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AHOTANIA

I'apawenxo O.C. BmnuB cTpyKTypHO-(ha30BOTO CTaHy Ha eKCIUTyaTalliifHi
XapaKTepUCTUKH MeETally 3BapHUX 3 €qHaHb IMapomnpoBoaiB. — KgamidikamiiiHa
HayKOBa Ipalls Ha MpaBaxX PYKOIHCY.

Hucepramisi Ha 3100yTTS HAYKOBOTO CTyIEHsS JokTopa dimocodii 3i
cuemianbHocTi 132 — Marepiano3naBctBo (13 — MexaHiyHa IHXKCHEpis). —
HamionaneHuil TEeXHIYHUN YHIBEpCUTET «XapKIBCHKUN MOJITEXHIYHUN 1HCTUTYTY,
MOH VYxkpainu, Xapkis, 2023.

PoGoty BukoHaHo Ha Kadenapi «3BaproBaHHs» HallloHaJIBHOTO TEXHIYHOTO
YHIBEPCUTETY «XapKIBCbKHUI MOTITEXHIYHUMA IHCTUTYT» MiHICTEpCTBA OCBITH 1 HAYKH
Vkpainu. 3 auceprali€rd MOKHA O3HAaWOMUTHCH y OiOmioreri HarioHansHOTO
TEXHIYHOTO YHIBEPCUTETY «XapKIBCHbKUN MOJITEXHIYHHM IHCTUTYT» 3a aJpECcOlo:
61002, m. Xapkis, Bys. Kupnnuosa 2.

VY nucepramiiiHii poOOTI TPENCTaBIICHI PE3yJbTaTH JOCTIHKCHHS 3MIH
CTPYKTYpHO-()a30BOTO CTaHy MeETally 3BapHUX 3 €HAaHb MAPOMPOBOJIB TEILIOBUX
€JIEKTPOCTAHLINA, a TakoX pO3pOOKM MpaKTUUYHHUX  PEKOMEHJAIld  II0J0
YIOCKOHAJIEHHSI METOJIUK MeTaorpadiqyHOro aHajizy A MOAAJIBIION0 YTOUYHEHOTO
BHU3HAYEHHS 1X HAJIMHOCTI Ta 3aJIMILIKOBOrO PECYpCy eKCILTyaTallii.

06 ’exm docnioxcenHss — CTPYKTypHO-(Da30BUI CTaH MeTaly 3BapHUX 3’ €IHAHD
napornpoBoaiB TEC 13 TemnocTikux crajned mnepiitHoro kiacy I12XIM® i1
15X1IMI1®.

IIpeomem oocniddcenHss — KUTbKICHE BU3HAYEHHS 3MIHU CTPYKTYpPHO-(Ha30BOT0O
CTaHy Ta eKCIUTyaTaIliiHIX XapaKTePUCTHUK METAIy 3BapHUX 3’ €JHAHb MapOTPOBO/IIB,
K1 TPUBAIUH YacC €KCILTyaTYIOThCSl B yMOBaX MOB3YYOCTI 1 MAJIOIUKIIOBOT BTOMH.

JocmimkeHHs CTPYKTYypHO-(ha30oBOro CTaHy, BJIACTUBOCTEMN 1
MOIIKOKYBAHOCTI METally 3BapHUX 3'€HAHb MapOMpPOBOJIB BUKOHYBAJIH IUIIXOM
BUKOPUCTAHHS BIIMOBIIHMX METOAIB Ha 3pa3kax 3BapHUX 3'€HAHb, SKI OyiH
BHpI3aHi 3 AII0YUX TApOMPOBO/IIB.

[Ipu mpoBeneHHI EKCMEePUMEHTANBHUX JOCTIPKEHb BUKOPHCTOBYBAJIU, SIK

CTaHJApPTHI METOAM 1 METOAMKH, IO YacTKOBO OyJM YIOCKOHAaJeHl, TaK 1



OpUTIHAIBHI.

BuBueHHsT CcTpyKTypHu, XIMIYHOro ckiaay 1 OyaoBU 3IIHCHIOBAIM 3
BUKOPDUCTAHHAM METOJIIB ONTHYHOI, pPAacTpoBOi 1 MPOCBIUYIOYOi E€IEKTPOHHOI
MIKPOCKOTIIi.

