamu ounamiynoi oegpopmayii
4800 ¢, 3800 ¢’ i 1500-2500 ¢! gionosiono [11]

PyiinyBanHss OpOHBOBOI IJIMTH TMiJ dYac
OaJIICTUYHOTO yJapy MO>KHA OMHUCATH SIK Take,

o BigOYBaeThCs, KOMU 11 IUIACTHYHICTH
HEJOCTAaTHS JUIi TOTrO, 100 BHUTPUMYBATH
nedopmarii, TOB’sI3aHI 3 BUTUHOM, SKUN

BUHUKA€ BHACIIZOK yJapy, a TaKOXX 3TMHAHHS,
SKi B KOMILJIEKCI € KpaIlluM MEXaHi3MOM IS
pyiinyBanHs [23]. ByBalTh BHUIAAKH, KOJIHU
IJTACTUHA JIAMAETHCSI 3 HE3HAYHOK0 TTOMITHOIO
nedopmarli€ro, mo TaKoXX MOXKE MOETHYBATHCS
3 IHIIMMHU MeXaHi3MaMH pPyHHYBaHHS.

3 MpakTHYHOI TOYKH 30py (DYHKITIOHAT
MaTepiany Ais TaKUX BHMOTIIMBHX YMOB, SIK
CTIHKICTh 70 OamicTUYHUX abo BHUOYXOBUX
HaBaHTAXXEHb, 3aJCKUTh BIJI TOro, SK BIH
pearye Ha HasBHICTh BM ATHH a00 TPIIIKH.

BM’aTHHE ~ TIPOBOKYBaTUMYTh  BHUCOKI
JIOKaJIbHI HaMpyXeHHsI Ta BUCOKE JIOKaJbHE
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301IbIIEHHS MBUAKOCTI Jedopmanii B KOpeHi
BUIMKK [24]. BaxnuBo, M0 SAMKH TaKOX
3YMOBIIOIOTh TPUBHUMIpHHUI 0araToBiChOBHIA
Halpy>KeHW  CTaH, OCOOJMBO  UYYTJIMBUH
0e3mocepeIHbO 10 BM’STHH 1 THM OLUIBIIE 10
TPIIIHH.

BucokoMinHi  Matepiand,  BKJIIOYAIOUU
Jiesiki OpOHBOBI CTall (A€ MIACTUYHICTh HABITh
3a OJTHOBICHOTO HAmNpPY>KEHHS MOXKe OyTH ayxe
HU3bKA), YacTO MalOTh HEBEIWKI JIOKaJbHI
TUTACTUYHI 30HHU 1, OTXKE, Ty’KE BUCOKI JIOKaJIbH1
HaIpYy>KEHHsI, K1 € 1HIIlIaTopamMu TpimuH [24].

HaBiTh 3a HH3BKMX 30BHIIIHIX 3YCHIIb
MOKe BUHUKHYTHU BHCOKE JIOKaJIbHE
HANPYKCHHS, 110 MOXXE CHPUYMHUTH HIBUIKE
BUHWKHEHHS, TIOMIMPEHHS MIKPOTPIIUH 1
pYHHYBaHHS. Crami 3 BUCOKHUM

nedopmariiiHuM ~ 3MIITHEHHSIM 1  BHCOKOIO
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nedopMarliero pyiHyBaHHS OUIBII JOMIUIBHI Y
BHUKOPHCTAaHHI, OCKUIBKM  BOHH  MOXYTh
CTBOPIOBaTH BEJHKI IUIACTHYHI 30HH TIepen
TpilIUHAMH, 110 3apOIKYIOThCH, Ta
3a0e3neunTH OUTBIINI Omip iX MOUIMPEHHIO Ta
po3noBcrokeHHI0. [lepeBara Takux cranei
MOJIATAE B TOMY, IO OLUTbINA MJIACTUYHA 30HA B
KOpeHl Hanpizy abo TPIMIUHA PO3MIUPIOE
00JIaCTh MPYKHOTO HABAaHTAXKEHHS B 00JacTb,
Jie Hampy>KeHHsI OyayTh Habarato MEHIIUMHU.
Tomy Taki crasi MaloTh 3HAYHO OUIBILY
CTIHKICTB 10 pyHHYBaHHS.

BpoHboBi  crasi  MalTh  OPTOTPOIHI
MEXaHIYHI BJACTUBOCTI (BJIACTUBOCTI, IO
PI3HATHCS Y30BXK TPbOX B3a€EMHO-
OPTOTOHAJILHUX OCel 00epTOBOI cHUMeTpii),
30KpeMa, B'SA3KiCTh, SKa 3HAYHO BHINA B
MO3/IOBYKHBOMY Ta TIONEPEYHOMY HaIpsIMKax
IUTACTUHU TIOPIBHSHO 3 KOPOTKUM TOMEPEUHUM
(mo ToBmmHI) HanpsMmkoMm. Ile BukIMKaHO
Cerperaii€ero JeryBajJbHUX eIEMEeHTIB, 30KpeMa,
HEMETaJIeBUX BKJIIOYEHb HA OCHOBI CIpKH, B

mporeci  JUTTA, a TakKoX OPTOTPOITHOIO
nedopmarliero  MIKpOCTPYKTYpU B TpoIieci
IIPOKAaTKU.  Yce L€  BUKIHMKAE  IOSBY

MIKPOCTPYKTYpHUX CcMyr y cransx. Leach i1
Woodward [25] mnokazanm, mo OalicTHYHA
CTIHKICTh i MeXaHi3M pyWHYBaHHS
3arapToBaHoOi 1 BiJMYIIEHOI CTalli 3MiHIOIOTHCS
3QJIEKHO Bl OpIEHTAIli MIKPOCTPYKTYPHUX
CMYT y IIJIACTHHI.

MirHicTs BAXJIMBAN T[OKAa3HUK JUIA
TOBCTUX OpOHBOBUX IUIMUT dYepe3 TPUBICHHUMA
Hanpy>XKeHWH  CTaH, BHUKJIUKAHUA  OUIBII
BHCOKHM OOMEXEHHSM TOBCTIIMX cekiiit [11].
3a Takux OOCTaBMH HamNpyKEHHUH cTaH uepes
BM’ATHHY (3aryMOJieHHs) HAOIMKAEThCA 10
wiockoi gedopmariii, a He A0 IUIOCKOTO
HampyXXeHHsl, NPUYOMY TMepuIMii cTaH Mae
MEHIIIE HaIlpyXeHHs pyiHyBaHHs [25]. bimbm
TOBCTI OpPOHBOBI CTaji, SIK MPaBUJIO, TMOBHUHHI
MaTH OUIbII BHCOKHMH BMICT JIeTyBaJlbHUX
€IeMEHTIB Yy CIUIaBi, MO0 MIABUIIUTH iX
ylapHy B'S3KICTB 1  Kpamie  KepyBaTu
TPUBICHUMH HaNpyXeHUMHU ctaHamu [11].

JocnimkeHHss HU3KH aBTOpiB [26; 27]
nmokazanu, 1mo aedopmaris  pylHHYBaHHS
YyTJIMBa JI0 HAmNpyXeHoro craHy (ToOTo
CTYNEHS TPUBICHOCTI), Y PAJI BUCOKOMIITHHX
crajeii Oynu 3Ha4YHI  BIAMIHHOCTI  MIX
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negopmanisMu pydHYBaHHA B IUIOLIMHI Ta
4yepe3 TOBIIMHY. [HII ¢akTopu, Takl SK
TeMIeparypa i HMIBHJIKICTh HAaBAaHTAXEHHS a0o
MIBUIKICTH Aedopmarlii, TAKOXK MOXKYTb CHIIBHO
3HU3UTH B'S3KiCTh [24]. Whittington Ta 1. [28],
HaTpUKIIAI, JIOCITI JKYBAJIH TUTACTHYHY
Mopdosorito  pyiiHyBaHHs OpOHBOBOI CTali
RHA 1 BusBuau, mo 301IbIIEHHS IIBUIKOCTI

nedopMariii  3yMOBIIOE€ MEHIIE YTBOPEHHS
TUTACTHYHUX MYCTOT 1 HABIIAKH.

ABTOpPH [24] CTBEP/IKYIOTb, 10
pe3yabTaTh  J1abOpaTOpHUX  BUIPOOYBaHb
[lapmi HE MOXXHa BUKOPUCTOBYBATH IS
TOYHUX TPOTHO3IB  TOBEAIHKH  pealbHUX
OpOHBOBAaHMX KOHCTPYKIIA 32  TOJBOBHX
TEeMIepaTyp.

Xoya Tect Illapmi —  BaxkIuBHA
OpakTUYHUKA ~ 3acid0  Juis  OI[iHeHHA  Ta

kinacudikamii HaIIHRHOCTI PI3HUX OPOHBOBHX
CTaJieil, B OCHOBHOMY LI€¢ €MIIIPpUYHUN TeCT i3
HEBH3HAYEHOIO TPHUBICHOIO YMOBOIO Ha HAJpi3i,
1 TOMy HOro HE MOXKHAa BHKOPHCTOBYBATH IS

IPOTHO3yBaHHS MOYaTKy KPUXKOTO
pyhnyBanHs [24]. VYpmapu abo BuOyxu
CTBOPIOIOTH TTyKe BHCOKI JIOKaJIbHI

HATNIPY)KCHHS, SKi MOXYTh JIETKO CIPUYUHUTHU
TpitmuHU. Te, yu Taki TPIIIUHU TMOIIUPIOIOTHCS
Ta CHPUYMHIOIOTH  KPUXKE  pPYHHYBaHHS,
3QJIOKUTh BIJI XapakTEepHUX I MaTepiary
BJIACTUBOCTEH TMOIIMPEHHS TPILIUH, $KI He
BUMIpIOIOTHCS TecToM [llaprmi.

Herzig ta in. [29] npoBenu BunpoOyBaHHs
[Tapmi, a Takox BUOYXOBI BUNPOOYBaHHS, SKI
BUMIPIOBAJIM TOIIMPEHHS TPIMH IS PALY
cTaJied 1 ToKa3aiaH, IO pe3yJbTaTH TaKUX
BUNIPOOYBaHb  3MIHIOIOTBCS  3aJI€KHO  BiJ
temriepatypu (no0 -40°C Bim TemmepaTypu
HABKOJIMIIIHBOTO CepefoBHINa). Baxunpo, 1o
OyJi0 TOKa3aHO, IO ICHYE XOpoIla KOPEsIis
MIX BIACTHBOCTSMHU B'SI3KOCTI Marepiainy Ta
HOTO CTIHKICTIO IO PO3IMOBCIOKEHHSI TPIIIUHA
3a BHCOKOTO (BUOYXOBOTO) HABAHTAYKEHHSI.

BucHoBku

3a pe3ysbTaTaMH aHali3y BCTAHOBJIEHO, IO
MDK OaliCTHYHUMH XapaKTEPUCTHKAMHU Ta
TBEPIICTIO cTajleBoi OpOHI IiCHye TiCHHUH
B3a€EMO3B'SA30K, SKHH, 3aJeKHO B THITY
CHapsia Ta MeXaHI3My pyHHYBaHHS, MOXe
JIeNIo 301JIbIITYBAaTHCh 200 3MEHIITYBaTHUCh.
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[TigBuieHHss TBEpIOCTI OpPOHBOBOI cTaii
3a3BMYall 3HWXKYE YAAapHY B'SA3KICTh CTaJICH.
Mexi TBEpAOCTI TOMY BCTAHOBIIOIOTHCS ISt
KOHKPETHUX KJIaciB cTajieBoi OpoHi, 1100
KOHTPOJIIOBAaTH yIapHy B'A3KICTh TiJ dac
BUPOOHHMIITBA Ta 3HWKYBaTH PH3UK
pyiHYBaHHS a00 IHIIMX KPUXKUX YIIKOJKEHb

JUIST KOHKPETHUX CKJIamiB crtaimi Ta cdep
3aCTOCYBaHHS.

ITokazano, 10 OajicTHYHA CTIMKICTh
KOHCTPYKLIHHUX Ta  OpOHBOBUX  CTajeu

KOPEJIOE 3 TPAHUIICI0 MIITHOCTI Ha po3Tar. J{is
psaay MaTepialiB MK Tepen0aueHUMH  Ta
BUMIPSITHUMU OaJIiCTHYHUMH XapaKTepH-
CTMKaMHM 32 BHUCOKHX JedopMalliii, MoB'sI3aHUX
13 OaMiCTUYHUM  yAapoM, ICHyE TICHUH

B3a€MO3B'SI30K, Y pa3i, KOMU SK Mipa MIIIHOCTI
Marepiany CIy>KUTh CTUCKHE HAlpYKeHHS Tedii
3a ictuHHO1 nedopmarii 1,0 co.

[Tokazano  icHyBaHHA  KOPEJAIIMHOTO
3B'I3KYy ~ MDK  BJIACTUBOCTSIMH  MIITHOCTI
MaTepiaiiB 1 iX OmopoM MOMIMPEHHIO TPIIIHH 32
BUCOKOIIBHJIKICHOTO (BHOYXOBOr0) HaBaHTa-
KCHHSL.

[TigBumeHHst yaapHoOi B'I3KOCTi, 0COOIMBO

32 BHCOKOI Ta HAJBUCOKOI TBEPIAOCTI, —
BaKJINBE 3aBJaHHsI It pO3po0IeHHs
OpoHboBOi ctami. Ha 3HadeHHs ymapHOI

B'SI3KOCTI 3HAYHWI BIUIMB MalOTh TemIepaTypa
Ta IMBUAKICTP HABAHTAXXEHHS YW IIBUIKICTH
nedopmMartii.
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AHoTtaniss. Becmyn. Y 3a1i3006TOHHHX KOHCTPYKINISIX 3aKpilJICHHS KiHIIB apMaTypHUX CTPHXKHIB y OCTOHI —
aHKEepPYBaHHS 3[IHCHIOETCS 3aITyCKOM apMaTypH 3a IEPETHH, 10 PO3IISAAETHCS, HA JOBXKUHY 30HH Tepeaadi 3yCuib 3
apMaTypu Ha OETOH, a TAaKOX 3a JIOIIOMOIOI0 aHKEPHUX IIPUCTPOIB. Y pa3i HEMOXKIIMBOCTI 3a0e3NeueHHs] HeoOXiqHOT
PO3paxyHKOBOT JOBXKUHH apMaTypH 3aCTOCOBYIOTHCS CHCIiaibHI 3aXOAH IOMO aHKECPYBAaHHS apMaTYPHUX CTPH)KHIB
[1, m. 5.36]. OnuH i3 Takux 3aco0iB — MPUCTPIi HA KIHIIX MO3JOBXKHIX CTPUIKHIB CHELiaIbHUX aHKEPHUX MPUCTPOIB y
BUTIII TTacTUH. [Ipy BiamTyBaHHI aHKEPHUX MPUCTPOIB Y BUIIAI IUIACTUH OCOOJIMBA yBara MPHIUIAETHCS BUIY
3BapIOBaHHs IUTACTHHHU 31 CTPW)KHEM, SKa IMOBHHHA BHKIIOYHTH BHCMHUKYBAaHHS CTPYKHS TiJ 4Yac 3aCTOCYBaHHS
MO37I0BXKHIX 3YCHWJIb BiJl 30BHIIIHBLOTO HaBaHTaKEHHs. Mamepianu ma memoouka. SIk marepian IUisl JTOCIHIDKSHHS
MIPUHHATI apMaTypHi cTprkHi kimacy A400C miamerpom 25 i 32 MM, 3'€qHaHI Ha KIiHIAX i3 METaJIeBUMH TUIACTHHAME
KOHTaKTHUM 3BapiOBaHHsAM. Y METAJIEBHX IUIACTHHAX OYJIM MPOCBEPJICHI OTBOPHU JiaMeTPOM, IO TOPIBHIOE JiaMeTpy
apmatypu. CTpHXKHI BCTaBJISTH Y OTBOPH BPiBEHb 13 TIOBEPXHEIO TUIACTHH 1 MPUBAPIOBAIIH JI0 TUIACTHH OJHOCTOPOHHIM i
JIBOCTOPOHHIM 3BaproBaHHAM. BChoro Ha KOKEH BU 3BAPHOTO 3’ €IHAHHS BUKOPUCTOBYBAJH I10 JABa CTPHOKHI. MIilIHICTh
3BapHOTO  3'€qHAHHSI  apMaTypHUX  CTPWXKHIB i3  IUTaCTUHAMHM  BHW3HAYalld  HA  PO3PWBHIA  MalIuHi
I'MC-100 nursxoM JOKIaJaHHS MaKCUMAJIbHOTO PO3TATYBaJIbHOTO 3yCHIIISL 10 apMaTypHUX CTprykHIB. HarosnomryBanu
Ha XapakTepl pyHHYBaHHS KOKHOTO 3’€IHAHHS apMaTypHOTO CTPWXKHS 3 IUIaCTHHOIO. Pe3ynbmamu excnepumenmy.
YcraHoBIeHO, 110 pyiHHYBaHHS 3'€HaHHS 000X apMaTypHHMX CTPIIKHIB aiamerpamu 25 MM Ta 32 MM 3 METaJIeBOIO
IUTACTUHOIO 332 OJHOCTOPOHHBOT'O 3BAPIOBAHHS CTAIOCS 4Yepe3 pyHHYBaHHS 3BapHOTO 3'€JHAHHS Ta BHCMHKYBaHHS
CTPWKHIB 13 TUIACTHHU. Y BHUITAJKy TBOCTOPOHHBOTO 3'€THAHHS CTPYKHIB BUCMUKYBAHHS X i3 IJIACTUHH HE BiJIOYJIOCS.
[Tpn pomy oHe 3'eHAHHS CTPHXKHS JlaMeTpoM 25 MM BUHILIO 3 JlaJy 4epe3 pO3pHB CTPYIKHS B 30HI KOHTAaKTy 31
3BapIOBaHHAM, a iHIIE — Yepe3 BUUCPHAHHS HUM MexXi (Qi3ndHoi TekydocTi. PylHyBaHHS 3'€MHaHHS apMaTypHHUX
CTPYDKHIB JliaMeTpoM 32MM 3 METaJIeBOIO TUIACTHHOIO TPH JBOCTOPOHHHOMY 3BapIOBaHHI CTAJOCS Yepe3 PO3PHUB OTHOTO
CTPWKHS B 30HI HWOTO KOHTAaKTy 31 3BaplOBaHHAM Ta 4Yepe3 TPIIIMHOYTBOPECHHS KOHTAKTY IHIIOIO CTPYDKHA 31
3BapiOBaHHSIM. Bucnoeéxku. EKCIepUMEHTaNbHO BCTaHOBJICHO, IO ITOKAa3HUKH MIIIHOCTI 3BapHOTO 3'€JHAHHS
apMaTypHHX CTPHDKHIB JiaMeTpoM 25 MM i 32 MM 3 METajeBOI0 IUIACTHHOIO NPH JIBOCTOPOHHBOMY 3BapiOBaHHI B
1,33—1,36 pa3a BuIi, HiXK MPU OTHOCTOPOHHHOMY 3BapIOBaHHI.

KaouoBi ciioBa: auxepysanns, apmamypHi Cmpudichi; Memanesd niacmuna, 36apiosanis, 36apHe 3 €OHaAHHs

THE INFLUENCE OF WELDING TYPE ON THE STRENGTH
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Abstract. Introduction. In reinforced concrete structures, the ends of reinforcing bars are anchored in the concrete
by launching the reinforcement beyond the considered section for the length of the force transfer zone from the
reinforcement to the concrete as well as by using anchoring devices. If the required design length of the reinforcement
cannot be ensured, special measures to anchor the reinforcement bars are applied [1, p. 5.36]. One of these measures is
to install special anchoring devices in the form of plates at the ends of the longitudinal bars. When anchoring devices in
the form of plates, special attention is paid to the welding type of the plate with the bar, which should prevent the bar
from being pulled out when longitudinal forces from external load are applied. Materials and methodology. The
material to be investigated was reinforcing bars of class AS00C with diameters of 25 and 32 mm, connected at the ends
to metal plates by means of contact welding. Holes with a diameter equal to the diameter of the reinforcement were
drilled in the metal plates. The bars were inserted into the holes flush with the surface of the plates and welded to the
plates by one and double sided welding. A total of two bars were used per welded joint. The strength of welded
connection of reinforcing bars with plates was determined on the tensile testing machine HMS-100 by applying
maximum tensile force to reinforcing bars. The fracture pattern of each reinforcing bar to plate joint was noted.
The results of the experiment. As a result of the experiment, it was found that the destruction of the connection
between the two reinforcing bars of 25 mm and 32 mm diameter and the metal plate during one-sided welding occurred
by destroying the welding connection and pulling the bars out of the plate. When the bars were joined on both sides,
there was no pulling out of the plate. In this case, one 25-mm-diameter bar joint is out of service due to bar breakage in
the area of contact with the weld and the other is due to the exhaustion of its physical yield strength. The destruction of
the 32mm diameter bars and metal plate joint in the two-sided welding process was due to the rupture of one bar in the
area of its contact with the weld and the cracking of the other bar's contact with the weld. Conclusions. As a result of
the experiment, it was found that the strength values of the welded connection between reinforcing bars 25 mm and
32 mm in diameter and a metal plate at bilateral welding were 1,33—1,36 times higher than those at one-sided welding.

