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Annomayusa. IlocTaHoBKa 3aJa4M (AKTyaJbHOCTH PadoThl). ['o1 OT roja B NpOU3BOACTBE YBEINYMBACTCS IO aj-
JTUTUBHBIX TexHojoruil. HanGompmumu Temnamu pacteT npuMeHenue 3D-medarn 35eKkTpoayroBoil HamiiaBKoH, Kak
Hanboee SKOHOMUYHON M MPOU3BOIUTENBHON TeXHONOTHH. OTHAKO MMEIONINXCS HAYYHBIX M NMPAKTHUCCKUX JaHHBIX
HEJIOCTATOYHO AT €€ YCIICIIHOTO MCIOIb30BaHUs IPH M3TOTOBICHUH JIeTanel, paboTaromuX B YCIOBUAX HU3KHX TEM-
neparyp. B cBsi3u ¢ aTuM Tpebyercst Oonee AeTanbHOE MCCIeA0BaHNE MaTepraoB, moiaydeHHbx 3 D-neqarsio u mpen-
Ha3HaueHHBIX JUI paboThl B ycnoBusax Kpaitnero Cesepa u Apktuku. McenoJib3yemblie 060pyaoBaHue U MeTOAbI. 13-
rotoeicHue 00pa3noB u3 cramu 07X25H13 BeIMONHEHO Ha pa3pabOTaHHOM CTCHIE, peaU3yIoNieM TexHoJoruw 3D-
MeYaTH MIEKTPOAYTOBON HAILIABKOM, MPUMEHEH METOJ MCIBITaHUs Ha yaapHbId m3ru6 mo llapnu, ¢ ucnoiabs3oBaHueM
PacTpoBOTO NIEKTPOHHOTO MHKPOCKOIIA TPOBE/IEH aHamu3 (pakrorpamm n3inomoB. HoBusna. OnpeneneHsl MeXaHu3-
MBI pa3pylIeHHsI MPH HU3KHUX TeMIlepaTypax o0pas3moB u3 ctanu 07X25H13, BemonHeHBIX 1m0 TexHouruu 3 D-nevarn
JIEKTPOAYToBOi HamiaBkoil. [lomydeHHBIE pe3ysbTaThl MO3BOJISIIOT IMOHSATH MOBEACHHE MAaTepHaoB, HAllE4aTaHHBIX
00BEKTOB B YCIIOBHSX HU3KHX TEMIEpaTyp, 4YeMy paHee yAeNIsIoch HeJOCTaTOYHO BHUMaHMsA. BrisBieHa cBA3b (pak-
TaIbHOM pa3MEpPHOCTH M3JIOMOB O0PA3LIOB M BEIMYUHBI yapPHOM BSI3KOCTH, MO3BOJISIONIAS OLICHUBATh BIMSHUE TEMIIeE-
paTypsl Ha paspymenue. Pesyabrar. B mporecce uccienoBanus o0pas3oB, M3rOTOBICHHBIX U3 ctamu 07X25H13,
YCTAHOBJICHO, YTO M3JIOMBI, IIOJTY4YE€HHBIE MTOCTe UCIBITAHNI Ha yIapHYIO BA3KOCTh, 00J1aIal0T YETHIPhMS XapaKTePHBI-
MU 30HAMH: 3apOXKJICHUS TPELIMHBI; PAacCpOCTPAHEHUS TPELIMHBI, YTKKH, JojioMa. Bo BceM mccnenyeMom temrepa-
TypHOM JAMara3oHe HaOII0MaeTCsl BSI3KMH MEXaHU3M Pa3pyIICHHs, OHAKO C YMEHBIIEHHEM TEMIIePaTyphl UCIIBITAaHUH
IIPOMCXOJUT CHUKEHHE IUIACTUYHOCTH M yMEHbBIIEHHE KOJIMYecTBa HaOmIroqaeMbIX 30H. [loka3aHa cBS3b yMEHbBIICHUS
(pakTanbHON pPa3MEPHOCTH HM300paKEHUH H3JIIOMOB C YMEHBIIEHWEM ynapHoOH Bs3kocTH. IlpakTmyeckast 3Ha4u-
MocTh. [lomyueHHbIE pe3yabTaThl JAIOT BO3MOKHOCTE 00Jiee TIOTHO MOHSATh MEXaHU3MBI pa3pyIleHus: OObEeKTOB U3 CTa-
qn 07X25H13, nonyueHHbIX ¢ HoMonsio 3D-meyatu 371eKTpogyroBoi HAIJIaBKOW M OLIEHUTH TTOBEACHHE JaHHOTO Ma-
Tepuala B yCIOBHIX HU3KUX TeMIepaTyp. Y CTaHOBJICHHAs CBS3b ()PaKTaIbHOW Pa3MEpPHOCTH HU3JIOMa U YAapHOU BSI3KO-
CTH TI03BOJISIET O0JIee YEeTKO YCTaHABIMBATH TEMIIEPATYPHBIE IPUYHUHBI pa3pyLICHUs] KOHCTPYKINH.

