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MMPOT'HO3 MEXAHIYHUX BJIACTUBOCTEM BYTJIEHEBUX CTAJIEN

I'nymkosa /I, B.), Bouuyk B. M.2, Pykapummuikos 0. B.!
IXapKiBCBKHﬁ HALIOHAJTbHUII aBTOMOOJILHO-10POKHIH YHiBepcuTeT
ZHpI/IIIHiHPOBCLKa Jep:kaBHa aKkaJaeMis OyAiBHULITBA Ta apXiTEeKTypH

AHoOTaNIA. Y docniodcenni npoeedeno KiNbKICHUU aHAli3 MIKPOCMPYKMYPHOL 00HOPIOHOCI gyelle-
yesux cmainetl nicisA PisHUX YMO8 MePMIYH020 0OPOONIeHHS 3 BUKOPUCHIAHHAM MYTbMUppaKxmanibHo2o
nioxody. Busnaueno po3mipu OisHOK 3 OOHOPIOHUM PO3NOOLIOM CMPYKMYPHUX KOMHOHEHMI8, V Me-
HCAX AKUX PPAKMATLHA POIMIPHICTNY 3ATUUAEMbCSL CTMAOITLHOI0! 5,4 X 5,4 MKM 051 RAACTRUHYACTNO20
nepaimy, 6,1x6,1 mxm 014 nepaimy 6 NHOECOHAHHI i3 3aMUWKOBUM aycmenimom ma 4,6 %4,6 mkm 014
mMapmeHncumy. Becmanosneno 36 130K Midc hpakmanbHUMU Xapaxmepucmukamu MikpoCmpyKmypu ma
meepoicmio mamepiany 3a wkanow Poxeena (HRC), wo 6idobpadicac 3a1exicHiCmb MeXaHiuHux 6/1a-
cmugocmetl 6i0 cmpykmyproi opeanizayii. IlopisHanna pe3yiomamis, OMPUMAHUX 34 OONOMO20H0
MPaouyiuHux Memooie MemanoepaiuHoco aualizy ma MyrbmuppakmaibHo2o nioxooy, 3aceiouuno ix
83AEMOOONOBHIOBAHICMb, A MAKONC GUWY YYMAUBICIb MYTbMUPDPAKMATLHO20 AHANIZY 00 MAKUX 3MiH
Y MIKpoCmpyKkmypi, K JOKanvHi 0eghexmu il pazosi nepemsopents. 3acmocy8anus yu@posux mexuo-
JI02Tl MYTbMUPDPAKMATLHO20 AHANI3Y BIOKPUBAE HOBI NEePCNeKMueu Oasi 80OCKOHANEHHS DeXCUMIB
MEPMIUH020 00pPOONEeHHs, NPOCHO3YBAHHS QIZUKO-MEXAHIUHUX XAPAKMEPUCUK 8y2leyedux cmanetl i
RIOBUWEHHS IXHbOT eKCNyamayiiHoi HAdIUHOCMI 8 NPOMUCTIOBUX YMOBAX.

Kntouosi cnoea: mynemugpaxmanvHuli ananis, nepiim, 3aiuliKo8ull aycmenim, eyeneyeea Cmab,

meepoicms, NPOSHO3.

Beryn

MexanigHi BHIIPOOYBaHHS € OCHOBHHM IIPO-
[EeCOM JUIsl BU3HAYCHHS BJIACTUBOCTEH BYyTJIelle-
BUX CTajieil, TpoTe TNpsMi METOIH, 30Kpema
BUNPOOYBAaHHS Ha PO3TATYBaHHS YH TBEPIICTB,
9acTO € TPYIOMICTKHMH, IOPOTOBAPTICHUMH Ta
TaKUMH, 10 TNOTPEOYIOTh CHENialbHOTO 00Jaa-
HaHHA. Lli MeTomu ycknajHeHI HEOOXiTHICTIO
HiITOTOBKH 3pa3KiB, TPHBAINM YaCOM TECTyBaH-
HS Ta 3HAYHUMH BHUTpaTaMH, IO OOMEeXye ix
3aCTOCYBaHHS B MAacOBOMY BHUPOOHHIITBI YU
MIBUIKOMY KOHTpoIi sikocTi. Kpim Toro, cTpyk-
Typa BYIJICIIEBUX CTalleil CyTTEBO 3MIHIOETHCS
i1 BIUIMBOM Pi3HOMAaHITHHX BHJIIB TEPMiYHOTO
00poOJIeHHs, IO BIUTMBAE HAa iXHI MEXaHidHi
xapaktepuctuky. lle Bu3Hayae morpedy B po3-
poOJieHHI HOBUX 1 OLIbII €()EKTUBHUX IiJIXO/IIB
JI0 aHaji3y CTPYKTYpH Ta BIACTHBOCTEH MeTa-
JiB, SIKi AO3BOJISTH IIBUAKO M TOYHO MPOTHO3Y-
BaTH IOBEJIHKY BYIJICHIEBUX CTajed y pI3HHX
YMOBax.