[TpoBeneni moCHiHKEHHS MeETaldy 3BapHUX 3 €IHAHb MAPOMPOBOJIB, IO
JTOBrOTPUBAJIO MPAIIOIOTH B YMOBAX MOB3YYOCTI 1 MAJIOIUKIOBOT BTOMU, HA OCHOBI
dbpakTaIbHOTO aHai3y 1 METOAY CIYHMX MPSMHUX JIHIM, JO3BOJWIM CTBOPHUTH
METOJIMYHY OCHOBY JJISl OIIIHKU 3MiH CTPYKTYPHO-()a30BOTO CTaHy, SIKU MIPU3BOAUTD
JI0 PYMHYBaHHS.

HaykoBa HOBM3HA OTpUMAaHMX pPE3yJIbTATIB IMOJSTa€ B TOMY, 10 HA IiJICTaBl
TEOPETUYHUX Ta EKCIIEPUMEHTAIBHUX JOCIIIKEHb 3100yBaYeM:

- BIIEpIIIE YCTAHOBJIECHO BIJIMIHHOCTI (hpaKkTaJbHUX PO3MIPHOCTEH TIpaHUIIb
CTPYKTYpHUX CKIIQJIOBHX Ha 300paKEHHSIX OKPEMHUX IUISTHOK 3BapHUX 3’ €/IHAHb
MapoMpPOBO/IIB Y 3aJIEKHOCTI BIJl YacCy €KCIUTyaTallii;

- BIIEpIIIE TIPHU OIHII BIUIMBY CTPYKTYpPHO-(a30BOTO CTaHy METaly 3BapHUX
3’€IHAHb Ha 3AJIMIIKOBUI PECYpPC BPaXOBYETHCS T€OMETPHYHA CKIIATHICTh TPAHUIID
BUJIIJICHHST  CTPYKTYPHUX  CKJIQJOBUX, SIKA& BH3HAYA€ThCS 3a  JOMOMOTOIO
CTaTUCTUYHOIO aHaNI3y po3MoAiTy (pakTambHOI PO3MIPHOCTI, OJEpPKaHOI 3
BUKOPUCTAaHHAM KJIITHHHOTO METOJY BUMIPY;

- YIOCKOHAJIEHO KIJTBKICHY OIIIHKY HEPIBHOMIPHOCTI PO3MOAUTY CTPYKTYPHHUX
CKJIQZIOBUX METay JJIsl BUSBJIEHHS OCOOJIMBOCTEN 3MiH CTPYKTYPHO-(a30BOr0 CTaHy
okpemux AuTstHOK 3TB, a Takok MeTany 1IBa 1 OCHOBHOTO METAIIy B 3aJIe’KHOCTI1 Bijl
HaIpaIfOBaHHS B YMOBaX MOB3YYOCTI;

- YVAOCKOHAJIEHO OI[IHKY KUIBKOCTI BKpaIJIeHb MEpaiTy, iX po3MIpiB Ta
BIJICTAaHEH MDK HHUMHM JJII CTAaTHCTUYHO OOIPYHTOBAHOTO BU3HAYCHHS CTPYKTYPHO-
¢dazoBuUX 3MiH METaly 3BapHUX 3’€IHAHb TMAPONPOBOAY 3 YpaxyBaHHSIM peCypcy
HaTpaIOBaHHS,

- OTPUMAJIO MOAATBIINA PO3BUTOK JOCTIIKEHHS CTPYKTYPHO-(a30BOTO CTaHy
MeTaly 3BapHHUX 3'€IHaHb MAPOMPOBOIIB 13 TEIUIOCTIMKUX CTalei MEepITHOroO Kjacy

12XIM® 1 15XIM1®, sxi TpuBanuit yac (moran 280 THC. TOJ.) €KCILTyaTYIOThCS B



yMOBaX IMOB3y4YOCTI 1 MaJIOIMKIOBOT BTOMH Ha 0a3i KOMIUIEKCHOTO CTaTUCTUYHOTO
aHai3y reOMETPUYHUX XAPAKTEPUCTUK CTPYKTYPHUX €JIEMEHTIB.

Y pe3ynbrari MpPOBEAEHUX MOCHTIKEHb PO3pO0JEHO PEeKOMEHMAIlli Io10
BU3HAYCHHS 3aJMIIKOBOTO PECYpPCY €KCIUIyaTallii 3BapHUX 3'€JHaHb, K1 TPUBAIHIMA
4ac eKCIUTyaTyIOThCS B YMOBaX MOB3YYOCTi.