Knrwouegvie cnosa: KOHCTPYKIIMOHHBIE CTaly, 3D-mevars, 3J1eKTpOayroBasi HariaBka, GpakTorpapuyecKiii aHaIus,
(pakranbHas pa3MEPHOCTD, XJIaJJOCTOWKOCTB.

Hccnedosanue vinonneno npu noodepoicke epanma Ilpesudenma Poccuiickoti @edepayuu « Oyenka xaadocmoii-
KOCIU U U3yyeHue MexaHu3mMo8 paspyuleHus Memanios, noIy4eHHuix Ha ochoge 3D-neuamu 0na obecheyenus 6e3onac-
HOU 9KCNIYaAmayuy mexuuieckux oovexmog g yciosusx Apxmuxu u Kpaiineco Cesepay .

© Awnocos M.C., Kabanauu FO.I'., Komuun I1.B., Hlararun JI.A., Yerypos M.K., 2021

J1s nuTHpOBaHUSA
DNEKTPOHHO-MHUKPOCKOTIMYECKHE MCCIEOBAHUS MEXaHU3MOB pa3pylIeHHs] KOHCTPYKIIMOHHBIX CTajiel, MoydeH-
HbIX Ha ocHOBe 3D-neuaru / AnocoB M.C., Kabanauu 10.T., Komuun I1.B., Hlararun J[.A., Yerypos M.K. // Bectauk

MarHuToropckoro rocylapcTBEHHOTo TexHuueckoro yHuBepcutera uMm. .M. Hocosa. 2021. T.19. Ne3. C. 68-74.
https://doi.org/10.18503/1995-2732-2021-19-3-68-74

@ ® KonrenT nocrynen mon nunensueii Creative Commons Attribution 4.0 License.
— The content is available under Creative Commons Attribution 4.0 License.

68 Becmuuk MI'TY um. I'.U. Hocoea. 2021. T.19. Ne3



Anocoe M.C., Kabandun 10.I"., Konyun I1.B., llamazun [.A., Ye2ypoe M.K.

ELECTRON MICROSCOPY STUDIES ON THE FRACTURE MECHANISMS
OF STRUCTURAL STEELS FABRICATED BY 3D PRINTING

Anosov M.S., Kabaldin Yu.G., Kolchin P.V., Shatagin D.A., Chegurov M.K.
Alekseev Nizhny Novgorod State Technical University, Nizhny Novgorod, Russia

Abstract. Problem Statement (Relevance). From year to year, the share of additive technologies in production keeps
increasing. The highest rate of growth is attributed to the use of wire and arc additive manufacturing for 3D printing as
the most feasible and efficient technology. However, the available scientific and practical data are insufficient for its
successful use in manufacturing parts operating at low temperatures. In this regard, it is required to carry out a more
detailed study of materials produced by 3D printing and intended for operation in the Far North and the Arctic. Equip-
ment and Methods Applied. The specimens from steel grade 07Kh25N13 were produced on the developed stand, im-
plementing wire and arc additive manufacturing for 3D printing; the Charpy impact test method was applied, fracto-
graphs were analyzed using a scanning electron microscope. Originality. The authors determined fracture mechanisms
at low temperatures applied for the specimens from steel grade 07Kh25N13 made by wire and arc additive manufactur-
ing for 3D printing. The results obtained allow us to understand the behavior of materials and printed objects at low
temperatures, which has not received enough attention previously. The authors revealed the relationship between the
fractal dimension of the specimen fractures and impact toughness to estimate the effect of temperature on fracture. Re-
sult. The studies on the specimens from steel grade 07Kh25N13 showed that the fractures occurred after impact testing
had four characteristic zones: crack initiation; propagation of cracks, tightening, and a break zone. A total temperature
range under study showed a ductile fracture mechanism; however, with a decrease in test temperature, there is a de-
crease in plasticity and a decrease in the number of observed zones. The paper describes the relationship between a de-
crease in the fractal dimension of fracture images and a decrease in impact toughness. Practical Relevance. The results
contribute to a more detailed understanding of the fracture mechanisms of the specimens from steel grade 07Kh25N13
produced by wire and arc additive manufacturing for 3D printing and assessment of the behavior of this material at low
temperatures. The established relationship between the fractal dimension of the fracture and impact toughness allows us
to more clearly establish the temperature reasons for the destruction of structures.