AHaJi3 myOaixanii
CTpyKTypHa HEOJHODIIHICTH METaliB i
CIUIaBiB ICTOTHO BIIMBAa€ Ha iXHI  (i3UKO-
MEXaHiYHI BJIACTUBOCTI, BH3HAYAIOUU SKICTh
METAJIONPOKATy ¥ 3aJIUIIKOBUN pecypc MeTayo-
KOHCTpYKIiH [1—4]. TpagumiiHi METOAN TEepMi-

yHOro OOpOOJIEHHs, 30KpeMa BiJlal i 3arapry-
BaHHSI, JO3BOJISIIOTh YAaCTKOBO YCYHYTH HEOIIHO-
piaHiCTB, ane excrutyaTamiiiHi (akTopu (BHCOKi
TEeMIIepaTypH, arpecuBHI CEpefOBUINA, JTUHAMI-
YHI HaBaHTaXXEHHsS) CHPUSAIOTH i MOBTOPHOMY
BUHHUKHEHHIO.

Jlnst BU3HAYEHHS HEOIHOPITHOCTI B yMO-
BaX BUPOOHHMIITBA BHUKOPHUCTOBYIOTHCS CTaHIAp-
THI IIKaJ¥, 3aCHOBaHI Ha Bi3yaJbHOMY aHaNi3i
CTPYKTYpH 3epHa, pO3MOALTYy KapOiliB i cmyrac-
tocti. OHAK 1[I METOIU OOMEXKYIOThCS SIKICHUM
aHaNi30M 1 HEe 3aBXKIM BPaxXxOBYIOTHb KiIBbKiCHI
XapaKTEPUCTUKA HEPIBHOOCHMX YAaCTHHOK 1 iX
MPOCTOPOBHI PO3MOLT, IO BHMAarae po3pood-
JIEHHST HOBHX ITiIX0iB [5—8].

CTpyKTypa Ha HAaHOPIBHI TAKOXX HEOTHODPI-
nHa [9, 10]. list Bu3HAUeHHS CTPYKTYpH, Biac-
TUBOCTEH 1 TEXHOJOTIYHHX MPOIECIB BHKOPHC-
TOBYIOTbCS METOIM MaTeMaTHYHOI'O aHali3y
[11], mudposi HeiponHi Mepexi [12] ¥ iHmmm
MepeIoBl METOIH.

VY miif poOOTi 3aNpPONOHOBAHUN METOH Killb-
KiCHOTO BU3HAUEHHS MIKPOCTPYKTYPHOI HEOJI-
HOPITHOCTI CcTaned 3 BHUKOPHCTAHHSAM Teopii
¢pakranis [13, 14] i MmynpTudpakTaIbEHOrO aHa-
mizy [13, 14]. Ha BiaMiHy Bij TpajguIiiHUX Tij-
XOJIiB, 3aCHOBaHMX Ha SIKICHUX XapaKTepUCTH-
Kax, METOJ] aHAJII3y€ PO3IOJALI MiKCeTiB Ha 1ud-
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POBUX 300paKEHHIX MIKPOCTPYKTYpHU B JTBOBH-
MmipHomy mpoctopi [15]. Lle mae MOXJIHMBiCTH
BUSIBUTH B3a€EMO3B'SI30K MK MIKPOCTPYKTYpPHU-
MH KOMIIOHCHTaMH Ta (i3uKO-MeXaHITHIMH
BJIACTUBOCTSIMH Matepiaiy.

Meta Ta IOCTAHOBKA 3aBJaHHS

MeToro € po3poOaeHHsT METOAy BHU3HAYCHHS
piBHS TBEpAOCTI BYIJIELEBOi CTajdi HAa OCHOBI
aHami3y MPOAYKTIB pO3Maay ayCTEHITy 3 BHUKO-
PUCTAaHHSAM MYJIbTH(PPAKTATHHOTO aHATI3Y.

st TOCSTHEHHSI TOCTaBJICHOI METH HE00-
XimHO:

1 3mificHUTH TPOIECH TEPMIYHOTO O00p0O-
JICHHS BYIJICLEBOi CTali, OXOJOMKEHHS B pi3-
HUX CEpEelOBHINAX Ta MIKPOCTPYKTYpHOTO aHa-
Tizy;

2 3aidcHUTH MyNbTH(PAKTATEHUN aHami3
TUTACTHHYATOTO TIEPIITY 1 MapTEHCUTY, 3aJIUII-
KOBOI'O ayCTEHITY 3 METOI0 BU3HAUCHHS 3B’SI3KY
3 MOKa3HUKAaMH TBEP/IOCTI BYTJIEIEBOI CTalli;

3 pearnizyBaTd MOXIIUBICTh NPOTHO3YBaHHS
TBEPJOCTI BYIJIEHEBOI CTalli criocoboM molyao-
BU MaTE€MaTUYHUX MOJeNieil 3 BUKOPHUCTaHHSIM
MYJIbTU(PAKTATBHUX TOKAa3HUKIB  CTPYKTYpH
cTaii.