Keywords: anchoring; reinforcing bars, metal plate; welding; welded joints

IMocTanoBka npodiaemu 3BapIOBaHHS IUIACTHHH 31 CTPWXKHEM, SKa

vy 3aJ11300€TOHHUX KOHCTPYKIISIX ~ TIOBUHHA BHKIIIOYHTH BUCMHKYBAaHHS CTPHDIKHS
3aKpIIUICHHS KIHI[IB apMaTypHUX CTPWXKHIB y  IiJ 4ac 3aCTOCYBaHHS IMO3JOBXHIX 3yCHJIb BiJ
OCTOHI — aHKEpYBaHHS 31MCHIOETHCS 3aITyCKOM  30BHINIHBOTO HaBaHTaXeHHS. CIij 3a3HAYUTH,
apMaTypu 3a NEpPeTHH, IO PO3IISAAE€ThCS, Ha 10 HATYPHI ICIIUTH — OJIMH 13 TOYHUX METOMIB
JOBKMHY 30HU TIepeaadi 3yCHiIb 3 apMaTypy Ha  OI[IHEHHS SKOCTI MaTepiaiiB, HE3BaKalOud Ha
OeTOH, a TakoX 3a JOMOMOIOI0 AaHKepHHMX  Te, IO  OCTaHHIM  4YacoM  aKTHUBHO

MIPUCTPOIB. v pasi HEMOXJIMBOCTI  BIPOBAKYIOTHCS B MAaTEPiaJIOZHABCTBI METOIN
3a0e3neueHHs]  HEOOXiHOI  pO3PaxyHKOBOi  HEPYHHIBHOTO KOHTPOJIIO, BKJIIOUAIOUU
JTOBXUHH apMmarypu 3aCTOCOBYIOTBCSI ~ MaTeMaTH4He MOJIETTIOBaHHS, 30Kpema,
cremiaibHi  3aco0W 100  aHKepyBaHHS  (pakranbHui miaxix [3—8] Ta iH.

apmatypHux ctpwkHiB [1, m. 5.36]. Onun i3 Meta po6oTu

TakuX 3aco0iB  — TMpHUCTpiH Ha  KIHIAX BusnaueHHs MIIHOCTI 3BapHHUX 3'€JJHaHb
MO3JIOBXKHIX CTPYDKHIB CIEIiaJbHUX aHKEPHUX  apMaTypH 3 METaJeBHMH IIJIACTHHAMH.
npucTpoiB 'y Bumaal miactuH. Ilig  dgac Bukisaa marepiany

yIAIITYBAaHHS AaHKEPHHUX NPHCTPOIB Yy BHIUIAAIL Jns  BumpoOyBaHbB  YOTHPH  3pasKu

IUTACTUH OCOOJIMBAa yBara MPUAUIAEThCS BUAy  apMmaTypu kiacy A400C miamerpoMm 25 MM

33


mailto:volchuky@gmail.com
mailto:ilyev.ilya@gmail.com

METAJIOSHABCTBO TA TEPMIYHA OFPOBKA METAJIIB, Ne 1 (100), 2023 p., |SSN 2413-7405

Oynmu 3'eqHaHl 3 METAJEBUMHU TUIACTUHAMH
KBaJpaTHOTO Tepepidy 3 po3MipaMu CTOPOHHU
89-91 mM Ta toBmmHOKO 19,4—19.8 mm. [IBa
3pa3Ku apMaTypu AiaMeTpoM 25 MM 3'€THau 3
METAJICBUMH  TUIACTUHAMHU  JIBOCTOPOHHIM
3BapIOBaHHAM (3 BHYTPINIHBOI Ta 30BHINIHBOI
CTOpiH KOXHOI TUIACTHHH), a JIBa 3pa3Ku —
3'emHaHl 3  IUTACTHHOI  OJHOCTOPOHHIM
3BapIOBAHHAIM (3 30BHIITHBOTO OOKy
TIJIACTUHH).

Takok 4YOTHUpH 3pa3Kul apMarypu Kiacy
A400C niamerpom 32 MM Oynu 3'eqHaHi 3
METaJICBUMH MJIaCTUHAMU KBaJIPaTHOTO
nepepizy 3 po3MipaMu CTOPOHU
108,6—111,0 mm i 3aBToBImIKH 23,2—24,7 MM.
3'enHaHHS apMaTYpHUX CTPWIKHIB I1aMETPOM
32 MM Oynu BUKOHAaHI TaKUMH, SIK 1 3'€THAHHS
CTPYDKHIB A1aMETPOM 25 MM.

BurnipoOyBanHs mpoBoawiIn y Jaboparopii
kadeapu  3ami300€TOHHMX Ta  KaM'SHHUX
KoHCTpyKLiK 29 ciuns 2020 poky.

Jlns BumpoOyBaHb HamMH 3ampOBAHKEHO
Take MapKyBaHHS apMaTypHUX CTPHKHIB:

111 12 — nus cTpyKHIB JiaMeTpoM 25 MM
npu ix JTIBOCTOPOHHBOMY 3'eTHAHHI
3BapIOBaHHSM 3 MIACTHHOIO;

211 22 — nns CTPYIKHIB JlaMeTpoM 25 MM
npu ix OJIHOCTOPOHHBOMY  3'€/IHaHHI
3BapIOBaHHSM 3 TUIACTHHOIO;

311 32 — 1 CTpUKHIB AlamMeTpoM 32 MM
npu ix OJIHOCTOPOHHBOMY  3'€THaHHI
3BapIOBaHHSM 3 MIACTHHOIO;

411 42 — A CTpUXKHIB JiamMeTpoMm 32 MM
npu ix JTIBOCTOPOHHBOMY 3'eTHaHHI
3BapIOBAHHSAM 13 IUIACTHHOIO.

Y mpoueci TPOBEACHHS  JOCHTIKEHBb
(biKCyBaJIM TEOMETPUYHI PO3MIPH CTPUKHIB Ta
iX Macy, pO3MipH TIUJIaCTUH Ta TapaMeTpu
3BapIOBAHHS.

MakcumanbHe — 3yCWJUIS  3aCTOCYBAaHHS
PO3TATYBAJIbHOIO HABAaHTAXKEHHS BU3HAYAJIM Ha
po3puBHiit mammai ['MC-100.

[lin d4ac TmWpoBemeHHS Ta  aHANIZY
pe3yabTaTiB  BUMPOOYBAaHb BHKOPHCTOBYBAIH
Taki HOpMaTUBHI TOKyMeHTH [ 1; 2].

VY tabmumsx 1, 2 HaBeOeHO y3araibHEHI
pe3ynbTaTH MIPOBEICHHS BUIIPOOYBAaHb.
MilHicT, 3BapHOTO 3'€IHAHHS apMaTypu 3
IUTACTUHAMHU BHU3HAYAJIM LUISIXOM BiJHOIICHHS
MaKCHUMaJIbHO PUKJIAJEHOTO HAaBAHTAXKEHHS /10
IUIONIl TUIACTUHU B TEpIIOMY BHUMAAKYy Ta
BITHOIIEHHS ~ MAaKCHMaJbHO  MPUKJIAJEHOTO
HAaBAaHTA)XEHHS [0 IUIONIl 3BaploBaHHS Y
JPYroMy BHUITAJIKY.

Ax BugHO 3 Tabmumi 1, pylHYBaHHA
3'€JHAHHS apMaTypHHUX CTPHXKHIB JllaMeTpOM
25 MM 3 METaJeBOI IUIACTUHOKW Y pa3si
JIBOCTOPOHHBOTO 3'€JTHAHHS CTAJIOCA 32 3YCHUILIS
29,5 tc ms ctpwkas 11 1 3ycwsa 29,0 Tc ms
ctpwkHa 1o, Ormsin 3paskiB  MICHS  3HATTA
3aBaHTAXXEHHS I[I0Ka3aB, IO CTaBCS PO3PHUB
CTpwkHA 12 B 30HI HOro KOHTakTy 3i
3BaproBaHHAM. CTpukeHb 11 BUHIIOB 3 Jamy
yepe3  BHuUeprnaHHA  (i3muHOi  TpaHMIi
MJIMHHOCTI apMaTypy B 30HI KOHTAKTy HOTO 31
3BaplOBaHHAM. 3BapHE 3'€JTHAHHS BUSABUIIOCA HE
3pyHHOBaHUM.

Tabnuys 1
IMapameTpu BUNpoGyBaHuX 3pa3KiB apMaTypu

Mapky- CrpuxeHb [Inactuna

BaHHA | Jliametp | [loBxuHa e man- Maca Hos- In- Tosmu- | Thioma,

CTpUX- | CTPIDKHS | CTPYXKHS, e CTPWXKHS, 3 JKWHA, | PpWHAa, Ha, MM o
Hs MM MM IJIACTHHOIO, T MM MM
I 25 990,5 HBocTo- 5118 90,8 90,8 19,8 82,45
|5 993,0 POHHE 5115 90,5 89,2 19,5 80,73
2 25 983,5 Opnoc- 5076 89,8 90,1 19,4 80,91
2, 987,0 TOPOHHE 5067 89,4 89,0 19,7 79,57
3 3 983,0 OnHoc- 8463 109,3 111,0 23,8 121,32
32 985,0 TOPOHHE 8358 109,2 108,8 23,75 118,81
4 3 986,0 JlBocTo- 8412 109,8 108,6 24,5 119,24
4, 984,5 POHHE 8440 109,7 108,8 24,55 119,35
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Tabnuys 2

IapameTpu BUNpoOyBaHNX 3pa3KiB apMaTypH Ta pe3yJbTATH BUNIPOOYBaHb

Mapky- 3BapHe 3'€THAHHSA PyiiniBae Mexa Mexa MIITHOCTI
BaHHSI 3yCHJUTSI, | MIITHOCTI IO | JIO 3BaprOBaHHS
cTpuk- | AOBXHHA, | IIMPUHA, | TOBIIMHA, | IUIOMIA, | rc(krc) | muact.rc/cM> | Tc/em? (kre/cm?)
Hsl MM MM MM cm? (krc/cm?)
295 0,358 2,15
1 3935 | 4425 418 B72 | oson) | a378) TS0
29,0 0,359 2,15
I 39,9 43,0 4145 | 1349 | 0000 | asenn e
25,62 0317 1,56
2 45,8 1647 1 05620) | (316,6) (1 555,6)
27,33 0,3435 1.6
2 46,6 17051 27330) | (343.47) (1 602.9)
B3 0,36 124
3 67.1 35334 1 43 730) | (360.45) (1237,4)
38,2 0322 1,365
3 39,7 2798 | 330000 | (321.52) (1 365.3)
46,95 0,394 1,784
i 52,2 63,6 57,9 26,32 1 46950) | (393.41) (1 783,8)
45,92 0,385 1,68
4 52,95 65,1 903 | 2135 | ,Cor | sans) (1 6789)

[Ipu 1mpOMy Meka MIITHOCTI Ha PO3TAT Y
3BapHOMY 3'€THAHHI 10 BIJHOUICHHIO [0
3BaplOBaHHS MPaKTUYHO OJHAKOBa B 000X
CTPYDKHIB i CTaHOBUTH 2,15 Tc/cM?.

PyitnyBanHs 3'emHaHHS 000X apMaTypHHX
CTPHXKHIB JllaMeTpoM 25 MM 3 MeETaJIeBOIO
IUTACTUHOIO TPU OJAHOCTOPOHHBOMY 3'€THAHHI
CTaJIOCs NUIIXOM PYHHYBaHHS 3BaplOBaJILHOTO
3'eMHAHHS Ta BHUCMHKYBAaHHS CTPHXKHS 3
mwiactuHu (puc. 1) 3a 3ycuins 25,62 Tc ans
CTpYOKHS 21 1 3a 3ycuyutst 27,33 TC 1ist CTPUKHS
22. Ilpu mpoMy Mexa MIITHOCTI Ha PO3TAT y
3BapHOMY 3'€THaHHI 000X CTPWXKHIB TIO
BiJTHOIIEHHIO JIO 3BaplOBaHHS BiJPI3HAETHCS
HEe3HAYyHO 1 cTaHOBUTH 1,56 Tc/eM?  mis
cTpwkHsa 21 i 1,6 Tc/em® mns cTpmxHS 2o,
Cepennst Mexka MIITHOCTI Ha PO3TAT y 3BapHUX
3'€IHaHHAX CTPWIKHEM JiaMeTpoM 25 MM 3

OJTHOCTOPOHHIM  3BaplOBaHHSIM  CTaHOBHTH
1,58 tc/em?.

TakpuM  YHMHOM, IIOKa3HHUKH  MIIHOCTI
3BApHOTO 3'€IHAHHS CTPUXKHIB JllaMeTPOM
25 MM 3 METaJeBOl IUIACTUHOK MpHU
JBOCTOPOHHBOMY 3BapioBaHHi B 1,36 paza
BHIIli, HDK B aHAJOTIYHUX CTPWIXKHIB TpH

OJTHOCTOPOHHBOMY 3BapIOBaHHI.
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Ax BumHO 3 Tabimup 1, 2, pylHYBaHHA
3'eqHaHHA 000X  apMaTypHHX  CTPIIKHIB
niaMeTpoM 32 MM 3 METaJIeBOI IIJIACTHHOIO
IpU  OJHOCTOPOHHBOMY 3'€IHaHHI CTanocs
HUIIXOM PYHUHYBaHHS 3BapHOTO 3'€IHAHHS Ta
BUCMUKYBaHHS CTPWKHS 3 IUIACTUHM (puC. 2, 3)
3a 3ycwnst 43,73 1c mnsa ctpuwxkHA 31 1 3a
sycuis 38,2 tc s ctpuxkHA 32. Ilpu npomy
MeXa MIIHOCTI Ha PO3TAT Yy 3BapHOMY
3'eqHAHHI 000X CTPWXKHIB TIO BiJHOIICHHIO JIO

3BapIOBaHHS CTaHOBUTH 1,24 Tc/em? s
crpwxkna 31 1 1,36 ana crpwkHs 32. Cepenns
MeXa MIIHOCTI Ha PO3TAT y  3BapHUX
3'€JHAHHSAX CTPWXKHIB JiaMeTpoM 32 MM 3
OJIHOCTOPOHHIM  3BaplOBaHHSIM  CTaHOBUTh
1,3 Tc/em?.

PylinyBanHus 3'€THaAHHA apMaTypHUX

CTPWXKHIB JiaMeTpoM 32 MM 3 METaJleBOIO
IUTACTUHOI0 TpPHU JIBOCTOPOHHBOMY 3'€THAHHI
cTayiocs npu 3ycuiut 46,95 tc ans cTpuxkHS 41
1 3ycuunst 45,92 1c ana crpwkHA 42. Orsin
3pa3KiB MicIsl 3HATTS 3aBaHTAKCHHSI TOKa3aB
(puc. 1, 4), mo craBcs PO3PHUB CTPYKHI 42 Y

30HI HOro KOHTakTy 31 3BapIOBaHHSIM.
Crpwxenp 41 BUWIIOB 3 Jagy 4epe3
TPIIIMHOYTBOPEHHSI ~ KOHTakTy  #oro  3i
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3BaplOBaHHIM. 3BapHE 3'€JHAHHSI BUSBUIIOCS HE
3pyitHoBaHUM. [Ipu 11boMy Meka MIIHOCTI Ha
PO3TAT Y 3BapHOMY 3'€/IHAHHI 1O BiJHOIICHHIO
JI0 3BaplOBaHHS CTaHOBUTH 1,784 Tc/eM? ISt
ctpmwkus 41 i 1,68 Tc/em® mns crpukHA 4o,

Cepennst Meka MIITHOCTI Ha PO3TAT y 3BapHUX
3'€IHAHHSX
1,732 tc/cMm?.

CTPHXKHIB JiameTpoM 32 MM

TakuM  YHHOM, TIOKa3HUKH  MIIHOCTI
3BApHOTO 3'€JHAHHS CTPUXKHIB J11aMETPOM
32 MM 3 METaNeBOK IUIACTUHOIO  IIpU

JTIBOCTOPOHHBOMY 3BapioBaHHi B 1,33 pasa
BUIl, HDK B QHAIOTIYHHUX CTPWXKHIB MpHU
OJTHOCTOPOHHBOMY 3BapIOBaHHI.

Puc. 1. 3acanvnuii suenaod 3'conanusa apmamyprux cmpudxicrie 925 mm i3 RAACMUHOIO 080CMOPOHHIM 36APHOBAHHAM:
1; -1, — mapryeanns 3paskie ma 1020 xapakmep pyuHy8auHs

Puc. 2. 3acanvnuii suenao 3'eonanusa apmamyprux cmpudicrie 925 mMm i3 nIACMUHOI0 00HOCMOPOHHIM 38APIOBAHHAM.
21 -2, — MapKy8amHs 3pasKie ma io2o Xxapakmep pyuHy8aHHs

Puc. 3. 3acanvhuii suenad 3'conanus apmamyprux cmpudicnie 932 mMm 3 RAACMUHOIO 0OHOCTNOPOHHIM 36APHOBAHHAM:
31 =32 — mapxyeanus 3paszkie ma oo xapaxmep pyuHy8aHHs
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Puc. 4. 3acanvruii suenao 3'conanusa apmamyprux cmpudxcrie 932 mm i3 RAACMUHOIO 080CMOPOHHIM 36APH0BAHHAM:
41 —4; — maprysanns 3paszkie ma tio2o xapakmep pyiuny8anHs

Puc. 5. 3acanvnuil suenao pospuenoi mawunu I'CM-100: a — 3i cmpuosicnem, ujo sunpobosyemucs, D25 mm;
6 — me came, 3i cmpudicnem 932 mm

BucnoBku 1 32 MM 3 METWJIEeBOI IUJIACTHHOIO TMpH

B pe3ynbTari eKCriepuMEHTY BCTaHOBIIEHO,  JBOCTOPOHHBOMY 3BaproBaHHi B 1,33—1,36 paza
110 TMOKA3HUKU MIIHOCTI 3BapHOTO 3'€qHAHHS BHIIII, HIXK TIPH OJTHOCTOPOHHBOMY.
apMaTypHHUX CTPHXKHIB JiamMeTpoM 25 MM
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Anoranisa. Ilocmanosxka npoobnemu. Ilim Yac BHUTOTOBIICHHS BEJIMKOTAOAPUTHUX TPOKATHUX BaJKiB TapsSdoro
neopMyBaHHSI BUKOPUCTOBYIOTh BUCOKOBYTJIEIIEBI CTalli, IOAATKOBO JIETOBaHI XpoMOM, MoJtibaeHoM, BaHatieM. [TpokatHi
BaJIKM B TPOIIECI eKCIUTyaTarlii 3a3Hal0Th 3HAYHNX HaBaHTaXXEHb, TOMY BOHHU MOBHHHI BOJIOJITH JOCTATHHOIO TBEPJICTIO Ta
CTIMKICTIO JIO 3HOUTYBaHHSA. J[JIT BUTOTOBICHHS NPOKATHWX BAJIKiB Tapsdoro AeGOpMyBaHHS OCTaHHIM dYacoMm
BUKOPHCTOBYIOTH cTaiti ThIry 65X3CM®, 80X3M®, 80XSM®D, omHak, HE3BaXKAIOUH Ha IIe, iX CTIHKICTh A0 3HOIITYBaHHS B
KOPCTKUX YMOBaX CKCIUTyaTallii BUSBISETHCS HEIOCTATHBOIO. Y IITEpaTypHUX JDKepenax BiICYyTHS iH(OpMAIlis MI0I0
0COOJTMBOCTEY KIHCTUKH PO3IMaay ayCTCHITY 3a3HAYCHHX BAJIKOBHX CTaliel, TOMY LEd HampsM HOTpeOye BiIIOBITHUX
KOMIUIEKCHUX JOCHUKeHb. Mema po6omu — PO3BUTOK METOJMKH IPOTHO3YBaHHS CTPYKTYPHOIO CTaHy poOOdYOro mapy
BENTMKOTa0ApUTHUX TPOKATHUX BAJIKIB Y TIPOIECI TEPMIYHOIO 3MIIHCHHS BHCOKOBYIJICIICBHX JICTOBAHHMX —CTallCH
3 ypaxyBaHHSM BH3HAYaJIbHHUX IIapaMeTpPiB TEXHOJIOTIi BUrOTOBNIEeHHA. [yist mociikKeHb BUKOpUCTaHO cTaii 65X3CMO,
80X3M®, 80XSM®D it aHamiTHyHI MOJENi, IO OYyNHM aJanToOBaHi JUI1 BIAMOBIAHUX pPO3paxyHKiB. Pezyibmamu.
Po3pobieHo MeToauKy MOJEToBaHHS (a30BO-CTPYKTYPHHUX IMEPETBOPEHb y MpoIeci 0e3mepepBHOTO OXOJIOKEHHS
BHCOKOBYTJICIICBUX JieroBaHUX crajei. [l craneit 65X3CM®D, 80X3MD, 80XSM® molymoBaHO TEpMOKIHETHIHI
nmiarpaMd Ta Ha iX 3aca;ax JOCHIDKEHO OcCOOMMBOCTI (GOpMyBaHHS CTPYKTYpPHOTO CTaHy po0oYoro mapy
BEIMKOTa0apUTHUX TPOKATHUX BAJIKIB (OMOpHI, poOOUi) MiJ Yac TEpMIYHOTO 3MillHEHHs. BcTaHOBIIEHO, 1O CTOCIO
3arapTyBaHHS 3 00’€MHOTO HarpiBy ONOpHMX BankiB 31 cTtami 65X3CM® 3abesmeuye ¢opmyBaHHS O€WHITHOI
CTPYKTYpPH 32 YCi€l0 YHOPMOBAHOIO TIMOMHOIO iX poOodoro mapy. s poOoUnx BayKiB, BUTOTOBJICHHX 31 CTajei
80X3M®D i 85XSM®, Haiibinbm1 epeKTHBHUM BHSBISIETHCS CHOCIO 3arapTyBaHHs 3 AU(epeHLiHOBaHUM HarpiBoM, Ipu
OMY B OCTaHHHOMY BHIIQJIKy Oe3IepepBHE OXOJOKSHHS CIIL/I TPOBOIUTH 3 OUTBIII YIIOBLUTHHEHOIO IIBUIKICTEO.

