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PE®EPAT

CrarTsi peICTaBIIsie KOMITICKCHUIA CTaTHCTHYHHUN aHAI3 BITACTHBOCTEH BUCOKOMIITHUAX HI3bKoNeroBanux ctaneit (HSLA, HSA,
SSHA, ASSHA) Ha ocHOBI mipokoi 6a3u 1aHnX. BHKOprCcTOBYIOUH CydacHi METOH aHAi3y JaHHUX, BKITIOUA0UN KOPEIISIIiHIH
aHaui3, ronoBHi komnoHeHTH (PCA), a takox mammuaHe HaBdaHHS (Random Forest, XGBoost) Ta iHTeprnpeToBaHi MeTpUKI
SHAP, nocnijkeHo B3a€MO3B’ 130K MiXK XIMIYHHM CKJIaJJOM, MIKPOCTPYKTYpPOIO i MEXaHIYHHMH BIACTHBOCTSIMH crayei. J{is
KO)KHOI IPYITH CTaJIeH BUSIBIICHI KJIIOUOBI €JIEMEHTH 1 TapaMeTpH, 10 Haal0Th MAKCHMAaJIbHO BIUIMB Ha MiIIHICTh, INIACTHYHICTS 1
TepMidHy cTilKicTb. OOTpyHTOBaHO onTHMaibHI Aiamazonu BMicty C, Nb, V, Ni, a Takox peKHMH TepMOOOPOOKH, BKIIIOYAIOUH
TeMIlepaTypy ayCTeHITH3alli{ Ta MIBUAKICTH OXOJIOUKEHHS. Pe3ybraTi 1eMOHCTPYIOTH, [0 KOMIUIEKCHE YIIPaBIIiHHS CKIaI0M 1
TepMOOOPOOKOIO JO3BOJISIE CTBOPIOBATH CTAMI 3 UyIOBUM OalaHCOM EKCILTyaTaI[IHHIX XapaKTePUCTUK. Y PO3iI MPAaKTHIHIX
peKOMeHali | IpecTaBIeHi KOHKPETHI ITopaiy ISt METAITy priifHOTO MPOEKTYBaHHS HOBHX CTaJIel, BKIIIOYAI0YH BHKOPUCTAHHS
MoyIeJIeH MallIMHHOTO HaBYaHHS JUTsl IPHCKOPEHHS pO3pOOKH Ta ONTHMI3alii CIIaBiB. Y poGOTi TakoXk 00TOBOPIOIOTHCS HAYKOBI
MPOTAJIMHY, TaKi K HEOOX1THICTh CTAHAAPTU3AIII] JAHUX, BUBUCHHS KOMIUICKCHHX B3a€MOJIiH JIETYIOUNX CIIEMEHTIB, TUHAMIKH
(ha3oBHX MepeTBOPEHb Ta IMepcnekTuBy BrposamkeHss [11I-meroxis. bibmiorp. 12, puc. 8.
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BCTVYII

Bucoxominni Husbkonerosani crami HSLA (High-
Strength Low-Alloy) Ta ix cyuacHi moaudikanmii,
30KpeMa BHCOKOMILHI CTali 3 MOKPAIleHUMH BIIACTH-
BoctsamMu HSA (High-Strength Alloy), HagBucokomin-
Hi ctani SSHA (Super-Strength High-Alloy) i Bro-
ckoHaJteHi HagaBucokoMinHi ctaixi ASSHA (Advanced
Super-Strength High-Alloy), BigirpaioTs KI04oBY
POJb y PO3BUTKY Cy4acHOI METalIyprii Ta MalmHoOy-
NyBaHHA. 3aBASKH MOEIHAHHIO BUCOKOI MIITHOCTI, 3a-
JOBUTLHOI TUIACTHYHOCTI Ta MiJBHIIEHOI KOPO3idHOT
CTIMKOCTI Li MaTepianu HaOylu HIMPOKOTO 3acTOCY-
BaHHS B a€POKOCMIiuHil, aBTOMOO1UTBHIN Ta OyniBenb-
Hill Tany3sx, A€ KPUTUYHO BAyKIIMBUMH € BaroBi xa-
PaKTEPHCTUKH Ta JOBIOBIYHICTH KOHCTPYKLIi [1, 2].
[Iponecu 3BaproBaHHsI BUCOKOMILIHUX CTaJel, Ta-
kux sk HSA, SSHA ta ASSHA, cynpoBomKyIOThCs
3HAUHUMH TEXHOJIOTIYHUMH BUKJIHMKAaMHU. 30Kpema,
HEOOX1ITHUM € TOUHHI KOHTPOJIb PEXKHUMIB HarpiBy Ta
OXOJIO/IKESHHSI /17151 30epeKeHHsI BUX1IHUX MEXaHIYHHX
XapakTepucTuk. OCHOBHHUMH NpOOJIEeMaMH BHCTY-
MAIOTh YTBOPEHHS XOJIOJHHUX TPILIMH 1 MOTipLICHHS
CTPYKTYPH B 30Hi TEPMIYHOTO BIUIMBY, 110 3yMOBJICHE
BHUCOKHMMH IIBUIKOCTSIMH OXOJIOZXKEHHS Ta CKIAAHUM
XIMIYHMM CKJIaJIOM MaTepiany. Y TakuxX CTallsiX LIH-
POKO 3aCTOCOBYIOTBCS JIETyBasibHi eieMeHTH (Mn, Ni,

ABropceke npaBo © ABrop(n)

© Bupasens TOB «BHZ[ABHI/I‘IHﬁ JIIM» TTATOH», 2026.
Is crarts y Binkpuromy goctymi 3a minensieto CC BY-NC-ND
https://creativecommons.org/licenses/by-nc-nd/4.0/

42

Cr, Mo), a Takox MikpoJeryBainbHi qo0aBku (Nb, Ti,
Zr, N, B), sixi popMyIoTh AHCTIEpCHI KapOiam Ta Kap-
OOHITPHIH, IO CYTTEBO BILTUBAIOTH HA KIHETHUKY PO3-
najty MmepeoxosIoPKEHOTO ayCTeHITY Ta (pOpMyBaHHS
OCTaTOYHOI MIKPOCTPYKTYpPH 3BapPHOTO IIIBA.

3 MeToro 3armobiranHs GopMyBaHHIO XIMIYHOT Ta
CTPYKTYPHOI HEOJHOPIAHOCTI, MOpP, MIKPOTPIIIHH
Ta IHMUX J1e(eKTiB, KPUTHYHO BAXKIWBHUM € paili-
OHAJTHHUI BUOIp MapaMeTpiB 3BaprOBaHHS: TEMIIE-
paTypa MOIepeHbOro IMiirpiBy, MIBUIKICTH TEpe-
MIIIEHHS TyTH, PSKUMHU OXOJOKeHHSI. OcoOmuBy
yBary Ciil TPUIUIATH MiHIMI3aIlii 3aJUIIKOBUX
HaIpyXeHb, SKi € MOTEHI[IHHUM JHKEeperIoM 3apo-
JOKEHHS MIKPOTPINIUH 1 TOAANBIIOT0 PYyWHYBaHHS
KOHCTpyKIii. KOHTpoib ckinamy mBa Ta 0OMEKeHHS
TETJTOBKJIAJIEHHS Nal0Th 3MOTY 30€eperTd BHCOKHUI
piBEHb MIIHOCTI, TUTACTUYHOCTI Ta yaapHOi B’ S3KO-
CTI TiCIs 3BapIOBAHHS.

Jlns 3a0e3medYeHHs CyMICHOCTI 3 OCHOBHUM MeTa-
yom 1ipu 3BaproBanHi cranmeit HSA, SSHA ta ASSHA
PEKOMEHIOBAHO  BHKOPWUCTOBYBAaTH  HHU3BKOBYTJIE-
1eBl mpucaakoBi Marepianu. JleroBani mpucaaku 3
BMICTOM HIKEIII0 Ta XpOMY CIPHUSIOTH 30epeKeHHIO
MIITHOCTI Ta B’A3KOCTI B 30HI TEPMIUHOTO BIUIHBY.
JloniibHO MIATPUMYBATH ONTUMANbHUN  (hazoBHI
OaylaHC MK ayCTEHITHOIO Ta MapTEHCUTHOIO CKJIa10-
BUMH 1IBA, 1110 3a0e3reuye OaKaHnH KOMIUIEKC MeXa-
HIYHUX BJIACTUBOCTEH.

Haii6inpir edexkTHBHUMH METOIaMU  3BapIOBAHHS
JUTs IIUX cTasei € aproHomyrose 3BaptoBanHs (TIG) Ta
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HariBaBTOMaTUYHE 3BapIOBaHHA B CEPEHOBHUILI 3aXUC-
Hux razie (MIG/MAG), ski 3a0e3rnedyroTh cTabiibHe
TEIUIOBKJIICHHS Ta MiHiMi3arlito nedekris. [lonepenniit
MiIrpiB 1 KOHTPONBOBAHA MIBUIKICTH OXOJOMKEHHS
LIBa 3HWKYIOTh PH3UK YTBOPEHHS rapsidMx TPILMH Ta
CIIPUSIFOTH OAHOPIAHOCTI MIKPOCTPYKTYPH.