MartepiaJj i MmeToau 10CTHiTKeHHS

Martepianom ajis JOCHiKeHHs OyJia BUOpaHa
BYIJICLIEBA CTaJIb Y 8, IKA BUKOPUCTOBYETHCS AJIS
BUPOOHHIITBA IHCTPYMEHTIB 3arajibHOTO IIPU3-
HAYCHHS, IO B MPOIECI CKCIUTyaTamii mijaa-
I0THCS IMHAMIYHAM HaBaHTakeHHsM. Lle cripusie
BUHUKHEHHIO KOHCTPYKTHBHOI HEOJHOPIIHOCTI
1 ICTOTHO BIUIMBA€ Ha TXHI EKCIUTyaTalliliHi Xa-
PaKTEPUCTHKH.

AKTyasnbHICTh BHOOpY ctam Y8 momsrae B
TOMY, IO B MPOIEC] eKCIuTyaTallii BUpoou 3 Hei
(pi3ui, MHJIM, POJIUKH BalbIIbOBaHI, CTAMECKH
TOIO) TMiIAAIOTHECA TUHAMIYHUM HaBaHTa)KEH-
HSM, SIKI BHKJIHMKAlOTh PO3BHTOK CTPYKTYPHOL

HEOIHOPIAHOCTI, 110 BIUIMBA€E Ha CIIy>KOOBI BIla-
ctuBOCTi [16].

Hnst mocmimkenas Oyny B3SATI 3pa3Kul CTall
V8 0e3 TepmiuHOro 0OpOOIEHHS, XIMIUHUI
ckiaan (% Bix MacH) sIKUX HaBeJCHO B TaOm. 1.

Tabmms 1 — Ximiuanit cxiazg cram Y8 y % Bix macu

C Si Cu Mn
0,81 % 0,17 % 0,25 % 0,17 %
Ni P Cr S
0,25 % 0,30 % 0,20 % 0,03 %

3pasku Oynu BUTOTOBJIEHI JOBXUHOIO 40 MM
1 meperuHOM 5x5 MM, Y TaOnuimi 2 HaBeleHi
peKUMH X TepMiuHOrO OOpOOJEeHHS Ta TBEp-
nicte. s mpoBeneHHs MOCHiKeHb Oynu BUO-
paHi TpH PEKIMH.

Yac BUTPUMKH MiJ Yac HarpiBaHHS B Iedi
JUTsI BCiX 3pa3kiB cTaHoBUB 30 xBuiauH. [ mia-
BUIIICHHSA JTOCTOBIPHOCTI PE3yJIbTaTiB MPOBOJIH-
JI0CS TI0 TP BUMIPIOBaHHS TBEPOCTI B KOXKHIHN 3
nepepaxoBaHux obJjacTeil 3pa3ka Bij HEHTpa A0
Kparo.

MertanorpadidHi OCHTIKEHHS TPOBOIMIH 32
JIOTIOMOTO0 CBITJIIOBOTO Mikpockomna Neophot 2
(Carl Zeiss) 3a 36impmenns x1000. i BusAB-
JIEHHSI MIKPOCTPYKTYpPH 3pi3u 3pa3kiB crami Y8
MPOTPABIIOBAIH B YOTHPHBIICOTKOBOMY  PO3-
YUHI a30THOI KHUCJIOTH B ETHJIOBOMY CIIHPTI.
MikpocTpykTypa B IEHTpallbHi 30HI 3pa3KiB
HaBeJleHa Ha puc. 1.

Jlst KiJBKICHOTO BM3HAYEHHS OJHOPITHOCTI
CTPYKTYpHUX €JIEMEHTIB (IepIiTy, ayCTeHITy,
MapTEHCHUTY) BHKOPHCTOBYBABCS MYJIbTHU(paK-
TaNbHUM aHaji3, 3acHOBaHWH Ha 0OpPOOJIEeHHI
UPPOoBHX 300pakeHb MiKpocTpykTypH [17—-19].
Lle mae MOKJIHMBICTH aHANI3yBaTh MPOCTOPOBUI
PO3MOLT JIOKABHUX Je(eKTiB KOHCTPYKTUBHHUX
€JIEMEHTIB Y JIBOBUMIPHOMY MPOCTOpPi 3pa3Ka,
BUPAKEHHUH Y PO3MIPHHUX XapaKTEPUCTUKAX.

Tabmuis 2 — PexxuMu TepMidHOTO 00pOOJICHHS Ta TBEPIICTh BYTJICIIEBOTO CILIABY

Posmnopin teepaocti (HRC) Bix nienTpa 3paska »
Ne | Pexxum Tepmoo- . TOBIIMHA | TOBIIMHA TOBIIMHA | TOBIIUHA .
3paska | OpobIeHHS (_;g?fM) 12 ?061({:3; 1/4 2 (2Ii)piﬁ4 )
(-10 mm) (-5 Mmm) (5 mm) (10 mm)
780 °C, oxoino-
1 JDKEHHS B I1e4i 40 39 36 37 38 39
(Bimmair)
o | 780°Crapry- | g 68 65 66 68 68
BaHHA B Maclii
3 | 780°C rapry- | g 74 71 72 73 75
BaHHS y BOII
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Puc. 1. Crpykrypa crami Y8: a — miacTHHYACTHHA
nepmit (3pa3ok l); 6 — mepiiT, BiIOKpeMIICHUH
B3IOBXK MEX KOJHIIHIX ayCTEHITHHX 3epeH +
MapTEHCHT (3pa3oK 2); 8 — MAPTEHCHT (3pa3ok 3)