KnrouoBi ciaoBa: cmpykmypa; 0xon00dxcenns; NpoKAmMHi 6anKu, JNe208aui cmani, Gazoei nepemeopenis;
mepmoKiHemuuHi diazpamu
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Abstract. Problem statement. High-carbon steels, which are additionally alloyed with chromium, molybdenum,
and vanadium, are used during the production of large-sized rolling rolls for hot deformation. Rolling rolls are subjected
to significant loads during operation, so they must have sufficient hardness and resistance to wear. Steels of the type
65Cr3SiMoV, 80Cr3MoV, 80Cr5SMoV have recently been used for the production of hot-formed rolling rolls, but
despite this, their resistance to wear in harsh operating conditions is insufficient. There is no information in the
literature about the peculiarities of the austenite decay kinetics of the specified rolled steels, therefore, this direction
requires appropriate comprehensive research. Purpose. Development of a methodology for predicting the structural
state of the working layer of large rolling rolls in the process of thermal strengthening of high-carbon alloy steels,
taking into account the determining parameters of the manufacturing technology. Results. A methodology for modeling
phase-structural transformations in the process of continuous cooling of high-carbon alloy steels was developed. For
steels 65Cr3SiMoV, 80Cr3MoV, 80CrSMoV were constructed thermokinetic diagrams and on their basis, the
peculiarities of the formation of the structural state of the working layer of large rolling rolls (support, working) during
thermal hardening were investigated. It has been established that the method of hardening by volumetric heating of
support rolls made of 65Cr3SiMoV steel ensures the formation of a bainite structure over the entire normalized depth of
their working layer. For working rolls made of 80Cr3MoV and 80Cr5SMoV steels, the most effective method is
hardening with differentiated heating, while in the latter case continuous cooling should be carried out at a slower
speed.

Keywords: structure, cooling,; rolling rolls; alloy steels; phase transformations; thermokinetic diagrams

Beryn MMOMHY  poOodoro Imapy Ta  3armoOirTu
Jnst  BUTOTOBJIEHHS ~ BEJIIMKOTa0ApUTHUX  YTBOPEHHIO TPIILIUH IMiJ] YaC OXOJIOKEHHS.
MPOKAaTHUX BAJKIB Taps4yoro JehopMyBaHHS OctraHHIM 4YacoM JJIi  BUTOTOBJICHHS

(omopni, poGoui, Baroro 10 57 T Ta 85T  NPOKATHUX BAJKIB BUKOPUCTOBYIOTH CTajl THUITY
BIZMOBIZTHO)  37€OUTBIIOTO  BUKOPHUCTOBYIOTH 65X3CM®, 80X3M® 1 80X5M®. Hezpaxkaroun
craii i3 BMicrom Byriero 0,65-0,90 %, neroBani ~ Ha 1€, CTIMKICTh 1O 3HOIIYBaHHS BAIKIB Y
Cr, Mo, V. IlpokatHi BaJKM B TIpolleCi  JKOPCTKMX yMOBaxX eKCIUTyaTallii  HEepiaKo
eKCIUTyaTallil 3a3Hal0Th 3HAYHUX HABAaHTAXEHb,  BUSBILSIETHCS HEIOCTATHHOIO.
TOMY iX TOBEPXHEBa TBEPIICTh Ta CTIHKICTH 0 Bigomo, 110 MOMINIIEHHS BJIACTUBOCTEH
3HOIITYBAaHHSI TiJl Yac 3araibHUX Ta JOKAILHUX  TOTOBUX METAIOBHPOOIB MOXIIMBE 332 HASIBHOCTI
pO3irpiBiB MOBMHHA OyTH BUCOKOK. HeoOXigHi  MOBHOTH  ysABIEHh TpO  (a30BO-CTPYKTYPHI
CIy’k00BI BJIACTMBOCTI BaJIKiB (POPMYIOTbCS Ha  TEPETBOPEHHS B CTAIAX, 3 SKAX BOHHU
€Tari OCTaTOYHOTO TEPMIYHOTO OOpOOJIGHHST ~ BUTOTOBJIEHI. Y cdepl MOJCIIOBaHHS KIHETHKH
(3araptyBaHHA Ta  BiAMycKk). 30UIbIIeHHS  (ha30BO-CTPYKTYPHUX TIEpETBOPEHb (PyHIaMeH-
ITTMOMHU Ta TBEPAOCTI poOOYOro miapy BalKiB — TajdbHUM OIJIS 32 MM HArpsMOM HaBEAEHO Yy
MOKHA JIOCSITTH 3a paxXyHOK BU3HadeHHs  nparsx [1-2]. JlochmimkeHHs, TPOBEICHI Y
palioHaTIbHOI CHUCTEMH JISTYBaHHA Ta ONTUMI3AIi  mporpamMHoMy makeri «JMatPro» Ta mixg dac
TEXHOJIOT1i BUTOTOBJICHHSI. KOMIUIEKCHUX J1a0OpaTOPHUX EKCIIEPUMEHTIB,
Jlo  ocHOBHOro  cmoco0y  TEpMIYHOTO  BUPIIIMIM  TpoOJeMy  KUIBKICHOTO — ONHCY
3MIIIHEHHS] ~ BEJIMKOTa0apUTHUX  MPOKAaTHUX  (ha30BHX IMEPETBOPEHH BIAMOBIIHO 10 XIMIYHOTO
BAJIKIB HAJIEKUTh 3arapTyBaHHA poOOYOro mapy  CKJIaay 1 IIBHIKOCTI OXOJIOJDKEHHS, IO HaJalo

CTPYMEHSIMA  BOIM  Ta  BOJOIMOBITPSHOIK  MOXKIJIMBICTB MIPOTHO3HOTO BU3HAYCHHS
CYMILIIIIO Ha CIIPEEPHUX YCTAaHOBKAX B YMOBax  CTPYKTYpHOTO cTaHy ctaiei [3—13].
o0'emuoro (OT3) abo mudepentiiioBanoro (JIT3) OnHak MOKJIMBOCTI TPOTPAMHUX TPOAYKTIB

HarpiBiB. ParioHarbHe BHU3HA4YEHHS MapaMeTpiB  UI  CKIHYEHHO  €JIEMEHTHOTO  PO3PaxyHKY
pOKMMYy  3arapTyBaHHS  BaJIKOBHX  CTajled  Mojeneld 3 HENIHIMHMMH BIIAaCTUBOCTSIMH, IO
JI03BOJIIE OTPUMATH MAaKCUMalbHO €(EeKTHBHY  3MIHIOIOTHCSI Ha OKPEMHX €Tarax, BUSBISIOTHCS
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OOMEXEHUMHM TMiJ] 4Yac BU3HAUCHHS
CTPYKTYPH y BYIJICLIEBUX JIETOBAHHUX CTAJISX.

Huni y niTepaTypHuX JpKepenax BiCYTHS
iHpopMarIlss MmMOI0 OCOOIMBOCTEH  KIHETHUKH
po3Maay aycTeHITy BHINE3a3HAYCHUX BATKOBUX
crajiedf, 30KpeMa, 3 YpaxyBaHHSM BILUIMBY
MaciiraOHoro ¢axkropa (reoOMETpHYHUX PO3MIpiB
METAIOBUPOOY), TOMY II€H HampsM ToTpedye
BIAIIOBITHUX JTOCIIIKEHD.

Mera podOTH — PO3BUTOK METOJUKH
MPOTHO3YBAHHS CTPYKTYPHOTO CTaHy po0OYOro
Iapy BEIMKOTa0APUTHUX TMPOKATHUX BAJIKIB Yy

TUILY

Marepiajiu Ta MeTOAM A0CTiIZKEHb

Sk BuximHUN Marepian oOpaHO MPOMHKCIIOBI
napTii JIErOBaHUX BAJIKOBUX CTaliel, XIMIYHHMN
CKIaA SKUX HaBeAeHO B Tabmmmi. Jls
MPOTHO3HOTO BU3HAYEHHS CTPYKTYPHOTO CTaHy
3a TIMOMHOI0 POOOYOTro MIapy MPOKATHUX BAJIKIB
3aCTOCOBAHO METOJ CKIHYEHHHX €JICMEHTIB.
Tepmokinernuni aiarpamu (TK]I) mobymoBaHo 3a
JIOTIOMOT'0K0 ~ BJIACHOI ~ aBTOPCBKOI ~ METOJIMKH
[12—15]. 3rigHO 3 BHYTPIIIHHOIO HOPMATHBHOIO
nokymenTaniero  [TAT HKM3  BigmoBimHICTh
BJIACTUBOCTEH poOOYOTro Mapy MPOKATHUX BaJIKIB

Iporeci  TepMIYHOTO  3MIIIHEHHS  BHCOKO-  (OHOpHi, poboui) rapsuoro aedopMyBaHHS
BYIJICLIEBUX JIETOBAHUX CTaJiell 3 ypaxXyBaHHSIM MOBMHHA  3a0e3rmeuyBaTuCs 32  TVIMOMHOIO
BU3HAYAJIbHUX napameTpiB texHonorii ~ 90—110 MM Bij moBepxHi OOUKH.
BUTOTOBJICHHSL.
Tabauys
XimMiyHui ckaag 10CaiIKyBaHUX JIETOBaAHUX CTajlei
Mapka crani : BwmicT XiMIYHHX €JI€eMEeHTiB, % Bar. .
C Mn Si Cr Mo \Y S P Ni Cu
65X3CMO 0,63 0,31 0,78 2,81 0,27 0,17 0,009 0,022 0,28 0,16
80X3M®D 0,78 0,37 0,38 2,68 0,37 0,11 0,006 0,014 0,38 0,11
80X5M®D 0,80 0,35 0,32 | 4,72 0,31 0,14 0,005 0,018 0,45 0,09
PesyabTath N — Ta ix HpOMizKHOFO HepeTBOpeHHjI ' JOCITKYBaHUX
0GroBopeHHsI CTaJIen. yT]%OpeHHSI 6eI/IH1”Fy B  CTaX
v . . . 6 65X3CM® i 80X5SM® BimOyBaeThcsi 3a
BIJIIIOBITHOCTI 3 PO3pO0IEHOI0 i .
OJIM3BKOTO IHTEPBAILY IIBUIKOCTEHN

aHamTHYHOIO Mozewmo [14; 15] moGynoBaHO
TKJI BanmkoBux craneir 65X3CM®, 80X3MOD i
80X5M® (puc. 1). Amnamiz orpumanux TK]]
MOKAa3aB, 10 JOCITKYBaH1 crai
XapaKTEePU3YIOThCS IUPOKOI0 00JIACTIO ICHYBaHHS
nepeoxonompkeHoro  aycrenity  (muii  TKZ
CYTTEBO 3MIIIeH] paBopyY). Ob6nacri
maQy3ifHOro ¥ MPOMIKHOTO TEPeTBOPEHb IS
cranei 65X3CMD (puc. 1, a) Ta
80X5M® (puc. 1, 8) xapakTepu3yrOThCs OUTBILIOI0
CTIHKICTIO TIEPEOXOJIOKEHOTO ayCTEHITY
nopiBHAHO 31 cTawmo 80X3M (puc. 1, 6).

Mix mepmiTHOIO 1 OEHHITHOIO O0JACTAMHU y
crasix 65X3CM® i 80X3M® cnocrepiraerbes

MBUINIEHA CTIMKICTh ayCTEHITY B 1HTEpBai
temneparyp  250-330°C 1 340-390°C
BIIIOBITHO.

HudysiiiHe  mepeTBOpeHHs B CTaIX

65X3CM® i 80X5MD BinOyBaeThcs B IHTEpBAII
mBuKocteit oxonomkerns 0,03-0,005 °C/c, npu
npomy it cram  80X3MO 1eit  iHTepBan
CTaHOBUTH 0,10-0,01 °Clc. AHanoriy"a
3aKOHOMIPHICTh CIIOCTEPITA€ThCs ISl oOyacTen

a4

oesnepepsaoro oxonomkenus 0,15-0,02 °C/c ta
0,10-0,02 °C/c  BigmoBimHo, a mId cTaimi
80X3M® Bix cranosuts 0,60-0,03 °C/c.

[TigBummenHss BMicTy Xpomy Bim 2,68 %
(80X3M®D) no 4,72 % (80X5M®D) BruBae Ha
MiABHUILIEHHS CTIMKOCTI ayCTEHITy Ta 3MIILye
obacTi mepiiTHOro Ta OEHHITHOrO MepPeTBOPEHb
Ha TK/I.

OtpumaHni pe3yibTaTH JIO3BOJISIIOTh
CTBep/UKyBaTH, mo i craedr 65X3CMO i
80XSM® MOXIJIMBO JOCATTH MAapTEHCUTHOL
CTPYKTYPH B IIMPOKOMY 1HTEPBII IIBUIKOCTEH
0e3repepBHOTO OXOJIOKEHHS (@iSiE
0,10-0,15 °C/c). ITpu upomy cranp 80X3MD 3a
AQHAJIOTIUYHMX  IIBHJKOCTEH  Oe3nepepBHOrO
OXOJIOJUKCHHST MaTHME 3MilllaHy TepIiTHO-
OCHHITHY CTPYKTYpy 1, BIANOBiZHO, HIDKYI
[TIOKa3HUKHA MIIIHOCTI Ta MTOBEPXHEBOT
3HOCcOCTiKOCTI. 3a  moOymoBanumu  TKJI
BU3HAYAIN PO3MOJLT CTPYKTYPHUX CKIIAJOBHX 32
IHOMHOI0 TEPMIYHO 3MILHEHOrO poO0Yoro
1apy MPOKaTHUX BAJIKIB.
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Bouka pobGouoro Banmka Mae mTpodiib 3
KamiOpamMu, TOMY OXOJIOJUKYEThCS 3a PI3HUMH
pexxumamu. [lix vac MonenroBaHHS 3aaBaiu
TEOMETPUYHI PO3MIPH 1 MapaMeTpu TEPMIYHOTO
3MIITHEHHSI TPOKATHUX BAaJKIB BiJMOBIIHO [0
icayrouoi  TtexHonorii [IAT HKM3. Takum
YMHOM, PO3B’s3yBaJlaCh TEPMOMEXaHIUHA 3a/1a4a
3 TPAaHUYHUMH YMOBaMH (puC. 2) Ta TPUBATICTIO
nojayi OXOJIOKyBada 3 KOJIEKTOPIB,
pO3TalIOBAaHUX 3a TEpPUMETPOM BajKiB. [lpu
I[LOMY 3a/IaBAJTU [IBHUJIKICTh OOEPTAHHS BaJIKa Ta
BIAIIOBIZHI 30HM OXOJIO[DKEHHS Ha  HOro
MOBEpXHi, $KI BIANOBLIAIM BIUIMBY (DaKeniB

-

-

700 |

v LEE T Y I Y R TR TR

100 10000 100000

100

OXOJIOKYBATBHOI PiZIMHU 13 (POPCYHOK.
Ha noGynosani TK/] nocnimpkyBaHUX cTajei
HAHOCHJIM PO3PaxoBaHi TEeMIIEpaTypHi KpHUBI, sIKi
BIJIMIOBIZIAIOTh KOHKPETHUM 30HAM 3a TIepepizoM
OOukM BaIKIB Mg 4Yac  Oe3nepepBHOrO
oxonoukeHHs (puc. 3). Ha mepmomy erami
MOJICIIIOBAHHSL PEXUMY TEPMIYHOTO 3MIITHEHHS
OMOpPHUX Ta poOOYMX BAIKIB  TPOBOIMIN
ciocobom OT3 Ha crpeepHUX MPUCTPOSX Y MBI
CTaJlii: PO3paxyHOK PO3MOJLTY TeMIEpaTypHHUX
NOJMIB 32 pajlycoM OOYKHM ONOPHOrO BalKa
0—120 MM 3 kpoxkoMm 40 mm (puc. 3, a) i poboUOTO
Basika 0—100 MM 3 kpokom 20 MM (puc. 3, 0).
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Puc. 1. TK/] poznady aycmenimy docaiosxcysanux cmanei 65X3CM® (a), 80X3IMD (6), 8OXSMD (s):
A — aycmenim, P — nepnim, B — mapmencum, M; — nouamox mapmencumnoz2o nepemeopenHs

Time: 2866 3
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930 max
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o

Puc. 2. Po3nooin memnepamypu 6 onopromy 3i cmani 65X3CM® (a)
ma pobouomy eanxax 3i cmani SO0X3M® (6) cnocobom OT3

VY mporieci 3arapTyBaHHSI OTIOPHUX BAJIKIB 31
cram 65X3CM® (crazis [ — 0-600 c; cramis 11—
600-1200 ¢) obmacTh yYTBOPEHHS MAapPTEHCHUTY
(HMK4Ye KPUTUYHOI TOUKU M) AOCSTaeThCsl Ha
MmoBepxHi Ooukw Banka. Ilicms npunMHEHHS
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NPUMYCOBOTO  OXOJIOJDKEHHSI  (TIOUMHAIOYH
3 2400 c) Ta MoAaIbIIOr0 OXOJIOIKEHHS BaJIKa Ha
CIOKIMHOMY  TIOBITpI ~ TeMIlepaTypu  IIapiB
BUPIBHIOIOTHCS JI0 CEPEIHROMACOBOTO 3HAYCHHS
~ 500 °C.
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3a [OJaNbLIOr0  OXOJIOJDKEHHS  Balka  OOJIACTh YTBOPEHHS MApTEHCHUTY HE JIOCATAETHCS
BIMOYBa€ThCs poO3MaJ ayCTeHITy B OeHHITHIM  HaBiTh Ha TOBepXxHI Oouku Baimka. Ha Bciit
obmacti Ha TmuOmHi 0-120 MMm. VY mpomeci  rMOMHI, KpiM TOBEpXHi, TEMIIEpaTypHI KpHBI
3arapTyBaHHs poOoyoro Baika 3i ctaimi 80X3M®  micTarbes mo3a obnacTio OelHiTHOTO (Bs—1B))
(cramis I — 0-600c; cramis I — 600-1200¢c)  mepeTBOpeHHS.

