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®PAKTOI'PAG®IYHI OCOBJIMBOCTI PYHHYBAHHSI CTAJII
2,25Cr-1Mo IIICJISAA BUITPOB HA ITOB3YYICTD

Pesztome. Buasneno, wo weuokicms ycmaneHoi nog3yyocmi Huxcua Ojisi Memainy y GUXIOHOMY CMaHi
NOPIGHAHO 3 MemanoM Nicis eKcniyamayii 8 mexnono2iunomy npoyeci 2iopoxpexinzy Hagpmu. Kpim mozo, ys
weuoKicmy y 2azono0ibHomMy 600HI suuya Hixc Ha nosimpi, npuvomy ons cmani 2,25Cr-1Mo y suxionomy cmani
il nicna excnnyamayii. Lle cgiouume, no-nepute npo empamy mMemanom nio 4ac eKcniayamayii 1020 nouamxosux
enacmugocmeti, a no-opyee npo 6NIu8 GoOHIO Ul Ha Oecpadayilo, U Ha npoyec nogsyyocmi. [Ipoananizoeano
¢paxkmoepagiuni ocobnusocmi pyiinysanns cmani 2,25Cr-1Mo nicis éunpob na nog3yuicme y GUXIOHOMY CMAHI
ma nicis excnnyamayii. Bcmanogeneno, wo pyiHy8anHs 3a nog3yvocmi 8id0y8acmvcs 3a KIACUYHUM 8 SI3KUM
MEXAHIZMOM  WISAXOM 3APO0JICEHHs, 3pocmanHs ma o00'eonanns nop. @paxmoespadiunoio ocobnugicmio
0e2padoganoi cmani € 8enuKi 2nuboKi AMKU, CHPUYUHEH] 0eK02e3IEI0 HeMemanedux GkyeHb 6i0 mampuyi. Kpiv
moeo, 8UAGUNU GeNUKI NIUMKI OUCKONOOIOHT AMKU 3 OPIOHUMU MIKpONOpamu Ha ix OHi, W0 GUHUKIU HABKOIO
Kap6ioie. Obudsa munu SMOK CAPUYUHEHT BOOHeM, KU HAKONUYUBCS 8 00 eMi Memary nio yac excniyamayii.

Kniouogi cnoea: sucoxomemnepamypna 60o0Hega Oezpadayis, WGUOKICMb YCMAaleHol nog3yvocmi,
¢paxmoepaghiuni ocobnueocmi decpadayii, mexanizm pyuHy8aHHs Y GOOHL.

H. Krechkovska; L. Babiy; O. Student

THE FRACTOGRAPHY FEATURES OF FRACTURE OF THE
2,25CR-1MO STEEL AFTER CREEP TEST

Summary. The unstable properties of steels for the large construction during long term operation are
one of the reasons of loss of oil equipment workability. High operating temperature, strain and hydrogenating
technological environment are among the main factors of their degradation. The reactor damage causes huge
destructions due to high processing parameters (temperature — 450 °C and pressure — 15 MPa) and large its
dimensions (diameter up to 4 m, wall thickness up to 0.25 m and height ~20 m). Because that the reactor damage
is very dangerous for service staff and environment. Stability of the mechanical properties of the steel of the oil
hydrocracking reactor body during long-term exploitation is very important to guarantee it save workability.
That’s why it is very significant to know metal properties after different service life for prediction of the material
workability.

The 2,25 Cr—IMo steel in the initial state and after high-temperature degradation in hydrogenated
environment under working conditions of hydrocracking reactor service for 6:10" hours (as the specimen-
witnesses) were creep tested. The steady creep rates for both variants of heat-resistant steel were estimated in
hydrogen and in air. It was revealed that steady creep rate of virgin metal is lower compared with metal exploited
into oil hydrocracking process. The degradation of the metal in operating conditions increases creep strain rate in
air and hydrogen compared with unexploited metal. More over the steady creep rate of the 2,25Cr-Mo steel in
virgin state and serviced one creep tested in hydrogen is higher than in air. It firstly means that initial properties
of the steel are exhausted during service, and secondly that hydrogen simultaneously effects on the degradation
and creep processes too. The hydrogen intensities of the diffusion process and consequently accelerate of the
steel degradation and makes easy of the creep process.

The fractography features after creep test of the 2,25Cr-1Mo steel in the initial and after the
operation during 6:10" hours in the process of oil hydrocracking process were analyzed. It was found the creep
fracture occurs according to the classic ductile mechanism of nucleation, growth and association of pores.
Special fractographical feature of degraded steel is large and at the same time deep holes caused by decohesion
nonmetallic inclusions from the matrix. The next feature is the big and at the same time plate disc-like dimples
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with the small micro pores around carbides on their bottom. Both types of holes were initiated under the
influence of hydrogen accumulated by bulk metal during operation. They become more visible at the creep test in
hydrogen because their initiation is additionally stimulated by hydrogen, absorption by metal from the tested
environment.

Key words: high-temperature hydrogen degradation, steady creep rate, fractography features of
degradation, fracture mechanism in hydrogen.