AJTOpUTM ~ MyJBTH(PAKTATBHOTO — aHANTI3Y
CKJIaJIA€ThCS 3 TAKUX CTAIiB:

1 omudpyBaHHS 300payKEHHSI: MIKPOCTPYK-
Typy 3adikcyBanu nudpoBorw kameporo Olym-
pus C-50 3 posginbHOO 3matHiCTIO 510%680
mikceniB y gopmari 256 kompopis*.bmp (BinTi-
HKH Ciporo);

2 JTUCKpeTHE HaOJMKEHHS: MIKPOCTPYKTYpa
Oyia TOJieHAa Ha KBaJpaTHI KOMIPKH €,.Xg;
mkKceniB, ne & komuBaiacs Big 20 go 100 mik-
cemB (k=1, 2, ..., 17) 3 KpoKOM 5 MiKCeJIiB, 10
JIOpiBHIOE (PI3UIHUM poO3MipaM €JIeMEeHTIB KOHC-
Tpykmii Bim 3,53x3,53 mxm mo 17,65x17,65
MKM. Po3paxoBaHo WMOBIpHICTH 3allOBHEHHS
KJIITHHOK 7; Ta y3arajbHEHY CTaTHCTHYHY CYMY

N
Z(q.e)=Y, pl oce @,
i=1

Jie ¢ — TIOKa3HUK cTereHs B aiana3oHi Big (-300)
no (+300), HopmamizoBaHui 3a (HOPMYJIIOHO
2p =1

1

. InZ
3 MacoBHWH TOKa3HUK t(q)zhmn—(q)
e>0 Ineg

BU3HAUYABCS SIK Mipa TYCTUHH KIITHH, 3allOBHE-
HUX TIKCeIsIMH, IO BifoOpa)kae HMOBIpHICTH
pO3IONITY CTPYKTYpHHX elleMeHTiB. [Hzaekc
BU3HAYae o0nacti 3 HaAWOLIBIIOW TYCTHHOIO
g =-300 13 wnaiimenmow — g =+ 300;

4 KaHOHIYHMHU CIIEKTP CHUHTYJsIpHOCTEH flaL)
OyB 00YHCIIEHUIT 32 JJOTIOMOTOO TIEPETBOPEHHS
Jexanapa t(q) : f(o)=qgo—1(g) ne iHAEKC
d(q)

dg
Criextp mpencTasisie po3mipu Xaycaopda mif-

l'engepa o OyB BH3HAuYEHWH SK O =

MHOXHH MIKPOCTPYKTYPH, SKi € OCHOBHUM €lIe-
MEHTOM Y CTaTUCTUYHIN CyMi .

OnHOPiAHICTE MIKPOCTPYKTYPH BH3HAYAIH
3a BIOXHWJICHHSM IIPaBOi 1 JIBOi YaCTHH CIIEKTpa
Big Hyns (ouB. puc. 2 i 3). [deranbHuil aHami3
HaBeleHO B posnim «ExcnepuMeHTanbHI pe-
3yJIBTATH Ta iX OOTOBOPEHHS».

ExcnepumeHTaNbHI pe3yabTaTi
Ta IX 00roBoOpeHHA

MynbsTH(paKkTaTbHIA aHaNi3 JO03BOJHB BH-
3HAYUTH MaKCHMaJIbHI po3Mipu oOxacTeil Mik-
POCTPYKTYpH, y MeXax SKHX 30epiraerbcs OJ-
HOPITHICTh KOHCTPYKTHBHUX €JIEMEHTIB I
TPHOX PEXHUMIB TEPMIYHOTO OOpPOOJICHHA CTami
V8. Hdns 3paska 1 (puc. 1 (Biaman, mmactuHuac-
THA  TEpJiT)) po3Mip  CITKM  CTAaHOBHUB
30%30 mikcemiB (5,3%5,3 Mkm); 3pa3ok 2 (puc. 2
(3arapTyBaHHs B Macii, HEPIIT 1 3aJUIIKOBHM
ayCTEeHIT)) KBaIPaTHOI CITKA TOKPUTTS CTaHO-
BUB 35%35 mikceniB (6,2%6,2 MKkM); 11 Tpoou 3
(puc. 3 (3araptyBaHHS y BOIi, MapT€HCHUT)) —
25%25 mikceniB (4,4x4,4 mxm). Li po3mipu Bi-
MOOpaKaroTh IUIONTY, B SKIM €JIEeMEHTH CTPYK-
TypH 30€epiraroTh CBiii OMHOPIAHUI PO3MOII.

frepnura

15

05
0 .
1,5 2 25 3 o
a
frepniTa 5
087025 /
0
0,61
041 -025 05
] -1
02 -0.5 1
o
128 132 136 140 144 148

0

Puc. 2. Crnextpn MymbTH(QpaKTATBHUX PO3MIPHOC-
Tel, po3paxoBaHi Jjs mepiitTy (3pa3ok 1) Ha pi3-
HUX BIJCTaHIX 7, CM BiJ IeHTpa 3pa3ka (a) Ta
301TBIIIEHOTO (hparMeHTa JTIBOI YaCTHHU CIIEKTpa

(0)