1000 1000

10 00 1000 10000 100000 10 100 1000 10000 100000

Puc. 3. @opmysanns cmpyxmypu y pobovomy wapi npoxamuux 8anxie 3i cmaneti 65X3CM® (a) i 80X3IMD (6)
nio uac mepmiuno2o smiynenus cnocooom OT3: A — aycmenim, My — nouamox MapmencumHo20 nepemeopenis,
P, Py, By, By — nouamok ma 3agepuieHHs nepiimtuoeo i 6einimuoeo nepemsopens 8i0nogioHo

[Ticns MIPUITUHEHHS MIPUMYCOBOTO  1HTepBaJi Temiiepatyp (Ps—Fy).
oxonomkeHHss  (moumHaroun 3 2400c) i Orxe, MOJKHA KOHCTaTyBaTH, 10
MOAABIIIOTO OXOJIOPKEHHS BATKA  HA  PO3MSIHYTHH PEXKUAM TEPMIYHOTO 3MIITHEHHSI
CIIOKIHHOMY  TIOBITpI ~ TemIleparypu IapiB  Hee(eKTUBHMHA U1  OTPUMAHHA  BHCOKOL
BUPIBHIOIOTECS JI0O CEPEIHBOMACOBOTO 3HAYEHHS  TBEPOCTI MOBEPXHI OOYKH pOOOUYNX BAJIKIB.
~550°C, mo BuIe 3a MOTPIOHY TeMmIeparypy Ha  macrymHomy  erami  TpOBEICHO
Biamycky (~ 500 °C) Ta omMuHa€e TeMrepaTypHUX  MOJICIIOBAHHSA PEKUMY TEPMIYHOTO 3MIITHEHHS
iHTepBan yTBOpeHHs OeifHiTy. 3a momampmoro  poboumx BaikiB 31 craneir 80X3IM® i 80XSMD
OXOJIOJDKEHHSI  Bajika BIIOyBaeTbcss posman — 3a crocooom T3 (puc. 4).
aycTeHiTy 3a JuQy3ifHUM MeXaHi3MOM B

WA DA E3°Cw 01N

10 100 1000 10000 100000 10 oo 100 0000 100000
nLs

a 7]

Puc. 4. @opmysanns cmpyxmypu y pobovomy wiapi npoxamuux éaixie 3i cmaneu SOX3IM® (a) i SOXSMD (6) nio uac
mepmiynoeo smiynennsa cnocobom [T3: A — aycmenim, My — nouamox mapmeHcumHo2o nepemseopeHis,
Py, Pr, By, By — nouamox ma 3aeepuienns nepaimnozo i 6eiHimmozo nepemeopens 8ionogiou

VY mpomeci T3 poGouoro Bajika 31 cTaimi  OCHOBHI (ha30Bi MEPETBOPEHHS BiOYBAIOTHCS B
80X3MD (cramis I — 0-2820c; cramis II — OeitHiTHIN 00nacTi (By—B)).
28204860 c) naBith Ha ruoOWHI 120 MM Bifx Ha moBepxHi 00oukM Baika Temmeparypa Ta
MOBEPXHI He BiAOYBaeThCs AUQY31iHHUN po3naa  MBUIKICTH OXOJOKEHHS JO3BOJIIOTH JOCATTH
aycreHiTy (iHTepBan Ttemmeparyp PsPy), a  MapTeHCHUTHOI 00sacTi.
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[Ticns HPUIIUHEHHS IIPUMYCOBOI'0
oxono/keHHs1 (moumHaroun 3 4860c) 3a
MOMANBIIOTO  OXOJIOPKEHHST ~ Bajlka  Ha

CIIOKIMHOMY TIOBITpP1 TEMITepaTypH MapiB O0UKH
BaJKa BHUPIBHIOIOTHCA JO CEPEIHROMACOBOTO
3HayeHHs ~ 150 °C, HWX4Ye KPpUTUYHOI TOYKHU

pobounx BankiB 31 crami  80XSM® cnin
MIPOBOJUTH 3 OUIBII YITOBUILHEHOIO IIBHKICTIO
0e3MepepBHOTO  OXOJIOMKEHHS  TMOPIBHSHO 31
cramto 80X3MO.

BucHoBKkH
[To6ynosano TK] mns craneit 65X3CMO,

B;, mo 3a0e3nedye ¢opmMyBaHHS OCiHITHOI
CTPYKTYPH CTaJIi.

Y mpoueci T3 pobouoro Bamka 31 crani
80XSMD (cramis I — 0-2820c; cramis II —
28204860 c) ma rmbuHi 0-120 MM OOYKH

80X3M®D i 80XSMD, ski panime He Oyiu
BimoMi. Ha 3acagax CKIHYEHHO e€JIEMEHTHOI
MOJIeNIi  OTpUMalia PO3BHTOK PO3pPaxXyHKOBA
METOJIMKa Ta BHU3HAYCHO CTPYKTYPHHH CTaH
pobGodoro mapy OOYKH BEIHMKOTA0apUTHUX

BaJIka  TIEPETBOPEHHS  BiAOyBarOThCA B . .
L . NPOKATHUX  BajKiB, 1[0 BUTOTOBJIEHI 3
MapTEHCUTHIN 00JIaCTi. o
) BHUCOKOBYTJICIIEBUX JIeTOBaHWX cranen. lLle
[Micns NPUIHEHHS MPUMYCOBOTO
. JI03BOJISIE OTpUMYBATH MOTIePEHIO
OXONo/KeHHss  (moumHatoun 3 4860c¢) 1 . . M
» iH(popMaIIifo CTOCOBHO 0cobIMBOCTEH
MOAATBIIOTO OXOJIOKEHHSI BaKa Ha CIIOKIHHOMY
o . . dbopMyBaHHS ~ CTPYKTypu 3a  IJIIMOHMHOIO
TMOBITP1 TeMIlepaTypy WIapiB BUPIBHIOIOTHCS [0
o YHOPMOBAHOTO  poOouyoro  mapy  OOYKH
cepeaHboMacoBoro  3HadeHHs ~ 150°C, o .
) . . MPOKATHUX BaJIKiB 3 ypaxyBaHHSIM
BI/ITIOBIIa€ obnacrti MapTEHCUTHOTO .
BU3HAYATHHUX napaMmeTpiB TEeXHOJIOT11
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Anorauis. Ilocmanoska npoonemu. BUIBIIICTD ICHYIOUMX TI'a30pO3MONUIBHMX CHCTEM HAcEJIeHHX IYHKTIB
JIOCSATIIA  CBOTO TPAaHMYHOTO TEPMiHY €KCIUTyaTalii, TOMy BaKJIMBHUM 3aBJaHHAM CTaja iX MOJepHi3amis Ta
PEKOHCTPYKIISl 13 3aCTOCYBaHHSM HOBITHIX TEXHOJIOTiH peHoBalii TpyOompoBigHux cucteM. KpiM TOro, ocraHHIiM
yacoM 301TbIINIIACS KUIBKICTH aBapiHHMX CHTYyalill, IOB’s3aHUX HE TUIBKHM 31 CTapiHHSAM CKJIAIOBUX CHUCTEM, a # 3
pyHHYBaHHSIM Ta30MPOBOIB YHACHIIIOK poOciiichbkoi arpecii. Jis npuidHATTS oOIpyHTOBaHUX Ta €()EKTHBHUX pillICHb
PO BIJIHOBJIEHHS, PEKOHCTPYKIiI0O ab0 MOJIEpHI3alil0 CHUCTEM Ta3olocTayaHHs HEOoOXiJHa OLiHKa IX pealtbHOro
TEXHIYHOTO CTaHy, a came poO0oTo3aaHOCTi. Mema cmammi — CUCTEMaTH3yBaTH CTAaHU Ta30pO3MOAUTEHIX MEpEexX 3a iX
pOOOTO3MATHICTIO I BU3HAYEHHs JOIIIBHOCTI Ta crmoco0y peKoHCTpyKmii (MojepHizamii) cucteM. Buchogok.
3anponoOHOBAaHO CHUCTEMATH3AIlI0 CTaHIB Ta30pO3MOMITBHUX CHCTEM 3a iX poOoTo3nmaTHicTio. PimeHHS mpo
HEOOXIMHICTh Ta BUA PEKOHCTPYKINi (MOJepHi3amii) pPO3MOAUIBHUX MEpPEeX Ta3oNocTadyaHHS MOIUIBHO TpUHMaTH
3aJIeKHO BiJl cTaHy poOoTo3maTHOCTI cucteM. Lle M03BOIHMTH MiHIMI3yBaTH BUTPATH HAa PEKOHCTPYKINIO Ta OTPUMATH
ONITHMAJIbHI ITapaMeTpu CUCTEMH.
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Abstract. Problem statement. Gas distribution systems of settlements are compound complexes, the main task of
which is the reliable and safe supply of gas to consumers. Most of the existing gas distribution systerms of settlements
have reached their maximum service life, therefore an important task is to modernize and reconstruct them using the
latest technologies of the renovation of pipeline systems. In addition, the number of emergencies has recently increased
due not only to the ageing of the system components but also to the destruction of gas pipelines as a result of russian
aggression. To make informed and effective decisions on the restoration, reconstruction or modernization of gas supply
systems, it is necessary to assess their actual technical condition, namely, their operability. The operability of an
operating gas pipeline is determined on the basis of a database of its technical condition, namely: executive
documentation, drawings and passports of gas pipelines, route schemes, defect lists, certificates of pipes and welded
joints, capacity, etc. Moreover, gas supply systems are complex and dynamic, therefore a systematic approach is needed
to determine operability as a state by which the ability to perform specified functions is assessed, according to the
reliability theory. The purpose of the article — is to systematize the states of gas distribution networks according to their
operability to determine the expediency and method of reconstruction (modernization) of the systems. Conclusion. The
article proposes a systematization of the states of gas distribution systems according to their operability. The decision
on the need and type of reconstruction (modernization) of gas distribution systems should be made depending on the
state of the systems' operability. This will allow to minimize the cost of reconstruction and obtain optimal system
parameters.

Keywords: gas distribution network, systematization, reliability; operability

IMocTanoBka nmpo6Jemu. ['a3opo3noaineHi  AiarHocTuku Tpybomposois [1]. Benuka yBara

CHUCTEMH HaCeJIEeHUX TYHKTIB — 1€ CKIagHi B Cy4acHHUX yMOBax MPUIUISIETHCS
KOMILJIEKCH, OCHOBHE 3aBJIaHHS SKMX — HaJlliHE  BJOCKOHAJICHHIO METOJIB, CIIOCOOIB Ta 3aco0iB
1 OesmeyHe mOCTauaHHS Tra3zy CHOXHBAYaM.  KOHTPOIIIO TEXHIYHOTO CTaHy
Benuka KiTbKICTh ICHYIOUHMX Ta30pO3MOAUIBHIX — Ta30pO3MOIiIIBHUX Mepex [2; 3].
CHCTEM HaCelIEHUX ITyHKTIB JOCAIJIH CBOTO Metoau 3abe3neueHHs cTabiIbHOT POOOTH
TPAaHUYHOTO TEPMIHY eKCIulyaramii, ToMy  OO’€KTIiB  CTAHOBIATH  TIpeAMET  Teopil
HeoOXifHAa 1X CcydyacHa MOJEpHi3alis Ta  HaJIIHHOCTI. B Teopii HAIHOCTI
PEKOHCTPYKIIiSl 13 3aCTOCYBaHHSM HOBITHIX  POOOTO3JAaTHICTh BH3HAYAETHCS SK CTaH, 3a
TEXHOJIOT1H peHoBarii TpyOONIPOBIIHUX  SKMM OO’€KT 3JaTHUH BHKOHYBAaTH 3aJaHi
cucteM. KpiMm Toro, ocraHHiM dYacoM  (QyHKIII 3 MapaMmeTpamu, IepeadadueHUMH
30UTbIIMIIACS KIUIBKICTh aBapidiHUX CHUTYyallii,  TEXHIYHOIO JOKyMeHTaierw [4].
OB’ sI3aHUX HE TUIBKH 31 CTAPIHHIM CKJIaJIOBUX PosmomineHI  cucTeMH — ra3omocTadaHHS
cucteM, a W 3 pyHHYBaHHSIM Ta30lpOBOJIB  HACENEHHX IYHKTIB € MO CyTi MiJACHCTEMaMHU
YHaCIII0K pOCIMCHKOT arpecii. BEIIUKMX CHCTEM eHepreTuku. HaniitHicTh
Jis  mpuifHATTS ~ OOTPYHTOBAaHMX Ta  Ta30pPO3MOJUIBHHX CHCTEM — II€ KOMIUJIEKCHA
e(heKTUBHUX  PINIEHh TMPO  BIJHOBJICHHS,  BJIACTHUBICTH 3a HOPMaJIbHUX YMOB

PEKOHCTpPYKIIit0O a00 MOJEpHI3alil0 CHUCTeM  eKCIUlyaTamlii, MpOTSAroM  IEBHOTO  4acy
ra3onocTavyaHHs  HEOoOXiJHAa  OIlIHKa  iX  TPaHCIOPTYBaTH  CHOXXHBa4aM  HEOOXITHY
peaJbHOr0  TEXHIYHOrO CTaHy, a caMe€  KUIbKICTh Ta3y 3 JOTPUMAaHHIM 3aJaHuX
po060TO31aHOCTI. napameTpiB CHUCTEMHU [5]. [TutanHsIM
Ananiz myOaikauiii. [ns 3a0esneueHHS (GYHKITIOHATEHOT HAIIHHOCTI Ta30PO3MOIUTBHIX
HaJIAHOI eKCIUTyaTallii III0YMX Ta30mpoBOAIB  cucTeM mpucBsueHi npami M. I'. Cyxapesa,
MoTpiOHE MOCTiitHe oIiHIOBaHHA iX peanmbHoro  A. A. lonina, B. O. Cimaka, I'. C. Parymasika
TeXHIYHOTO CTaHy, sKE€ TIPOBOJUTHCS 3a  Ta iH.
JIOTIOMOTOI0  LIIJIOTO  KOMIUIEKCY TpPEeIMETHOT
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Mera crarTi — cucTtemMaru3yBaTH CTaHU
ra3opo3noAUTEHUX Mepex 3a ix
PpOOOTO3IATHICTIO I BU3HAYEHHS JOIUTEHOCTI

Ta Ccnoco0y pPEeKOHCTPYKIii (MozaepHi3allii)
CUCTEM.
Buxkaax wmarepiany. PoGoto3gaTHicTh

JI0Y0T0 Ta30MPOBOY BU3SHAUAETHCS HA OCHOBI
0a3u JaHWX HOTO TEXHIYHOTO CTaHy, a came:
BUKOHABUOI  JIOKYMEHTamii, KpecleHb 1
MacropTiB Ta30MpOBOAIB, MAPIIPYTHUX CXEM,
neGeKTHUX BiIOMOCTEH, cepTudikatiB Tpyo 1

3BapHUX 3’€JJHAHb, HABAaHTAXEHb TOIIO0. PazoMm
13 MM, CHUCTEMH ra3oIlocTadyaHHs CKJIaigHi Ta

IUHAMIYHI, TOMY 1o BU3HAYEHHSI
poOOTO3aTHOCTI  SK  CTaHy, 3a  SKUM
OIIHIOETHCSI  3J]aTHICTb BHKOHYBAaTH 3aJaHi

dyHKIII, BIAMOBIIHO MO0 TeOpii HATIWHOCTI,
HEOOXITHUHA CUCTEMHUH MiAXIT.

[IponoHyeThCs  cHCTeMaTH3allisl  CTaHIB
ra30po3MOAUTEHUX CUCTEM 3a ix
poOOTO31aTHICTIO, HABEICHA HA PUCYHKY.

Cras ra3opo3noaiibHOT CHCTEM
3a pobOTO3AATHICTIO
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Jns  po3NOJUIBHUX ~ CHUCTEM  Ta3oro-
CTa4aHHS  XapaKTepHI TakKi CTaHW, IO
XapaKTepU3yIOThCs  BIAMOBITHUMU  PIBHSIMHU
pOOOTO3IATHOCTI: TOBHICTIO POOOTO3MaTHHIA
CTaH,  YacTKOBO  poOOTO3MaTHUH  CTaH
(CkmamaroTh Yy CYKYITHOCTI poOOTO31aTHUMN
CTaH), HEPOOOTO3JATHHH 1 MEKOBUI. MekoBUIL
BIJIMTOBI/1a€ CTaHy, KOJIN YCYHYTH
HEMPHUITYCTHME 3HIKCHHS piBHS
pOOOTO3/1aTHOCTI BUSBISIETHCS HEMOXKIJIMBHUM.
HepoOoto3natHuii cTaH Moke OYyTH OCHOBHUM
i TPYTOPSITHUAM. 3a OCHOBHOTO
HEpPOOOTO3ATHOTO CTaHy OO0’€KT TIPUITHHSE
BHUKOHYBATH CBOE (dhyHKITIOHATIbHE
MPU3HAYCHHS, a 3a JAPYrOpsSIHOTO MOJajbIia
poboTta 00’ekTa 3 MIpKyBaHb TEXHIKH O€3MeKH
NMOBMHHA OyTH NpunHEeHa abo oOMexeHa Mo
poboumnx mapamerpax.

Hiroumit CTaH XapaKTEePU3YEThCS
pexuMaMu  poOOTH  PO3MOAUIBHHX  CHCTEM
razonocradyans. HopMaJbHUI pexuM 3aBKIU
BIJIMTOBI/1a€ MTOBHOMY MIPOEKTHOMY
HABAaHTA)XCHHIO, KPUTHUYHUI HEMTOBHOMY
MPOEKTHOMY HaBaHTAKEHHIO. 32 HOPMAJIbHOTO
peXuMy 3a0€3MeuyrOThCS 3HAYCHHS 3aJIaHUX
mapamMeTpiB  poOOTH 1 pe3epByBaHHSI Y
BCTAHOBJICHUX MEXKaX.

Sk OCHOBHI TMapaMeTpu PEKUMY pPOOOTH
PO3MOAITEHOI MEpeXi pO3TIIAAAI0ThCA: MIepena
THCKYy, BUTpAaTH Ta3y Ha JUISHKaX 1 CTYHiHb
3a0€e3MeUeHOCTI  CMOXKMBAYIB  HPUPOAHUM
razoM. CTymiHb pe3epByBaHHS IPU LOMY
BHU3HAYAETHCS PO3paxyHKOBOIO CXEMOIO
CUCTEMH Ta30IM0CTavyaHHs >KUTIOBUX DPalOHIB,
KOMIUICKCIB, OKpEMHX OO0’ €KTIB, BEIMYHNHOIO
PO3PAaxXyHKOBOTO HABAHTAXEHHS PE3ECPBHOTO
ra3onpoBoy BiJl JoKepen CUCTEMH
razonoctavants (I'PC, I'PII Tomro), HasiBHICTIO
MO>KJIUBOTO BUKOPHCTAHHS pE3epPBHOTO
€HEepPrornocTavyaHHs CIIOKUBAYiB.

Kputnunuii pexxuM BiAPI3HAETHCS THM, 1110
HE3AJIEKHO BiJl 3HAUEHHS MapaMeTpPiB PEeKUMY
HE 3a0e3nevyyeThes pe3epByBaHHS y
BCTAHOBJICHUX Mexax. Hanpuknazn, KpuTuuHun
peKUM MOXK€ BHMHHMKATH TiJ dYac MIKOBUX
HaBaHT@XEHb Ha CHCTEMY Ta30po3MOJily, Y
BHIQJIKy BTpPaTH POOOTO3MaTHOCTI OJHOTO 3
kinbneBux [PII. Bracmigok 1soro THCK Y
KIHIIEBOIO  CIO)KMBaya 3MEHILIUThLCS, alie
crcTeMa 3aJUIINTECS Y poO0TO3JaTHOMY CTaHi.