Pesynmbrati  BHKOHAHMX  JOCHI/DKCHb  JIOMOBHWIM  HaBYANbHI  KYpCH
«ExcnepuMeHTaIbHI METOAM y 3BaprOBaHHI», «3BaprOBaHHS CTajeil 1 KOJIbOPOBUX
METaliB», [0 BHUKIAJAIOThCS cTyAeHTaM Yy HamionansHoMy TexHiuHOMY
VYHiBepcuTeTl «XapKiBCHbKUM MO TEXHIYHUA THCTUTYTH.

Pe3ynbrati BUKOHAHHA JOCTIDKEHHS OIIHEHO Ta pPEKOMEHJIOBAHO [0
BrpoBakeHHsS HAa AT «YKpaiHChKi eHepreTuyH1 MalluHm.

VY BCTymi OOIPYHTOBAHO aKTYallbHICTh 3a7a4 JOCIIHPKCHHS, HAaBEIEHO HAYKOBY
HOBHU3HY Ta C(hOPMOBAHO MTPAKTUYHE 3HAUYCHHS OJICP)KAHUX PE3yJIbTaTIB.

VY mepmioMy po3aiiai poO3TISHYTO CyYacHUM CTaH 1 TEHACHIT PO3BUTKY B
o0nacTi JOCHIKEHHS 3BapHUX 3’€JIHaHb MAapONpPOBOJIB, $KI JOBrOTPUBAJIO
EKCILTyaTYIOThCS B yMOBaX MOB3YUYOCTI 1 MAJIOIUKIIOBOT BTOMU. TakoX MpecTaBICHO
XIMIYHMM CKJIQJI Ta MEXaHIYHl BJIACTHBOCTI CTajied, IO BUKOPUCTOBYIOTHCS JIJIS
BUTOTOBJICHHSI €JIEMEHTIB CHUCTEM TapompoBOJIB 1 iX 3BapHUX 3’ €/IHaHb.
BcTaHoBIEHO OCHOBHI BUMOTH JI0 CTPYKTYPHOT'O CTaHy 1 BIIACTUBOCTEN KOHCTPYKIIIH
3BapHUX 3'€JHAHb, @ TAKOX OCOOJMBOCTI KOHTPOJIO SKOCTI 3BapHUX 3 €IHAHD
CTOCOBHO HAJIWHOCTI iX pOOOTH 1 BU3HAUCHHS 3aJIUIIIKOBOTO PECYPCY.

VY apyromy po3iiiai HaBeIEeHO METOAWKH, 00JIaIHAHHS Ta MaTepiand, 1o Oynu
3aisiHI JIJIS TOCIIPKEHHS 1 aHalli3y CTPYKTYPHO-(a30BOTO CTaHy Ta BIACTHUBOCTEH
MeTajdy 3BapHUX 3’€AHaHb. [IpelCTaBICHO TaKOXK YIOCKOHAJICHI METOIUKH
KUIBKICHOTO aHalli3y CTPYKTYPHHUX 3MIH B METalli JOCIIKYBaHUX 3pa3KiB 3BApHUX
3’€/lHaHb, BUPI3aHUX 3 JIIOYUX MMapONpPOBOAIB, SKI MPOBOJWIUA 3a JIOMOMOIOKO
ONTHUYHOI 1 €IEeKTPOHHOI Mikpockomii. HaBeneHo omuc po3pobiieHO0T KOMIIOTEPHOT
pOrpaMu CTAaTUCTUYHOTO aHalli3zy MeTtajorpadidyHuX 300pakeHb METally 3BapHUX
3’€JIHaHb MapOMPOBO/IIB.