Criextpu po3nofiy ¢pakTalbHUX PO3Mip-
HOCTEH, PO3paxoBaHMX JUIS PI3HUX CTPYKTYPHUX
KOMIIOHEHTIB, HaBeieHI Ha puc. 2 1 3. [ns mia-
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CTHHYACTOTO TEPIITY (3pa3ok 1) cuekTpu 0649n-
CIIOIOTBCS HAa PI3HMX BiACTaHIX BiJ LEHTpa
3pazka r = 0,5, 1, 2 cm). Ha puc. 2a HaBenmeHi
CIEKTPH PO3MOALTY PpaKkTaTbHUX PO3MIPHOCTEH
NEpIiTy, a Ha PUCYHKY 26 — 301NbIIeHni ¢par-
MEHT JIiBOi YaCTHHU CHEKTPiB, SKHH BHKOpHC-
TOBYETBCS ISl aHAI3Y OTHOPITHOCTI. 3HAYEH-
HSl OTHOPIIHOCTI A7 mepnity craHoBuiu: 0,64
g r = 0; 0,58 ta 0,32 ma r = £0,5; 0,18 musa
r=110 gmar=I1, -2 ta2.

BigxwieHHs TiBOi YacTHHU criekTpa f (o) Bix
HYJIsl BU3HAYa€ OJHOPIMHICTH IMITBHOYIAKOBa-
HUX 00J1acTell MIKpPOCTPYKTYPH, IO TIOPIBHIOIOTH
TEMHHM eJIeMeHTaM (HaIpHUKIIAI, TIEPIIT Y 3pa3Ky
1, mapreHcuT y 3pasky 3). ig mapTeHcHTY
(3pazok 3) omHOpigHiCTH craHOoBWia f = 0,44
(puc. 36). Ha mpoTtuBary nmpomy, BiIXHIIEHHS B
npaBii 4acTWHI CHEKTpa BKa3ye Ha OJHOPIA-
HICTH 00JIacTel, IO MICTATH JIETKI €JIEMEHTH,
30KpeMa  3aJHIIKOBHIM ayCTEHIT y 3pasKy 2
(f=0,22) (puc. 3a).

f GiiinwTa

1,5

0.5

fuaomencuma 2

Puc. 3. Crektp CHHIYJISIPHOCTI, PO3paxoBaHUil ISt
3aJIMIIKOBOTO ayCTEeHITy Ha Biactahi r = 20 MM
BiJl IICHTpa 3pa3ka 2 (3arapTyBaHHSA B Macii) (a)
Ta MapTEHCUTY Ha BiacrtaHi » = 10 MM Big meHTpa
3paska 3 () (3arapTyBaHHS Y BOA1)

Jns BU3HAYEHHS  NPAKTUYHOIO 3HAYCHHS
pe3yNbTaTIB MYJbTHPPAKTAIFHOTO aHaNi3y iX
MOPIBHIOBAJIM 3 JAHWMH, OTPUMAHHMU TPaJH-
MIHHUMH METOJIaMHU KiJIbKiCHOI MeTanorpadii.
Mikpoctpykrypa 3paska 1 (puc. la (Bimgman,
780 °C, OXOIOMKEHHS TIeYi)) BH3HAYAETHCS
BHCOKOK) OJTHOPIJHICTIO B3JIOBXK BCHOTO TIOIIE-

peYHOMY TIepepidy Ta CKIAZaeThCs 37e01TBINO-
T0 3 MJIACTUHYACTOTO MEPIITy (TEeMHI AUISTHKH) 3
HEBEJIMKOIO YaCTKOIO MEPEBTEKTOITHOTO (hEPHUTY
2—3% (cBiTJIi AUISTHKY), SIK HABEACHO Ha puc. la.
Taka cTpyKTypa yTBOPIOETBCS BHACTIOK AUDY-
31ITHOTO TIEPepO3MOALTy BYTJIEIIO 3 ayCTEHITY B
IIEMEHTHUT B TPOIIECi TEPIITHOTO IEPETBOPEHHS
Yyepe3 TMOBIIbHE OXOJOMKeHHs. Po3mipu muiac-
THHYACTOTO MEPIIITY JOPiBHIOIOTH 4 Oamam.

KinpkicHe BH3HAYEeHHS OIHOPIAHOCTI IIIac-
TUHYACTOTO MEPIITy, 3AICHEHE 3a JOMOMOTO0
MYJbTU(PAKTATBHOTO aHali3y, NOBEJIO  HOro
CTPYKTYpHY YyTJIMBICTh. 3HAUEHHS OTHOPIAHO-
CTi 3MiHIOBAJIOCSI B3AOBXK BCHOTO TMOIEPEYHOTO
nepepisy 3paska (puc. 4a) B KOpEJSIil 3 TBEp/Ii-
ctio (puc. 40).

frepauTa

0,2
0,1

-1 075 05 -025 0 025 05 0,75 1

HRC 38,5 -

-1 -0,75 05 025 0 025 05 075 1
r,CWm

Puc. 4. 3MiHa OHOPIJHOCTI TIACTHHYACTOTO MepJIi-
Ty 3QJIE)KHO BiJl BIJICTaHI B3JIOBX IIOIEPEYHOTO
nepepizy 3paska 1 (a); poO3HOiT TBEpAOCTI
B3JIOBXK IOIEPEUHOrO mepepizy 3paszka 1 (6)