ITocranoBka mpobjaemun. OjHiEl0 3 TPUYUH BTpaTH  POOOTO3MATHOCTI
HaTONEpepoOHOro yCTaTKyBaHHS € HECTAOLIbHICTh BIACTUBOCTEH KOPITYCHUX CTajel y Jaci
TpuBayiol ekcruryararii. Cepe/l OCHOBHUX YMHHHKIB X Jierpajaiiii € BUCOKiI eKcILTyaTtalliiHi
TeMIeparypa, Halpy)XeHHs Ta HABOJHIOBAIbHE TeXHoJoriune cepenoBuiie [1, 2]. Yunni
perjlaMeHTH eKCILTyaTallii peakTopiB mepeadadaroTh KOHTPOJIb 3a JedopMaIli€ro BHACHTIIOK
MOB3YyYOCTi, KOPO3IMHUMHU ypakeHHSIMH, MPOsSIBaMU BOJIHEBOI Koposii Tomo. s Toro, mob
MPOTHO3YyBaTH W YHHWKATH pyHHYBaHb, CHPUYMHEHUX TIIOB3YUICTIO, BUKOPHUCTOBYIOTH
pe3yIbTaTi 1a00paTOpPHUX BUIIPOO HA TPUBATY MIIHICTH [3], sIKi €KCTPANOIIOI0Th Ha OaxaHy
TPUBATICTH €KCILTyaTallii ycraTkyBaHHs [4].

Jlnst  3’sicyBaHHS TpPHYMH Jerpajaiii XapaKTepUCTHK TOB3y4oCTi W TpHUBAJIOl
MIIIHOCTI MeTally, €KCINTyaTOBAHOTO B PEAbHOMY TEXHOJIOTIYHOMY IPOIIeCi, BHKOPUCTAHO
¢bpakrorpadiunmii aHami3 3NaMiB  JTAOOPATOPHHUX 3pa3KiB, SKHA Jla€ MOXKJIMBICTh
MPOTHO3YBAaTH 3aKOHOMIPHOCTI HAKOIMYEHHS PO3CISTHUX TTOIIKOJDKEHBb Yy KOPITYCHIN cTami B
yaci ekcIUryararii Ta BINIUBY Ha Ield mTpoIlec BOJHIO SK pPOOOYOro CepeoBHIIA.
Opakrorpadivdi  JIOCHIPKCHHS BBXKAIOTh OJHUMH 3  HaWiHPOPMATHUBHIIIMX  JUISA
iHTepIpeTaii MeXaHi3MiB pyHHYBaHHS
[5-10], ToMy iX IIHPOKO BHUKOPHCTOBYIOTH ITiJI Yac EKCIEPTH3H IIOMIKO/KEHb PI3HUX
KOHCTPYKTUBHHUX €JIEMEHTIB MJis 3’sCyBaHHS MNpUYMH. Bimomo, mo icHye 3B’SI30K MIiX
MeXaHi3MaMu pPYHHYBaHHS Ta I1X €HeproeMHicTio. OCKUIBKH 3e0LTBIIOro pyWHYBaHHS
BiIOYBarOThCsl 3a 3MINIAHWMU MeXaHi3MaMH, Ha sIKi BIUIMBAIOTh PI3HI YMHHHUKH (poboue
CEepeIOBHINE, TeMITIepaTypHO-CHUIIOBI YMOBH €KCILIyaTallii, XiMiYHUH 1 CTPYKTYpHO-(a3oBuit
CKJIaJl MaTtepialliB, PeXUM IX TEpMIYHOro oOpoOJeHHs, MIBHJKICTH iX Jerpajaiii B 4aci
TPHUBAJIOT eKCILTyaTarlii Tomo). Tomy 6e3 KUIBKICHOTO aHaIi3y i BU3HAYEHHS CITiBBiTHOIIICHHS
XapakTepHuX (pakTorpadiuHuX €IeMEHTIB BaXXKO CYJUTH MPO €HEProEMHICTh PyWHYBaHHS
3arajioM. Sk mpoJieMOoHCTpoBaHO B poboTax [11-15] kijgbKicHE OIiHIOBaHHS 1HPOPMATHBHUX
¢dpakrorpadgiuHuX 03HAK 3JIaMiB Ta CTPYKTYPHHUX CKJIQJOBUX METally BiAKPUBAE NEPCHEKTUBY
BUSIBIICHHS KOPEJSIMIMHUX 3B’S3KIB MK HHMH Ta MEXaHIYHUMH XapaKTEePHUCTHKAMH
KOHCTPYKIIMHUX MaTepialliB, 10 0COOJIMBO BAXIIUBO JUISl aHAII3Y MOIIKOKEHb.

Merta po6oTH. PO3KpUTH 3aKOHOMIPHOCTI BILIMBY BOJHIO Ha INBUAKICTH YCTaJICHOT
noB3ydocti KoprmycHoi cram tumy 2,25Cr-Mo y BEximHomy crami ta micms 6-10% rox
eKCITTyaTallil B peakTopi TiIPOKPEKiHTY HAQTH y BHIVIII 3pa3KiB-CBIJKIB Ta MpOaHATI3yBaTH
(bpaxTorpadiuHi 03HaKH JAerpajaiii 3pa3KiB, BUIPOOYBaHUX Ha MOB3YYICTh Ha IMOBITpI Ta Y BOJIHI.