CyyacHi 3BaploBajbHI TEXHOJOTI] MependayaoTh
TaKOK BUKOPUCTAHHS CIIELialIbHUX (IIOCIB 1 Ta30BUX
cyMilei, siki cTaOimi3yloTh 3BaplOBaNbHy AyTy i 3a-
XHIIAI0Th METaJl BiJl OKUCHEHHS NP BUCOKHX TEM-
neparypax. KoHTpob MBUIKOCTI 3BaplOBaHHs, TOB-
LIMHY IIBA Ta SIKICTh MiATOTOBKH KPOMOK — KIJIIOUOB1
(daxTopu mpH 3’€IHAHHI TOBCTOCTIHHMX KOHCTPYK-
1il, OCKIIBKY HaJIMIpHE TEIUIOBKIIAJCHHS HETaTUBHO
BIUTMBAE HA MEXaHI4Hi XapaKTepUCTUKU.

Jlis craneit HoBoro moxominag ASSHA, UHSS
(Ultra-High Strength Alloy) 3BaproBanbHi Marepiaau
MOBHHHI 3a0e3MeuyBaTi BUCOKY CYMICHICTB 13 JIeroBa-
HHUM CKJIQJIOM OCHOBHOTO MeTajly Ta 30epirat yaapHy
B’SI3KICTh PH HU3BKKX TeMneparypax. [lo Takux mare-
piaiB HaJIeXaTh: JIETOBaHi APOTH Ta €JIEKTPOIH 3 MMiABU-
menuM BMictoM Ni, Mn, Si; TOPOIIKOBI JIPOTH 3 HAHO-
Monu]ikaTopaMu; IIOPOILIKOBI IPUCAAKH IS JTa3epPHOTO
Ta IIa3MOBOTO 3BAPIOBAHHA. [X 3aCTOCYBAHHs CIIpUsiE
(hopMyBaHHIO OHOPIHOI CTPYKTYPH IlIBa 3 MiHIMAJTh-
HOIO KUTBKICTIO JIe)eKTiB, 30epiratoun mpu oMY BUCO-
Ki MEXaHI4YHi BJIACTHBOCTI B 30H1 3BaplOBaHHSI.

OKpiM TEXHOJIOTIYHOTO 3a0€3MEYeHHsI 3pOCTaE
3HAUYLIICTh MPOTHO3YBAaHHS BIACTUBOCTEH 3BapHHUX
3’€IHaHb 32 JOMIOMOTOI0 PerpeciiHuX MoJeNeH 1 cy-
YaCHUX aJITOPUTMIB IITyYHOTO IHTENEKTY.

Meroau niniiinoi perpecii OLS (Ordinary Least
Squares — meTox HallMEHIIMX KBaJIpaTiB) JO3BOJIS-
I0Th BUSIBUTH MPSIMi 3aJI€KHOCTI MIXK XiMIYHUM CKJIa-
JIOM, TTapaMeTpaMy 3BaplOBaHHs T4 MEXaHIYHUMH Xa-
paxrepuctukamu. Perpecis LASSO (Least Absolute
Shrinkage and Selection Operator — wmeTton Haid-
MEHIIUX a0COIOTHUX BIIXWUJICHb 1 CEJEKIlii 03HAK)
3a0e3neuye BimOip HAMOLIBLI peseBaHTHUX 3MiHHHUX
1 TIJBUICHHS TOYHOCTI MOJCIIOBAHHS. AJITOPUTMHU
Random Forest (Bunaakosoro iicy) i XGBoost (exc-
TPEMaJIbHOTO MiABULICHHS TPaJi€HTy) AO3BOJSIOTH
e()EeKTUBHO MOJICITFOBATU CKJIAJIHI HEIiHIWHI B3aeMO-
3B’S13KH, BPaxOBYIOUH OararoakToOpHy B3aEMOIII0
MK JIETYIOUUMH €JIEMEHTaMH, PEKUMaMHU TETIOBOT
00pOOKH Ta CTPYKTYPHUMH XapaKTEepPUCTUKAMH IIBa.
SHAP-ananiz (SHapley Additive exPlanations —
MOSICHEHHSI Ha OCHOBI aguTHUBHUX 3HaueHb Lllerumi)
3aCTOCOBY€ETHCS IS IHTepIpeTanii Moaene 1 Bu3Ha-
YEeHHS! BHECKY KOXKHOTO MapaMeTpa y (OpMyBaHHS
MIPOTHO30BaHMX BJIACTHUBOCTEH, 10 3HAYHO CIPOILYE
BUOIp ONTHMAIBHUX TEXHOJIOTIYHUX PEKHUMIB.

3aBIsKU 3a3HAYEHUM MiXOAaM CTAa€ MOMKIMBUM
MOTIEPEIHE IPOTHO3YBAHHS SIK MEXaHIYHUX (MIIHICTb,
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TUTACTUYHICTh, YIapHa B SI3KICTh), TaK 1 CTPYKTYPHUX
napaMmeTpiB (Temreparypu (ha3oBUX TIEPETBOPEHbD,
po3mip 3epHa, (a3oBHU CKIaJ|) 3BapHUX 3 €JIHAHb.
Ile nae 3MOry CKOPOTUTH KUIBKICTh €KCIIEPUMEHTIB 1
3MEHIIIMTH PU3UKH BUHUKHECHHS OpaKxy.

OcTaHHI POKHM XapaKTEePU3YIOTHCS 3POCTAHHIM iH-
TEpeCy JI0 BUBUCHHS BIUTUBY KOMIUICKCHOTO JICTYBaHHS,
MIKPOCTPYKTYpHUX Momudikamiii Ta onTuMizamii Tep-
MIYHUX PEKMMIB Ha EKCIUTyaTaliifHi BIacTUBOCTI CTa-
neit. JlocsraeHHs B chepi 0OpoOKH JaHNX 1 MAITHHHOTO
HAaBYAHHS BIJIKPUBAIOTH HOBI MOXKJIMBOCTI J1JIsl BUSIBJICH-
HS TIPIXOBAaHHX 3aKOHOMIPHOCTEH Y BEIMKHX 00csTax
eKCIePUMEHTAIBHUX JaHHX, 10 CIPUSE PO3POOLI TOY-
HIIINX ITPOTHO3HHUX Mojienei [3, 4].

MeTo10 IIbOT0 JTOCIIIIPKEHHS € TIPOBEICHHS CUCTEM-
HOTO CTaTUCTHYHOTO aHaJIi3y MIUPOKOTO CIIEKTPY eKC-
MEPUMEHTAIBHUX JIAaHHMX, 1[0 OXOIUTIOIOTH XIMIYHHIMA
CKJIaJI, MIKPOCTPYKTYPHI CTaHU Ta MEXaHIYHI BIACTH-
Bocti craneit HSLA, HSA, SSHA ta ASSHA. 3acro-
COBYIOUH METOJIM KOPEIAIIHHOTO aHalli3y, aHaJi3y To-
JIOBHUX KOMIIOHEHT, PErpeCiiHOr0 MOJICIFOBAHHS Ta
Cy4YaCHHX QJITOPUTMIB MalllMHHOTO HaBYaHHS, TIEPEe/l-
0agaeThCSl BCTAHOBHUTH KIJTBKICHI B3aEMO3B’SI3KH MIXK
CKJIQJIOM, CTPYKTYpPOIO Ta BIACTUBOCTSIMH CTalicH, a
TaKOXX TTOOYTyBaTH MPOTHOCTHUIHI MOJIEI1 JIJIST OITIHIO-
BaHHS XapaKTePUCTHK HOBUX MaTepiajiB 3a 3aJlaHu-
MU TTapaMeTpamHu.

JlonaTtkoBo, OMHUM i3 BXKJIMBUX PE3YJIBTATIB JI0-
CIDKEHHS € BU3HAYCHHS MapaMeTpiB, SKAM TIPH-
JIJICHO HENOCTaTHhO YBarw, ILISXOM MOOYIOBU BiJl-
MOBITHOI Mamu JMOCTiIKEHb, € CIIOCTEPIra€ThCs
0OMeXeHHsI JaHuX a00 HasBHI CYIEpPEWINBI Teope-
THYHI Ta eKCTICpUMEHTAJIbHI IMONOKEeHHS. Takwii mia-
XiJ1 103BOJIsIE OOTPYHTOBAHO BU3HAYATH HAMPSMU JIJIS
MaiOyTHIX TOCIi[)KEHb.