3MEHIIEHHSI OJHOPIAHOCTI IMJIACTUHYACTOTO
MEPIITy BiA EHTPY 0 Kparo 3paska 1 (puc. 4a)
MOB'sI3aHe 31 301IbIIEHHSM JIOKAILHUX JIe(EKTIB,
IO MiATBEPIXKYETbCS 3MEHLICHHSIM (ppakTaib-
HOi po3mipHOcTi mepnity 3 1,55 y uentpi 1o
1,51 nHa kpasx. Lle xopenroe 31 3MiHOIO TBEPAOC-
Ti (puc. 46), ska 30imbiryerhest Big 36 HRC B
uentpi g0 40 HRC na kpar. Otpumani pani
CBiI4aTh PO Te€, IO TBEPAICTh, SK MiCIeBa
XapaKTepUCTHKAa  MIKpPOOO'eEMy  BYIJIEIIEBOTO
CIUIaBY, 3aJISKUTHh BiJ HPOCTOPOBOro AeheKTy
MIiKPOCTPYKTYpH, BUPaXEHOTO B PO3MIpHUX
OJIMHHIISX MYJIbTU(PAKTAIEHOTO aHATI3y.
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MikpocTpykTypa 3pa3ka 2 (3arapTyBaHHS
MacioM, puc. 16) ckiagaeTbcs 3 MEpIiTy, IO
BUJUISAETHCS 110 MEXKaX KOJHWIIHIX ayCTeHITHHUX
3epeH (TeMHi MIJISHKH), a TaKOX MapTEHCHUTY
(cBiTHi OiTAHKR).

OpHOpiAHICTH TAKOI CTPYKTYpU OOYMOBIICHA
HamiBAN(Y31MHAM MEPETBOPEHHSIM ayCTEHITY 3
YaCTKOBHM MapTEHCUTHUM MEPETBOPEHHSM, IO
CYMPOBOKYETBCS  TUQPY3IHHIUM TEepepo3noi-
JIOM BYTJICIIIO.

BinmiHHOCTI B IIBUAKOCTI OXOJOMXEHHS IO
BCHOMY TIOTIEPEYHOMY IIepepizy 3pa3ka CIPHsIIN
3MiHi (a30BOro CKJIaAy: yacTKa MepIiTy 3MeH-
mmacst 3 16 % B meHtpi 10 7 % Ha Kparo, a
YaCTKa MapTEHCHUTY 301IbIIMIACS.

-0— fBelinuTa

O~ fnepnuta

A
2\

LT 1

0,5 1 1S

HRC 69
68,5

68

67,5

Puc. 5. 3ayiexHICTh OJHOPITHOCTI MAPTEHCHUTY 3pa3-
Ka 2 Bim BincTaHi o0 UeHTPY (@) 1 po3momity
TBEPJIOCTI TI0 TIOMIEPEIHOMY TIepepizy 3paska 2 (6)

MikpocTpykTypa 3pa3ka 3 (3arapTyBaHHS Y
BOJi, pHc. 16) ckiamaeTbcs 3 IUIACTMHYACTOTO
MapTeHcuTy (0mu3bko 92%, TeMHUX JIUISHOK) i
3aJIMIIKOBOTO aycTeHiTy (0mu3bko 8%, CBITIHX
JISTHOK) TI0 BChOMY TIOIIEPEYHOMY IIepepizy.
OAHOpIAHICTE  MIKPOCTPYKTYpH, BH3HAa4YeHa
METOJIOM MYJIBTU(PAKTAILHOTO aHANi3y MpH
30inpmenHi x1000, BigoOpakae 0COOIMBOCTI
Mikpopenbedy TIH30MOAIOHMX MapTEeHCUTHUX
TUTACTHH, IO YTBOPHIIUCS B PE3yJbTaTi 3CyBHO-
ro TIepEeTBOPEHHSI ayCTEHITY 32 PaxyHOK Koolle-
patuBHOrO 3MmimeHHs atomiB. Llg Mopdomnoris
IUTACTHH MiHIMI3Yy€ EHEeprilo MpPYXHHUX CIIOTBO-
PEHb B ayCTEHITHIM MaTpHLIi.

3MeHIICHAS OAHOPIAHOCTI MapTEHCHUTY BiJ
LNEHTPY 10 Kpar 3paszka (puc. 6a) mMoxe OyTu
TTOB'sSI3aHE 31 30UTBIIICHHAM JIOKATBHUX JIe(hEKTiB
Ha CYOCTpYKTYpHOMY piBHI, IO TOB'I3aHO 3
PI3HUIICIO B MIBUAKOCTI oxookerHHs. Lle miat-
BEP/KYETHCS 3MCHILICHHSAM (DpakTaibHOI po3Mi-
pHOcTi MapteHcuty 3 1,97 B mentpi no 1,74 Ha
kpato. [lo cyOCTpyKTYpHHX 3MiH, 11O BILIMBA-
I0Th Ha Ae(PEeKTH, BITHOCATH 30iIbIICHHS I'YCTH-
HI JAWcioKamiid, 30UTBIIEHHS BHYTPIIIHIX Ha-
MPYXEeHb APYroro poiy, 3MEHIIEHHS PO3MipiB
cy03epeH mpu CTaOUIPHUX MapamMeTpax TPaTKu
o-Fe. 1li 3MiHM KOpPEIOOTH 3i 30UIBIICHHIM
tBepaocti 3 71 HRC B nentpi no 75 HRC Ha
Kparo (puc. 66), Mo CBIAYNATH PO TMOKPAIICHHS
MIIHICTHUX BJIACTUBOCTEH BiJ IEHTPY MO TOBE-
PXHi 3paska.