49

PeMOHTHHM  BBaXXaeTbCs TakKWil  CTaH
CHCTEMH, 3a SKOI0 4YacTHHA 1i €eJIEMEHTIB
nepedyBae 'y craHi  3amoOiKHOro  abo

aBapiiHOTO peMOHTy. B 3aranpHOMY BUTIAIKY
PEMOHTHHMI CTaH MO)Xe OyTH HOPMAaJbHUM 1
KpUTHYHUM. Hampukman, skmo — 3amipHa
apmarypa (3acyBku, KpaHHU TOILIO)
ra3opo3MoAUILHOI CUCTEMHU TiepeOyBae y cTaHi
3armo0iKHOTO, a He aBapiiHOrO pPEMOHTY,
PEeMOHTHHH  pexuM  Oyae  BBaKaTHCs
HOpPMaJTbHUM, TOMY IO 1€ CTaH, Ha SKUH
cucTeMa pO3paxoBY€EThCS.

ABapiiiHuii cTaH BUHUKa€e 3a3BUYail B
pe3ynbTaTi  BIIMOBHM  YaCTUHHU  €JICMEHTIB
CUCTEMH 1 TpUBa€ 10 MOMEHTY JOKai3allii
BIJIMOBH IIMX €JIEMEHTIB 1 3yMOBJICHUX HUMH
BimMoB. Jlokamizalis Tmonsirae 3a3BUYAd Y
BHUBEJICHHI 3 pOOOTH BiJIMOBJICHHX €JIEMEHTIB 1
BBEJCHHI B  po0OOTy  €NEeMEeHTiB,  SKi
nepedyBarOTh y pE3epBHOMY CTaHI.

[licnsaBapiiHUM  BBaXKa€TbCs CTaH, Yy
AKOMY CHCTeMa IiepedyBa€ B pe3yJbTarTi
BIIMOBM YaCTUHH il  €JIEMEHTIB  IIICJA
JIoKajizamii  BIAMOBM O  BCTaHOBJIEHHS
HOPMATbHOTO  a00  KPUTUYHOTO  PEKHUMY
pobotu. Sk mpaBwio, TMiciasaBapiiHUNA CTaH
cucTeMu — KpuTnuHuid. [IpoTte y psaai Bumajkis
micsiaBapiiHUN CTaH MOXKe OyTH HOPMaIbHUM,
SKIIO 3a0e3MedyeThesl MIATPUMAHHS 3a/aHUX
napamMeTpiB  pekuUMy poOOTH 1 CTymeHs
pe3epByBaHHS Y  BCTAaHOBIIGHUX  MEXKax.
[TicnsaBapiiiHUI pEXKUM MOXE BIAMOBIAATH HE
TITBKH poOOYOMYy, a W BIJKIIOYEHOMY CTaHy
CUCTEMH, SKIIO CHCTeMa HE MOXXE BUKOHATH
BCIX 3a/IaHUX (DYHKIIIH TICIISI PEMOHTY.

PesepBuuii CcTaH 00'ekTa e
po0OOTO3IaTHUHN CTaH, 3a SKUM 3I1HCHIOIOTHCS
¢bynkuii pesepByBaHHs iHIIUX 00'exTiB. CTaH
HABaHTAXXCHOTO PE3EPBY XapaKTEPU3YETHCS
TUM, 10  OO0'€KT  BHUKOHYe  (yHKIi
pe3epByBaHHsS 1HIMX 00'€KTiB 1 mepeOyBae B
po0oTi, a HEeHaBaHTa)KEHOT'O — HE nepedyBae B
poboTti, ame #oro QyHKIIT nependavdaroTh
pe3epByBaHHs iHmUX 00'exTiB. Hampuxman,
po0OOTy Tra30po3MOATHPHOI CHCTEMH >KHTIIOBOTO
paifony 3a0esmeuytots dYotupu [PII, mnpwu
npoMmy aBa ['PII B kimbili mepeOyBarOTh y
HEHABAaHTA)XKEHOMY pPE3epBHOMY CTaHi, TOOTO
HE PEIyKYIOTh THUCK rasy, aiie mepe0yBalTh Y
pobGoyoMy cTaHi 1 BKIIOYAIOTHCS B POOOTY
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TIJIBKH y BUIAAKaX aBapifHUX cuUTyauliid abo y
pa3i 3HWKEHHS TUCKY ra3y B MEpexXi HU3BKOTO
THUCKY.

Bigkmrouenuit  ctaH  Ta30poO3MOIIIBLHOT
CUCTEeMH TOJAUISETHCS HAa CTaHH PEMOHTY
(TUTaHOBO-TIOTIEPEHKYBATIBHOTO Ta aBapiiHOTO)
1 mpu3ynuHeHHs (aJAMiHICTPAaTUBHO-KOMEPIIiii-
HOTO 1 aBapiiiHOro). Y BIAKIIOUEHOMY CTaHi
MOXe  mepedyBaTh  AK  HepoOOTO3IaTHA
CHCTEMa, TaK 1 IIOBHICTIO a00 4YacTKOBO
poboTo3naTHa. Po6oTro3narauii CTaH
BIZIITOBIa€ CTaHaM aJMiHICTpaTUBHO-
KOMEpIIiHHOTrOo IIPOCTOIO i IJIaHOBO-
MOTIEePE/HKYBATLHOTO PEMOHTY, 32 YMOBH, IO Y
polreci peMOHTY poOOTO3/IaTHICTh 00'€KTa HE

MOPYIIYeETbCST  a00  TOPYIIYETHCA — TUIBKH
YaCTKOBO.
Cran TUTAHOBO-TIONIEPEKYBATHHOTO

PEMOHTY XapaKTEPHU3y€EThCS TUM, 110 Ha 00'€KTI
MIPOBOJIATHCS poboTu 3 BUSIBJICHHS,
norepe/KeHHsT ab0 YCYHEHHsS HECIPaBHOCTI,
10 MOXX€ CIPUYHHUTH HOTO BiJIMOBY.

VY craHi aBapiiHOro PEeMOHTY Ha 00'€KTi
MPOBOJATHCS POOOTH 3 BIAHOBICHHS HOTO
poboro3matHocTi, ska Oyna TopylieHa B
pe3yiabTaTi  BiIMOBH  €JIEMEHTIB  CHCTEMH.
Hamnpuknan, BIJIKITIOYEHHS IUISTHKA
ra3onpoBoay JUIi  BUKOHaHHS  aBapiiHO-
BiIOY/ZIOBHOTO PEMOHTY B pa3i MEXaHIYHOTO
TMIOIITKOKEHHS Ta30IPOBOTY.

Cran aBapiifHOTO NPU3YIUHEHHS
BIIPI3HAETHCS BiJ] TOMEPEIHHOTO THUM, IO Ha
00'€KTi HE TPOBOJATHCS POOOTH 3 BiJHOBJICHHS
oro poborosmatHocTi. CraH aaMiHICTpa-
TUBHO-KOMEPIIITHOTO TPU3YITHHEHHS BUHHUKAE
BHACJIIJTOK BHUMYILIEHOTO BIJIKJTFOUEHHS
€JIeMEHTIB CUCTEeMH ab0 TPOBENCHHsS Ha HIA
poOIT, 110 MOTPEOYIOTH BIAKITIOYCHHS CUCTEMHU.

Hanpuxknarn, MPUYHMHAMEU TaKOTro
NPU3YITUHEHHS MOXYTh OyTH: HECBO€YacHa
Ta/ab0 HeroBHA OIUIaTa MOCIYT MOCTAYaIbHUKY

3TITHO 3 yYMOBAaMH JIOTOBOPY  PO3MOJILTY
OPUPOJHOTO Ta3zy, BTIPyYaHHI B poOOTY
ra3opo3noauIbHO1 CUCTEMH, 30Kpema,

HECAaHKIIIOHOBaHUH BifOIp MPHUPOJHOTO Tazy
a00 BIZHOBJIEHHS Ta30CHOKUBAaHHS, BIJIMOBa
CHOXHMBaya B JOCTyNmi Ha 00’ektd abo
3eMeJbHy  JIUISHKY, Je  po3TalioBaHa
ra3opos3nojiikHa cucreMa Ta/abo  ra3oBe
oOJaJIHaHHSA  TPEJICTABHUKAM  Ta30pO3I0-
JTUIBHUX MEpeX; BIJICYTHICTh cepTH]ikaTa
BIJIMOBITHOCTI CHCTEMH HOPMATHBHO-TEXHIYHIN
JOKYMEHTAIIii TOIIIO.

PezepBuuii 1 BIIKJTFOYEHUI CTaHu
MEPEBAKHO XapaKTEPU3YIOTh POOOTO3NIATHICTH
€JIEMEHTIB ra30PO3MOIUIEHOI CHCTEMH.

["a3opoznoainbHi CUCTEMH MOXYTh
MIJUIATaTH PEKOHCTPYKIIII Ta MOJAepHi3alii mpu
MII0YUX CTaHaxX (3a MOBHOTO Ta HEMOBHOIO
MPOEKTHOTO HaBaHTAXCHHS) Ta BIIKIIOUYCHHUX
cTa”ax (MiJ 9ac MIaHOBO-TIONEPEIKYBAILHOTO
PEMOHTY, aBapiifHOTO PEMOHTY Ta aBapiiHOTO
NPU3YIHHEHHs). 3aJIe)KHO BiJl poO0OTO3aTHOCTI
CUCTEMU TIPUHUMAETHCSA BIAMOBITHUN CTIOCIO
MIOHOBJIEHHSI, PEKOHCTPYKIIiT a0 MoJiepHizalii.

BucnoBok

3amponoOHOBAaHO CHUCTEMATH3AIll0 CTaHiB
ra30po3MOIUIBHIX CUCTEM 3a ix
po0OOTO31aTHICTIO.

Pimennss mnpo HEOOXIAHICTH Ta BHJ
PEKOHCTPYKINi (MOJEpHi3allii) po3MOAUTEHUX
CHCTEM Ta30MOCTaYaHHs JIOIIBHO TpUHAMAaTh
3aJIKHO BiJl CTaHy POOOTO3aTHOCTI CHCTEM.
Ille mo3BONMUTH MiHIMI3yBaTH BUTpAaTH Ha
PEKOHCTPYKIIIFO Ta OTPUMATH ONTHMAJIbHI
napaMeTpy CUCTEMHU.
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TA HIBUAKOCTI OXOJIOJ)KEHHSI HA ®OPMYBAHHSI
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Amnorauis. Ilocmanoska npoonemu. PopMyBaHHS CTPYKTYPHUX CKJIaJOBUX ITOYMHAETHCS ITiJ] Yac 3aTBEPiBaHHS
craneid. ToMy BaJIMBO JOCTITUTH BIUIMB XIMIYHOTO CKJIaxy, TEMIEpaTypH NOAATKOBOTO HArpiBy Ta IIBHAKOCTI
OXOJIOJDKEHHsSI PO3TONy Ha (OPMYBaHHS CTPYKTYPHHX CKIaJOBUX cTajed. Mema oOocnidyncenns — TPOBECTH
MOPIBHSAHHS BIUIMBY XIMIYHOIO CKJIaay, TeMIlepaTypd HarpiBy Ta IIBHJAKOCTI OXOJIOJDKEHHS Ha (opMyBaHHS
CTPYKTYPHHUX CKJIaJIOBUX B craysix. Memoouxa. Jlns BHU3HAueHHS OCOOJMBOCTEH CTPYKTYpHOTO CTaHy CTajel
BHKOPHCTOBYBAJIN MIKPOCTPYKTYPHHH, MIKPOPEHTT€HOCIIEKTPAIbHANA, PEHTTCHOCTPYKTYPHUHA aHaJi3u Ta TPaBICHHS
TTOBEPXHi 3pa3KiB HIiTAJEM Ta TapsSIUM PO3UYHMHOM ITKPATy HATpifo. Pe3yrsmamu. JIoCIiHKEeHO 3pa3Ku CTANCH 3 pi3HUM
YMICTOM BYTJICIIO, MapraHIio Ta KpeMHio. [lopiBHIOBaNM CTPYKTypHUH CTaH cTaji 3a mepepizom BJI3 Ta crami
OJIN3BKOTO XIMIYHOTO CKJIAJTy TICIIS JOJATKOBOTO HAarpiBaHHs BHIIe JiHIl JikBigycy Ha 50 °C, 150 °C Ta 0X0J0KeHHS
3i mBuakoctsamu 10-10% °C/c. Haykoea noéusna. BcTaHOBIICHO, IO B NpoIeci BUToToBJIeHHS BJI3 Ipu 0X0NomKeHHi B
KpHCTanizaropi 3i meuakictio ~10* °C/c y moBepXHEBill 30Hi 3arOTOBKH 3i cTanei 3 ymictoMm Byruemo >0,5 % (Mac.),
Mmaprasio >0,75 % (mac.) Ta kpemuio >0,45 % (Mmac.) BinOyBaeTbCcs HOBHE NPHUTHIUCHHS YTBOPEHHS O-(hepuTy Ta
YTBOPEHHS 3 PO3TOITY JCHIPUTIB Y-3aji3a. Briepie 1oCiimkeHo BUIUIMB TEMIIEPAaTypH HAarpiBy BHILE JIiHIT JKBiAyCy 10
150 °C Ta mBuakocti oxosnomkenns 10-10° °C/c Ha CTPYKTYpOyTBODEHHS JOCHIJHMX BYTJIELEBUX CTaJEil.
BcTaHOBNIEHO, IO JOJATKOBE HATpPiBAaHHA BHUIIE JiHII JIKBiZyCy Ta OXONOMKEeHHs 3i mBuakocTamu 10>-103 °C/c
MIPAaKTHYHO MOBHICTIO MPUTHIYYIOTh YTBOPEHHS (EepUTY IO TPaHULSX 3€PEH, CHPHUSIIOTH YTBOPCHHIO OUIBII OJXHOPIIHOT
CTPYKTYPH, 3POCTaHHIO JUCIEPCHOCTI CTPYKTYPHHUX CKJIQJIOBHX, OJHOYACHOMY TBEpPAOPO3UMHHOMY 1 JUCIEPCIHHOMY
3MIITHEHHIO CTaJIi Ta TOJINIIICHHIO MEXaHIYHUX BIACTUBOCTEH craneit. KpiMm 1mporo, croctepirainu 3MeHIIIeHAsS] 00’ €MHOT
YaCTKU JUISTHOK, IO MICTATh JIKBAIlif0 €JIeMEHTIB (MapraHmio Ta KpeMHito). JUSTHKH Oynu po3MOJieHi OuThII
PIBHOMIPHO, O3BOJISIE TIPUIYCTUTH, MO0 Oyae 3MEHIIEHHS Tepenaay M0 BMICTY XIMIYHHX €JIEMEHTIB, MOPIBHIHO 31
cTaHoM 0e3 ITOJaTKOBOTO HarpiBaHHS po3rtomy. IIpakmuuna 3nauyumicms. BUKOPUCTaHHS OTPUMaHUX PE3yJIbTATiB
JTO3BOJIMTH PO3POOHTH TEXHONIOTIi OTPAMAaHHS cTayei 3 OiIbII OJHOPITHOIO CTPYKTYPOIO.

KarouoBi cioBa: gyzneyesa cmanw, 0endpumna Kpucmanizayis, cespezayis mMapeanylo ma KpemHiio, 000amrkose
Ha2pigaHHs1 guuye JiHIl TIKBIOYCY, WUOKICMb 0X0I00HCEHHS.

THE INFLUENCE OF CHEMICAL COMPOSITION,
HEATING TEMPERATURE AND COOLING RATE ON THE FORMATION
OF STRUCTURAL COMPONENTS OF STEELS
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Abstract. Problem statement. The formation of structural components starts with the hardening of steels.
Therefore, it is important to investigate the influence of chemical composition, temperature of additional heating and
cooling rate of the melt on the formation of structural components of steels. The purpose of the research — to compare
the influence of the chemical composition, heating temperature and cooling rate on the formation of structural
components in steels. Methods. To determine the features of the structural state of steels, we use microstructural
analysis, X-ray microanalysis, X-ray diffraction method and surface etching of specimens with nital and hot solution of
sodium picrate. Results. In the work, a study of steel specimens with different carbon, manganese and silicon content
was carried out. We compared the structural state of steel in the cross-section of continuous cast steel billet and steel of
a similar chemical composition after additional heating above the liquidus line at 50 °C, 150 °C and cooling at rates of
10-10* °C/s. Scientific novelty. 1t was found that in the process of manufacturing of continuous cast steel billets, when
cooling in a crystallizer at the rate of ~10* °C/s in the surface zone of the billet of steels with a carbon content of
> 0.5 wt.%, manganese > 0.75 wt.% and silicon > 0.45 wt.% the d-ferrite formation and y-iron dendrites formation from
the melt are completely suppressed. For the first time, the effect of heating temperature above the liquidus line up to
150 °C and cooling rate of 10—103 °C/s on the structure formation of experimental carbon steels was investigated. It was
established that additional heating above the liquidus line and cooling at rates of 10>~103°C/s almost completely inhibits
the formation of ferrite along the grain boundaries, enhances formation of a more uniform structure, an increase in the
dispersion of structural components, simultaneous solid-solution and dispersion hardening of steel, and improvement of
mechanical properties of steels. In addition, a decrease in the volume fraction of the areas containing liquation elements
(manganese and silicon) was observed. The areas were distributed more evenly, which suggests that there could be a
decrease in the difference in the content of chemical elements, compared to the condition without additional heating of
the melt. Practical value. The use of the obtained results could allow to develop technologies for obtaining steels with a
more uniform structure.

Keywords: carbon steel; dendritic crystallization, segregation of manganese and silicon; additional heating
above the liquidus line; cooling rate

Beryn. OmuH i3 KJIIOYOBMX HANpsIMKIB ~ BH3Ha4YalOTh  NHepBUHHI  (asu  mig  dac
BIUTMBY Ha MEXaHIYHI BIACTHBOCTI CTajeil — 11e  3arBepiHHs [1-2].

OTpUMaHHS B pe3yibTarti 00poOKHu B miteparypHMX JpKepenax — HaBEICHO
MIKPOCTPYKTYpPH 3 IiABHIIEHUM CTYIIEHEM  PE3yJIbTaTH EeKCHEPHUMEHTAJIbHUX JIOCIIHKEHb
JTUCTIEPCHOCTI CTPYKTYPHUX CKJIAJIOBUX. OiHapHUX CTOIIIB JUTSt BU3HAYECHHS

Bimomo, mo QopMyBaHHS CTPYKTYpHHX  TeMIlepaTypd, 3a  SKOi  po3Tom  Oyne
CKJIaIOBUX MIOYNHAETHCS iz yac  OJHOPITHMM Ta He Oyae MICTHUTH Oyab-sKi

3aTBepHAiBaHHsA  cTaje. TomMy  BaXJIMBO  TEPMOJWHAMIYHO CTa0LIbHI MIKPOKOMIUICKCH
JIOCHITUTH  BIUIMB  XiMiyHOro  ckiaxy, [1]. B myOmikamisx  TakoX  HaBeIeHO
TEMIIEpaTypyl JOAATKOBOTO HAarpiBaHHA Ta  PE3YJNbTaTH JOCII/UKEHb BIUIMBY TEMIIEPATypH
IIBUJIKOCTI  OXOJIOJDKEHHS ~ pO3TONYy  Ha  JOJAaTKOBOTO HArpiBaHHs BHUIIE JiHI{ JIKBIAYCY

(dhopMyBaHHSI CTPYKTYPHHX CKJIQIOBUX CTajied.  Ta IIBHIKOCTI OXOJOJDKEHHS Ha OJHOPIIHICTH
Haii0inpmr  mommpenuit  Meton  ¢ikcauii  posromiB OiHapHUX cTOMIB [3—4].