KomMmruiekcHul xapakrep 3ampONOHOBAHOIO IMijl-
X0y € KIIOYOBUM Ui €(PEKTHUBHOTO IIIaHyBaHHS
EKCIIepPHMEHTIB Ta CTBOPEHHsI HOBITHIX Marepiais,
3IaTHUX 33/I0BOJILHUTH aKTyajbHI BUMOTH HAyKd I
MIPOMHUCIIOBOCTI [5, 6].

MATEPIAJIA TA METOIU
JUKEPEJIA JAHHX TA 35IP IH®OPMAI[IT

Hns ananizy Oyma cdopmoBaHa Oaza gaHux i3 72
PELCH30BaHUX cTaTel, OmyONiKOBaHMX 3a OCTaHHI
15 pokiB. I3 Hux 50 crareil nmpucBsYeHi KIACHYHUM
HSLA ctansm, 8 — Bucokomiriaum HSA, 7 — nansu-
cokomintauM SSHA ta 7 — ynockonanenum ASSHA
cransiMm. Jlepena BKIIOYAIOTh MIDKHAPOIHI peleH-
30BaHi JKypHaJld 3 MaTepialo3HaBCTBa, METaIyprii,
3BapIOBaHHs Ta TepMiuHOi 00poOKH, Taki sik Metals,
Materials Science and Engineering A, Journal of
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C D 3 F G H )
Am’cle_lD._teeLCIass.SIeeL_Grade.C_m_percent.Mn_leercenLNi_wt_percem.Cr_wLpelcent.V_wLpel:
1,HSLAH5LA-1,0.12,1.25,0.05,0.20,0.03,0.04,0.02,0.01,0.10,920,20,742 641,459,427 918,550,700,18,210
el 2 HSLA,HSLA-2,0.10,1,35,0.04,0.18,0.02,0.03,0.02,0.01,0.08,910,15,741 640,458,426,919,540,690,20,205
ol 3, HSLA,HSLA-3,0.13,1.40,0.06,0.23,0.04,0.05,0.03,0.01,0.13,930,18,745,645,462,430,920,560,710,17 215
El 4 HSLA, H5LA-4,0.11,1.20,0.06,0.22,0.03,0.04,0.02,0.02,0.11,925,17,743 642 460,429,919,555,705,19,212
[ 5, HSLA, H5LA-5,0.14,1.230,0.07,0.25,0.04,0.05,0.03,0.02,0.14,935,22,748 648 465,432,922 ,570,720,16,220
il &, H5LA,HSLA-6,0.09,1.10,0.03,0.16,0.02,0.02,0.01,0.01,0.06,%05,12,740 638,455,424,915,530,680,21,200
Cl 7 HSLA, H5LA-7,0.15,1.45,0.08,0.28,0.05,0.06,0.04,0.02,0.17,940,25,750,660,470,450,930,600,750,16,225
el & HSLA, H5LA-8,0.13,1.36,0.07,0.24,0.04,0.05,0.02,0.01,0.12,930,20,744 645 462 428,920 ,565,715,18,215
9,HSLA,HS5LA-9,0.10,1.25,0.04,0.19,0.03,0.04,0.01,0.01,0.09,915,16,742 640,458,427 ,918,545,700,19,210
i 10,H5LA, H5LA-10,0.11,1.22,0.05,0.21,0.02,0.03,0.02,0.01,0.08,920,18,743,641,459,428,919,550,705,18,212
el 11,H5LA, H5LA-11,0.12,1.27,0.06,0.23,0.04,0.04,0.03,0.01,0.12,925,19,745,644,462,430,920,560,710,17,215
Bl 12, HSLA, H5LA-12,0.13,1.30,0.05,0.22,0.03,0.04,0.02,0.01,0.10,928,20,746,646,463,431,921,565,715,18,215
B 13, H5LA,H5LA-13,0.10,1.15,0.04,0.18,0.02,0.03,0.02,0.01,0.08,910,14,740,635 455,425,915,540,690,20,205
LN 14, HSLA, HSLA-14,0.14,1.35,0.07,0.25,0.04,0.05,0.03,0.02,0.14,935,21,749 649,466,433 ,923,575,725,15,220
[l 15,HSLA, H5LA-15,0.09,1.10,0.03,0.16,0.01,0.02,0.01,0.01,0.05,900,12,739,637 454,423 913,525 ,675,22,198
bl 16, HSLA, HSLA-16,0.13,1.33,0.06,0.24,0.03,0.04,0.02,0.02,0.11,930,20,745,645,462,429,921,560,710,17,215
Gl 17, H5LA, H5LA-17,0.12,1.28,0.05,0.21,0.02,0.03,0.01,0.01,0.07,920,18,743 641,460,428 ,919,555,700,18,210
Bl 15, HSLA, HSLA-18,0.15,1.40,0.08,0.27,0.05,0.06,0.03,0.02,0.16,945,23,751,662 471,452,932 ,610,760,14,225
ol 19, HSLA, H5LA-19,0.11,1.22,0.05,0.20,0.03,0.04,0.02,0.01,0.10,918,17,742 640,458,427 918,550,700,18,210
ER 20, HSLA, HSLA-20,0.10,1.25,0.04,0.19,0.02,0.03,0.01,0.01,0.07,915,16,740,639,457 426,916,545,690,19,205
ekl 21, H5LA, H5LA-21,0.13,1.30,0.06,0.24,0.04,0.05,0.02,0.02,0.13,930,20,746 645,463 ,430,921,565,715,18,215
EER 22, HSLA HSLA-22,0.09,1.15,0.03,0.15,0.01,0.02,0.01,0.01,0.05,905,14, 738 637 454,424 ,912,530,680,20,200
ERl 23, HSLA, H5LA-23,0.14,1.35,0.07,0.26,0.04,0.05,0.03,0.02,0.14,935,21,749 650,466,434 ,923,575,725,15,220
EEN 24, HSLA, HSLA-24,0.12,1.25,0.05,0.20,0.03,0.04,0.02,0.01,0.10,920,19,743 641,459,427 919,555,705,18,212
Ll 25, HSLA, HSLA-25,0.11,1.20,0.05,0.18,0.02,0.03,0.02,0.01,0.08,915,17,740 638,456 ,426,916,545,690,19,205
Rl 26, HSLA, HSLA-26,0.13,1.30,0.06,0.24,0.04,0.05,0.02,0.02,0.13,930,20,745 645,463 ,430,920,560,710,17,215
el 07 HSLA, HSLA-27,0.10,1.10,0.04,0.16,0.02,0.02,0.01,0.01,0.06,910,14,739 637 454 425,914,535 685,20,205
i 26, HSLA, H5LA-26,0.15,1.40,0.08,0.28,0.05,0.06,0.04,0.02,0.17,940,25,751 660,471,452 932 610,760,14,225

Puc. 1. ®parMeHT KOHCOMIIOBaHOI 0a3u MaHWX 31 72 aHaii30Ba-
HHUX CTAJICH

Alloys and Compounds, Metallurgical and Materials
Transactions A, Acta Materialia Ta immmi.

KoxxHa cratTs Oyia npoaHaji3oBaHa Ha HassBHICThb
XIMIYHOTO CKJIaay — MacoBux 4actok Bymierto (C),
Maprauiro (Mn), mikento (Ni), xpomy (Cr), BaHait0
(V), momioneny (Mo), HifioGito (Nb), turany (Ti),
oopy (B) Ta iHmmMx KapOiJOyTBOPIOIOYUX EJICMCH-
TiB; MIKPOCTPYKTYpHHX TapaMeTpiB — TeMIlepary-
pu (azoBuxX mepeTBOpeHb (HEpuUTy, MepiiTy, OCHHITY,
MapTEHCUTY, ayCTEHITY, IX 4aCTOK, pO3paxoBaHHUX abo
BUMIPSHUX; YMOB TEPMOOOPOOKH — TeMIlepaTypu
ayCTeHi3allii, IBUAKOCTI OXOJIOKEHHS, PEKUMIB BH-
TPUMKH; MEXaHIYHUX BIACTUBOCTEH — MEXi TUIMH-
Hocti (MIla), mexi minHocti (MIla), BimHOCHOTO
nogowxeHHs (%), TBepAOCTI 3a mikanowo Bikkepca
(HV); MeTon0ooriYHnX 0COOINBOCTEH EKCTIEPUMEHTY
Ta THIIUX BOXJIMBHX mapaMeTpiB. JlaHi Oynu KoHCO-
mijoBaHi B equHui ¢aitn hopmary CSV, mo MicTHTh
72 3anucu — MO OAHOMY Ha KOXKHY CTarTio (puc. 1).