Y TpeThoMy pO3MiTl PO3TISHYTO MUTAHHS IMOJO0 YAOCKOHAJICHHS KUIbKICHOT



OI[IHKM CTPYKTYpPHHUX 3MIH B MeETaJli 3BapHUX 3'€/IHAHb MApPOINPOBOJIB 1 KOTJIB.
[IpencraBieHo pe3yiabTaTu MeTaorpadiyHOro aHamli3y CTPYKTYpPHHX 3MIH B METalli,
mo BigOyBalOThCSI B TMPOLIECI TPHUBANOI EKCIUTyaTallii B yMOBax IOB3Y4YOCTI 1
MaJIOIMKIOBOI BTOMU. JlOCIPKEHHsS] BUKOHYBAJIM Ha 3pa3Kax 3BapHUX 3 €HAHb 31
craneit 12XIM® 1 15XIM1®, mo manu pi3HUI TepMiH HampaiioBanHa. B mporeci
aHalizy MIKPOCTPYKTYpH HUII(IB PI3HUX JUISHOK 3BapHUX 3 €IHaHb BHUSBICHO
BIJIHOCHHMI BMICT CTPYKTYpPHO-()a30BUX CKJIAJOBUX 1 X PO3IMOJIII 32 KOOpJIUHATAMHU
300paxeHb. BUKOHAaHO TOPIBHSJIBHUI aHali3 CTaTUCTUYHUX XapaKTEPHUCTHUK
PO3MOALTY 1 BMICTY CTPYKTYPHHUX CKJIQJIOBUX Ha JIJISTHKaX METaly 3BapHUX 3'€JHAHb
3 pPI3HUM TEpMIiHOM HarmpaifoBaHHs. Ha ocHOBI (hpakTaqbHOTrO aHamizy pO3TJISIHYTO
CKJIQHICTh KOHTYpPIB TpaHWIb CTPYKTYpHUX CcKiagoBux. CTaTUCTHMYHUI aHami3
pe3yabTaTiB METaNorpagpiyHOro BUBYEHHS MIKPOLLTi(hIB METOAOM CIYHHUX JIiHIN
MO3BOJIMB OJEPKAaTU PO3NOAUIA KUIBKOCTI 3€peH, iX pO3MIpiB Ta BiJCTaHEH MIX
HuMu. IlpeacraBieHo OOIPYHTOBAaHUN OMUC CTPYKTYPHUX 3MIH B METall OKPEMHUX
JUISTHOK 3BapHUX 3'€/IHaHb.

[lepmiTHa cKJIagoBa 3HAYHOK MIpOK0 BIUIMBAE Ha CTPYKTYpHO-(a30Bi
NEPETBOPEHHSA B MeETall 3BapHUX 3'€lHAHb MApOINpPOBOAIB, IO JOBTOTPUBAJIO
IpalolTs B yMOBaX IMOB3y4oCTI 1 BTOMU. ToMy BCTaHOBJIIEHO pIBEHb
HEOJHOPIAHOCTI MEPIITHOI CKJIAI0BO1 B CTPYKTYP1 3BapHUX 3'€THAHb.

BuxonyBaBcs (pakTaiibHMII aHaNi3 TpaHUIb 3€peH MepiiTy Ha OCHOBI
300pakeHb  ojaepxkaHux MipouundiB. IlopiBHsIBHMI  aHAM3  PpakTaIbHUX
PO3MIPHOCTEM TpaHUIb CTPYKTYPHUX CKJIQJOBHX Ha 300paXEHHSIX MIKpouLTi(iB
ninsHok 3TB, Meramy miBa 1 OCHOBHOTO METally peaji3oBaHO JJisi PI3HUX TEPMIHIB
HampaitoBaHHs. JlocnipkeHHs Ta NOPIBHSUIBHUI aHaji3 BUKOHYBAJIW JJisl IUISHOK
3TB, ocHOBHOro MeTayy 1 3BapHOro IBa. B pe3ynbpTaTi BIAjgoch OOTPYHTOBAHO
MIATBEPAUTH MOXKJIMBICTh OI[IHKM T€OMETPUYHOI CKIAJHOCTI TPAHULb CTPYKTYPHHUX
CKJIaJIOBUX B OCHOBHOMY MeETaJli IMAapOIPOBOJAIB Ta iX 3BapHUX 3'€HAHb HAa OCHOBI
aHaII3y CTATUCTUYHUX XapaKTEPUCTUK PO3MOALTY X PpaKTaIbHOI PO3MIPHOCTI.

CtBOpeHO  y3araJibHeHi  METOAMYHI  OCHOBM  JUIsi ~ OOTPYHTOBAHOIO

bpakTaaTbHOTO aHai3y TPaHUIlh CTPYKTYPHUX CKIAJOBUX METATy 3BApHUX 3€THAHB



IUISIXOM BU3HAYEHHS BIUIMBY CBITJIOCTI TIKCeNiB 300paxkeHHs (3a HSV-monemto
KOJIbOPY) 1 MaciiTady BUMIpY Ha PpakTanbHy po3MipHIicTh. Lle 103BOMI0 OTpUMaTH
yHIBEpCalbHE YSBICHHS CKJIAJHOCTI KOHTYPIB BCIX CTPYKTYPHHX CKJIaJ0BUX
JOCIIKYBaHOTO 300pakeHHa Mikponutida. TakuM YHHOM CTa€ MOXKJIUBUM
oOrpyHTOBaHUN BHOIp TOPOTOBOI BEIMUMHU SICKPABOCTI KOJILOPY JIJIsi BUBUCHHS MEK
BUJIUICHHA 00J1aCTe! OCHOBHOI CKJIAJI0BOT CTPYKTYPH — MEPIIITY.