BHCOKOTEMIIEPATYPHOTO  CTaHy  METaleBUX Binomo, 1110 ogHUME 3 OCHOBHUX YMHHUKIB
CHCTEM — TapTyBaHHs, B pE3ylbTaTi IOr0  BIUIMBY Ha YTBOPEHHS IIEHTPIB KpHCTali3amii,

mporecy Moxe BigOyBatuch (GopmyBaHHS ~— TEpBUHHUX (a3, MOCTIAOBHICTH  (a30BUX
MeracTtabimpHUX  ¢a3. Bigomo, 1m0 3a  MEpeTBOPEHb, 3aKOHOMIPHOCTI (HOpMyBaHHS
TEeMIIepaTyp, SAKi MEPEeBUINYIOTh TEMIEpaTypy  CTPYKTYpHHX CKJIaJOBHX € TeMIeparypa
JTKBIZyCcYy B poO3TOmax, BiZIOyBa€ThCS ~ HArpiBy pO3TOIY Ta HIBUAKICTH OXOJIOJKECHHS
dhopmyBaHHS MIKPOKOMILJICKCIB, aki  [3-5].
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Sk BigoMoO, BUCOK1 IIBAIKOCTI
OXOJIOJKEHHSI, OCOOJHMBO  KIPKOBOI  30HU
3arOTOBKH JIOCSTAIOTHhCS 32 Oe3MepepBHOTO
nutTs ctanei. [Ipyu nboMy MOKIIUBE YTBOPEHHS

MOBEPXHEBUX  TO3JOBXKHIX  TPIOMH Y
HU3BKOBYTJICIIEBUX CTaJsIX YHACITi 0K
NPOXO/KEHHS  (pa30BHX  IMEPETBOPEHb 32

MePUTEKTUYHOIO peakitiero: posromn (L)—deput

(0)—aycrenit (y) [5-6]. Inmi aBTOpHM
BUHUKHEHHS TPILIH OB’ SI3YIOTh 3
HEKOTepPEHTHICTIO TpaHuIlb depury () Ta
aycreHity  (y) 10 6 %, pi3HOIO
TEIUIONPOBIAHICTIO (a3,  MaKCHUMAaJbHOIO
TEPMIYHOIO  YCaaKOw 31 30UIbIIECHHSAM

MNEPCOXOJIOJKCHHSA, BUHUKHCHHAM HAIIPYXKXCHb
a6o nedopmariii CTHCHEHHS, IO TEPEBUIILYE

KPUTHUYHE 3HAYCHHS MII[HOCTI Ha PO3pUB abo
nedopmartito 3aTBepIisioi 000J0HKH, TUPY3iEr0

XIMIYHUX €JIEMEHTIB, KOHBEKI[IHHUMU
noTokamu Tomo [6—8]. OmuH 13 mMiAXOAIB 10
3MEHIICHHST  pO3TPICKyBaHHA  cTajmi  —

oOrpyHTOBaHMN BUOIp T XIMIYHOTO CKJIamy.
Crin 3a3HauMTH, 110 32 BUCOKOTO BMicTy Mn,
Al ab6o Si B crami 30Ha cmiBiCHyBaHHs (a3
L + 0 + y 30impmryeThes [9].

Meta aociigskeHHsi — TOPIBHATH BILUIWB
XIMIYHOTO CKJIaqy, TEeMIEpaTypu HarpiBy Ta
IIBUJKOCTI OXOJIO/DKCHHsT Ha (opMyBaHHS
CTPYKTYPHHUX CKJIAJIOBUX y BYTJICIIEBUX CTAJISX.

Marepiau. JlocnipkeHO BYTJEIEBY CTallb
3II3HAYHOTO NMpU3HaYeHHs (Taou. 1).

Tabnuys 1
BwmicT XiMiuyHHX eJieMeHTIB Y TOCTITHUX CTAJISAX
YMoBHE XimiuHi eareMeHTH, % Mac.
mosHaueHust C Si Mn P S Ni Mo Al Cu A%
1 0,36 021 0,54 0,014 0,004 0,010 0,011 - 0,15 <0,005
2 0,46 032 0,65 0,007 0,002 0,010 0,009 0,011 0,15 0,032
3 0,50 045 0,75 0,014 0,0056 0,085 0,0098 0,051 0,136 0,0028
4 0,51 0,88 0,89 0,019 0,0087 <0,005 0,011 0,023 0,08 <0,005
Haseneno XIMIYHUH CKJIa JIisi BUBHAUEHHS XIMIYHOTO CKJIaay CTOITY

Oe3nepepBHOIUTOI 3aroToBku (cram Ne 1-3),
BH3HAUEHUH 3a  KIBIIEBOIO Tpo0OI0 B
naboparopii TOB «M3 «JIHinpocTanby.
[HIBuaKicTh OXOJIO/PKEHHS MeTamy
3arotoBku @ 450 MM 3miHIOETHCA Big 10% °C/c B
OXOJIOJKYBAaHOMY BOJIOIO KpHCTai3atopi B
30HI mepBUHHOrO oxoJjomkeHHs 10 1°C/c B
30HI BTOPUHHOT'O OXOJIO/PKEHHSI.

Hocnigai npobu ctami Ne 4, BUTOTOBIEHOT
B JabopaTopHHX ymoBax, HarpiBamu Ha 50 °C
(Tu=1550°C) ta 150 °C (T =1 650 °C) Bume
JHIT JKBIAYCY Ta 3aJIMBAIM B KJIMHOIIOIIOHY
muBapHy (GopMmy. YMOBHO KIHMHH MOXHA
MOAUTMTH HA TPU YACTUHU, 3 PI3HUMHU
IIBUJKOCTSMH OXOJIOJDKEHHSI — «TOBCTa», SIKa
Ma€e IIBUIKICTh oxojomkeHHs ~ 107 °Clc,
cepemns ~ 103 °C/c ta Tonka ~ 10* °C/c.

[Imicu 3pa3kiB BUKOHATHN 3a CTaHIAPTHOIO
METOAMKOIO, TpaBJIEHHS MOBEPXHI 3pa3KiB
3MIMUCHWIM TapsYMM PO3UYMHOM ITIKPATy HATPIIO
(mnms BU3HAUYEHHS JUISHOK 13 CErperarfiero
KPEMHII0 Ta MapraHio, sKi (GOpMYIOTHCS T
yac  KpucTamizamii Ta  po3TalmioBaHI Y
MDKJIEHIPUTHUX MTPOCTOPaXx) Ta HiTAJIEM.

3aCTOCOBYBAJIM XIMIUHUM Ta CHEKTpaJIbHHUNA
aHamiz. MIKpOCTpYKTYpy  OIIHIOBaIM  3a
JIOTIOMOTOI0 ONMITUYHOTO Mikpockona «Heodot-
21». Pe3ynbTatu MIKPOPEHTI€HOCTICKT-
paJIbHOTO aHai3y OTPUMaHi 3a JOIOMOTOIO
€JIEeKTPOHHOTO  Mikpockona JSM-6490 3i
CKaHyBaJIbHOIO nipuctaBkoro  ASID-4D i1
E€HePTOUCTIEPCIHHOTO PEHTI€HIBCHKOTO
mikpoananizaropa «Link Systems 860» i3
IporpaMHUM 3a0e3neyeHHs M. PeHTreHoctpy-
KTypHUMI aHami3 3MIIACHIOBAIN Ha
nudpakromerpi JJPOH-3 y MoHOXpomaruzo-
BaHoMy Fe-Ko BuUnpoMiHIOBaHHI.

Pe3yabTrarn Ta 00roBOpeHHSsI.
JlocnmikeHHsT MIKPOCTPYKTYpHU cTaleil (3pa3ku
Ne 1-3) mokaszanu, moO 3ajaeXHO B BMICTY
BYTJIELIIO, MapraHIo Ta KPEMHIIO
CIIOCTEPIraeThes 3MiHa 1e(PEKTHOCTI ISHIPUTIB
3anisza.

3a Bwmicty Bymreno 0,36 % (mac.),
kpemuito 0,21 % (mac.) ta mapranimo 0,74 %
(Mac.) mmicis TpaBIIGHHs TIOBEPXHI 3pa3KiB
rapsyuM MIKpaTOM HaTpil0 B  pe3yibTarti
aHaJi3y po3TanlyBaHHS CerperamiiHuX JUTSTHOK
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B 30HI
°C/xB.)

HIBHIKOTO
Bi10OyBa€ThHCS
3aji3a, IO MAaloTh

YCTQHOBJIEHO,  IIIO
oxomomxkenns (10

YTBOpPEHHS JCHIIPHUTIB
OuthIi  PO3MIpH, BUILY  Je(PEeKTHICTH,
copMOBaHy BiCb MEpUIOTO TMOPSAAKY Ta
YaCTKOBO JIPyroro TMOPIBHSHO 31 3pa3kamMu
craneit Ne 2, 3. V cTpykTypi ACHIPUTIB 3aji3a
CIIOCTEpIraay HasSBHICTH MIKPOIOpP OKPYTJIOi
dopmMH, 1[I0 MOXYTh BHUHUKAaTH TMiJl 4ac
kpuctamizanii bJI3 ta «aedopmariitii cMyTH»,
SKi MalTh OJIHAKOBHN HANPSMOK, IO MOXE
OyTH J0Ka30M TOTO, IO B CTaji BiAOYBAaEThCS
MIEPUTEKTHYHE MIEPETBOPECHHS

L+8 — v (puc. 1, a) [10].

30inpmeHass BMicTy Byriemio g0 0,46 %
(mac.), mapranmo 0,65 % (Mac.) Ta KpeMHirO
0,34 % (Mmac.) (3pa3ok Ne 2) B cTalti CIPHYMHIOE
3MEHIICHHS pO3MIpiB  ACHAPUTIB Ta  iX
Ne(QEeKTHOCTI, MOPIBHAHO 31 3pa3KamMH cTaii
Ne 1. ¥V crpykTypi AeHApuTIB Oyau BHUSBIEHI
«3MOpIIKK MOpPCTKOCT» (puc. 1, 6). Ix mossy
MOJKHA TIOSICHUTH THM, IO 32 JaHOTO BMICTY
BYIJICLIO, MAapraHiio Ta KPEeMHII0 B CTall
MOXJIUBE CHiBiCHYBaHHS ¢a3: L, y Ta 0, 10
3 pe3yibTaraMd  aBTOpIB

Y3TOIKY€ETHCS
[8; 11-12].

Puc. 1. Mikpocmpyxkmypa cmani 3 emicmom, % mac.: a — cmano Ne 1 3 C = 0,36 %, Si = 0,21 %, Mn = 0,54 %,
6 —cmanv Ne 23 C = 0,46 %, Si = 0,34 %, Mn = 0,65 %, 6 — cmanv Ne 33 C = 0,50 %, Si = 0,47 %, Mn = 0,77 %.
Tpasneno nikpamom Hampiro. 500

Y pa3i 30inbIIeHHS BMICTY B CTall
Byrinemo > 0,5 % (mac.), Maprasio
> 0,75 % (mac.) Ta kpemHio > 0,45 % (mac.)
(crasp Ne 3) B moBepXHEBIH 30HI CIIOCTEPIrain
YTBOpPEHHSI OBl JAUCHEPCHUX JCHAPUTIB.
Ha ix moBepxHi He cmocrepiraii yTBOPEHHS
nedopMaliiHUX CMYT, M0 MOXHA MOSCHUTH
THUM, 110 3 PO3TONY BiIOYBAETHCS YTBOPEHHS Y-
kpuctaiis 3amiza [ 10—12] (puc. 1, 6).

Y MikpocTpykTypi crameir Ne 1-3 mo
TPaHUIIX AYCTEHITHUX 3epeH  (QiKcyBalu
YTBOPEHHS HAJUITMIIKOBOTO (eputy (puc. 2-3).

Y cram Ne 1 dikcyBanmu yTBOpeHHS
CerperalifHuX  JUISHOK  MapraHiio  Ta
KpEeMHiI0, 00’€MHa 4YacTKa SKHX Jocsraia
10-15 % B 1eHTpanbHI dYacTHHI Ta MO
1820 % B moBepxHeBiil (puc. 2, a).
VY cTpyKTypl CTaji BHUSIBIEHO TakKi CTPYKTYpHI
ckianoBi: o-Fe, ckmamgni kap6imu — Feos Mn3 g
C, da3u — FeMns, FexSi (puc. 2, 6).

1 impis
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Puc. 2. Jlocnioocenns cmani Ne 1: a — mikpocmpyxkmypa nogepxui na 90 % R (22,5 mm 6i0 nogepxni), x 50,
6 — ougppaxmoepama
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Puc. 3. Jocnioocenns memany cmani Ne 3: a — mikpocmpykmypa nosepxui na 90 % R (22,5 mm 6i0 nosepxni), x 50,
6 — ougppaxkmoepama

JlocmiUKeHHsT  CTPYKTYPHUX — CKJIQJIOBHX
3pa3kiB cram Ne 3 mokasanu, 10 B pe3ysbTari
(hazoBux MePETBOPECHB 3a KIMHATHOT

TeMmIeparypu CQOpMYBAINUCh TaKi CTPYKTYpHI
CKJIQJIOBl y BHIJISAI MIKPOBHJIENICHb: CKJIAIHI
kapoimu — Feos Mn3gs C, Fer; Mn3C, FeSiC,
¢dasm — FeoMnSi, FesSiz ta Feoes Mnes Siz
(puc. 3, 0).

YTBOpEeHHS PI3HHX CTPYKTYPHHUX
CKJIaJJOBUX MOJKHAa TOSCHUTH HEPIBHOMIpHUM
pPO3MOALIOM XIMIYHMX KOMITOHEHTIB, SKUH
3YMOBJICHUM MIXJIEHAPUTHOIO CETrperaliero i
yac KpUCTaTi3allii cTai.

3 miTepaTypHUX JDKEpel BiAOMO, IO
Mapradenb ~Ta  KpeMHIU CXWIBbHI IO
Mmakpocerperamii [13]. Henaputu 3paskiB 3
KipkoBoi 30HM bJI3 Mamum BMICT Maprasifio
0,2 % (mac.), a kpemniro — 0,38 % (mac.).
B MbKaeHApUTHOMY TTPOCTOPI BMICT MapraHIifio
3pocrae 1o 0,7 % (mac.), a KpemHilO 10
0,5 % (mac.). Ha Biacrani "2 paniyca

3aroTOBKH, sKa Oyla  OXONOJKeHa 31
mBuakictio 10 °C/c B MDKIESHIPUTHOMY
POCTOPI, BMICT MapraHIfto CKJIa/1aB

0,72 % (mac.), a xpemHito — 0,56 % (mac.), o
HMOBIpHO TIOB’SI3aHO 3 pyxoMm  (ppoHTY
KpUCTaJi3alii Ta BIATHCHEHHSM HaJIUIITKOBOI
KOHIICHTpALlli MapraHIlio Ta KPEeMHIIO.

VY 1eHTpalbHIM 4YacTHHI, OXOJIOPKECHIN 31
IIBUKICTIO 1-3 °Clc, criocTepiranu
3MEHIICHHS MDKJIECHAPUTHOTO MPOCTOPY, BMICT
KPEMHII0 Ta MapraHii OyB Maike TakuM, SIK
CEpEeIHIf BMICT IIUX €JIEMEHTIB y CTaJi.

56

Crnin 3a3HaYuTH, MO 30UIBIICHHS BMICTY
BYIJICLI0, MAapraHiio Ta KPEeMHIl0 B CTall
CITpHsi€ 3MEHIIICHHIO pO3MipiB 3epHa (puc. 4).

st TIOpIBHSIHHSL BIUIMBY TEMIIEpaTypH
JIOJTATKOBOTO HArpiBaHHSA pIiAKOI CcTami Ta
MBUAKOCTI 11 OXOJOIKEHHS BHKOHAHO
HarpiBaHHsa crtajgi Ne 4 Bume Temmneparypu
mikBigycy ao 1 550°C (ma 50 °C Bume
TeMriepatypu Kpucraiizamii) Ta 1 650 °C (Ha
150°C) Ta  po3nuBaHHSI B  JIMBApHY
KIMHOMOAIOHY  (dopMmy, 1O Jajio 3MOTy
3aikcyBaTH BUCOKOTEMIIEpAaTypHUH CTaH Ta
JTOCIIIUTH 3MIHY CTPYKTYPHHX CKJIQJIOBHX 3a
Ppi3HHIX HIBUAKOCTEH OXOJIOKECHHS
(10-10°°C/c).

3ayBa)kuMo, MO0 JOAATKOBE HarpiBaHHsI
posromy Ha S50°C Tta 150°C BuIe
TEMIeparypu  JIKBiAycy He  30UIBLIMIO
3a0pyIHEHICTh HEMETAJICBUMHU BKIIOYCHHSIMU
JOCTIHUX 3pa3KiB, BOHA HE IIEPEBHIIyBalia
1 o6an 3a TI'OCT 1778. [IligBumeHHs
TeMIepaTypu JI0JTATKOBOTO HarpiBaHHs
po3rony Ha 150 °C Bume miHii JIKBiAyCy He
cnpusie 30UTbIICHHIO Hi 00’€MHOI YacTKH, Hi
PO3MIpiB HEMETAJIEBUX BKJIIOYCHb, 116 MOXKHA
MOSICHUTH THUM, MIO0 3a JaHOI TeMIepaTypu
B1JI0YyBaETHCS 3HAYHE 3MEHIIIEHHS
TEPMOJIMHAMIYHO CTIHKUX MIKPOKOMILJIEKCIB y
po3rormi [4-5].

VY nocnigHiit ctami Ne 4 micna HarpiBaHHS
Ha 50°C Bume JiHIl  JIKBIOycy —Ta
OXOJIOJDKEHHST 31  IIBUAKICTIO 10 °C/c
CIIOCTEpIrajJd He3HAYHEe 3MEHIICHHS PO3MIpiB
BKIIOYEHb  Ta  3€peH,  TOpIBHAHO 3

MikpocTpykTypoto BJI3 Ne 3 Omusbkoro
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CKJaay. 30UTbIIEHHS MBHIKOCTI OXOJIOKEHHS
1o 10° °C/c chpuse 3MeHIIEHHIO pPO3MipiB
3epeH, 00’e€MHOI  yacTku  (epury

A0

0

Cepejniii po3mip 3epHa, MKM

89 % Ta po3mipy BKIWOUYEHb < 2,5 MKM.
Crnocrepiranu yrBopeHHs (epuTy M0 TPAHUIISIX
3epeH y BUIJISAI IEpepUBYACTOI CITKH (pHC. 5).

B NEeHTpI
Ha 90 % R

Puc. 4. 3anesxcnicmo posmipis 3epua 6i0 ymicmy gyeieyro, Map2aHyio
ma KpemHiro docaioxcysanux cmaneti Ne 1—3

Puc. 5. Mikpocmpyxkmypa 3paska cmani Ne 4 nicas naepisanus guwe ninii 1ikgioycy na 50 °C ma oxonooxicenus
31 weuoxicmio: a — 10 °C/le, 6 — 10°°C/c. x 1000

HarpiBanust crami Ne 4 Bume miHii
nmikBigycy Ha 150 °C Ta OXONOMKEHHS 31
mBuakoctsmu ~10 °C/c cmpusie yTBOpEHHIO
OLTBIIT OTHOPITHOT CTPYKTYpH TopiBHSHO 3 BJI3
Ne 3 6mu3pkoro xiMigyHOTrO cKiany (puc. 6, a):
3MeHIInIach 00’eMHa yactka Qeputy a0 8 %,
00’€MHA YacTKa IISHOK, IO MICTITH JIIKBALIIO
€JIEMEHTIB (MapraHIilo Ta KPEeMHII0) Ta po3Mip
3epHa y 2-2,5 pa3za.

30UIbIICHHST TeMIEpaTypu J0JaTKOBOTO
HarpiBaHHs ctaii Ne 4 BuIe JiHi{ JTIKBiTyCy Ha
150 °C Ta OXOJOmKEHHS 31 IIBHAKICTIO
10°-10° °C/c cmpusie yTBOPEHHIO OiNbII
OJTHOPIAHOT CTPYKTYPH — IPUTHIUYETHCS Maiixke
MOBHICTIO TIPOIIEC YTBOPEHHS (EpUTy 10
TPaHMIISIX 3epeH (puc. 5).

Crocrepiranu  mojanbile  3MEHIICHHS
pO3MipiB BKJIIOYEHb 10 1-2 MKM Ta 3€peH,
00’eMHOI YaCTKHM JIISHOK, IO  MICTITh
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JIKBAIi10 TOPIBHAHO 31 CTallto 0e3 10AaTKOBOTO
HarpiBaHHs (puc. 2—06).

Crin 3a3HAa4YMTH, 110 BKIIOYEHHS HE OyiH
IEHTpaMu KpHUCTami3aiii — iX crmocrepiraid B
00’emi 3epHa.

HarpiBanus Buiie Temmneparypu JiKBiAyCy
Ha 150 °C crameli cHpuuMHSE TIOBHE
MIPUTHIYCHHS YTBOPECHHS beputy B
MIKPOCTPYKTYpi CTaJli 32 BUCOKHX LIBUIKOCTEH
oXoJIo/KeHHS. JlomaTkoBe HarpiBaHHS BIUIMBAE
Ha piBEHb MIKPOTBEPIOCTI Ta cepeaHiil po3mip
3epHa 3QJIKHO BiJl MIBUAKOCTI OXOJIOHKCHHS
(puc. 7).