Keywords: structural steels, 3D printing, wire and arc additive manufacturing, fractographic analysis, fractal dimension,
cold resistance.
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Beenenue IIEHUIO OTBETCTBEHHBIX AJIEMEHTOB KOHCTPYKLHH,
YTO HEAOILYCTUMO.

B nHacrosmiee BpeMsi Bce Ooiplliee KOJIMYECTBO
JieTaliel MEXaHU3MOB U KOHCTPYKIMH MOJY4aroT C
WCITOJIB30BaHUEM TexHoJoruu 3D-mevatn merasia-
MU. HeManoBa)KHBIM SIBISIETCSI IPUMEHEHHUE TaHHBIX

OcBoeHnE CeBEpHBIX pPETHOHOB Poccuiickoit
®enepannn, ApKTUKH BXOJIUT B YHCIO MPHOPUTET-
HBIX 3amad [IpaButenpctBa P®. OgHako akTHBHOE
OCBOEHHE JAaHHBIX PETHOHOB CAEPXKHUBAeTCA HeENo-

CTAaTOYHOM HAJE)KHOCTHI0O MEXAHNU3MOB M KOHCTPYK-
UM TpU TOHMKEHHBIX TEMIIepaTypax, KOTOpHIC
TpeOYIOT MEepUONNIECKON WIIM ONEPaTUBHOW 3ame-
gel. O0ecrieuenne HaaeKHOCTH MEXAHU3MOB U KOH-
CTPYKIHH oOecreynBaeTCs, MPEeXIe BCETo, Ipa-
BIJILHBEIM BBIOOPOM MaTepuana JUisi W3rOTOBIICHUS
netaneil. I3BeCTHO, YTO TIpU MOHMKEHUH TEMIIepa-
TYphl 3KCIUTyaTalldid MEXaHW3MBl Pa3pyIICHUS Me-
TamioB, ocobenHo ¢ OLIK-pemneTkoi, 3HAYUTETHHO
MEHSFOTCSI. DTO TIPH OIPEIEICHHBIX YCIOBHIX MO-
KET TPUBECTH K MTHOBEHHOMY XPYIKOMY pas3py-

MOAXOAOB JUISl WM3TOTOBIICHUS JAETalled CEeBEPHOTO
ucnonHenns. Hambosiee yHWBepcanbHOW W JIWHA-
MUYHO pa3BUBaomieiicss TexHonorued 3D-neuaru
XJQJIOCTOMKAUMH METaJUIaMH SIBIIIETCS DJIEKTPOIIY-
ropas HarvtaBka [1]. JlaHHas TeXHOIOTHS TTO3BOJISET
OTIEPAaTHBHO HM3TOTABIMBATH HOBBIC JETAH W BOC-
CTaHABJIMBATh HW3HOIIEHHBIC KOMIIOHEHTHI B HEIO-
CPEIICTBEHHOW OJIM30CTH OT MECTa, IJie 3TO HE00XO-
JIUMO, TIPU 3TOM YMEHBIIAETCS BpeMsl HE TOJIBKO Ha
W3rOTOBIICHUE, HO U Ha JOCTaBKYy [2, 3].
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[TosTOMy Heo0XomuMO MOAPOOHO HCCIIEAOBATH
MEXaHU3Mbl pa3pylLIeHUs] NPU HU3KUX TEMIIepaty-
pax MeTaJjIoB, MOJyYeHHBIX Ha OCHOBEe 3D-meyaty,
9YTOOBI UMETH Jydlliee pEeACTaBICHHE, KaK MaTepH-
al BeleT ce0sl ¢ MOHWKEHUEM TEeMIIepaTypbl, Kak
BIMSET CHIWKCHHME IUIACTUYHOCTH U yBEIMYHUBAIO-
HIascsl XpyIKas COCTaBIISIOIIAs B U3JIOME Ha IOBE-
JIeHne o0pa3uoB M KOHCTpyKuuii. HecMotpst Ha mo-
SBJICHHUE psfa MyONUKalMidi MO MU3yYEHHI0 O0CcOOeH-
HOCTEH CTPYKTYpBI U CBOMCTB METAJUIOB, MOIYYEH-
HBIX Ha OCHOBE TeXHOJOrmu 3D-mevarH, 1momoOHBIX
HCCIIeIOBaHNH, IPOBECHHBIX B paboTe, HA JaHHBIN
MOMEHT HeT [4-7].