TEMIEPATYPH ®A30BUX IIEPETBOPEHb

st mesikuxX 3pa3kiB TemMmeparypu (ha3oBHX MEPETBO-
peHb Oymm Ge3mocepenHb0 BUKOPHUCTAHI 3 CTaTTi. Y
THUX BHIIQJIKaX, KOJIM TEeMIIEpaTypH NIEpETBOPEHHS BiJI-
cytHi (Tf— depur, Tp — nepmit, Tb — OeiniT, Tm —
MapTeHCUT, Ta — ayCTEHUT), BOHH PO3PaxOBYBaJH-
Cs 33 YCTAJICHUMH EMIIpHIYHAMU (HOpMyJIaMH, IO
BpPaxoOBYIOTh CKJIaJ JIETYIOUMX €JIeMEHTIB. Ik 0a3oBi
JoKepera Oy BHKOpHCTaHi pobotu [7, 8] Ta cydac-
Hi yTouneHHs [9]. Hanmpukian, Temneparypa modarky
MapTEHCUTHOTO TIEPETBOPEHHS Tm PO3pPaxOBYETHCS
3a hopmynoto Enrnpyca [7]: Tm = 539...423 C % —
30,4 Mn % — 17,7 Ni % — 12,1Cr % — 7...5 Mo %,
JIe BMICT €JIeMEHTIB B Mac. %. AHaAJIOTIYHO po3paxo-
BYBAJIHICS 1HIIN TEMITEPaTypH.
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METO/IH CTATHCTHYHOI' O AHAJII3Y

CrarucTUYHMN aHaji3 MPOBOIUBCS HA MOBI Iporpa-
myBaHHA R (Bepcis 4.2.0) 3 BUKOPHCTAaHHSM ITaKeTiB
tidyverse 1ist moniepeIHBOT 00pOOKH, corrplot — ans
Bisyaumizarii kopensiiiid, FactoMineR ta factoextra —
s ananizy PCA (Principal Component Analysis
TOJIOBHHX KOMIIOHEHT), a Takox Random Forest Ta
XGBoost — mis moOynoBH MoJenel MalTiHHOTO
HaBYaHHSA. MeTox KOpeJsIiiHOro aHaji3y JA03BOJIHB
OLIIHUTH B3a€MO3B’A30K MiXK OKPEMUMH IapaMeTpa-
MH CKJIaJy, MIKPOCTPYKTYpPH Ta BIIaCTHBOCTEH. Me-
Tox PCA BHABHB KIIIOUOBI (hakTOpH, 110 MOSICHIOIOTH
JHCIIEPCiIO JaHUX Ta J03BOJIUB Bi3yai3yBaTH CTPYK-
Typy Aanux. Mogeni niniiiHo1 perpecii (OLS) Ta pe-
rynspuzoBanoi perpecii (LASSO) Bu3Haumnu cra-
TUCTUYHO 3HAYYIL PETUKTOPH.

Anroputmu Random Forest Ta XGBoost mo3Bo-
JIUIIA CTBOPUTH OLUTBIIT TOYHI MPOTHOCTUYHI MO 3
MOAAJIBILIO0 IHTEPIPETALIEI0 BIUTUBY O3HAK 32 JOIO-
moroto SHAP (SHapley Additive exPlanations).

IHTEPIIPETALIIA
TA BI3YAJII3AL[IA PE3Y/IBTATIB

Bisyamizamisi pe3yabTariB MpoOBOAMJIACH Y MAaKeTi
RStudio — iHTerpoBaHoMy cepemoBHILi po3poOKH
(IDE) nnst MoBH mporpaMyBaHHsI R, IpU3HAYCHOMY
JUIE BUKOHAHHS CTaTUCTHUYHHUX OOUYUCICHb Ta IO-
OynoBu rpadiku. i Bizyamizaiii B3a€MO3B’S3KiB
Oynu moOynoBaHi KOpEeJsLiliHi TeIUI0BI KapTH; OimJIo-
1 PCA 3 rpynyBaHHsIM 3a TUNAMH cTajeid; rpadi-
KM BaXKJIMBOCTI O3HAK 13 METOAY BHIIAQJIKOBOTO JIiCY;
SHAP-rpadiku ans iHTeprperanii BHECKY 3MiHHHUX Y
NPOTHO3; AlarpaMy PO3CisTHHA Ta TPEHAOBI JiHil A
OCHOBHHX B3a€MO3aJIC)KHOCTEH.

PE3YJIBTATH
KOPEJIAIITHHHUH AHAJII3

Kopensiitanit aHaiiz — TepImid KPoK 10 BUSBICHHS
B32€MO3B’SI3KIB MK XIMIYHMM CKJIAQJIOM, MIiKpPOCTpPYK-
TYpOIO Ta MEXaHIYHHUMH BJIACTHBOCTAMH cTaneld. Jlms
72 3pa3kiB MU PO3PaxyBaJI KOPEIAIIHY MaTPHIIO 32
18 uncnoBUMH MapamMeTpamH, 10 BKJIFOYAFOTh MacoBi
YaCTKH €JIEMEHTIB, PO3paxoBaHi TeMIepaTypu (pa3oBHX
MIePEeTBOPEHb Ta KITFOUOBI BIACTHUBOCTI (IIOPIT TEKYYO-
CTi, MILIHICTh, TIONOBXKEHHSI, TBepAicTh) (puc. 2). [ia-
Ma3oH BMicTy Bymierto Bapiroetbes Bin 0,07 1o 0,26 %,
Mapranio — Big 0,95 1o 1,45 %, xpomy — Big 0,15 mo
0,36 %. 3HaueHHs MEXi TEKY4OCTi JIexKaTh B Jliana3oHi
525...675 MIla, a mexa minHocti — 675...825 MIla.
Takuit po3kua JaHUX JI03BOJISIE aHAJII3yBaTH BKIIAJ SIK
XIMIYHHX, TaK 1 TEXHOJIIOTTYHHUX (PaKTOPIB.

AHali3 OTpUMaHHUX PE3yJbTaTiB MOKa3aB BHCOKY
MMO3UTUBHY KOpeJsilito Mixk BMicToMm Byrienio (C) Ta
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Puc. 2. Kopernsmiiina MaTpuis Mi>k OCHOBHIMH ITapaMeTpaMu cTaieil: ¢ — 28 mapamerpis; 6 — 5 mapaMeTpis (ByIJIelb, MapraHens,

HiKeJIb, MeXa INIMHHOCTI, TBEPAICTb)

Mexer Tekydocrti (r = 0,65, p < 0,001). Lle nosicHto-
€TBCSl TUM, 1110 BYDJICIb CTIPHUSIE 3MIIIHEHHIO 3a paxy-
HOK TBEPJOPO3YNHHOTO, AUCIIEPCIITHOTO (YTBOPECHHS
KapOiIiB Ta KAPOOHITPUIIB) Ta CTPYKTYPHOTO (ITiIBH-
IICHHS TBEPJIOCTI MAPTEHCHUTY) 3MinHeHHS [ 1, 7].

AHaNOTrIYHO, CyMapHHH iHJICKC Kap0i/10y TBOPFOFOUMX
enemeHTiB (V, Mo, Nb, Ti) nposeMoHCTpyBaB CHITbHUI
MO3UTHBHUIA 3B’5130K 3 TBepaicTio (r = 0,70, p < 0,001),
IO MIATBEP/DKYE 1X poib y (HOpMyBaHHI 301HIOOUOT
MIKpOCTpYKTypH [2]. YacTka MapTeHCHTY Ta TeMIiepa-
Typa MapTEeHCHTHOTO INEPETBOPEHHS TAKOK KOPEITIOBA-
w3 minHicTio (7 = 0,58) Ta TBepaicTio (» = 0,62), Bino-
Oparkarouu BIUIHB I1i€i (ha3u HA MEXaHIYHI BJIaCTUBOCTI.
VY Toli ke yac 9yacTka (epuTy BHUSBWIACH HETAaTHBHO
OB’ $SI3aHOI0 3 MeXkero TekydocTi (» =—0,55, p <0,001),
1110 TTOB’SA3aHO 3 HOr0 BITHOCHO HU3BLKOK MIIHICTIO Ta
OLIBIIOK TIACTHYHICTIO [5]. I1IBUAKICTH OXOJIOMKEHHS
TMOKa3yBaJia IOMipHY ITO3UTHUBHY KOPEJIAIIIIO 3 YTBOPEH-
HsiM MapTeHcuTy (= 0,50), miaKpecrorouu il BIUTHB Ha
(hopMyBaHHST MIKPOCTPYKTYPH. 3arajioM, KOpeJIsiiiiHui
aHAIII3 TATBEPIMB OUiKyBaHi (Hi3HKO-XIMIUHI 3aKOHO-
MIpHOCTI MIX CKJIQJIOM, CTPYKTYPOIO Ta BIIACTHBOCTSI-
MH, 3aKJIaBIIN OCHOBY JUTS IONAIIBIIOTO Oaratodakrop-
HOT'O aHaJIi3y.