OtpuMaHuii pe3ynbTaT MOXKHA TOSICHUTH
TUM, 1[0 3a HarpiBanHa ctami Ha 150 °C
3MEHIIYETHCA  KUIBKICTh  TE€PMOJUHAMIYHO
CTaOUIbHUX MIKPOKOMIUIEKCIB.
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Puc. 6. Mikpocmpyxkmypa 3paszka cmani Ne 4 nicist naepisanus euwe ninii aikeioycy na 150 °C
ma oxonodcenns 3i weuoxicmio: a — 10 °C/c; 6 — ougppaxmozpama; 6 — 10° °C/c. x 1000
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Puc. 7. 3anesxcnicmo 6i0 ueuOKOCmMi 0XOI00NCEHHS MA MEMNEPAmypu 000amMKo8020 HAPIBAHHSL.
a — cepedHbo20 po3mipy 3epHa, 6 — mikpomeepdocmi cmai Ne 4

TakuM 4YWHOM, HarpiBaHHsS CTajedl 10
150 °C Bumie JniHii JIKBiAYCY Ta OXOJIOJKESHHS
3a mBuakocTi 10°-10° °C/c cnpusie yTBOpeHH!O
XIMIYHO  OJHOpPIAHOI Ta  JPiOHO3EPHUCTOI
CTPYKTYpH, CIPHYUHIOE TPAKTHYHO TIOBHE
MPUTHIYEHHS YTBOPEHHS (DEPUTY 1O TPaHUIISLX
3epeH Ta 30UIBIIYE TUCTIEPCHICTH SIK BKIIOUEHb,
TakK 1 MepIiTy.

BucHoBkHu

1. MocnimkeHHs 3pa3KiB cTajieil 3 pi3HUM
Bmictom  Byriemio  (0,36—0,51 %, wmac.),
mapraniro (0,54—0,89 %, mac.) Ta KpemHirO
(0,21-0,88 %, mac.) 3a OGe3nepepBHOTO JIUTTH,
oXoJomKeHnX 3i mBHakoctsima 10%—1 °Clc,
MoKa3aiaM, Mo y mporeci BuroroBieHHs bJI3
CTallei B TIOBEpXHEBI 30HI 3aroTOBOK 31
ctaneit 3 Bmictom Byriemo > 0,5 % (wmac.),
mapranmo > 0,75 % (Mac.) Ta KpeMHiio
> 045 % (mac.) BiAOyBaeTbcsi TOBHE
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S 400
k4
£ 300
2
= 200
E 100 1650 °C
z 1550°C
= 10 100 1000

IIBuaxkicts oxonomkenus, °C/c

o

NMPUTHIYCHHS  YTBOpeHHs  O-dheputy  Ta
YTBOPEHHS 3 pO3TOITY JCHJIPUTIB Y-3aJ1i3a.

2. Bnepmre IOCIIIKEHO BILIUB
TEMIIepaTypy HarpiBy BHILE JIiHIT JIKBIIyCy 70
150 °C Ta IBHIOKOCTI  OXOJIOMKEHHS
10-10> °C/c Ha  CTPYKTYpOYTBOpEHHS

JIOCJIIIHUX BYTJICIIEBUX CTayieid. BcTaHoBieHo,
01 (oK

- HeMmeraJieBi BKJTFOUEHHS, 110
YTBOPIOIOTHCA B CTali, HE MepeBHIyBanu 1 6an
3a 'OCT 1778 po3mipom < 1-2 MKM Ta HE
Oyau  LEHTpaMH  KpHUCTai3aril ix
criocTepiraiau B 00’ eMi 3epHa;

- HarpiBaHHs cTajedl a0 Temmeparypu
1 650 °C (na 150 °C Bume miHii JiKBigYyCy) Ta
oxonomkeHHa 31 mBuakictro  1-10  °C/e
BUKIIMKA€ 3MCHIIEHHS O00’€MHOi  YacTKu
depury 10 10 %, po3TamoBaHOro 1Mo rpaHULIgX
3epeH. Po3mip 3epHa 3MmeHmuBcs B 2—2,5 pasa
NOpIBHSHO 3 JuTuM cTtaHoM BJI3 O 450 mm
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OM3BKOTO XIMIYHOTO CKJIATy 3 TEeMIIEpaTypOrO - 00’eMHA YacTKa UISHOK, IO MiCTSTh
HarpiBy ~1550 °C. OCHOBHY CTPYKTYPY  ;ikBallilo eleMeHTIiB (MapraHilo Ta KPEMHIiI0)
TOKJIa 1a€ NPiOHOMCTIEPCHUH TIEPIIIT; Oyja MEHUIIO MOPIBHSIHO 31 3pa3kaMM CTall,

- 30UIbIIEHHS IIBUAKOCTI OXOJOMKeHHs  Harpitoi mo 1550 °C micns Ge3nepepBHOTO
no 10>-10% °C/c maiike TIOBHICTIO MpHTHidye  nuTTA. JlingHKM OynM pO3MOAiNEHi OifbuI
YTBOpEHHS (DEepUTY MO TPAHULIAX 3€PEH, CIPUSiE  PIBHOMIPHO, LIO JIO3BOJSE MPUITYCTUTH, IO
YTBOPEHHIO OUIBII OMHOPIAHOI CTPYKTypH,  Oyne 3MEHIIEHHS TpajJieHTa TO0 BMICTY
3pOCTaHHIO JMCIIEPCHOCTI CTPYKTYPHHUX  XIMIYHHMX €JIEMEHTIB.
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INVESTIGATION OF PHOTOLUMINESCENCE OF ZnSxSe1x
AND ZnSiSeix: Mn NANOCRYSTALS OBTAINED
BY COMBUSTION SYNTHESIS FOR OPTOELECTRIC DEVICES
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Abstract. The photoluminescence spectra of ZnSsSe;x and ZnSiSei.x : Mn nanocrystals obtained by combustion
synthesis for all compositions with the parameter step x = 0.2 were registered. The movement of the maximum of the
integral photoluminescence spectrum in ZnSxSe;x and ZnSSei.x : Mn nanocrystals towards higher energies, depending
on the parameter x, was noted. It was noticed that in the range of values x = 0.2+0.4 there is an abrupt change in the
half-width of the integral photoluminescence spectrum in ZnSSeix and ZnSiSex : Mn nanocrystals and the signal
intensity; this may be due to the crystal lattice transformation. The parameters of the individual photoluminescence
spectra of ZnS,Sei.x : Mn nanocrystals were determined by one experimental measurement based on the Tikhonov
method and the derivative spectroscopy method. The nature of the individual photoluminescence bands is discussed.
The difference between the integral (sum of individual bands) and experimental spectrum arises from the presence of an
additional individual band of low intensity in the experimental spectrum. This individual band is located in the region of
E =2.48 eV and is associated with the electronic transitions in Mn?* ions in the ZnS lattice.

Keywords: ZnS.Se;.. nanocrystals; ZnS.Sei. : Mn nanocrystals; combustion synthesis; photoluminescence
spectra; individual emission bands
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AHoTaIlisl. 3apeeCTPOBAaHO CIIEKTPU (POTOIIOMIHECIICHINIT HAHOKPUCTAIB ZnSxSej.x 1 ZnScSeix : Mn, oTpuMaHUX

METOJIOM CaMOIIOIIMPIOBAHOTO BHCOKOTEMIIEPATYpPHOTO CHHTE3y, Ul BCIX CKJIaZiB i3 KpokoM mapamerpa x = 0,2.
BigmideHO mepeMimieHHS MaKCUMyMy IHTErpalbHOTO CIeKTpa (OTOJOMiHEecHeHLii B HaHOKpUcTanax ZnSiSeix 1
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ZnSiSeix : Mn y 06ik OinbpII BETWKHX €HEprid 3alekHO Bijg mapaMerpa x. [loMideHo, IO B Jiama3oHi 3HAYCHBb
x = 0.2+0.4 BinOyBaeTbcsi pi3Ka 3MiHA MIBIIMPUHM IHTETPAIBHOTO CIIEKTpa (OTONIOMIHECHEHIIT B HaHOKpUCTaNaX
ZnSySeix 1 ZnSsSei«: Mn Ta iIHTECHCUBHOCTI CHT'HAIY, I1e MOKe OYTH OB’ SI3aHO 3 IEPETBOPEHHSIM KPHCTAJIYHOI IPaTKu
Ta Pi3KOK0 3aMiHOI0 OTOYeHHs ioHiB Mn?' i3 cipku Ha ceneH. BUKOpHCTOBYIOuM (GOPMyYNy IS 3TJIQJDKYBAHHS
eKCIIEPUMEHTAJILHOIO criekTpa (oromominecueHii Ha OCHOBI Merony THXOHOBa, OTPHMANH peryJspH3aLiiHuN
koediient. [TapameTpy iHAMBIAYaTIbHUX CHEKTPIB (OTOIIOMIHECIICHIIT HAHOKpHUCTANB ZnS,Sei« : Mn BU3Ha4eHO 3a
OJIHMM €EKCIICPUMEHTAJIbHUM BHMIPIOBAaHHAM Ha OCHOBI METOJy HOXiqHOI crekTpockorii. OOGroBoproeTscs mpupona
okpemMux cMyT (oTomoMinecteHIlii. [lokazaHo, MO0 cyma NICTKH 3HANAECHUX OKPEMHUX CMYT MOXE HE BIIIOBITaTH
EKCIIEPUMEHTAILHOMY CIEKTpY (QoToNOMiHeceHii. Pi3HUI MiXk iHTeTpalbHHM (CyMOIO OKPEMHX CMYT) i
EKCIIEPUMEHTAJIbHAM CHEKTpaMH BHHHUKA€ 4epe3 HAasBHICTh JOJATKOBOI OKPEMOI CMYT'M HHM3bKOI IHTEHCHBHOCTI B
eKCIIepuMeHTaTbHOMY criekTpi. Ll okpema cmyra po3sramoBana B obiacti E = 2.48 ¢B i moB’s3aHa 3 €eKTPOHHUMH
nepexojaMu B ioHax Mn?" y rpatui ZnS. OTpuMaHi pe3yIbTaTH H03BOJIAIOTH BAKOPHCTOBYBATH CHHTE30BAHI METOIOM
CaMOTIONTHPIOBAHOTO BHCOKOTEMIIEPATypHOTO CHHTE3Y HAaHOKpHUCTATH ZnSiSeix 1 ZnSiSeix : Mn 11 pi3HOMaHITHUX
OTITOEJIEKTPOHHUX MIPUCTPOIB.

KmrouoBi  caoBa:  wanoxpucmanu  ZnS.Se;.,  Hamoxkpucmanu  ZnSiSei.:Mn;  camonowuproganuii
BUCOKOMEMNEPAMYPHULL CUHME3; CNEeKMPU OomMOoNIOMIneCYeHYil; IHOUGIOYATbHI cMYeU UNPOMIHIOBAHHS

1. Introduction synthesis method (CS), also known as self-
propagating  high-temperature  synthesized,
which is characterized by a number of
advantages: short process time, the possibility
of obtaining the final product in large volumes,
low cost and energy consumption per unit of
production, simplicity of used equipment and
its environmental safety [16].

Various groups of researchers have
obtained NC solid solutions ZnSSeix or
ZnCdi«xSx by the CS method [17—-22]. In this
case, the individual emission bands in the
photoluminescence (PL) spectra of
ZnSxSeix : Mn NCs were partially studied by
us in [21; 23], without describing the technique
for obtaining and the behavior of individual
bands.

The phenomenon of photoluminescence
(PL) has found wide application in various
optoelectronic devices, among them: emitting
LEDs, lasers, white light sources, information
display devices [1-3], etc. PL analysis is an
effective method of non-destructive testing; it
has found application in chemistry, biology,
medicine, physics, archeology, and forensics
[4—6] and will be very useful in the study of
new solar energy materials [7]. An analysis of
the PL spectra makes it possible to obtain
information about the structure of the energy
levels of optically active centers in the band
gap, their activation energy, the lifetime of
charge carriers in an excited state, etc. Such
information can be obtained by determining the
parameters of the individual components of the
experimental PL spectrum [8; 9]. Existing
methods for determining the parameters of Synthesis of NC of solid solutions
individual bands have their limitations. For ~ ZnSiSeix and ZnSiSeix : Mn was carried out
example, the Alentsev-Fock method requires  according to the procedure described in [20]
several very different spectra in which the same ~ with a parameter step x = 0,2. The
emission centers participate [10], A-modulation  characteristics of the obtained nanocrystals are
requires the use of expensive and complex  presented in [17; 20].
equipment [11], ORIGIN allows computer It should be emphasized, that the crystal
simulations that can be divorced from real lattice parameters of the NC solid solutions
physical processes [12]. Solid solutions of  ZnSxSeix and ZnSiSeix: Mn in the cubic phase
ZnS.Seix and ZnS,Seix : Mn nanocrystals ranged from a = 5377 A (for x = 1) to
(NCs) are promising materials for creating @ =35.630 A (for x = 0). These values turned out
light-emitting  diodes, lasers, luminescent to be smaller than the crystal lattice parameters
matrices, white light sources, short-wave of single crystals of ZnSxSeix solid solutions,
radiation photodetectors, and solar panels  which are in the range from a = 5.4093A (for
[13-15]. To obtain ZnSySeix and x=1)toa=5.6687 A (for x = 0) [24]. This, in
/nSxSeix : Mn NCS, we used the combustion turn, indicates the deformation stresses

2. Material and methods
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characteristic of NC. Laser diode radiation
excited the PL of NC (Aex = 408 nm). The PL
spectra were registered by the standard

procedure at room temperature, using a
photoelectronic multiplier —136 as an emission
detector (Fig. 1).

27
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Fig. 1. Block diagram of the optical spectral complex for studying PL spectra (laser (1), power supply (2), mirror (3),
quartz cryostat (4), condenser with lenses (35), entrance slit of the MDR—12 monochromator (6) , photoelectronic
multiplier—136 (7), stepper motor DSHI-200-2 (8), transistor amplifier (9), two threshold discriminator (10),
CAMAC system (11—16), personal computer (17))

3. Results and discussion

The PL spectra of ZnSxSeix NCs, which
were registered at room temperature, are shown
in Fig. 2, a. The registered maxima of the
integral PL spectra of ZnSxSeix NCs are in the
green-orange region of the spectrum, as in the
works where the synthesis of ZnSxSeix NCs in
the presence of oxygen was carried out by other
methods [25; 26]. In this case, the location of
the maxima of the integral PL spectra of
ZnSxSeix NCs is quite different from the
location of the maxima of the integral spectra
of bulk ZnSxSei.x crystals [27]. This case can
be explained by the fact that the synthesis is
carried out in an air environment and the
oxidation of ZnSxSei.x NC occurs during the
reaction. It should be noted that RDA [20] did
not reveal ZnxOy phases; however, PL is a more
sensitive method [28]. It can be seen a
monotonic shift of the maximum of the
emission spectrum to the short-wavelength
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region with an increase in the parameter x. The
PL spectra of ZnSsSeix NCs were
characterized by a close half-width and were in
the energy range of 1.6-2.4 eV. On average, the
half-width of the integral PL spectrum of
ZnS,Sei.x NCs is within the range of A from 90
to 110 nm (0.43-0.48 eV) and is larger than the
half-width of the bulk PL spectrum by
20-30 %, which may be due to different
average sizes of NCs and microstresses
inherent in synthesized NC.

It should be noted that the maximum half-
width of the experimental PL spectra lies in the
range of NC compositions x = 0,2—0,4. This can
be compared with the fact that the
rearrangement of the crystal lattice of
ZnSxSe1xNCs is observed in ZnSxSei1xNCs in
this range of values [20].

The  registered PL  spectra  of
ZnS,Seix : Mn NCs are shown in Fig. 2, . The
maxima of the integral PL spectra of

ZnS,Seix : Mn NCs are in the orange region of
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the spectrum and correlate with the results of
other authors [28]. In this case, the location of
the maxima of the integral PL spectra of
ZnSxSeix : Mn NCs is shifted towards higher
energies by 10—-15 nm (E = 0.05 eV) from the
maxima location of the integral spectra of bulk
ZnSxSeix : Mn crystals. This can be explained

by the fact that the main contribution to the
emission of ZnSxSeix : Mn NCs is made by
Mn?" ions, the emission of which in NCs can
depend on microstresses inherent in NCs. The
shape of the PL spectra is asymmetric, which
indicates that the integral spectra are not
elementary.
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Fig. 2. PL spectra of ZnS.Se;.x (a) and ZnSiSe;.. : Mn (b) NCs depending on the parameter x:
()-x=1,2)-x=08, (3)-x=0.6,(4)—-x=04,(5)-x=0.2,6)—x=0

The half-width of the experimental PL
spectra of ZnSxSeix : Mn NCs is in the range of
92+114 nm (0.34-0.41 eV) and is greater than
the half-width of bulk ZnSxSeix : Mn crystals
by 10-20 nm (E = 0.05 eV). It should be noted
that in the range of x = 0.2-0.4, there is a sharp
decrease in the half-width of the integral PL
spectrum of ZnSiSeix : Mn NCs and an
increase in the intensity of the PL signal. This
may be because Mn*" ions are worse integrated
into the lattice and are mainly located on the
surface. The noise reaches 4-8 % at the
maximum amplitude in the experimental PL
spectra of ZnSxSeix : Mn NCs. The maximum
noise  amplitude  was  observed  for

ZnSo2Seos : Mn and ZnSo4Seos : Mn NCs, and
the minimum one for ZnS : Mn NCs.

After registration of the PL spectra of
ZnS,Seix : Mn NCs, the task was to investigate
the behavior of individual PL bands depending
on the composition using a single experimental
measurement. We used a technique based on
the derivative spectroscopy method (DSM) to
solve this problem, which we applied in [29]. It
consists of the following steps:

1) PL spectrum measurement;

2) determination of the nature and level of
measurement  noise, smoothing of the
experimental PL spectrum;
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3) calculation of derivatives of PL spectra
and obtaining data on the number of individual
bands, their intensities, maxima positions, and
half-widths;

4) interpretation of the obtained results.

At the same time, it should be noted that
the greater the number of experimental points
registered at the first stage of the technique, the
more accurate the final result obtained.
Therefore, it is recommended to register spectra
with the highest spectral resolution. Also, the
proposed method can be applied to any spectra,
such as EPR spectra, etc. [30].

In the second stage of the methodology, we
smoothed the spectrum based on the Tikhonov
method; therefore, the task was set:

min 1)~/ (IF de+a[| DLFEF dx. (1)

D[f (x)]=@is an operator of
X

differentiation and &1is a regularization
parameter which sets a compromise between
the square error of smoothing and Euclidean
norm square of the first derivative of the sought
smooth function. The solution to the problem
will be the ratio:

where

f=(1+aD'D ) g, )

where I is the identity matrix and D’ is the

transposed matrix D .

In this case, it is recommended to tune the
operating parameters both to the current noise
environment, due to the noise characteristics of
the used photomultiplier, and to the maximum
value of wuseful spectrum values, using
numerical modeling. It should be emphasized
that possible narrow spectral peaks must be
removed before applying smoothing, as done in
[31]. Using numerical modeling similar to that
carried out in [32; 33], we found the
regularization parameter a = 6- 10°.

At the third stage of the technique,
according to the results of numerical modeling

under the condition € =0.1-7_, , where I, is

max ?
the maximum value of the amplitude of the PL
spectrum, it was found that an acceptable
estimation accuracy is achieved when using
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derivatives up to the sixth, seventh, and eighth
orders. We used the fourth, fifth, and sixth
order of the derivative for calculations. At the
maximum points of the elementary components
of the spectrum, the following relations must be
fulfilled:

I(E)>¢; d*I(E)/dE*>0;

d’I(E)/dE°> =0; d°I(E)/dE® <0, (3)

where  d‘'I(E)/dE*, d’I(E)/dE’  and

d°I(E)/dE® are the initial spectrum’s fourth,

fifth, and sixth derivatives. Thus, we select the
“useful” area of the signal and search in this
area for such E values for which all other
conditions are satisfied simultaneously. The
array of values that satisfy relations (3) is used
to estimate the number and location of the

maxima of individual bands in the PL
spectrum. The ratio:
4 4
o=2- 2111(2) _SM’ (4)
d’I(A)/dA

calculated at the points of maxima of individual
bands allows estimating their half-width. Since
the obtained values of the parameters of
individual spectrum bands usually contain
errors due to measurement noise and
calculation errors, it is advisable to refine the
obtained results in the future. In this paper,
such refinement was performed using the least
squares method with a constraint on the
positivity of the residual of the solution. In
addition, for its implementation, an iterative
scheme of the alternating-variable descent
method was used with the successive
refinement of the values of the individual band
parameters. Also, it is possible to obtain values
of the individual band parameters based on the
decomposition method of the sum of Gaussian
curves, however, the use of this method is
recommended for experimental spectra with
“small noise”, for example, registered at low
temperatures [34].