O0’ekT i MeToTHKA TOCTITzKeHHsI. JOCTI I THUIIOBY JJISI BUTOTOBJICHHST KOPITYCiB
peakTopiB TiApoKpekiHry Hadtu cramp Ttumy 2,25Cr-1Mo y BHXiZHOMY cTaHi Ta Micis
eKcIUTyaTalii B TEXHOJOTIYHOMY mpoleci rifpokpekinry Hadra Brponosx 6-10% rox y
BUTJISA 3pa3KiB-cBiJIKIB (po3Mipu: noBkuHa — 135, Bucota — 40, mupuna — 30 mm). YMoBH
JerpaJiamii MeTary 3pa3KiB-CBIJIKIB 1 KOPITyCY peaKkTopa BiJpi3HsIIO Te, IO 3pa3KU-CBIJIKH He
Oynu i/l HaBaHTaKEHHsIM, TOJI SIK y CTIHIII KOpIyca peakTopa IiJ yac MOro ekcruryararii
BHHUKAIOTH HATPYXXEHHsI po3TATy. OTXKe, BIUTUB pOOOYHX HANPYKEHb HA JIETpaslallifo CTalli B
JIOCJTIJKEHHSIX HE BPaxOBaHO.

BunpoOyBaHHs Ha MOB3ydiCTh MPOBOJUIIN 3a poOOUOT NIl peakTopa TeMIepaTrypHu
(450 °C) na nositpi Ta y BoaHi 3a THcKy P = 0,5 MIla 3a nmocTiiiHOro HaBaHTaKEHHsI 3pa3zKa
pPO3TATOM, BUKOPHCTABINM IS IIHOTO 3aBOJICHKI MamwHu AIMA 5-2, n01aTKOBO OCHaIeHi
BakyyMHUMH Kamepamu [16]. Jlns BUmpoO BHKOpHCTAIM TIJIQAKI NPU3MATHYHI 3pazKu
nepepizoM 3x20 MM. 3MiHY TeMIleparypH, 3ycWuisl Ta jgedopmarii 3pas3kiB (ikcyBald B
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pPEeKUMi pealbHOrO 4Yacy B MaMm sATi KOMII'IOTepa, BHUKOPHCTOBYIOUHM OaraTokaHalbHHUMA
anayioro-udposuii nepersoprosad AL I - 7018.

®paxTorpadivyHO JOCTIIMIN 31aMHU 3pa3KiB MiCJs BUNIPOO Ha MOB3YYICTh Y BOJIHI Ta
Ha MOBITP1, BUKOPUCTABINH ISl IIHOTO CKaHIBHUM eNeKTpoHHu Mikpockorn EVO-40XVP.

OcHOBHI pe3yJbTaTH J0CTiTxKeHb. BunpoOu Ha noB3ydyicts crani tuny 2,25Cr-Mo
BHSIBIUIH, 10 MBUAKICTH ycTajeHoi mos3ydocTi (IIIVII) Merany y BUXiJTHOMY CTaHi HHXYa,
HDK MeTaly, eKCILUTyaTOBaHOTO B TEXHOJIOTIYHOMY TMIpoleci TipOKpekiHry HapTu. A
sHaveHHs [IIVII 3a BumpoO y BOIHI MeTaly y BHXITHOMY CTaHi W ITCIS eKCIUTyaTamii B
peakTopi BUII, HK Ha moBiTpl (puc. 1). Lle cBimunTh, mo-nepiie, mpo BTpaTy METAIOM IIif
yac eKCIUTyararii BJIACTUBOCTEH, IO 3ade3reduyBajid HWOro poOOTO3JAaTHICTH Ha IOYATKY
eKcIuTyararii. A, mo-xpyre, npo BIUIMB BOJHIO i Ha Jerpajaiito, i Ha MpoIec MOB3Yy4OCTi.
IaTercudikyroun nudy3iiHi TpOIecH, BOJICHb MPHINBUIIIYE JETPAIAII0 METATY 1 MOJIETIIye
noB3yyicTh. 3a BUMpoO 1 Ha moBiTpi, 1 y Bogui IIVII cram y BuximHoMmy cTani W micis
eKCIuTyaTarlii 0JJHO3HAYHO 3HIKYETHCS 31 3HMKEHHSIM IMOYaTKOBOTO PiBHS HAIPYKEHb Gp [17,
18]. Pazom 3 TuM, 31 3HmKeHHAM G Bia 330 mo 280 MIla IIVII ekcrutyaroBanoi ctami Ha
MOBITPI 3MEHINYeThCs Maiixke y 15 pasiB, a y BOAHI 3a Takoi camoi 3MiHH G(— JIUIIE B
10,5 paza. IlopiBHSIHHS eKCILTyaTOBaHOI i HeeKcIlTyaToBaHOi B peakTopi ctaii 3a LIIVYII npu
piBHI 6o = 330 MIIa cBigunTs, mo y Boani IIIYII ekcruryaroBanoro metairy O6iibm Hixk B 110
pasiB mepeBHIIye i1 Ui CTajll y BUXiAHOMY cTaHi. | 11e mpu ToMy, 110 3a TaKUX CaMHX YMOB
HaBaHTa)XCHHS, ajJie Ha TOBITPi, METAI Y BUXIJIHOMY CTaHi HaBiTh 3a 6a3u Bumpod 4300 rox
B3arajii He BUSIBUB CXUJIBHOCTI JI0 TIOB3Y4YOCTI, @ €KCIUTyaTOBaHUN MeTall II0Ka3aB HalBUIILY 13
3aikcoBaHUX MIBHJKICTH Vi = 21-107 %/ rop. OTxe, OYEBHJIHO, IO BIUIMB Jerpajarii €
CYTTEBHUM 1 TIPOSIBIIIETHCS BiH 32 BUIIPOO 1 Ha MOBITPi, i y BOJIHI.