PCA— AHAJII3 I'O/IOBHUX KOMIIOHEHT

Jst 3MeHIeHHsT pO3MIPHOCTI CKJIamHOi OaraToBH-
MipHOI (OaraTomapamMeTpudHOl) CTPYKTypH NaHUX 1
Bi3yaizamii CTpyKTYypH BHOIpPKH OyJI0 BHKOPHCTAHO
MeTon aHamizy rojoBHuX kommoHeHT (PCA). Bcra-
HOBJICHO, mI0 meprma kommoHeHTta (PC1) mosicHioe
88,8 % 3arampHOi Aucriepcii Ta OB’ sA3aHa 3 €JIeMEH-
tamu cknany (C, Mn, V, Mo, Nb) i Temmeparypamu
yTBOpeHHs (a3, 0COOMMBO 3 TeMIlepaTypaMHu Map-
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TEHCUTHOTO Ta ayCTEHITHOTO IepeTBOopeHHs. Jpyra
kommonenta (PC2) nosichroe 6,4 % nucnepcii Ta Bi-
Jo0pakae Bapiallii MiIKpOCTPYKTypH (4acTka (Gepury,
MEPJIiTy) Ta mapaMeTpiB TepMOOOpPOOKU (IIBUAKICTH
OXOJIO/IPKCHHSI, TEMIIepaTypa ayCTEHUTU3AIII).

Ha niarpami poscitoBanss (puc. 3) MOXKIMBO BUIi-
JIUTH YOTUPH KJIACTEPH, 110 BIAMOBIIAIOTH OOpaHUM
kimacam craneid HSLA, HSA, SSHA ta ASSHA. Cra-
ni HSLA, mo xapakTepu3yloTbcss OCOOIMBO IIHPO-
KHM PO3IOJIIIIOM, CXHJIbHI 10 OLIbII BUCOKOTO BMIC-
Ty (GepuTy Ta MOMIpHOT YAaCTKH MapTEHCHTY, B TOU
yac sik craigi ASSHA yTBOPIOIOTH KOMITAKTHY T'PYILY
3 MakCHUMJIbHUMH 3HAYEHHSMH MEPIIOi KOMITOHEH-
TH, XapaKTepU3yIOUHCh MiBUIICHOI0 KOHLIEHTpAIli-
€10 KapO110yTBOPIOIOYHX EJICMEHTIB Ta MEPEBAXKHO 3
MapTEHCUTHOIO CTPYKTYPOIO.

PCA aHnani3 103B0JIMB Bi3yasti3yBaTH B3aEMO3B 513~
KM Ta BHSBUTH KIIIOUOBI MapamMeTpH, sKi 3a0e3nedy-
I0Th BapiaTUBHICTh BJIACTHBOCTEH, a TAKOX BHUSIBUTH
HEOOrPYHTOBaHI BHKHJIM Ta aHOMaJbHI 3pa3Ku Jyis
MOJIAJIBIIIOTO aHAJII3Y.

PETPECIHHHH AHAJII3: OLS TA LASSO

JI71s1 KiTbKICHOT OIIHKY BILTUBY OKpeMUX (DaKTOpiB HA
MEXY TEKYJOCTi Ta MIITHICTE Oy ToOyIoBaHi perpe-
CIVHI JIHIAHI MOJIEI.

Monens mpocToi niHiMHOI perpecii (OLS) mms
MEXI1 TEKy4YOCTi BKJIOYajia OCHOBHI 3MiHHI CKJIamy
Ta MikpocTpykTtypu. [loOymoBana miHiliHa MOAETH
MIPOJIEMOHCTPYBAIa HAI3BUYAHO BUCOKHUHN KoeiTi-
et aerepminanii (R* = 0,999), mo Ha mepimi mo-
DI BKa3zy€e Ha SKicTh mporHo3yBaHHS. Koedirri-
€HTH perpecii Mmoka3aiu CTaTUCTHYHO 3HAYYIIHH
BB ByTelto (B =+120 MIla/mac. %), mapranirto
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PCA — ctans no nomepam (Article ID)
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Puc. 3. Anani3 TOlOBHUX KOMIIOHEHT 3 BUILUICHHMH KJIaCTepaMH TOCIIIHUX cTaned (mudpu Ha rpadiky — HOMepa cTaili y KOHCOIMi-

JoBaHiit 6a3i 1aHKX)

(p =+ 25 MIla/mac. %) Ta Temneparypu MapTEHCHUT-
Horo niepeTBopenHs (=+15 MIla/°C), Bci3 p <0,01.
OnHak mpH JeTalbHOMY PO3IIISIl BHUSIBISIETHCS, IO
JIMIIIE TeMIIePaTypH MEPETBOPSHHS Ta MEKa MIIIHOCTI
€ cratuctuaHO 3HauymmmH (p < 0,05). Bknanx ximiu-
HUX €JIEMEHTIB y LIl MOjei BUSBUBCS HE3HAYHUM
Yyepe3 MYJIbTUKONIHEAPHICTh (CHIBHHUN JIHIHHUHA KO-
PeISLIHUE 3B’ 30K MK IBOMa 200 OlJIbIIIe HE3aIeK-
HUMU 3MIHHHMH) Ta OOMEKESHUH Jiara30oH Bapiallii.

Just mocnabneHHsT MyJIBTUKONIHEApHICTI Ta Bij-
0opy HaiOLIbIT iHGOPMATHBHUX 3MIHHHUX OYJIO BUKO-
pucrano perymsipusanito LASSO. s Mmonens ckopo-
THJIa HaOlp OCHOBHMX O3HAK J0 MapaMeTpiB CKJamy
C ta Mn, cymapHOro kapO0i0yTBOPIOKOYOIO 1HIEKCY
Ta TEMIIEPaTypu MapTEHCUTHOTO MEPETBOPEHHS, IPH
LbOMY MOSICHIOKOUH 75 % Bapiallii Mexi TEeKy4OCTi.
Mogens LASSO mnoxpaiuia iHTepIpeTOBaHICTh Ta
CTaOUIBHICTh MPOTHO3Y, MiATBEP/UKYIOUH KIIFOUOBY
POJb JIETYIOYHMX E€JIEMEHTIB Ta Temreparyp (a3oBux
nepeTBopeHs [6, 9].

CriiBCTaBIICHHS Pe3yJbTaTiB BXKIIMBOCTI O3HAK 32
JIOTIOMOTo10 perpeciiinux mozeneid Random Forest,
XGBoost Ta SHAP npeacrasieno Ha puc. 4.

AHCaMOJICBUI ~ JITOPUTM  BUIAJKOBOIO  JICY
(Random Forest) BusBUB, 110 HAHOLIBIN 3HAYCHHS
B)XXJIMBOCTI MAlOTh Taki MapaMeTpH, SK MeKa Mill-
Hocti (TensileStrength) ta Temneparypu dazoBux
MEPETBOPEHB (aYCTEHIT, MAPTEHCHT, TEPIIT, OCHHIT).
XiMIYHUH CKJIaJl, 30KpeMa BMICT BYIVICIFO, MapraHIIio
Ta XpOMY, Ma€ JIeI0 MEHINWH BIUIMB, IO MiATBEp-
JDKY€ KPUTHYHY POJIb TEMIIEPaTyp TEpMOOOPOOKH Y
¢opmysanni Bnactuocteit BITHJI craneit. Tounicts
nepea0aYeHHsT Ha TECTOBIM BHOIPI OIIHIOETHCS SIK
RMSE = 3 MIla (Root Mean Square Error — cepen-
HBOKBAJ[paTUYHA IOMUJIKA), IO CBIIYUTH PO BHCOKY
HaAIMHICTh MOZEII.
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Criuparouynch Ha 3i10paHy 0a3y JaHuX 1 Po3poOsieHi
Mozieni, OyJ0 CTBOPEHO MPOTHOCTHYHUMA 1HCTPYMEHT
JUI OLIHKM BJIACTUMBOCTEM 1 CKJIAAIB HOBUX CTAJIEH Ta
pexumiB Tepmooopookn HSLA, HSA, SSHA 1 ASSHA.

Ha ocHoBi mozeneit XGBoost 3 inTeprperari€eo
SHAP moxHa opManbHO 3ajaBaTH Jiara3oH JIery-
BaHHS Ta MIApaMeTPH TEPMOOOPOOKH, OTPUMYIOUH T1e-
pendayeHHs MEXKi IJTMHHOCTI, MIITHOCTI, IACTUYHOC-
Ti ¥ TBEPAOCTI 3 TOUHICTIO OJIIN3BKO £5 %.

[Iporuo3oBaHo, 110 30UIBIICHHS CyMapHOTO
BMicTy KapOimHoro mokasHuka (V+Mo+Nb) mo-
Han 0,12 mac. % mnpu Temmeparypi aycTeHizarii
920...940 °C 1 MmBHUAKOCTI OXOJOKEHHS Oljbliie
20 °C/c mpu3BOAUTH JI0 TiABUIICHHS MEXI1 INIMHHOCTI
1o 600...650 MIla ta TBepnocti Buuie 220 HV npu
30epeKeHHI BITHOCHOTO TMOJOBXKEHHs moHan 15 %,
IO MiATBEPIUKYETHCS podoTamu [1].