The obtained results of extracting the
parameters of individual bands from the
integral PL spectrum are shown in Fig. 3.
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Fig. 3. PL spectra of ZnSxSe;.x :Mn NC for values of the parameter x = 0 (a), 0.2(b), 0.4(c), 0.6(d), 0.8(e), 1(f):
individual PL bands with E =1.835 eV (Anax= 675.5 nm) — 1*, E =1.929 eV (Apax= 642.5 nm) — 2, E =2.022 eV
(Amax= 613 nm) — 3, E =2.124 eV (Amax= 583.5 nm) — 4, E =2.255 eV (Amax= 550 nm) — 5,

E =2.345 eV (max= 528.5 nm) — 6 for composition with x = 0;

7 —integral PL spectrum (sum of individual bands), 8 — experimental PL spectrum,

1 —individual PL band E=1.939 eV (Anax = 639 nm) observed in compositions with x = 0.4+1, T = 300 K

The difference between the integral (sum
of individual bands) and the experimental
spectrum arises because, in the third relation,
we extracted the “useful region” of the signal
> 10 % of the maximum intensity of the
experimental spectrum and, therefore, could
miss an individual band of lower intensity.
At the same time, it should be noted that this
difference arises in compositions with
x = 0.4-1. In these compositions, an additional
individual band may appear in the region of
2.48 eV, associated, e. g. with electronic
transitions in Mn?* ions in the ZnS lattice,
which is also observed by other authors [35].

We detected 6 individual bands with the
following parameters in ZnS Mn NCs:
E=1.939 eV (Amax=639 nm)— 1, E=2.012 eV
(Amax = 616 nm) 2, E 2.066 eV
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(omax = 600 nm ) — 3, E = 2.141 eV
(Amax 579 nm) 4, E= 2233 eV
(rmx = 555 nm) — 5, E = 2337 eV

(Amax = 530.5 nm) — 6. These emission bands
are characterized by the following parameters

in ZnSe : Mn NC: E = 1,835 eV
(Amax = 675.5 nm) — 1*, E = 1929 eV
(Amax 642.5 nm) — 2, E = 2.022 eV
(Amax = 613 nm) — 3, E = 2.124 eV
(Amax = 583.5 nm) — 4, E 2.255 eV
(Amax = 550 nm) — 5, E = 2345 eV
(Amax = 528.5 nm) — 6 (Fig. 4). These results

correlate well with the results, we obtained
earlier [20], however, there are some
differences associated with different smoothing
constants.

In the fourth stage of the methodology, we
compare the results with the obtained ones in
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other works and conclude. The results of DSM
for the PL of ZnS : Mn NCs are in good
agreement with the results of determining the
parameters of individual bands in ZnS : Mn
single crystals and in ZnS:Mn NCs [21; 29]

>

using the Alentsev—Fock and computer
simulation methods. In [21; 36; 37], the
emission of individual bands 1-5 in ZnS : Mn
single crystals and NCs is associated with Mn**
ions located in different local environments.
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Fig. 4. Dependence of the maxima position of the elementary PL bands in ZnSxSe;..: Mn NCs depending
on the x parameter

Band 1 E = 1.939 eV (Amax = 639 nm) is
associated with Mn?* ions in the a-MnS phase.
Band 2 E = 2.012 eV (Amax = 616 nm) is
associated with Mn?" ions surrounded by
oxygen atoms or with *Ti-°A; transition of
Mn?" ions in the ZnS lattice. Band 3
E = 2.066 eV (Amax = 600 nm) is due to Mn?**
ions embedded in octahedral interstices. Band 4
E =2.135 eV (hmax = 580,5 nm) is due to Mn**
ions located near dislocations. Band 5
E = 2.233 eV (Amax = 555 nm) is associated
with Mn?* ions located in the interstices of the
tetrahedra of the cubic lattice, or with Mnz,.
Band 6 E = 2.337 eV (Amax = 530.5 nm) is
associated with isolated sulfur vacancies or a
copper impurity. The revealed PL bands are
present in all compositions of ZnSxSeix: Mn.

Let us consider that the individual emission
band 1* can be traced in the compositions
x = 0+0.4. In the ZnSo4Seos : Mn composition,
this emission band changes from E = 1.841 eV
(Amax 673 nm) to E 1.905 eV
(Amax = 650.5 nm) and transforms into band 1.
Further, this band monotonicallythe follows the
change in the width of the valence band. The
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behavior of individual band 1 can be related to
the fact that, according to [19], ions are
surrounded by selenium ions in NCs with the
parameter x = 0-0.4, and Mn?" ions are
surrounded by sulfur ions at x = 0.4-1.

The position of the emission maximum of
individual band 2 shifts towards higher energies
when parameter x increases. A correlation with
the width of the valence band is seen, therefore
we are inclined to agree with the work [37],
where this individual band is associated with
the *T; - °A; transition of Mn®>' ions in
ZnSxSeix: Mn NC.

The position of the emission maximum of
individual band 3 shifts towards higher energies
when parameter x increases. A correlation with
the width of the valence band is seen, which
occurs when the lattice parameter changes in
the octahedral interstices of the
ZnSxSeix: Mn NC.

The position of the emission maximum of
the individual band 4 shifts slightly towards
higher energies. It should be noted that the
Mn?" ions are located in dislocation regions,
which are practically independent of the change
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in the band gap with a change in the x
parameter in the ZnSxSeix : Mn NC. Probably
these ions are located in the region of
intercrystallite layers, in which the order of
particle arrangement is violated, and the
concentration  of  impurity atoms  is
increased [38].

The position of the emission maximum of
the individual band 5 is also unchanged. We
tend to agree with those authors who associate
this band with Mnz, [36].

The position of the emission maximum of
the individual band 6, depending on the
parameter x, is not monotonous, but abrupt and
complex. Perhaps this band is not elementary. It
should be also noted that the obtaining of
ZnSiSeix : Mn NCs by the CS method is
accompanied by the formation of anionic
vacancies (S, Se) due to the high volatility of
the anionic components.

4. Conclusion

The PL spectra of ZnSiSeix and
ZnSxSeix : Mn NCs obtained by the CS method
were recorded for all compositions with a
parameter step x = 0.2. The movement of the
maximum of the integral PL spectrum in the

ZnSxSeix and ZnSiSeix : Mn NCs towards
higher energies was noted, depending on the
parameter x. This can be explained by an
increase in the band gap of the ZnSxSeix NC
depending on the composition x, as well as a
redistribution of the intensity of the individual
bands that are constituents of the PL spectrum.
The operation of the PL spectrum
decomposition technique based on the DSM
and Tikhonov’s method by a single
experimental measurement is shown. A formula
for smoothing the experimental PL spectrum
based on the Tikhonov method is proposed.
The PL spectra of ZnSxSei.x : Mn NCs were
decomposed, and the parameters of individual
bands were found. It is shown that the sum of
the found individual bands may not correspond
to the experimental PL spectrum; the reason for
this may be the individual bands are not found
with an intensity of less than 10 % of the value
of the integral experimental PL spectrum. The
nature of the found individual bands 1is
discussed. The obtained results realise to use of
ZnS,Seix and ZnSxSeix : Mn NCs synthesized
by the CS method for various optoelectronic
devices.
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Abstract. Purpose. The purpose of the investigation is to establish the regularities of the kinetics of supercooled
austenite decomposition in the bainite temperature range (400—200 °C) in chromium-manganese cast iron for the
development of thermal hardening regimes that increase the service life of products. Methodology. The object of the
study are samples of research and industrial smelting of chrome-manganese cast iron containing 3,1 % carbon, 13,1 %
chromium, and 15,75 % manganese. The study of the supercooled austenite decomposition kinetics was carried out by
the dilatometric method in the temperature range of 400—200 °C, the study of the microstructure, phase composition, as
well as the measurement of microhardness and hardness was carried out according to standard methods. Scientific
novelty. The peculiarities of the supercooled austenite decomposition kinetics in the bainite temperature range
(400—-200 °C) in chromium-manganese cast iron were determined, the structure of the cast iron after aging consists of
eutectic carbides Me (Cr, Mn, Fe);Cs, products of austenite decomposition, secondary carbides Me (Cr, Mn, Fe);Cs, Me
(Cr, Mn, Fe);C, as well as untransformed austenite in the amount of 70...75 %. The maximum hardness of the
experimental cast iron was established during isothermal exposure at 350 °C for 35 hours. Practical value. The
established regularities of the chromium-manganese cast iron structure formation and the determined and optimized
temperature-time intervals of the supercooled austenite isothermal decomposition in cast iron are the basis for the
development of heat treatment regimes to increase the strength, wear resistance of the material and the service life of its
products.

Keywords: chromium-manganese cast iron; isothermal soaking, microhardness, hardness
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AHoraniss. Mema poOOTH — BCTAHOBJICHHS 3aKOHOMIPHOCTEH KIHETHKH PO3IaTy TIepEeOX0I0IKEHOTO ayCTCHITY B
OeitHiTHINM 00macTi Temmeparyp (400—200 °C) y xpoMoMapraHieBOMy YaByHi JJIsI PO3POOTICHHS PEXUMIB TEPMidHOTO
3MII[HEHHSI, 1110 MiIBUILYIOTh TEPMIH CIIy>KOU BHpOOiB. Memoouka. O0'eKTOM AOCIIKEHHS CITY>KHIIU 3pa3Ku JOCIiHO-
IIPOMUCIIOBOI IIJIaBKM XPOMOMAapraHIeBOro 4aByHy i3 BMicToM Byriewio 3,1 %, xpomy 13,1 %, mapranmo 15,75 %.
JlocipKeHHsT KIHETHKH Po3Majly IIepeoX0I0/KEHOI0 ayCTEHITy MPOBOAWIN JAWIATOMETPUYHUM METOJIOM B iHTEpBai
temrepatyp 400—200 °C, nocmijpkeHHsT MIKPOCTPYKTYpH, (a30BOro CKJIaay, a TaKOX BUMIPIOBaHHS MIKPOTBEPIOCTI i
TBEPAOCTI BUKOHYBAJIM 32 CTAaHIApPTHUMH MeToaukamu. Haykoea noeusna. BusHaueHo 0coONMMBOCTI KIHETHKH pO3NaLy
NIEPEOXO0JIO/PKEHOT0 ayCcTeHITy B OelHiTHIH obOmacti Temmepatyp (400—-200 °C) y XpoMoMapraHieBoMy 4YaByHI,
CTPYKTypa YaBYHY IIiCIIsl BUTPUMKH CKIQJA€ThCs 3 eBTEKTHUIHHMX KapOimiB Me (Cr, Mn, Fe);Cs, npoaykTiB po3mamy
aycTeHity, BTopuHHHX Kap6imiB Me (Cr, Mn, Fe);Cs;, Me (Cr, Mn, Fe);C, a Takox HemepeTBOPEHOTO ayCTEHITy B
kimpkocTi 70...75 %. YCTaHOBIIEHO MAaKCHMyM TBEpIOCTi OCTIZHOTO YaByHY 3a 130TE€pMIYHOI BHTPHMKH 3a
temrieparypu 350 °C  mporsrom 35 rommH. [Ilpakmuuna 3nauumicms. YCTaHOBJICHI 3aKOHOMiPHOCTI
CTPYKTYPOYTBOPEHHS XPOMOMAPTaHIIEBOIO YaBYHY Ta BH3HAU€HI W ONTHMI30BaHI TeMIIepaTypHO-9acoBi iHTepBaIN
130TEpPMIYHOTO PO3Maay MEPEOX0JIOHKEHOTO aAYCTEHITY B YaBYHI € MIJICTaBOIO I PO3pPOOJICHHS PEKUMIB TepMidHOL
00poOKM JUIst i ABUILEHHS MIITHOCTI, 3HOCOCTIHKOCT] MaTepiany Ta TepMiHy CIy>KOM BUPOOIB i3 HHOTO.

KuouoBi ciioBa: xpomomapeanyesuii yagyn; Oeinim,; izomepmiuna GUMpUMKA,; Mikpomeepoicms, meepoicmo

Introduction [3—6]. It is known that the properties of cast

Currently, the problem of improving the
materials quality and the wear resistance of
parts operating in friction conditions, while
simultaneously reducing the costs of their
production, is an important and one of the most
urgent tasks of modern materials science.
Materials characterized by a high content of
chromium, manganese and deficient alloying
elements - molybdenum, nickel and vanadium
are widely used for parts that work in shock-
abrasive and abrasive wear conditions,
increased friction and in aggressive corrosive
environments [1; 2]. Modern studies show that
chromium-manganese cast irons can be
prospective alloys for work in such conditions

iron products operating under conditions of
intensive abrasive and shock-abrasive wear, as
well as friction, can be significantly improved
due to heat treatment [7—9]. In order to develop
modes of thermal strengthening increasing
products service life, a detailed study of the
patterns of structure formation and the kinetics
of the disintegration of supercooled austenite in
chromium-manganese cast irons is necessary.

Research material and methodology

The object of investigation are samples of
research and industrial smelting of chromium-
manganese cast iron. The chemical composition
of investigated cast iron is given in Table 1.

Table 1
Chemical composition of the chromium-manganese cast iron
Alloying elements, Yomass
C Cr Ni \Y Mn Si Cu S P Fe
3.1 13.1 1.15 0.25 15.75 0.9 0.15 0.003 0.025 65.57

The supercooled austenite decomposition
kinetics was studied by the dilatometric method
in the temperature range of 400—200 °C.
Thermal analysis was carried out on a
DIL80OSA/D dilatometer, using cylindrical
5 mm diameter and 10 mm length samples.
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Cast iron was austenized at a temperature of
950 °C for 1 hour, then isothermal soaking at
temperatures of 400 °C, 350 °C, 300 °C,
250 °C, 200 °C for 35—40 hours was carried
out.
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The microstructure of the samples was
detected in a 10 % Nital. The microstructure
was studied using a Nikon Eclipse MA-200
light  microscope.  Microhardness  was
determined on the FM-700 microhardness tester
under a load of 5 kgf for 5s, and hardness was
determined on the FV-700 hardness tester
under a load of 5 kgf for 10s according to the
standard method, the phase composition was
studied by X-Ray on the diffractometer DRON-
3M in FeK-a radiation.

Results

In the cast state, the cast iron structure
consists of austenite primary dendrites and
carbide eutectic «M7C3 — austenite» (Fig. 1).
Both longitudinal and transverse sections of
eutectic colonies are observed. Austenite does
not decompose during air cooling to room
temperature due to the high content of
manganese (15.75 %).

Fig. 1. Structure of researched cast iron in the cast state
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Fig. 2. Dilatometric curves of the investigated cast iron

at the isothermal soaking in temperature range
of 400—200 °C

The investigated cast iron was subjected to
dilatometric tests in the temperature range of
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400—200 °C. Dilatometric curves are presented
in Figure 2.

In the process of isothermal soaking
(Fig. 2) at 400 °C, bends in the dilatometric
curves indicate the presence of austenite —
ferrite phase transformation. The
transformation begins after 15.5 hours, the
fraction of retained austenite, according to
X-ray structural analysis, is ~ 71 %.

On the dilatograms obtained during
isothermal exposures at 300 °C and 200 °C, a
similar course of the curves is preserved, only
with a slight shift of the beginning of the
transformation at 300 °C to the region of high
stability of supercooled austenite.

After isothermal soaking at 300 °C and
200 °C, the untransformed austenite fraction in
the structure is 75 % and 70 %,
correspondingly. The dilatometric  curve
corresponding to soaking at the temperature of
350 °C indicates a minimal change in samples
length. After isothermal soaking at a
temperature of 350 °C, the untransformed
austenite fraction in the structure is 70 %.

The microstructure of the investigated cast
iron after isothermal soaking the temperature
range of 400—300 °C is shown in Fig. 3.

After the isothermal soaking at 400 °C the
supercooled  austenite  decomposition in
structure of researched cast iron is observed.

Probably, the first bainite aggregates
appear at the dendrites boundaries and grow
deep within them, the accumulation of

secondary carbides on the boundaries [10; 11]
also indicate the beginning of the formation of
aggregates

bainite in austenite

dendrites.

primary
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Fig. 3. Microstructure of the investigated cast iron after
isothermal soaking in the temperature range
400—-300 °C, x200: a—T =400 °C, Tt = 40 hrs;
b—-—T=350°C, t=35hrs; c—T=300°C1t=40 hrs

After isothermal soaking at 300 °C, the
minimum stability of austenite in the bainite
range of temperatures is observed. Austenite
decomposition begins after 13 hours of
exposure and finishes after 21 hours. The
supercooled austenite decomposition occurs
with the formation of bainite aggregates
growing deep into the dendrites centers. The
fraction of disintegrated austenite is 25 %.

After soaking at 200 °C, the supercooled
austenite ~ decomposition  begins  within
17.5 hours and finishes within 24 hours. The
amount of residual austenite in the structure is
70 %. By the X-Ray it is determined that the
cast iron structure after soaking in the bainite
range of temperatures consists of eutectic
carbides Me (Cr, Mn, Fe);C;, austenite
decomposition products, secondary carbides
Me (Cr, Mn, Fe);C3, Me (Cr, Mn, Fe );C, as
well as untransformed austenite in the amount
of 70...75 %.
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The austenite decomposition products,
structural components, eutectic carbides
microhardness measurement results and the
hardness of the investigated chromium-
manganese cast iron after isothermal soaking
are presented in Table 2.

Table 2

Microhardness of structural components
and hardness of the investigated chromium-
manganese cast iron after isothermal soaking
in bainite temperature range

Microhardness, HV
Treatment Austenite- | Hardness,
Matrix carbide HRC
eutectic
Cast state 465 636 47,5
950 °C_1lhour_
400 °C_ 40 hours 401 4721 41,5
950 °C_1 hour _
350 °C 35 hours 402,6 588,7 45
950 °C_1 hour _
300 °C 40 hours 421 468,8 44
950 °C_1 hour _
250 °C 35 hours 418,5 503,3 423
950 °C_1 hour _
200 °C 40 hours 375,8 601,7 43

At the table 2 the direct relationship
between the data of metallographic and X-Ray
structural analysis and the change in hardness
after heat treatment of cast iron is shown. The
maximum hardness (close to the hardness in the
cast state) is observed after isothermal soaking
of cast iron at T = 350 °C, t = 35 hours
(45 HRC), corresponding to the region of

maximum supercooled austenite stability
(Fig. 2).
Conclusions

1. The regularities of the supercooled
austenite decay kinetics in the bainite range of
temperatures (400—200 °C) in chromium-
manganese cast iron containing 3.1 % C,
13.1 % Cr, 15.75 % Mn have been established.
A bend in the dilatometric curve corresponding
to the austenite — ferrite transformation was
revealed; under conditions of isothermal
exposure at 400 °C, the austenite — ferrite
transformation begins after 15.5 hours. Under
the conditions of decreasing the isothermal
soaking temperature to 300...200 °C, the course
of the curves is preserved, there is a slight shift
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in the beginning of the transformation to the  of 70...75 %; the first bainite aggregates appear
region of high stability of supercooled on the dendrites boundaries and grow deep
austenite. within them, the accumulation of secondary
2. The structure of cast iron after aging at  carbides on the boundaries also indicate the
400 °C, 350 °C, 300 °C, 250 °C, 200 °C for  beginning of the formation of bainite
35-40 hours consists of eutectic carbides  aggregates in primary austenite dendrites.
Me (Cr, Mn, Fe);Cs, austenite decomposition 3. The maximum hardness (45 HRC) of the
products, secondary carbides  experimental cast iron is established during
Me (Cr, Mn, Fe);Cs, Me (Cr, Mn, Fe);C, as  isothermal exposure at 350 °C for 35 hours.
well as untransformed austenite in the amount
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