MatepuaJjsl 1 METOABI HCCJIETOBAHUS

B pabote nccnenosana crane 07X25H13, obna-
Japlas XOpolled KOPPO3HOHHOH CTOMKOCTBIO U
XJIaJI0OCTOMKOCTBIO, B CBSI3H C YEM IIMPOKO HUCIOJIb-
3yIOILAsACS JJI1 M3TOTOBIEHUS DJIEMEHTOB KOH-
CTPYKIUH, (QYHKIIMOHUPYIOUIUX B YCJIOBHSX IOHH-
KEHHBIX TEMIIeparyp.

3aroToBKM 00pa3LoB U3 UCCIIEAYEMOro MaTepruana
OBbLIM MOJTYYEeHBI C MCHONIB30BAaHUEM TexXHOJNoruu 3D-
neYyaTH SJICKTPOAYTrOoBOH HAIUIaBKOW Ha pa3paboTaH-
HOM CTEHJE, NIPe/ICTaBJICHHOM Ha puc. 1.

Puc. 1. Crenn ans 3D-mevyatu 31€KTpOAYTOBOM
HaIlJIaBKOM

Fig. 1. Stand for wire and arc additive manufacturing
for 3D printing

3D-neyarp BBIMOJHSIACH MTPOBOJIOKOM AHaMeET-
0,8 i Ar — 98%

poM 0,8 MM B 3amuTHOI atMocdepe, Ar 0 U
CO; — 2%. Pexumbr 3D-mregatn ObUTH OTIpEICTICHBI
CHUCTEMOH YIIpaBIIEHUSI CTEHAOM HCXOs U3 YCIOBHUN
CcTaOMILHOCTH TIPOIecca Ha OCHOBE criocoba [8], u
TIPUHSIIN 3HAYEHUS: CHjla CBApOYHOTO ToKa 195 A,
Hanpsbkenue 24 B, ckopocts neyatu 400 mm/MuH. B

nporecce (HOPMUPOBAHUS 3arOTOBKH BBIACPKHUBAJI-
Cs1 TEPMHUYECKUI IIMKJI, IPU KOTOPOM TeMIlepaTypa
CJI0s1, 10 KOTOPOMY BeJIach IIe4YaTh, BBIIEPKHUBAIACH
B auana3zone 300-350°C, ucxoas U3 peKoMeHAaui
K IojiorpeBy Metaimia [9].

KauecTBo 1 cTabMIBHOCTh CTPYKTYpPhI MaTepraia
MOTyYaeMbIX 00pa3IoB 00ECIeUNBAINChH 332 CYET MO-
CTOSIHHOW JMAarHOCTHKU YCTOWYMBOCTH JIHAMHYE-
CKOHM CHCTEMBI «MCTOYHHK MMUTAHUS — IyTra — MaTepu-
amy». [locire 3D-miewaTw, ¢ 1ENbIO YITyUIIeHHS SKCILTY-
aTAIMOHHBIX XapaKTepHUCTHK, ctab 07X25H13 Opiia
noaseprayta aycrenmsaiu (1050—-1100°C, Beiaepx-
Ka, OXJI)KJEHHUE Ha BO3IyXe).

s oLleHKH TeMmepaTypbl BS3KOXPYITKOTO Iie-
pexoJa M MEXaHHM3MOB pa3pyLICHHUS METalIOB B
IIMPOKOM [Mala30He IOHKECHHBIX TeMIepaTyp
M3roTaBIuBaICh 00pasipl Tuna [lapmu (Tunm o6-
pasua 13 mo F'OCT 9454) ¢ cedeHuem B 30HE KOH-
LEHTpaTopa 5x8 MM.