Byrnens, nmonpu Horo 3Ha4HUI BIIJIUB, MA€ YTPU-
myBatucsi y mianazoni 0,08...0,14 % nns Gamancy
MIIIHOCTI Ta TIACTHYHOCTI, IO MiITBEP/IKYETHCS K
CTATHCTUYHUM aHaJIi30M, TaK 1 eMIIPUYHUMH JiTepa-
TypHUMH JaHUMH [5].

Temneparyps MapTEHCHTHOTO II€PETBOPEHHS,
po3paxoBaHi 3a (opMmysiaMH, 3a0e3IeuyrTh OITH-
MaJIbHUM MIKPOCTPYKTYPHUH CKIIaja i3 HEeoOXiaHOIo
YaCTKOK) MApTEHCUTHOI CKIIAZ0OBOT IS 3MIIlHEHHS,
OJTHOUACHO MiHIMI3yIouH ynapHy B s3kicTbh [9]. TIpo-
THO3YBaHHS TaKOX IMOKa3ye, IO MOTU(IKAIis pexu-
MiB TepMOOOpPOOKH (IIPUCKOPEHE OXOJIOKEHHS abo
BUTPUMKA 33 IPOMDKHHUX TEMIIEPATYP) MOKE CYTTEBO
BIUIMBATH Ha BJIACTUBOCTI 32 PaXyHOK pETyJIIOBaHHS
¢dopmyBanHs OeliHiTy i depury. Lle BigkpuBae Mox-
JIMBOCTI ISl TOHIIOTO HAJIAIITYBAHHS XapaKTEPHCTHK
crasie 0e3 3MiHM TX XIMIYHOTO CKIIaTy.

3acTocyBaHHs METO/Y IPaiEHTHOTO MPUCKOPEHHS
(XGBoost) m03BOIHITO TOCSATTH HAWKPAIITIX PE3yTbTa-
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Puc. 4. TlopiBHSHHS BaXKJIMBOCTI 03HAaK 3a Monelsamu: ¢ — Random Forest; 6 — XGBoost; 6 — SHAP

TiB 3a TOuHicTIO porHo3yBaHHs (RMSE = 2,8 MI1a na
TeCTOBiH BUOIpII). AHAJI3 Ba)KITMBOCTI O3HAK BHSBUB
JOMIHYIOUH BB BMicTy Byriemnto (Gain = 0,314),
TEeMIIepaTypH NepeTBOPEHHS MIEPITITy Ta MAPTECHCHUTY.

Buxopucranas mnokasaukie  SHAP  mo3Bommio
Bi3yalli3yBaTH BKJIaJl KOKHOI O3HaKd B KiHIIEBE Iie-
pendadeHHsl, O Ja€ AONATKOBUH METOX KEepyBaHHS
BJIACTUBOCTSIMU CTaJli Ta ii 3BapHUMH 3’ €JHAHHSIMH.
Mertoj okasye, 1o JUisi OKPEMHX CTallei BUPIIIaib-
HUM (hakTopoM cTae came BMicT Byniewto (C %), Toxi
SIK JUTS IHIINX — TeMIIepaTypHi mapaMeTpu IepeTBo-
penns Ta aeski ximiuai enementn (Ni, Cr, V, Nb). Lle
ITiJIKPECIIF0E€ HEOOX1THICTh 1HAMBIYILHOTO TiIX0Ly
TIPH MTPOEKTYBAHHI CTaJIEH.

KIIACTEPH3ALIIA TA AHAJII3 CTAJIEH
34 KITACAMH

Krnacrepuzariiss crameid — 1ie MeTOI TPYITyBaHHS
cTayiell 3a CXOXKICTIO BIacTUBOCTEW Oe3 3a3zalierinb
3a1aHoi Kimacudikamii, o JToroMarae BUSIBUTH TIPH-
XOBaHI 3aKOHOMIPHOCTI 1 TaKMM YHHOM IIPOTHO3Y-
BaTH MaiOyTHE BUHUKHCHHSI CTaJIC 3 HOBHUM KOMII-
nekcoM BiactuBocTeld. PCA Ta KiacTepHHA aHai3H
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OJTHO3HAYHO JEMOHCTPYIOTh, IO Cy4acHi KJjacu BU-
COKOMIIIHUX HU3bKoseroBanux crajieit (HSLA, HSA,
SSHA, ASSHA) pi3HATBCSI HE TiINIBKH 32 CKJIAJ0M, ajie
i 3a BapiaTuBHicTIO BiacTuBoctedl. HSLA — Haiipis-
HOMaHiTHiIIa rpyna, B Toi vac sik ASSHA xapakre-
PH3YETHCSI BUCOKOIO OTHOPIIHICTIO Ta €KCTpEeMallbHH-
MU 3HAYCHHSIMH KJIIOUOBHX IapameTpiB — MillHOCTI,
yAapHOT B’SI3KOCTI, TEMIIEpaTypaMH CTPYKTYPHHX Tie-
perBopenb. [Ipomixni knacu (HSA, SSHA) 3aiima-
I0Th TIEPEXiIHY MO3UIIII0, IO CBITYUTH NPO IJIABHY
3MiHY CTPYKTYPH Ta BJIACTUBOCTEH mpu mMoaudikaii
CKJIQJIy Ta PSKUMIB TEpPMIYHOT 00poOKH (puc. 5).
Lleli BHCHOBOK akTyalli3ye 3a/iadqy IOIIyKy HOBHX
KOMITO3HMIIIH, SIKi MOIIM O 3aliHATH BUIBHI Hillll B MPO-
CTOpi BNACTHBOCTEH (MILHICTB-TUIACTHYHICTD, KapOij-
HUH TapaMeTp TeMIepaTypy TEepeTBOPEHHS TOWIO), a
TaKoXK ONTUMI3allii PEKUMIB TEPMIYHOT OOpOOKH Jist
BUXOJTy 32 MEXKI BIJIOMHUX KJIACIB BUCOKOMIITHHX CTaJICH
Ta OTPUMaHHS HOBOTO KOMIUIEKCY BJIaCTUBOCTEH.
Buxopucrannst kiactepuzaliii JO3BOJSIE MTPOBECTH
YIIOPSIIKYBaHHS IAHUX. 3aMiCTh 3arajlbHOrO MacHBY BH-
COKOMIIIHMX HHU3BKOJIETOBAaHUX CTaJlel OTPUMYEMO JIO-
riyny knacudikaniro. [IpraoMy BUKOPHCTaHHS Pi3HOTO
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patypy IepeTBOPEHHS MApTCHCUTY
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piBHS CTpyKTypm3amii (KUTBKICTh KJIacTepiB) JO3BOIISIE
BUSIBUTH CTIHKI 3aKOHOMIPHOCTI, HAIIPHUKIIAJ, IO MiIl-
HICTh 0€3MOCepeHBO TIOB’S3aHA 3 BMICTOM KapOiiB,
aje Xxapakrep 3B 513Ky He JiHIiHNH (puc. 6).

IIpoBenenHs kiactepusawii A03BOJIUTH IEPEA-
OaunTH, B pa3i MOSBU HOBOI CTaji 3 BIJIOMHM PO3pa-
XYHKOBHM KapOiTHUM TapaMeTpoM, B SIKUH Kiactep
(a 3HAUUTH, IKUW PIBEHb MIIHOCTi) BOHA ITOTPAIUTh.
BinokpemiieHHs TepCeKTUBHUX TPy — HalPUKIIA,
KJIACTEPH 3 BUCOKHMH PiBHSAMHE MIITHOCTI, aJIe Pi3HOIO
KapOiTHOI CTPYKTYPOIO, BKa3yIOTh, III0 MOXKHA (aie
HE Ka)Ky4H sIK) JIOCSITTH IEBHOTO PiBHS MillHOCTi. Bu-
KOPHCTaHHS 1HINX BUOIB KJIACTEPiB — HAMPHUKIA,
BCTAHOBJICHHS BIUIMBY TEMIIEPAaTypu IMEPETBOPEHHS
Ha YacTKy CTPYKTYpHHX TapameTpiB ((epury, nepiri-
Ty, OCHHITY Ta MApPTEHCUTY) TO3BOJIUTH ONITHMI3yBaTH
iCHYIOUI Ta pO3POOMTH HOBI TEXHOJOTIUHI PEXKUMHU
3BapIOBAaHHS Ta TEPMIYHOT OOPOOKH cTaseH.