- Buxiguuii cran | | | FEKeniyaToBaHa cTalb
[ | «={ = riicis1 BUNIP0OG y BOnHiI ‘

: ; ‘ : :-D-leiCJ]ﬂ Bnnpoiﬁ y BoaHi
[ | == riic;1s1 BUNIPOG Ha MoBiTpi

.+l:1iCJ1ﬂ mmpoiﬁ Ha nosiiji

—m-0

_—

s =
= o
= =
e ] | | | | | =~
10 I A L Iy X
o | | | | | -
c 1
=)
1 —
;-l

Al oo 4 A S SR
10 330 360 390 420 450 480 10 285 300 315 330
S, MIla Gy MlIla
a 6

Pucynoxk 1. [IIBuakicTe ycTaneHoi noB3y4ocTi vy ctati 2,25 Cr-Mo y BUXiZHOMY cTaHi (a) Ta micns it
Jerpafaiii y BUTIIsII 3pa3KiB-CBiIKIB Y TEXHOJIOTIYHOMY TpOLEci riApokpekinry HadTu (6), oTpruMaHi 3a
pe3yabTaTaMu BUIIPOoO Ha MOBITpi (YOpHi) Ta y BoAHI (Oii Kpamnku) 3a Temnepatypu Bunpob 450 °C

Figure 1. Steady creep rate vy of steel 2,25 Cr-Mo in the virgin state (a) and after degradation as the specimens-
witness in the technologic process of oil hydrocracking (b) obtained at a temperature 450 °C in air (black) and
hydrogen (white points)

[IpoananizyBaBmm ¢pakTorpadidai 0cOOJUBOCTI TOBEPXOHb 3JIaMiB  3pa3KiB,
BUNPOOYBAaHMX Ha MOB3YYiCTb, BHSBHJIM, IO BHUIPOOYBaHI Ha IMOBITPI 3pa3KH cTali y
BUXIJIHOMY CTaHI pyHHYBaJIMCS Ha MaKpOpiBHI BHACIIJOK 3CyBy. B pesynbrari 3mamu
(dopMyBanucsl IUIOIMIMHAMH MAaKpO3CyBY, SIKIi B ILEHTpalbHIM YacTHHI TIepepidy 3paska
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MIEpEeTUHAINCS, YTBOPIOIOUH YiTKUH IpebiHb. 3a BUMPOO Y BOJHI MAKPO3CYB CIIOCTEPIraiy JIUIIe
mo0JM3y OIYHUX MOBEPXOHB 3pa3KiB, a B IEHTPAIBHIN YacTHHI 3JIaMiB IepeBaXkaja HoOpMallbHa
Opi€eHTallis X HOBEepXOHb. Bke Ha MakpoOpiBHI 3ayBaXKE€HO TaKy OCOOJMBICTH BIUIMBY BOJIHIO, SIK
3HAYHA KilbKiCTh BETMKHX ITHOOKUX SIMOK. IX TOB’S3a1IM 3 HASBHICTIO y CTPYKTYPi CTalli JOCHTh
BEIMKAX HEMETAIeBUX BKIIOYEHb, 30KpeMa Cylib(iaiB Maprafifo, sKi ci1ado 3B°s3aHi 3
MaTpwIero. BoJieHb cripusie X JeKoresii BiJl MaTpHIli i TOJIETTye YTBOPSHHS BEMKUX ssMOK. Ha
37amax, OTPUMAHHX Ha TIOBITpi, TPAIULUTHCS JIMINE JyXe BelmuKi siMKu. OTke, JeKoresis
cynb(DiTiB BiJ MaTpHIli MOXKe BinOyBaTHCS ¥ 3a BHIPOO HA TOBITPI, SKIIO I1i YACTHHKH JTyKE
BEJIMKi, @ MEHIIT YaCTUHKH Bce IIie 30epiratoTh 3B'130K 3 MaTpHiieto. Penbed 3mamiB Ha qUIsTHKAX
3CYBY 3pa3sKiB, BUITPOOYBAHUX Ha ITOBITPI Ta y BOJIHI, IIPAKTHIHO OTHAKOBUH — JIPiOHI, HE TITMOOKI
0e3 YITKOrO OKAHTYBaHHS SIMKH 3CYyBY IapalOoiiqHOI (OPMH YepryroThCs 3 BEIUKHMH.
OcobmuBicTIO BHIIPOO Y BOMAHI € Te, IO Ha JUITHKaX Makpo3CyBY Ha 3j1aMaX BEJHKI SMKH
TPAIUISIOTHCS 3HAYHO YACTIIIE i BOHM 3HAYHO OLJIBIII 32 pPO3MipaMHu.