[linTBEpKEHO BIUIMB TEPMIHY HaIpaIOBaHHS MapOoMpOBOAY Ha CTPYKTYpHI
3MIHH, BUpaXeH1 30UIbIICHHSIM (paKTalIbHOI PO3MIPHOCTI, BIAMOBIAHO CKJIaTHOCTI
OyZI0BH KOHTYPIB CTPYKTYPHHUX CKJIQJOBHX.

CraTucTUYHUN aHalli3 Pe3yJbTaTiB OIIHKK KUIBKOCTI 3€pEeH CTPYKTYPHHX
CKJIAJOBUX Ta iX PO3MIPIB ISl MIKpOULII(IB AOCTIIHKYBAaHOTO METANy, OTPUMaHUX
METO/JIOM CIKYYUX TMPSMHX JiHIH, JO3BOJMB CTBOPUTH HAYKOBO-OOTPYHTOBAHY
OCHOBY JIJIsl JOCJIIJIP)KEHb CTPYKTYPHHUX 3MiH. BCTaHOBWIIM, 110 JJISI OLIHKUA BIUIMBY
pecypcy TapompoBOJly Ha CTPYKTYpHI 3MiHM JIOUUIBHO BHUKOPHCTOBYBATH
CepeIHbOKBAAPATUYHI BIIXWICHHS BiJ] CEpPEIHBOT KIITLKOCTI 3€PEH Ta X pO3MIpIB.

Y uyeTBepTOMYy PpO3/iJl HABEACHO PE3yJbTaTH JOCHIKEHb CTPYKTYpHO-
¢dazoBUX 3MiH B MeTajl JUISHOK 30HW TEPMIYHOTO BIUIMBY 3BapHUX 3'€/IHaHb
MapoNpOBOJIB IMICIs TPUBAJIOTO BIUIMBY EKCITyaTallliHUX HAaBaHTaXCHb B YMOBaX
MOB3Y4YOCTI 1 MAaJOLMKIOBOI BTOMU. BHKOHaHO MeTanorpaiuHuii — aHami3
CTPYKTYypHO-(pa30BMX 3MiH B MeTajqi IBa 1 B MeTajll JUISHOK HEIOBHOI
nepeKpucTamizamli, Hopmamizaunli, criaBieHHs Ta neperpisy 3TB. Amnanis
BUKOHYBAJIM Ha 3pa3kax 3BapHUX 3’€IHAHb 3 HaMpaIoBaHHsAIM rnmoHas 280 tuc. ro/.

BcranoBineHo  BIAMIHHOCTI  cepell MINSHOK MeETalxy IIBa, IMEPerpiBy,
HOpMaJIi3alli 1 HEMNOBHOI MepeKpHcTali3alii MIUIIXOM MOPIBHSUIBHOIO —aHai3y
CTAaTUCTUYHHUX  XaPAKTEPUCTHK  PO3MOAUTY  JOCHIDKEHHMX  O3HAK  (KUIBKOCTI
CTPYKTYPHHUX €JIEMEHTIB, PO3MIPIB 1 BIICTAHEW MK HUMH) Ta (PaKTaILHOTO aHAJI3Y
CKJIQIHOCT1 KOHTYPiB IPaHUIIb 3€pEH CTPYKTYpPHUX ckianaoBux 3TB.

BusiBneHo 3011bII€HAS] HEOTHOPIAHOCTI TOCTIIPKEHUX CTPYKTYPHUX €IEMEHTIB
y HACTYINHIM MOCIIAOBHOCTI: [IJSIHKA METally IlBa, IEperpiBy, HopMasi3allii Ta

HEIOBHOI  mepekpucraiizamii. BcranoBuwiau, 1mo il JUITHKA — HEMOBHOI



MepeKpUcTaIi3allii € XapakTepHOIO 3MiHA CTPYKTYPHOI HEOJHOPITHOCTI Y HIUPOKOMY
Jiama3oHi, SK BiJ HaWMEHIIMX, TaK 1 J10 HaWOLIbIIMX BIAXUJEHb BiJ 3aKOHY
PIBHOMIPHOTO PO3MOJILITY.