WcnpiTanus Ha ynapHBIN U3THO TIPOBOTIMIACE HA
MaaTHUKOBOM kornpe MK-30A B nuanazone temme-
patyp —150...+20°C B cOOTBETCTBUU C TPEOOBAHU-
svu [OCT 9454. OxnaxaeHue oOpasIoB 10 HE0O-
XOIUMOM TeMIIepaTypbl OCYILECTBISUIOCH B CIICLH-
aTbHO pa3pabOTaHHON KpHOKaMepe, MOKa3aHHOW M
omnucaHHoi B muteparype [10].

Opakrorpapuueckiii aHaaW3 MPOBOJUICS C
NPUMEHEHUEM PacTPOBOIO 3JIEKTPOHHOTO MHKPO-
ckona JSM-3U. [lnga ompeneneHus TeMIepaTypbl
BSI3KO-XPYIKOI'O MEPexoa MCCICA0BATHCH U3JIOMBI
00pa3IoB, UCIBITAHHBIX MPH PAa3JIUYHBIX TEeMIepa-
Typax. Onpenensioch KOJIWYECTBO BAKOW M XPYII-
KoM cocrtaBisirommx B m3iaoMe coriacHo I'OCT
P CO 148-1-2013. 3a temneparypy BA3KOXPYIIKO-
ro nepexoja (Tsp) mpuHUMaach TeMrneparypa, npu
KOTOPOH KOJIMYECTBO BSI3KOM M XPYIIKOH COCTaBIIS-
rouier coctaBisitoT 50% OT mIoImaayu u3joma.

B kauecTBe KOJIMYECTBEHHOTO IOKa3aTelsl n300-
paxkeHus: (paxkrorpaMMm 0O0pa3OB HCHONIB30BAJICS
nokazatenb (pakranbHOi pazmMepHocTd De [11]. Tis
MIPEBAPUTEIBHON 00padOTKN HM300paKEHUH W3JI0-
MOB M OIIpeAeIeHHs NoKa3aTens (pakTaabHOU pas-
MepHOCTH n300pakeHus D Obliaa paspabotaHa Ipo-
rpamma B cpeae MATLAB [12].

HOJ’[y‘leHHBIe PE3YJALTATHI U UX 06cym)1e}me

Io pe3ynbratam ucnbITaHUN 0OPa3LOB U3 CTAIH
07X25H13, mnomyueHHbIX Ha OCHOBe 3D-medaTtu
3IIEKTPOIYTOBOM HAIJIABKOW, MMOJMYYEHBl 3HAYEHHS
YIapHOU BS3KOCTH METaJla B JHAIla30HE TeMIIepa-
Typ HcnbITaHud. Ha 31eKTpOHHOM MHKpOCKONE ITo-
Jy4eHbl M300paKeHMsI M3JIOMOB METAIIOB JUISl HC-
cleyeMbIX Temreparyp. Pesynbrarsl oneHku (pax-
TadpbHON paszmepHocTH m3ntoma ctamu 07X25HI13 nu
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3aBUCHMOCTh YIApHOW BS3KOCTH OT TeMIIEpaTyphl
MOKa3aHbI Ha pHC. 2.
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Puc. 2. Pe3ynbTaTsl ONICHKH YAAPHOH BSI3KOCTH
1 QpakramsHOrO aHamm3a (ctamb 07X25H13)
Fig. 2. Impact strength assessment and fractal analysis
(steel grade 07Kh25N13)