B meHTpanbHI YacTHHI TIepepi3iB 3pa3KiB, BUIPOOYBAHMX Ha IOBITPIi, CIIOCTEPIraIH
SIMKH 31 3HAYHOIO KOMITOHEHTOIO 3CYBY (pHC. 2a), 1 TUIlIe HAa HEBEIUKUX 32 TUIOIICIO JIUITHKAX
HOPMaJIPHOTO BiJIpUBY — PIBHOBICHI SIMKH BiJipuBYy. Tojai SK 3a BHIPOO Yy BOJHI SMKH JIOOpe
OKpecJIeHi, pi3Hi 3a po3MipamMH 1 MPaKTUYHO PiBHOBICHI (puc. 26). OcoOIMBICTIO 3/1aMiB € Te, 110
IUTATKI SIMKH Ha 3J1aMaX, OTPUMAaHUX 3a BUTIPOO Ha MOBITpi, CKOPIIlle BUHATOK, TOJI SK Y BOJHI 1X
KUTBKICTD 1 PO3MipH 3HAYHO OLIbIN, a IMIMOMHA ICTOTHO MEHINA, HiK Ha HoBiTpi. Ha TBipHHX
MTOBEPXHSX BEJIMKUX SIMOK JI0Ope BUPI3HSIIMCS CIIJM TEKYJOCTi Y BUTJISII TTapalie)IbHUX (PPOHTIB
BIIPUBY y BUIJISII XBWIICTHX JIHIHM, SIKI OKpECIMJIM E€TalHICTh IX POCTY MiJ Yac MOB3Yy4YOCTi
(prc. 26). Ix MOXHA TpakTyBaTH SIK JMCKOMOMIOHI MiKpOTDIlIMHH, PIiCT SKMX ITPHIIBHJIIINB
a0copOoBaHuif MeTajoM BoJieHb. Ha 3mamax 3paskiB, BUIIPOOYBaHUX Y BOJIHI, YaCTO Ha TBIPHUX
MTOBEPXHAX IUIMTKUX SIMOK CIIOCTEpirajii CMYTH KOB3aHHS, sIKi IepeTHHammcs (puc. 26). Taky
0COOJIMBICTD TPAKTYBAIM SIK J0Ka3 301IbIIEHHSI CUCTEM KOB3aHHS 32 BUIIPOO y BOJIHI.

Pucynoxk 2. Mikpodpakrorpamu 3pa3kiB ctaii 2,25Cr-1Mo y BUXiHOMY CTaHi Mmiciist BUNpoO Ha MOB3YYicTh 3a
temrnepaTypu 450 °C Ha noBiTpi (a) Ta 'y BoIHi (6, 6) 3a IOYATKOBOTO PiBHA HaIpyKeHb Gy = 330 MIla

Figure 2. Microfractograms of the 2,25Cr-1Mo steel in the virgin state after creep test of the specimens at a
temperature of 450° C in air (a) and hydrogen (b, c) at initial stress level o, = 330 MPa

3a BHIIPOO Yy BOJHI EKCIUTyaTOBAHOTO MeTaly IJIMOOKI SMKH Ha 3jaMaxX HaBKOJIO
HEMETAJIeBUX BKIFOUCHb, 1[0 PO3TAIIOBaHI OE3IOCEPeTHRO B 30HI PYHHYBaHHS, BUTJISIAIOTH Ha
MTOBEPXHI 3J1aMy 3HAYHO OLIBIMMMH 1 MTHOMMMU (puc. 3a), HIK B HE €KCIUTYyaTOBAHOMY, B SIKOMY
BOHM BUHUKAIOTh JIMIIE HABKOJO HAWOUIBIIMX BKMOYeHb. OTXKe, JEKOre3iss HeMeTalIeBUX
BKJIFOYEHB BiJl MaTpHIli MOYKE BiJIOYBaTHCS TAKOXX ITiJi BIUTABOM BOJHIO 3 BHIPOOYBAIBHOTO
cepenoBuilla. Y IHOMY BHIAAKy BEJIWKI 3a JiaMeTpOM 1 JIOBKMHOKO BKIFOUEHHS, abo ix
JIAHITFOXKKH CTAFOTh JTOCTATHRO MOTYXHUMH MUISIXaMU MTOCTAYaHHsI BOJIHIO 3 TIHOMHU METATy 10
30HU JIOKaJi3alil pylHyBaHHs, 100 1HTEHCU(IKYBATU PICT IUIMTKUAX BEJIMKUX SIMOK Y BUTJISIL
JICKOTIOMIOHUX MiKpoTpinuH (prc. 36). Ille oqHa 0coOMMBICTh €KCIUTYaTOBAHOTO METAIy — IIe
HasIBHICTh HA 3J1aMax OUIBINOI KUTBKOCTI IUTUTKUX SIMOK. [IpudoMy BUTATHEHI BOHH 1O LIMPUHI
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3pa3ka, J€ MaKCUMaJbHI yYMOBU CTUCHEHHs Jedopmarii, 1 (HOpMYyIOTbCS IUIIXOM 3IHUTTS

JPIOHINIAX TTOPOXKHUH (pHC. 38).
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Pucynok 3. ®paxrorpamu ctaii 2,25Cr-1Mo, BUTpUMaHOT B peakTopi ripokpeKinry HadyT Bponosxk 6-10° rox,
oTpHUMaHi micis BUNpoO 3pas3KiB Ha MOB3y4icTh 3a Temneparypu 450 °C y BoaHi 3a piBHA HanpyskeHb 475 MIla

Figure 3. Microfractograms of the 2,25Cr-1Mo steel serviced into oil hydrocracking reactor for 6-10* h after
creep test of specimens at a temperature of 450° C in hydrogen at initial stress level 6, = 475 MIla