Y m’stoMy po3AuUll  BHUKJIQJACHO  PE3YJbTaTH  JOCHIKEHb  BIUIUBY
eKCIUTyaTal[lfHMX HaBaHTAXXCHb HAa MeETajd 3BapHUX 3 €JHaHb MapOMPOBOJIIB.
Po3rnsHynu 0cob6auBOCTI BILTUBY (H13MKO-XIMIYHHX MPOIIECIB HA CTPYKTYPHO-(a30Bi
3MiHH, MEXaH13MH MOB3YYOCTI 1 BTOMH, a TAKOX Ha €KCILTyaTallliiHl XapaKTePUCTUKH,
MOIIKO/DKYBAHICTh 1 pyHHYBaHHS 3BapHMX 3 €aHaHb. OIMIHWIA CTaTUCTHYHI
XapaKTEPUCTUKHU JOCIIKEHUX O3HAK CTPYKTYpPHO-(a30BOTO CKIIAy METajay MiCIs
pyiiHyBaHHS 3BapHUX 3 €IHaHb 1 OOIPYHTYBaJM TMPAKTUUYHE BUKOPUCTAHHS
METOJUYHUX PO3POOOK MO MeTAIOrpadiyHOMY aHaJi3y 300paKeHb METay.

BuznaueHo nomycTuMi 3HauY€HHS PajilyCiB MOp, B 3aJIEKHOCTI BiJl poOOUOi
TEMIIepaTypd 1 MPOTHO30BAHOIO TEPMIHY €KCIUTyaTalii MaponpoBOAIB 1O,
JO3BOJIWJIO JTOMIOBHUTH METOAMYHY 0Oa3zy [ MeTalorpadiuHoro JOCHIIKEHHS
CTPYKTYpHO-()a30BOT0 CTaHy METaly 3BapHUX 3’ €/IHAHb.

OpnepkaHO CTaTHCTHYHI XapaKTEPUCTUKU KUIBKOCTI 3€peH, iX pO3MIpiB 1
BiJICTaHEH MIXK HHUMHU ISl 3pyHHOBaHUX 3pa3KiB 3BapHUX 3’€JIHAHb Ta BU3HAYEHO
JIOTIOBHEHO METOIWYHY ©0a3y s TPOTHO3YBaHHS 3QJIUIIKOBOTO  PECYPCY
eKCIUTyaTarlii 3BapHuX 3’€/IHaHb. BCTaHOBIIEHO 1110 OTPIOHO BpaxOBYBaTH BHUSBIICHI
BIJIMIHHOCTI ~MeTaJly 1IBa, [JUISHOK TMeperpiBy, HopMaii3amii 1 HENOBHOI
nepekpuctamzaiii 3TB sk 3a ¢pakTanbHOIO PO3MIPHICTIO, TaK 1 32 KOEPIIIEHTOM
Bapialii JOCHIPKEHUX O3HaK.

3a pe3yibTaTaMyd MeETAIOrPaiyHOTO JOCHIIKEHHS MIKpOUUTi(iB 3pa3KiB
METOJ/IOM CIYHUX JIIHIM BU3HAYE€HO OCHOBHI O3HAKH JIJIsl IPOTHO3YBAHHS 3AJIMIIIKOBOTO
pecypcy eKkcIuTyaTallii 3BapHHUX 3’ €IHaHb TaPOTPOBO/IIB.

Knrouosi cnosa: maponpoBoju, 3BapHi 3'€THaAHHS, TEIUIOCTIMKA MEPIIITHA CTallb,
CTpyKTypHO-(pa3oBuii  cTaH, mepait, Qepur, 30Ha TEPMIYHOTO  BIUIUBY,
MeTasorpadgiyHuid aHali3, CTAaTUCTUYHUNA aHalli3, TMOIIKOKYBaHICTh, IMOB3YYICTh,

TPIIIMHA, TTOpa.
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The dissertation presents the results of the study of changes in the structural
and phase state of the metal of welded joints of steam pipelines of thermal power
plants, as well as the development of practical recommendations for improving the
methods of determining their reliability and residual service life.