W3 moaydeHHBIX 3aBUCHMOCTEH (CM. pHc. 2)
BUJHO, YTO C TOHIKCHUEM TEeMIIEPaTypbl HCIbITa-
HUS HaOJroIaeTcss MOHOTOHHOE CHM)KEHHUE yaapHOU
BSA3KOCTH, OJJHAKO BO BCEM AHMANA30HE UCCIEAYEMbIX
TEMIIepaTyp OHa OCTAeTCS Ha JOCTATOYHO BBHICOKOM
ypoBHe. Ilokazatens (QpakranbHOH pa3MEPHOCTH
N300paKeHUsI M3JI0Ma CHHMYXKAETCSl C HOHIKEHHEM
TeMmIeparypa, 4ro OOBSCHAETCS W3MEHEHHUEM pas-
Mepa SMOK BSI3KOTO pa3pylICHUS W CHIDKEHHEM
IUTACTUYHOCTH HCCJIELyeMOoro marepuana. Takum
00pa3om, MeXly 3HAaUEHUSIMH yIApHOW BS3KOCTH U
(pakTaIbHOW Pa3MEPHOCTHIO M300pAKEHUS H3JIOMa
HUMeeTCs ONpe/ie]IeHHas! CBSI3b.

OOmmii  BuA  W3IOMOB  OOpasLoOB  cTald
07X25H13 npu pa3nu4HbIX TeMIepaTypax IMoKa3aH
Ha puc. 3 ¢ BBIICTICHUEM OTICIBHBIX 30H B H3JIOME.

Ouar paszpymenus oOHapy>keH Ha o0Opasue, Ko-
TOpPBIIl HCHBITANM TIPU KOMHATHOM TeMIeparype

t=+20°C

t=-80°C

(Tyen = t20°C), Tarxke HA JAHHOM H3JIOME Xapak-
TEPHO HAJIM4YHE YEThIPEX 30H pa3pyuieHus. Y 00-
pasloB, HCHBITAHHBIX NPU NOHWXEHHOW TeMmIiepa-
Type, HaOIoaaeTcsl TOIbKO HEPOBHOCTH B TOBEPX-
HOCTH M3JI0Ma, a 30HBI 3apOXKIEHHUS U paclpocTpa-
HEHMS TPEILMHBI HE SIPKO BBIP@XEHBI, YTSDKEK Ha
OOKOBOH TOBEPXHOCTH H3JIOMa HE OOHApY>KEHO.
[ peranpHOTO HMCCIENOBAHUS MEXaHU3MOB pas-
PYILIEHUS CTAlIX IPU Pa3HBIX TEMIeEpaTypax IpoBe-
JICHBI DJIEKTPOHHO-MHKPOCKOIMMYECKHE HCCIIEA0BA-
HUS B TPEX 30HaX (3apOXAEHHs TPEUIMHBI, PACIPO-
CTpaHEHUs TPEMIUHBI U J0JIoMa) oOpasiia.

DnekTpoHHbIE PoTOrpaduu H3IOMOB B 30HE 3a-
POXIEHHS TPELIMHBI TIOKa3aHbl Ha puc. 4.

Kak nokaspiBaeT aHaqu3 M3JIOMOB, B 30HE pac-
MPOCTPAHEHUs TPELIUHBI [IPY KOMHATHOHN TeMmIepa-
Type (puc. 4, a) HaOMOJAIOTCS IMKU OTPHIBA, a MIPH
NOHIKCHHBIX TemIiieparypax (puc. 4, 6, B) — SMKU
CBHIa, XapaKTEPU3YIOILUE BSI3KOE pa3pylICHHUE.

OnektpoHHble (oTorpaduu H3IOMOB B 30HE
pacrpocTpaHeHusl TPEUIMHBI TIOKa3aHbl Ha pUC. S.

B 30He pacnpocTpaHeHHsl TPEIIMH BO BCEM HUC-
ClIelyeMOM [Hara3oHe TeMIepaTyp HaOmonaercs
TIOJTHOCTBIO BSI3KWH M3JIOM (SIMKH OTpbIBa). [1pu mo-
HIDKEHUH TeMIIepaTypbl HAOIOAAeTCs] yMEHbILCHHE
pasmepa AMOK, ocoOeHHO mpu Temreparype -150°C
(puec. 5, B), uTO XapakTepu3yeT CHWKCHHE ILIa-
CTHYHOCTH HCCJEIYyeMOro MaTepuana, KOTOopoe
MOJTBEPXKIACTCS PEe3yJIbTaTaMU UCIIBITAHUI Ha pac-
TSDKEHHE (CM. TAOJIMILY).

OnekTpoHHble hoTorpaduu 30H g0j0Ma 00pas-
LIOB MMEIOT aHAJOTMYHBIN XapakTep, KaK MOKa3aHO
B 30HE PACHpPOCTPaHEHHs TPEIIHHBI (CM. PHC. 5).