3a HIKYOro pPiBHS HABAaHTAXCHHS B €KCILIyaTOBaHIN cTayli TiIMOOKI SIMKH Maiixe
piBHOBICHi (pHc. 46) 1 IX cTae 3HAUHO OiJIbIIE, MPUUYOMY 32 PaXyHOK SIMOK 3 MEHIIUM, HIX B
HEEeKCITyaTOBaHOMY MeTai jJiameTpoM. Ha iX TBIpHHX MOBEPXHSX CHOCTEPIraid XBHIISCTI,
nepepBHi rpedeHi, chopMOBaHI MHOXXUHHUM KOB3aHHSM, SIKi MPAKTUYHO HE BIIPI3HAIOTHCS
BiJI CJIJIIB KOB3aHHS Ha OIYHMX TOBEPXHIX 3pa3KiB. YHACTIJIOK MOB3YYOCTI Yy BOJHI, SIKHAU
iHTeHCcuikye aedopmarliito B MiKpooO’eMax, I1i HOPOKHUHU BUTATYBAIUCS aX JIO BUXOJy Ha
MaKpOTIOBEPXHIO 3J1aMy, a YiTKi CJIJId KOB3aHHS Ha IX TBIPHUX HOBEPXHSIX 3adikcyBain
MOCITIIOBHICTh Takoro aedopmyBanHs. Lle Moxe OyTH T0Ka30M iCHYBaHHS IIHMX MOPOXXKHUH B
eKCILTyaTOBAaHOMY METalli IIe JI0 BUIPOO Ha MOB3YUiCTh. AJDKe 3arajoM I'yCTHHA IOIOHHUX
SIMOK Y HEeKCILTyaTOBaHii cTalli, BUIIpOOYBaHiil y BO/HI, 3HAYHO MEHIIIA.

3a BHCOKOI PO3JUILHOI 3/TATHOCTI BUSBUJIM BiJIMIHHOCTI 32 ()OPMOIO Ta pO3MipaMu
JPIOHMUX SIMOK Ha JIOKAIBHUX TUISTHKaX HOPMaJIbHOTO BiAPUBY B IIEHTPAJIbHIN YaCTHHI 3J1aMiB.
3a BUTIPOO HA MOBITPI €KCILTyaTOBAHOTO MeTaly JpiOHI SIMKH BiJJPUBHOTO XapakTepy OyJIu
MPAKTUYHO PIBHOBICHMMH, a 3a BHUIPOO y BOJHI JAPiOHIII MIKpOIOPOXHUHH, 3JIMBAIOYUCH,
(dbopMyBal BHTSATHEHI B3J0BX IMUPHHH 3pa3KiB OUTBII IMOPOXHWHH 31 3HAYHUM
eKCcIieHTprcuTeToM (puc. 3 Ta 4c). 3a BUIIPOO HA MOBITpI Taki O3HAKM pyHHYBaHHS Oynu
CKOpiIlle BUHATKOM.

Pucynok 4. ®paxrorpamu HeHTpaTbLHOT YaCTHHM 371aMiB 3pa3kiB craii 2,25Cr-1Mo y BuxigHoMy cTaHi (a) Ta
nicis excrutyaTauii B peaktopi Bponosx 6-10* rox (6, ), orpuMani micist BUpo6 3paskiB Ha MOB3YHicTb 3a
temnepatypu 450 °C y BoJHI 32 TOUaTKOBOTO PiBHS HaNpy)eHb Gy = 330 MIla

Figure 4. Fractograms from the central parts of the fracture surfaces of the 2,25Cr-1Mo steel in the virgin state
(a) and after service into reactor for 6-10* h (b, ¢) obtained after creep test of specimens at a temperature 450° C
in hydrogen for initial stress level 6= 330 MPa
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Pucynok 5. I'ycTiiHa mIUTKUX pr7 (@) i tTubokux pr (6) AMOK 3aJIeXHO Bijl IX pO3MIpiB ay, ar, SAKi aHali3yBanu
Ha MOBEPXHSAX 371aMiB 3paskiB ctati 2,25Cr-1Mo y BUXiIHOMY cTaHi (YOpHi i Oifli CTOBITYMKM) Ta TicIs
eKcIuTyaTauii (Cipi CTOBMIMKM), BUNPOOYBaHMX Y BOAHI (&) it Ha MOBiTpi (6, YOPHI CTOBMUMKK) Ta Y BOJHI (6,
6iJti Ta cipi CTOBMYMKH)

Figure 5. The density of plate p;; () and deep p; (b) dimples versus their sizes ay, a; analyzed on the specimen
surfaces of the 2,25Cr-1Mo steel in the virgin state (black and white bars) and after operation (gray bars) tested
in hydrogen (a) and air (b, black bars) and hydrogen (b, white and gray bars)