The object of the study is the structural and phase state of the metal of welded
joints of TPP steam pipelines made of heat-resistant steels of pearlite class 12X1M®
and 15X1M 1.

The subject of the study is the quantitative determination of changes in the
structural phase state and operational characteristics of the metal of welded joints of
steam pipelines, which are operated for a long time in conditions of creep and short-
cycle fatigue.

The research on physicochemical processes, structural-phase state, properties,
and damageability of the metal in welded joints of steam pipelines was carried out
using appropriate methods on samples taken from operating steam pipelines. Both
standard and improved techniques, as well as original methods, were used during the
experimental research.

The structure, chemical composition, and structure were studied using optical,



raster, and transmission electron microscopy. The study of the metal in welded joints
of steam pipelines operating for a long time under conditions of creep and short-cycle
fatigue, based on fractal analysis and the method of intersecting straight lines,
allowed for the creation of a methodological basis for assessing changes in the
structural and phase state that lead to destruction.

The scientific novelty of the obtained results lies in the fact that, based on
theoretical and experimental research, the following were achieved:

for the first time:

- the differences in the fractal dimensions of the borders of structural
components on the images of individual sections of welded joints of steam pipelines
depending on the time of operation were established,;

- when assessing the influence of the structural-phase state of the metal of
welded joints on the residual resource, the geometric complexity of the boundaries of
the allocation of structural components is taken into account, which is determined
using a statistical analysis of the distribution of the fractal dimension, obtained using
the cellular method of measurement;

improved:

- gquantitative assessment of the unevenness of the distribution of the structural
components of the metal to identify the characteristics of changes in the structural
and phase state of individual areas of the HAZ, as well as the weld metal and the base
metal, depending on the work in creep conditions;

- estimation of the number of pearlite inclusions, their sizes and the distances
between them for the statistically justified determination of the structural and phase
changes of the metal of the welded joints of the steam pipeline, taking into account
the service life;

received further development:

- research of the structural and phase state of the metal of welded joints of
steam pipelines made of heat-resistant steels of the pearlite class 12X1M® and
15X1M1®, which are operated for a long time (over 280 thousand hours) in

conditions of creep and short-cycle fatigue on the basis of a complex statistical



analysis of the geometric characteristics of structural elements.

As a result of the conducted research, recommendations were developed for
determining the residual service life of welded joints operated for a long time in creep
conditions.

The results of the performed research supplemented the training courses
"Experimental methods in welding", and "Welding of steels and non-ferrous metals",
which are taught to students at the National Technical University "Kharkiv
Polytechnic Institute".

The results of the research were evaluated and recommended for
implementation at JSC "Ukrainian Energy Machines".

The introduction substantiates the relevance of research tasks, provides
scientific novelty, and forms the practical significance of the obtained results.

The first chapter presents an overview of the current state and development
trends in the research of welded steam pipe joints, which operate for a long time
under conditions of creep and low-cycle fatigue. The chapter also discusses the
chemical composition and mechanical properties of steels used in the manufacture of
steam pipe system components and their welded joints. Furthermore, the chapter
establishes the main requirements for the structural condition and properties of
welded joint structures, as well as their characteristics for monitoring reliability,
quality, and determining residual resources.

In the second chapter, the methods, equipment, and materials used in the study
and analysis of the structural phase state and metal properties of welded joints are
described. Additionally, the chapter presents the improved methods of quantitative
analysis of structural changes in the metal of the studied samples of welded joints cut
from operating steam pipelines, which were conducted using optical and electron
microscopy. The description of the developed computer program for the statistical
analysis of metallographic images of metal welded joints of steam pipelines is given.

The third chapter discusses the improvement of quantitative assessment of
structural changes in the metal of welded steam pipe joints and boilers. The results of

the metallographic analysis of structural changes in the metal that occur during long-



term operation under conditions of creep and low-cycle fatigue are presented. The
research was carried out on samples of welded joints made of 12X1Md® and
15X1M1®d steels with different service lives. During the analysis of the
microstructure of various sections of welded joints, the relative content of structural-
phase components and their distribution according to the coordinates of images were
determined. A comparative analysis of the statistical characteristics of the distribution
and content of structural components on welded joints' metal sections with different
service lives was performed. The complexity of the boundaries contours of structural
components was evaluated based on fractal analysis. The statistical analysis of the
results of the metallographic study of microsections using the cutting line method
made it possible to obtain distributions of the number of grains, their sizes, and
distances between them. A scientifically-based description of structural changes in
the metal of individual sections of welded joints is presented.