fwapTencuTa
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Puc. 6. 3anexHicTs OJHOPITHOCTI MAPTEHCUTY 3pas3-
Ka 3 Bix BiacTtaHi 0 UEeHTPY (a) 1 posmomiry
TBEPIOCTI 10 AUISHIN 3pa3ka 3 (6)

OTtpumaHi pe3yibTaTH JIEMOHCTPYIOTh BHCO-
Ky YyTJHMBICTH TBEPJOCTI BYIJICLIEBOIO CIUIABY
0 XapaKTepUCTUK OJHOPIIHOCTI, BU3HAYCHHX
3a JIONIOMOTOI0 MYJIbTU(PAKTAIBHOTO aHAII3Y.
30kpeMa, 3MiHM OJHOPIJHOCTI KOPENOITh 3
TBEPIICTIO Yepe3 MicueBi aedexktu i Qa3oBuit
CKJIaJI.

e miaTBepmKye, MO MYyIbTH(PPAKTATIHHHHA
aHaJi3 € IHCTPYMEHTOM KUIBbKICHOI OL[IHKH MiK-
POCTPYKTYPH Ta IPOTHO3YBAaHHS BIACTHBOCTEH.

BucHoBkH
Y po0OTi pO3MIIANAETHCS MOKIHMBICTh BUKO-
pPHCTaHHS MYyJIbTH()PAKTAIBHOTO aHaNi3y IS
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KUIbKICHOT OIIIHKH MOPQOJOrii CTPYKTYpHHUX
KOMITOHEHTIB BYTJICLIEBOTO CIUIABY MiCIsI Pi3HUX
peXUMIB TepMidHOI 00poOKW. Bu3HauaeThCs
OHOPITHICTh CTPYKTYpPH, IO BHPAKAETHCS
4yepe3 IPOCTOPOBi Ae(PEeKTH MOKa3HUKIB PO3MIp-
HOCTEH, 1 BCTAHOBJIIOIOTHCS MaKCHUMaJbHI PO3-
Mipu obiacTell OTHOPIIHOTO PO3MOALTY CTPYK-
TYpPHHX €JIEMEHTIB.

ITopiBHSIHHA TOKA3HWUKIB OJHOPIMHOCTI 3
tBepaictio (HRC) BusBHio ix kopernsmiro 3a
paxyHOK 3MiHH JIOKAIBHOTO JeeKTy MiKpo-
CTPYKTypu. Y BCiX 3pa3kax CrocTepiraaocs
3HIDKEHHS OJHOPIAHOCTI BiA HEHTPY A0 Kparo,
MOB'sI3aHE 31 30UTBIICHHAM AceKTiB (HAmpHU-
KJIaJ, IIIBHOCTI JUCIIOKAIM 1 BHYTpIIIHIX Ha-
NpyKeHb) 4Yepe3 PI3HUII0 B MIBUAKOCTSIX OXO-
nomxennasa. s 3pasky 1 ¢pakranpHa po3mip-
HICTh TEPIITY 3MEHIIIIIACS BiJl Kparo J0 HEHTPY
3 1,55 mo 1,51, ans 3paska 3 — MapTEHCUTY 3
1,97 Big kpato mo 1,74 B ueHTpi, 0 KOpEITIOBa-
710 31 30ibIIeHHsIM TBepaocTi Ha 36 mo 40 HRC
qutst 3pasky 1 Ta Big 71 mo 75 HRC mis 3pasky 3
BIIOBIHO.

ITokazano, mo MynbTH(QpPAKTATHPHANA aHAII3
MIKPOCTPYKTYPH y TOPIBHSIHHI 3 TpaJuiiHUMU
METOJIlaMH KuUTbKiCHOT MeTanorpadii mnepeBep-
IIye X T0 YyTIUBOCTI IO CYOCTPYKTYPHHUX 3MiH
1 TeOMETpPHYHOI CKIAIHOCTI MIKPOCTPYKTYPH,
110 pOOUTH HOTO MEPCTIEKTUBHUM 1HCTPYMEHTOM
JUTSI OIIIHKY (pi3WKO-MEXaHIYHUX BIACTHBOCTEH.
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Forecasting the Mechanical Properties of Carbon
Steels