HOpiBHfIHHfI BIUTMBY BHITPOOYBAJIBHOTO cepeioBHINa (BOJACHb 1 TOBITPS) Ha
0COOJIMBOCTI MexaH13My PyHHYBAHHS CKCILTYaTOBAHOTO METAlly BUSBUIIO, IO TOMPH NPAKTHIHY
Bl,Z[CYTHlCTB SKICHUX BIJIMIHHOCTEH 3a O3HaKkamMH iX BIUBY (puc. 4) ICHye pI3HHII 3a
KUTBKICHIMH TIapaMeTpaMH  eJIeMEHTIB 3yaMiB (puc. 5). 30kpema, TyCTHHA BEIHMKUX, aje
BOJIHOYAC TUIUTKUX Py, Ta BOAHOYAC TJIMOOKHX Py SIMOK B €KCIUTyaTOBAaHOMY METali iCTOTHO
BHIIA, HIK y HEEKCIUTyaToBaHOMY. KpiM Toro, rycTiHa p;- 32 BUITPOO y BOJHI CTaJli Y BUXITHOMY
CTaHi iCTOTHO BHIIA, HIXkK 32 BUMIPOO Ha MOBITPi (pUC. 56), 10 BBAXKAIM 32 03HAKY MOJIETIIEHHS 1X
YTBOPEHHSI i1 yIUMBOM BoaHIO. [IprdoMy iX rycTuHa 3pocia 3a paXyHOK yYTBOPEHHSI OiIBIIOT
KUTBKOCTI JPIOHIIAX SIMOK HABKOJIO MEHINHMX BKJIIOYECHH (CKOpINI 3a BCe JIO PYHHYBaHHS
JIOJTYYHITHCS I ¥ KapOiJy, KOTe3WBHUI 3B'SI30K SIKMX 3 MATPHUIIEIO Yepe3 X MEHIIY MOBEPXHIO
KOHTAaKTYyBaHHSI € CHJIBHIIIMM, HIK HEMETAJIEBUX BKIFOUEHB). [le CBiIUMTH Mpo 3aydeHHs 10
pyHHYBaHHSI y BOJHI Bce OUTBINOI KUTBKOCTI CTPYKTYPHHUX CKJIQJIOBUX, IO CIIPUSE JIOKATI3aIlii
neopMyBaHHS Ta TPHINBUIINYE pPyHHYBaHHS. T[eHIEHIS 3MEHINCHHS pO3MIpiB SIMOK 3a
3pOCTaHHS 1X TYCTHHH 30epiraeThes i B eKCIUTyaToBaHii craii (puc. Sa). KiapkicHe oIiHIOBaHHS
TaKoi O3HAKH BIUIMBY BOJHIO Ha JIETPaJlOBaHWi MeTal SIK EKCIEHTPHCHUTET SIMOK o
(CIBBITHOIICHHS JIOBXXMHHM MaJioi 1 BEJUKOI IBOCEW BHJIOBKCHHX II0 IIMPUHI 3pa3KiB
IUIATKUX SIMOK) BHSIBWIO, IO B EKCIUTyaTOBAaHOMY MeTalli TYCTHHA SMOK 3 BEJIHKHM
eKCIIEHTPUCHUTETOM OLJTbIIa HiXK 3 MAJIUM, TOJIi SIK B HEEKCILUTyaTOBaHOMY — HaBIaku (puc. 6).
Ile cBimuuTHP TPO Te, IO pPYHHYBAaHHS IEPETHHOK MK JPIOHMMH PIBHOBICHUMH
MIiKpOIIOPOKHUHAMHU 3 YTBOPEHHSIM OUIBIIMX, ale IUTUTKUX eJNCONOMIOHUX MOPOXHHH B
eKCIUTyaTOBaHOMY MeTalli BimOyBaeThes Jiermie. lle ToOB’s3aim 3 BIUIMBOM  BOJIHIO,
abcopOoOBaHOTO METAJOM ITiJT 4Yac eKcIuryaramii B peakTopi. I[lo po3CissHMX CTPYKTypHHUX
MOIIKO/PKSHHSIX HABKOJIO BUTSITHEHHMX Y3JIOBXK OCi 3pa3KiB HEMETAJICBHX BKJIIOUEHB (K IO
MUIIXaxX HaWJIEToro MPOHWKHEHHS) BiH JIETKO MITpye 1 TOTparuisie B 30HY JIOKai3arlii
nedopmartii, e MoJeriye pyWHYBaHHS MEPETHHOK MK JIPiOHUMH TOPOXXHMHAMHU B 30HI
HaWBHUINOTO CTUCHEHHS Aedopmallii B IEHTpallbHIN YacTHHI Mepepi3y 3pa3KiB.
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PucyHok 6. 3MiHa IyCTUHH BEJTMKKX IUIMTKUX SIMOK Pp7 3aJI€XKHO BiJl X €KCLHEHTPUCHUTETY O METATY Y BUXiTHOMY
CTaHi (YOpHi MO3HaYeHHs) Ta Micys ekcruryarauii (6ini) 3a BUNpoO y BOAHI

Figure 6. Dependences of density of the big plate dimples p;; versus its eccentricity a on the fracture surfaces of
specimens from the 2,25Cr-1Mo steel in the virgin state (black points) and after exploitation into reactor (white)
tested in hydrogen

TakuM YWHOM, Ha OCHOBI TpoBejaeHOro (pakTorpadiunoro anamzy cram 2,25Cr-
IMo y BHUXIZHOMY CTaHi Ta ICJIs eKCIUTyartalii B peakTopi TiAPOKpeKiHTy HadTH,
BUMPOOYBaHOI y BOJHI W Ha TOBITpi, MOKHA CTBEP/KYBaTH, IO MOIPH 3arajoM B’ S3KUN
xapakTep ii pyiHyBaHHS 3aBISIKM KUIbKICHOMY aHali3y iH(popMmaunidHux (paxTorpadidHux
03HaK 3J1aMiB BUSBHJIM OCOOJIMBI 03HAKHM BIUIMBY BOJHIO, SIK CEPEJIOBHINA 111 Yac BUMPOO Ha
MOB3YYiCTh, 1 O3HAKW TPOSBY Jerpajaiii MeTary B yaci HOro TpuBalioi eKCIUTyaTarlii B
peaxkTopi TiIPOKPEeKiHTy HATH.

BucnoBkn. I1IBuakicts ycTanenoi no3ydocti craii 2,25Cr-1Mo y BuxijiHOMy cTaHi
Ta MIC)Is eKcIuTyartailii, BUIpoOyBaHOi y BOJIHI BHINA, HIXK, Ha TOBITPi, a Jerpajaris cTajii B
eKCIUTyaTallifHuX yMOBax IMIJBUINYE IO IIBUAKICTH MOPIBHSHO 3 HEEKCILTyaTOBAaHUM
METaJIOM 1 Ha MOBITPi, i Y BOHI.