Bce 00pasiibl, He3aBUCHMO OT TEMIIEPATyphl UC-
NBITAaHWUSA, WMEIOT BS3KUH XapakTep pa3pyLICHUs
(COBOKYITHOCTH SIMOK DPa3fIMYHON KOH(UTYypauuu),
CJIeZIOBATENbHO, UCCIIeyeMasi CTalb HE MMEET TeM-
nepaTypbl BSI3KOXPYNKOTO Iepexoja B paccMaTpH-
BAaE€MOM JIMara30He TeMIIEPATYP.

t=-150°C

Puc. 3. TToBepXHOCTH M3JIOMOB 00pPa3I0B I10CIE UCTIBITAHUS Ha YAAPHYIO BA3KOCTh MPH PA3IMYHBIX TeMIlepaTypax:
1 — 30Ha 3apoXKAEHUS TPEUINHBI, 2 — 30Ha PACHPOCTPAHEHUS TPEUINHBI; 3 — YTSKKH; 4 — 30Ha JT0JI0Ma

Fig. 3. Fracture surfaces of the specimens after impact toughness testing at different temperatures:
1 is a crack initiation zone; 2 is a crack propagation zone; 3 is a tightening zone; 4 is a break zone
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Puc. 4. M3nom B 30HE 3apoKIcHHS TPEIIHMH (BepXHEil yacT 00pa3noB) mpu Temmepatypax: a —t = +20°C; 6 — t = -80°C;

B—t=-150°C

Fig. 4. Fracture in the crack initiation zone (an upper part of the specimens) at temperatures: a is t = + 20°C;

6ist=-80°C;Bist=-150°C

Puc. 5. M3moMm B 30He pacmpocTpaHeHUs TPEUINH (cepennHa 00pas3IoB) mpu Temreparypax: a — t = +20°C;

6—t=-80°C; B—t=-150°C

Fig. 5. Fracture in the crack propagation zone (the middle of the specimens) at temperatures: a is t = +20°C;

6ist=-80°C;Bist=-150°C

Ta6numa. Mexannueckue cBoricrBa crayim 07X25H13
T able. Mechanical properties of steel grade 07Kh25N13

MexaHnyeckue CBOMCTBA

Marepuan | t, °C
p 5, % 1\‘/’{‘{% o, MIla| o,/cp,
+20 | 32 | 329 521 1,58
40 | 24 | 389 | 59 | 153
07X25H13 80 | 15 447 675 1,51
150 | 12 | 526 | 782 | 1,49

3akIoueHne

Ha ocHOBaHWMH BBITOIHEHHOW Pa0OTHl YCTaHOB-
JIeHa CBS3b ()PaKTAIBHON pa3MEpHOCTH HM3JI0Ma 00-
pasua, noiayueHHoro myrem 3D-mewartu, co 3Haue-
HUSMU yaapHou BsizkocTu crainu 07X25H13. TToka-
3areib (DpaKTaJbHON pPa3sMEPHOCTH H300PAKEHUS
U3J0Ma CHIDKAETCS C IMOHMKEHHEM TeMIepaTyphbl,
9TO OOBSACHIETCS M3MEHEHHEM pa3Mepa SIMOK BS3-
KOTO pa3pyLIeHUs] M CHIKEHHEM IUIACTUYHOCTH HC-
CJIEZlyeMOro MaTepHaa.

Ouar paspyuieHust oOHapykeH Ha obOpasie, Ko-
TOpPBI HMCIHBITAIN TNpPU KOMHATHOM TeMIeparype
(t=+420°C), Taxke Ha JaHHOM H3JIOME XapaKTEPHO
HaJu4Me YeThIpeX 30H paspyuieHus. 1Ipu noHmxke-
HUU TemrepaTypbl ucnbiTanus cramun 07X25H13
COXpaHseTcsl BS3Kasg COCTaBISIOIIAs B M3JIOME 00-
pasloB, CIEA0BAaTENbHO, HCCIeAyeMas CTajlb He
UMeeT TeMIepaTypbl BA3KOXPYIKOIO IE€pexoia B
paccMaTpUBaeMOM JMana3oHe TeMIIEpaTyp.
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