JlonarkoBo 15l aHali3y KIIacTepiB MOKIMBO BHKO-
PHCTOBYBATH TaK 3BaHi AcHIporpamu. MeTton IeHapo-
rpamu — Iie METOJ Bi3yawizallii pe3yJibTariB iepapxiy-
HOI KJIacTepH3arlii, o € AePEBONOMIOHOIO TiarpaMoro,
IO MOKa3ye K 00 €KTH 00 €IHYIOTHCS B KJIacTepU HA
PI3HUX piBHSX MoAIOHOCTI. BiH M03BONISIE HAOUHO YSBU-
TH CTYTIIHB TIOIIOHOCTI MiXK 00’ €KTaMH Ta 00paTH OTTH-
MaJIbHY KUTBKICTh Ki1acTepiB. JleHaporpama, modyaosa-
Ha 3 ypaxyBaHHSM l€papxiuHol KiacTepu3allii crajiek,
BiZIOMBaE CTYMiHb iX MOMIOHOCTI 32 OOpaHWMH Xapax-
TEPUCTUKaMH (HANPHKJIad, XIMIYHUIA CKIaJl, TBEPIiCTb,
MeKa MIITHOCTI, po3Mip 3epHa) (puc. 7).
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Ha HmkHIX piBHSIX iepapXiuHa CTPYKTypa AEHAPO-
rpamu 00’ €JHy€ HaOMMK1i OAI0H1 32 BIACTHBOCTS-
MU CTaJli, [0 CBLIYUTH MPO TX BUCOKUM PiBEHB MMOJ1i0-
HOCTi. Y Mipy pyXy Bropy BigOyBaeTbcsi 00’ € THaHHS
y BEJIMKI KJIACTEPH, IO BiIOMBAIOTh NOCTYIOBE 3HH-
JKCHHSI CTYIICHS MOMIOHOCTI. 3HAYCHHS OCi OpJAMHAT
BiJIMIOBi/1a€ BificTaHi (00 METPUIl BIIMIHHOCTI), IPH
SKiH BimOynocs 06’ eqHanHs 00’ekTiB abo rpym. Yum
BHIIE PIBEHb 3JIUTTS, THM MEHII OJHOPIHI 00’ €KTH,
10 00’ €THYFOThCHS.

[IpoBeneHHS YMOBHOI TOPU3OHTAIILHOIT JTiHIT BifCi-
KaHHsI JO3BOJISIE€ PO3AUINTH JEHAPOrpaMy Ha 3alaHy
KUTBKICTh KiactepiB. Ilpu HU3bKOMY PiBHI BifCiKaH-
HSl JOPMY€ETBCSI 3HaUHA KUIBKICTh MAJIHX OJHOPIIHUX
IPYIL, TOi SIK 32 BUCOKOTO PiBHA — KiJIbKa YKpYIHE-
HUX KjactepiB. Hanmpuknan amist cranei, y pasi aHa-
73y 3a KapOiAHUM MapaMeTpoM Ta MEXEl MIIHOCTI
MOXJUBe (HOpPMYBaHHS OKPEMHX KJAacTepiB: CTali
3 BHCOKHUM BMICTOM KapOiiB Ta MEXEK MIIHOCTI
>1200 MIla yTBOpIOIOTH OIHY IpyIly; CTami i3 ce-
penHIMH 3HaUE€HHSAMHU MOKA3HUKIB — 1HIIY; HU3BKO-
MIIIHI — TPETIO.

TakuMm yMHOM, IEHApOrpaMa I03BOJISIE HE JIUILE
Bi3yalli3yBaTH CTPYKTYpY MOMIOHOCTI MiXk CTaJISIMH, &
i kacudikyBaru X 3a rpynamH, 1o MOJIETIIY€ BUSB-
JICHHS 3aKOHOMIPHOCTEH Ta IHTEpIPETALiIo pe3yIbTa-
TiB TIpU po3poO1i Ta BUOOpi MaTepiais.

KAPTA OBMEXEHHSA JAHUX

Amnaui3 BiniOpanux 72 crareil BUSBUB KiJIbKa KITFOUO-
BUX HAIpPSMKIiB, B SIKHX iICHYIOTh 3Ha4Hi OOMEXKCHHS
(HemocTaTHS KUIBKICTh POOIT MPUCBSIYEHUX TOMY YH
THIIOMY MapaMeTpy) Ta HEJONIKH y METOIUKAX OTpH-
MaHHS JaHUX, HI0 TEPEIIKOKAIOTh TTOBHOLIHHOMY
MPOBEJICHHIO CTATHCTUYHOTO, JAOCTOBIPHOMY pO3Y-
MIHHIO B3a€MO3B’S3KIB Ta €()EKTUBHOMY IPOTHO3Y-
BaHHIO BJIACTUBOCTEH CTajel Ta ix 3BapHUX 3’ €THAHB
(puc. 8). dnst nporo OyB BUKOPUCTAHUH METOJ 100Y-
noBu TemioBoi kaptu HeatMap. Meron temiosa kap-
Ta — Iie TeXHiKa Bi3yasi3allii JaHUX, SKa BUKOPUCTO-
BY€ KOJILOPH ISl IPE/ICTaBICHHS 3HAYCHb Y MaTPHIIL.
UuMm Terutimmid Koip (HampUKiIaj, YepBOHHIN), THM
BUIIIC 3HAUCHHS, a YMM XOJOAHINIUKI (CHHIN, 3ele-
HUN) — TUM Hipkde. Lleit MeTon mM03BOsE MIBUIKO
ieHTH(IKYBaTH KOHIEHTPAIIIO JIAHUX, TIATEPHHU 1 00-
JacTi HaOILIIOT AKTUBHOCTI Ta HABIIAKU HAWMEHIIOT
aKTHBHOCTI. Ha kaJib, HaBiTh P JOCTaTHHO BEIHKIH
yBa3i, M0 NPHUIUIIETHCS HOBUM Marepiajiam, Bce MIe
BIJICYTHS BiJIKpUTa 0a3a IaHUX JUIsl IIPOBE/ICHHS BCe-
OIYHOrO MMOBHOMACIITA0HOTO aHali3y, sika OU BKIIIO-
yanay cebe i3uuHi, XiMi4Hi, MEXaHi4Hi, CTPYKTYpHI,
TEMIIepaTypHi BIaCTHBOCTI.

[o-mepirie, crioctepiraeThcsi OOMEKEHA KIIBKICTh
CHCTEMAaTU30BaHHX Ta MOPIBHSAHHMX JAHUX II0/0 BILIH-
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By IIBHJKOCTI OXOJODKCHHS Ta CKJIAAHUX PEKUMIB
TEepMOOOPOOKM Ha MIKPOCTPYKTYpY Ta MEXaHiuHi Blla-
CTUBOCTI CTaJIel Ta iX 3BapHUX 3’ €AHaHb. binbIicTs po-
OIT HaBOIATH OKPEMi EKCIIEPUMEHTANIBHI PE3YJIBTaTH 32
(hikcoBaHMX YMOB, ajie BiICyTHil yHiikoBaHuil HaOip
HapamMeTpiB, 10 OXOIUTIOE LIMPOKUHL Aiara3oH PexKrMIB.
Le ycknagHioe moOyIoBy y3araJbHEHHX MOJEIEH Ta
3HIKY€E TOUHICTh TporHo3is [10, 11].

[o-npyre, maiixe BiCYTHI OCHTIIKESHHS, IPUCBIYE-
Hi BIUTMBY MIKPOEJIEMEHTIB Ta PiAKICHUX J100aBOK, Ta-
Kux sk peHii (Re), rapmniit (Hf), camapiii (Sm), eBpomiit
(Eu) ta 6i1p11 3Bnyaiinnx — 0op (B), asor (N), kanbii
(Ca) Ta ix B3aemozii 3 OCHOBHOIO CHCTEMOIO JICTYBaHHSL.
Ix ponb y opmyBanHi Kap6iziB Ta 3epeHHOT CTPYKTYpH
MaJjio BUBYCHA, HE3BAYKAIOUM Ha MOTEHLa JJIs TOKpa-
LICHHS BIACTUBOCTEH cTaneii [6, 12].

ITo-tpete, y OinbmIOCTI cTareld CHOCTEPIraeTh-
CSl aKIIEHT Ha CTaTHYHHUX MEXaHIYHUX BIACTHBOCTAX
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Puc. 8. HopmoBana mara 0OMeXeHHS JaHUX y 0OpaHUX CTATTAX:
0 — manux Hemae; 1 — MMOBHMI 00CST JaHUX
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(TBepaicTh, MIIHICTh, IUIACTUYHICTB), MPH LHOMY
JlaHi Ipo JUHAMI4HI XapaKTepPUCTHUKHU (BTOMA, yIapHa
B’SI3KiCTh, OMIp 3HOCY) HaI3BHYaiHO OOMEXeHi abo
BigcyTHi. Lle cepiio3HO 0OMeExXye MpakTUYHE 3acTO-
CyBaHHS pPe3yJbTaTiB, 0COOIMBO JUIA BiANOBIAAIBHUX
KOHCTpyKi# [1, 5].