The structural and phase transformations in the metal of welded steam pipe
joints that work for a long time in conditions of creep and fatigue are significantly
affected by pearlite. Therefore, it is important to establish the level of inhomogeneity
of pearlite in the structure of welded joints.

Fractal analysis of the pearlite grain boundaries was performed based on
micro-grind images obtained. A comparative analysis of the fractal dimensions of the
boundaries of structural components on the microslice images of the areas affected by
the thermal zone of the weld metal and the base metal was conducted for different
operating periods. The study and comparative analysis were conducted for the areas
of the heat-affected zone, base metal, and weld metal. This enabled the possibility of
evaluating the geometric complexity of the boundaries of structural components in
the base metal of steam pipelines and their welded joints based on the analysis of
statistical characteristics of the distribution of their fractal dimension to be
substantiated.

Generalized methodical foundations have been developed for a well-founded
fractal analysis of the boundaries of structural components of the metal of welded

joints through the determination of the influence of the brightness of color (in the



HSV color model) and scale of measurement on fractal dimension. This enables a
universal representation of the complexity of the contours of all structural
components of the investigated micro-grind image and a well-founded choice of the
threshold value for studying the boundaries of the main structural component of the
structure, perlite.

The influence of the operating time of the steam pipeline on structural changes,
expressed by an increase in fractal dimension and, accordingly, the complexity of the
structure of the contours of structural components, has been confirmed.

Statistical analysis of the results of the assessment of the number of grains of
structural components and their sizes for micro-grinds of the investigated metal,
obtained by the method of intersecting straight lines, made it possible to create a
scientifically substantiated basis for studying structural changes. It has been
established that for evaluating the degree of influence of the operating time of the
steam pipeline on structural changes, it is advisable to use the standard deviations
from the average number of grains and their sizes.

The fourth chapter presents the research results on the structural and phase
changes in the metal of the heat-affected zone of welded steam pipe joints after long-
term exposure to operational loads under conditions of creep and low-cycle fatigue.
Metallographic analysis was performed to study the structural and phase changes in
the weld metal, as well as in the metal areas of incomplete recrystallization,
normalization, fusion, and overheating of the thermally affected zone. The analysis
was carried out on samples of welded joints that had been in service for more than
280,000 hours.

The comparative analysis of statistical characteristics of the studied features
(such as the number of structural elements, their sizes, and distances between them)
and the fractal analysis of the complexity of grain boundary contours of structural
components of the thermally affected zone revealed differences in the areas of weld
metal, overheating, normalization, and incomplete recrystallization.

An increase in the heterogeneity of the studied structural elements was

revealed in the following sequence: weld metal area, overheating, normalization, and



incomplete recrystallization. It was found that the area of incomplete recrystallization
IS characterized by a change in structural heterogeneity in a wide range, from the
smallest to the largest deviations from the law of uniform distribution.

The fifth chapter presents the results of a study on the influence of operational
loads on the metal of welded steam pipe joints. The peculiarities of the influence of
physical and chemical processes on structural and phase changes, mechanisms of
creep and fatigue, as well as on operational characteristics, damage, and destruction
of welded joints, were considered. The features and manifestations of brittle and
fatigue failure processes were also revealed. The statistical characteristics of the
studied features of the structural-phase composition of the metal after the destruction
of welded joints were evaluated, and the practical use of methodical developments in
the metallographic analysis of images of metal microslides was justified.

Permissible values of pore radii have been determined depending on the
operating temperature and the expected service life of steam pipelines. This made it
possible to supplement the methodological base for metallographic research of the
structural phase state of the metal of welded joints.

Statistical characteristics of the number of grains, their sizes, and the distances
between them were obtained for destroyed samples of welded joints, and the trends of
their changes with the growth of the service life were determined. In this way, the
methodical base for predicting the residual service life of welded joints has been fully
supplemented.

Based on the results of the metallographic examination of the microsands of
the samples by the method of intersecting lines, the main features for predicting the
residual service life of welded steam pipe joints were determined.

Key words: steam pipelines, welded joints, heat-resistant pearlite steel,
structural phase state, pearlite, ferrite, zone of thermal influence, metallographic

analysis, statistical analysis, damageability, creep, crack, pore.
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