3a BUMIPOO HA MOB3YYICTh y BOJIHI Ha 371aMax BUSBUJIM: TUTUTKI SIMKH, SIKi BUHUKAIOTh
VHACIIIOK PYHHYBaHHS IEPETHHOK MK JPIOHUMH MIiKpOIIOPOKHHHAMH TIiJT  YIUTABOM
a0copOOBaHOIO MeETaloOM BOJHIO 1 POCTYTh 3 YTBOPEHHSM JUCKONOJIOHMX HOPMAIbHO
OpIEHTOBAHHUX MIKPOTPIIIHMH, TNTMOOKI SMKH, CIIPUYMHEHI JIEKOTe31€10 HEMETAICBUX BKIIIOUCHB
BiJl MATPHIIL.

BHacmijiok nerpanariii crtaji 3MIiHIOETBCS KiJIBKICTh, BEMYMHA Ta (GopMa IUTHTKHX
SIMOK. 30KpeMa B HeeKCIUTyaTOBaHii cTalli MiIUTKi sMKA 3aBOUTBIIKH 70...170 MKM MpakTHYHO
KpYIJTi ¥ YTBOPIOIOTHCS 3TUTTAM JIPIOHUX (JT0 2 MKM) MiKpOTIOpoKHHH. Toi SIK B JerpaoBaHiit
CTalll IUIMTKUX SIMOK OLIbINE, BOHHU CTAOTh EIIICOMOMIOHMME (CIiBBIIHOIICHHS iX ocel
nocsirae 1:10) # yTBOPIOIOTBCS BOHH IIISIXOM PYHHYBaHHS TEPETHHOK MIXK OUTBIITUMH 3a
po3MipamMu MOPOKHUHAMH (710 5 MKM), JIAHITFOXKKH SKUX PO3TAIIOBYIOTHCS HA JIHI IIUX TUTUTKUX
SIMOK Y3JTOBJXK 1X JIOBIIOI OCi.

OcobnmuBoro (hpakTorpadiyHOIO 03HAKOIO Jerpajallii crajell € BelIuKi, TTHO0K] SIMKH,
CHPUYHMHEH] JIEKOTEe31€10 HEMETAIeBUX BKJIFOUEHB BiJI MATPHIIi e Ha etarti excruryarartii. [Ti
Yac BUNPOO Ha MOB3YYiCTh CTalli 3 TAKOIO MOPYBATOIO CTPYKTYPOIO 111 MiAMOBEPXHEBI (CTOCOBHO
MOBEpXHI 3J71aMy) TOPOXXHWHH, HAllOBHEHI BOJHEM, CIIy)KaTb €(QEeKTUBHUMH IUITXaMHU
MOCTavaHHsl BOJHIO JI0 30HU JIoKasi3amii Aedopmarii i iHTEHCU(IKYIOTh PICT JUCKOMOAIOHUX
MTOPOKHUH Y Tii 30HI. BOHM TMpakTUYHO BiJICYTHI 3a BHIPOO HEEKCIUTyaTOBAaHOI CTali Ha
MOBITPI 1 3 ABJISFOTHCS 3a 11 BUNPOO y BOJHI Y BUIVIAI Jinie BeJUKUX MoK (70...150 Mkm).
[Tormpy HE3MIHHICTH KITBKOCTI TaKHUX SIMOK 3a BHUIPOO Y BOJIHI €KCILTyaTOBAHOI CTalli T'yCTHHA
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femmo apibHimmx aMok (40...70 MkM) B Hilf icToTHO 3pocTae. IX TpakTyBaI sIK MOMIKOKEHHS,
10 BUHUKJIA T11]T 9ac MOMEePeTHBOI eKCIITyaTallii i JOAaTKOBO PO3KPIITUCS ITiJT 9ac MOB3YYOCTi.

Conclusion. It was revealed that in hydrogen the creep strain rate of the 2,25Cr-1Mo
steel in virgin state and after exploitation is higher than on air. The degradation of the metal in
operating conditions increases creep strain rate in air and hydrogen compared with unexploited
metal.

The plate holes on fracture surfaces of specimens creep tested in hydrogen were
revealed. They appear as result of the destruction of bridges between the small micropores
under the influence of hydrogen absorbed by metal. Their growth facilitated the forming of the
normally oriented disc-shaped macrocracks. Moreover the deep holes caused by decohesion
nonmetallic inclusions from the matrix was revealed.

As a result of the degradation of steel the number, size and shape plate dimples are
changing. In particular the sizes of plate dimples in unexploited steel are 70 ... 170 mm, they are
generally round and form by coalescence of small (up to 2 microns) micro pores. While in the
degraded steel the plate dimples had ellipse-like shape (ratio of axes is 1:10) and they are
formed by fracture of bridges between the micro pores (up to 5 micron) which were larger than
in unexploited steel. The chains of these pores are located at the bottom of the plate dimples
along their longer axis.

Special fractographical feature of degraded steel is large and simultaneously deep
holes caused by decohesion nonmetallic inclusions from the matrix at the stage of it operation.
During the creep tests of steel with such porous structure these subsurface (relative fracture
surface) cavities filled by hydrogen and play the role of effective ways to supply hydrogen to
localization zones of deformation as a factor of intensification growth of disc-shaped of dimples
in this area. The large and deep dimples are practically absent in an unexploited steel tested on
the air. They appear on the surface fracture in the form of large holes (70 ... 150 microns) after
creep test in hydrogen environment only. Despite the performance of number of these holes
during test in hydrogen of operated steel the density of slightly smaller holes (40 ... 70 microns)
significantly increases. They are interpreted as damage caused by the previous operation and
additionally opened during creep.
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