Kpim TOrO, BHSIBICHO 3HA4HE PI3HOMAHITTS METO-
JMK BU3HAYEHHS TeMmIeparyp (a3oBHUX MepeTBOPEHb Ta
4acTky (a30BUX 4acToK. Lle mpu3BoANTH 0 HECYMICHO-
CTi JaHMX Ta YCKJIQTHIOE CTBOPEHHS €JMHOT 0a31 3HAHb.
HeoOxigna cranmapTu3awisi METOIIB BUMIPIOBaHHS Ta
pospaxysky [8, 9]. Cepen BuOpanux crareid Mano Jo-
CITIIDKeHb, 110 IHTErpyIOTh EKCIIEPUMEHTANbHI JaHi 3
MOJIENTIOBaHHSIM MIKPOCTPYKTYPHOTO CTaHy Ha OCHO-
Bi Qi3nunux monenell. Take 00’eqHaHHS JO3BOMIIO O
MIBULIMTH TiependadyBaHy cuily Mofeieil Ta mmore
3pO3yMITH MEXaHI3MH 3MillHEHHS [ 3, 4].

TakuMm unHOM, BU3HAYCHI OOMEKEHHS TAaHUX CTa-
HOBJISITH TIEPCIIEKTUBHI HAMPSIMKH AJ1s1 MaiOy THIX 10-
CIII/KEHb Ta PO3POOKH KOMIUIEKCHMX MOJENEH, 110
00’ €IHYIOTb EKCIIEPUMEHT 1 UHCEJIbHE MOACITIOBAHHSI.

OBI'OBOPEHHSA TA BUCHOBKH

[IpoBeaeHuii CTaTUCTUYHUE aHAITI3 JaHKX 13 72 crareit
11010 BUCOKOMIIIHUX HU3bKoJIeroBanux crajen (HSLA,
HSA, SSHA, ASSHA) no3BoimB cuCTeMaru3yBaTd
3HaHHSI TIPO B3a€EMO3B’SI3KU CKIIa/Ty, MIKPOCTPYKTYPH Ta
MEXaHIYHUX BJIACTHBOCTEH. Pe3yibraru 1miIKpectoTh
Ba)XJIMBICTh KOMIUIEKCHOTO TIJIXOIy 10 IPOCKTYyBaH-
HSl CTaJICH, y SIKOMY BPaXOBYIOTHCS HE JIMIIIC XIMIYHUI
cKIaJ i yactka (has, ajne i pexkuMH TepMIYHOT 0OPOOKH.

OHUM 13 KJIFOYOBHX BUCHOBKIB € TT1ITBEPIKCHHS
LEHTPAJILHOI POJIi BYIVICLIO Ta KapOiJ0yTBOPIOIOUMX
enemeHTiB (V, Mo, Nb) y 3MminHeHHi craieid. BoxHo-
Yac X oNTHUMaJIbHUH BMICT OTpedye OanaHCyBaHHS,
o6 30eperTv 3a70BUIbHY TUIACTHYHICTh 1 YHUKHY-
TH Kpuxkocti. Temneparypu (a3oBHX NEepeTBOPEHb
CIIPaBIISIIOTH ICTOTHUN BIUIMB Ha (hOpMyBaHHS MiKpoO-
CTPYKTYpH, 1110 BU3HAUYA€E KiHIEBI BIacTUBOCTI [7, 9].

BukopucTtaHHS Cy4YacHHMX METOMIB MAaIIMHHO-
ro mapuyanns, Takux sk Random Forest 1 XGBoost,
3HAUHO MIJIBUIIMJIO TOYHICTh MPOTHO3Y MOPIBHIHO 3
KnacuuyHUMH diHiHEME Monenssmu OLS ta LASSO.
[Ipote, mo06 3a0e3neunTH IOBIpY MO TAKUX HYOPHHUX
CKPHMHBOK, BXKJIMBO 3aCTOCOBYBATH 1HTEpPIIPETOBaHI
METO/IM TOSICHEHHS, Hanpukiaa meton SHAP-anari-
3y, SIKi JIO3BOJISIFOTH BUSIBUTH BHECOK KOJKHOTO Iapa-
MeTpa y nmporHo3yBanHs 2, 3].

Kapra oOMexeHHsS NaHMX BHSBWIIA KUIbKA IEp-
CTHEKTUBHHX HAMPSIMKIB 7151 TOAATBIIUX JIOCIIKECHb.
30KkpeMa, CHCTEeMaTHYHE BHWBYCHHS BIUIMBY LIBH/I-
KOCTI OXOJIOJDKEHHSI Ta CKIIAJHUX PEKUMIB TEPMOO-
OpoOku moTpedye yHidikamii METOANWK 1 PO3MIMpPEH-
Hsl KCIIEPUMEHTAJIbHUX JaHuX. JociipkeHHs poi
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MIKpOEJIEMEHTIB Ta iX B3a€MOJil 3 OCHOBHUM JIEry-
BaHHAM 3aJMLIAE€THCS HEIOCTATHBHO MPEACTABICHUM
y miteparypi. Kpim Toro, muHamiuni MexaHiyHi Bia-
CTHBOCTI Ta CTIHKICTb JO BTOMH HOTPEOYyIOTh OibII
rmubokoro anamisy [1, 5].

OKpeMo CITiT BiI3HAYUTH HeOOX1AHICTh IHTeTpamil
EKCIIEPUMEHTAIbHUX JIAHUX 13 MOJICIIOBAHHIM Mi-
KPOCTPYKTYpHUX mporeciB. [loeqHanHs emMmipuuHux
1 (hi3UKO-MEXaHIYHUX MOJCIICH JO3BOJIUTH CTBOPIOBA-
TH OUIBII HAJIiIHI Ta YHIBEpCaTbHI IHCTPYMEHTH TPO-
THO3YBAaHHSI BIIaCTUBOCTEH [4].

V mimoMy, maHWR OTIIAN i CTAaTUCTUIHHUHN aHai3
3a0e3reuyoTh 0asy Juis po3poOKH HOBHX BHCOKO-
MIIHUX CTajel i3 nmependadvyBaHUMH Ta KEPOBAHUMH
xapakTepructukamu. [IporHoCTHYHI Mofemi, mooymo-
BaHi Ha OCHOBI JJaHHX, MOXXYTh BUKOPHCTOBYBATHCS
JUIA [IBUIKOI OLIIHKW BJIACTUBOCTENM HOBUX CKJIAIB 1
onTHMI3aIii BAPOOHUYHX MPOIIECIB, 110 CYTTEBO Tij-
BUIIY€E €(EKTUBHICTh TEXHOIOTIYHUX PO3POOOK.

Le#t pyxommc OyB IiArOTOBICHUH 3a CHpPUSHHS
MoBHOI mozeni ChatGPT, po3pobnenoi OpenAl, ms
MOKPAIICHHS JIIHTBICTHYHOI YnuTabenpHoCcTi. Binbip
Ta aHai3 Marepiaiy, ToOyqoBa 0a3u TaHUX BHCOKO-
MII[HUX HHM3bKOJETOBAHHUX CTaJle, PO3PaxXyHKH IO
perpeciiHuX MOJENsSX Ta BUCHOBKH OyJ0 3poOiieHO
Oe3rmocepeTHhO aBTOPOM.
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INFLUENCE OF STATISTICAL ANALY SIS METHODS ON PREDICTION
OF THE MICROSTRUCTURE AND PROPERTIES
OF HIGH-STRENGTH LOW-ALLOY STEELS

V.A. Kostin
E.O. Paton Electric Welding Institute of the NAS of Ukraine. 11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT

The paper presents complex statistical analysis of the properties of high-strength low-alloy steels (HSLA, HSA, SSHA, AS-
SHA) with application of a wide data base. The modern methods of data analysis, including correlation analysis, principal
component analysis (PCA), as well as machine learning (Random Forest, XGBoost) and SHAP values and interpreted matrices
were used to study the interrelation between the chemical composition, microstructure and mechanical properties of steels. Key
elements and parameters, having the maximal impact on strength, ductility and thermal resistance were determined for each
group of steels. Optimal ranges of C, Nb, V, Ni content, as well as heat treatment modes, including austenitization temperature
and cooling rate were substantiated. The results demonstrate that complex control of the composition and heat treatment allows
developing steels with an excellent balance of service characteristic. Practical recommendations section presents specific tips
as to metallurgical design of new steels, including the use of machine learning models for acceleration of development and
optimization of steels. The work also discusses the research gaps, such as the need to standardize the data, study complex inter-
action of alloying elements, phase transformation dynamics, and prospects for implementation of AI methods. 12 Ref., 8 Fig.

KEYWORDS: high-strength low-alloy steels, statistical, correlation, cluster analysis, machine learning, microstructure, pre-
diction of properties
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