Annotation. Statement of the problem. Mechanical
testing is a key tool for determining the properties of
carbon steels; however, direct methods, such as ten-
sile or hardness testing, are often labor-intensive,
costly, and require specialized equipment. These
methods are complicated by the need for sample
preparation, lengthy testing times, and significant
expenses, which limit their application in mass pro-
duction or rapid quality control. Furthermore, the
structure of carbon steels undergoes significant
changes under the influence of various types of heat
treatment, which affects their mechanical properties.
This highlights the need for the development of new,

more efficient approaches to evaluating the structure
and properties of metals, enabling rapid and accu-
rate prediction of the behavior of carbon steels under
various conditions. Purpose and setting of the task.
The aim is to develop a method for evaluating the
hardness of carbon steel based on the analysis of
austenite decomposition products using multifractal
analysis. To achieve this objective, the following
tasks must be accomplished: 1. Conduct heat treat-
ment of carbon steel and perform microstructural
analysis after heat treatment and cooling in various
media. 2. Perform multifractal analysis of lamellar
pearlite, martensite, and retained austenite to estab-
lish a correlation with the hardness properties of
carbon steel. 3. Enable the prediction of carbon steel
hardness by constructing mathematical models using
multifractal indicators of the steel structure. Mate-
rials and Research Methods. The material selected
for the study was U8 carbon steel, which is widely
used for manufacturing general-purpose tools sub-
Jjected to dynamic loads during operation. This con-
tributes to the emergence of structural heterogeneity
and significantly affects their operational characte-
ristics. The samples were prepared with a length of
40 mm and a cross-section of 5%5 mm. Table 2
presents the heat treatment regimes and hardness
values. Three heat treatment regimes were selected
for the study: 780°C with furnace cooling (anneal-
ing), 780°C with oil quenching, and 780°C with wa-
ter quenching. The holding time during heating in the
furnace was set to 30 minutes for all samples. To
ensure the reliability of the results, three hardness
measurements were conducted in each of the speci-
fied sample regions, from the center to the edge.
Research material and methods. he decrease in the
homogeneity of lamellar pearlite from the center to
the edge of Sample 1 is associated with an increase
in local defects, as evidenced by the reduction in the
fractal dimension of pearlite from 1.55 at the center
to 1.51 at the edges. This correlates with the change
in hardness, which increases from 36 HRC at the
center to 40 HRC at the edge. The obtained data
indicate that hardness, as a local characteristic of
the microvolume of the carbon alloy, depends on the
spatial defect of the microstructure, expressed in the
dimensional units of multifractal analysis. The mi-
crostructure of Sample 2 (oil quenching) consists of
pearlite, which forms along the boundaries of former
austenite grains (dark areas), and martensite (light
areas). The homogeneity of this structure is deter-
mined by the semi-diffusional transformation of aus-
tenite with partial martensitic transformation, ac-
companied by diffusional redistribution of carbon.
Variations in cooling rates across the sample’s
cross-section contributed to changes in the phase
composition: the pearlite fraction decreased from
16% at the center to 7% at the edge, while the mar-
tensite fraction increased. The microstructure of
Sample 3 (water quenching) consists of lamellar
martensite (approximately 92%, dark areas) and
retained austenite (approximately 8%, light areas)
across the entire cross-section. The decrease in mar-
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tensite homogeneity from the center to the edge of the
sample may be attributed to an increase in local
defects at the substructural level, associated with
differences in cooling rates. This is confirmed by the
reduction in the fractal dimension of martensite from
1.97 at the center to 1.74 at the edge. Substructural
changes affecting defects include an increase in dis-
location density, an increase in second-order internal
stresses, and a reduction in subgrain sizes while
maintaining stable a-Fe lattice parameters. These
changes correlate with an increase in hardness from
71 HRC at the center to 75 HRC at the edge, indicat-
ing an improvement in strength properties from the
center to the surface of the sample. The obtained
results demonstrate the high sensitivity of the hard-
ness of carbon alloys to homogeneity characteristics
determined through multifractal analysis. Specifical-
ly, changes in homogeneity correlate with hardness
due to local defects and phase composition. This
confirms that multifractal analysis serves as an effec-
tive tool for the quantitative evaluation of micro-
structure and the prediction of material properties.
Conclusions. The study explores the potential of
using multifractal analysis for the quantitative evalu-
ation of the morphology of structural components in
carbon alloys subjected to various heat treatment
regimes. The homogeneity of the structure, expressed
through spatial defects in dimensionality indicators,
is determined, and the maximum sizes of regions with
homogeneous distribution of structural elements are
established. A comparison of homogeneity indicators
with hardness (HRC) revealed their correlation,
attributed to changes in local microstructural de-
fects. In all samples, a decrease in homogeneity from
the center to the edge was observed, associated with

an increase in defects (e.g., dislocation density and
internal stresses) due to differences in cooling rates.
For Sample 1, the fractal dimension of pearlite de-
creased from the edge to the center from 1.55 to 1.51,
while for Sample 3, the fractal dimension of marten-
site decreased from 1.97 at the edge to 1.74 at the
center, correlating with an increase in hardness from
36 to 40 HRC for Sample 1 and from 71 to 75 HRC
for Sample 3, respectively. It is demonstrated that
multifractal analysis of the microstructure surpasses
traditional methods of quantitative metallography in
sensitivity to substructural changes and the geome-
tric complexity of the microstructure, making it a
promising tool for evaluating the physical-
mechanical properties of materials.

Key words: Multifractal analysis, Perlite, Retained
austenite, Carbon steel, Hardness, Prediction.
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