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WccinenoBaHbl 3aKOHOMEPHOCTU hopMUpOBaHUS pesibeda MOBEPXHOCTH, pacipeneseHUsI SJIEMEHTHOTO U
($azoBoOro cocTaBoB Mo IIIyOMHE, MOBBIIIIEHUSI MUKPOTBEPIOCTH MTOBEPXHOCTU CTAIN 45 B 3aBUCMMOCTH OT
rapameTpoB 3JEKTPOB3PHIBHOIO OOPOMENHEHUS U MOCEAYIOLIeit 2JIeKTPOHHO-MTYYKOBOI 00paboTKU.
IToxazaHo, 4TO CTpOEHME 30HBI 3JICKTPOB3PHLIBHOTO JIETUPOBAHMS TOJIIMHONM MO 25 MKM IO IIyOWHE
BKJIIOYAET B ce0sl MOKPBITHUE, TIPUTTOBEPXHOCTHBIN, MTPOMEXYTOUHbBII U TIpUTrpaHUYHbIi ciou. C pocToM
MTOTJIOIIAEMOM TIJIOTHOCTY MOIIIHOCTH U MAacChl IMOPOIIKA 60pa IMPOUCXOIUT YBEIMISHUE IIIEPOXOBATOCTH
MOBEPXHOCTU 30HBI 3JIEKTPOB3PHIBHOTO OopoMenHeHust 1 MukpoTtseproctu n1o 1400 HV. TMocnenytomas
06paboTKa UMIYJILCHBIM 3JIEKTPOHHBIM ITyYKOM ITPUBOIUT K OOBEIMHEHWIO TIOKPBHITUS C TTPUTTIOBEPXHOCT -
HBIM CJIOEM, YBEJIUUCHUIO IIYOMHBI 30HBI yITPOYHEHUS 10 80 MKM 1 YMEHBIIIEHUIO 1IePOXOBATOCTH U MUK-
poTtBepaoctu noBepxHocTu 10 800 HV. Viayuimenne pusnko-MexaHnIeCKUX CBOMCTB 30HbI JIETUPOBaHUS
00ycJIOBIEHO (OPMUPOBAHUEM CYOMUKPO- 1 HAHOKPUCTAJUTMYECKUX 3aKAJIOUHBIX CTPYKTYP, COAEPKaIIIUX
YIIPOYHSIONMYeE (a3bl.
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BBEIAEHME

Hacrosiias paborta BbITIoJIHEHA B paMKax 00111eTo
HalpaBJeHUs Pa3BUTHUSI HAyYHBIX UCCIEAOBAHUU U
MPaKTUYECKUX pa3pabOTOK MO PEIIeHUI0 aKTyasb-
HOIi Tpo6JieMbl YIIPOUHEHUSI METAJIJIOB U CIJIAaBOB C
KCIIOJIb30BAHUEM HaxOJSIINX Bce 0ojee IUPOKOoe
MPUMEHEHNE B MPOMBIIIIEHHOCTH KOHIUEHTPUPO-
BaHHbBIX MOTOKOB 3Hepruu. OJHUM U3 HOBBIX METO-
JIOB YIIPOUHEHUS SIBJSIETCS 3JIEKTPOB3PHIBHOE JIETU -
poBanue (DBJI), 3akimoyaronieecss B MOAUMUKALIUU
CTPYKTYpPbl U CBOWCTB METAJIJIOB U CIJIABOB MyTeM
¢dbopMUpOBaHUS IPU DIEKTPUUECKOM B3PbIBE MPOBO/I-
HMKOB MHOTroga3Hoii I1a3MeHHOM CTpyH, OIljiaBJie-
HUU €10 YIIPOUHSIEMOIl TTOBEPXHOCTU U HACBIIIIEHUU
pacruiaBa NpoAyKTaMM B3pbIBa C TMOCAENyIOIIei ca-
Mo3akaiakoil. Pesynbrarel DBJI onpenensiioTcs coB-
MECTHBIM BJIMSIHUEM Ha YIIPOUYHSIEMYIO TOBEPXHOCTD
TEIJIOBOTO, CUJIOBOTO W XMMUUYECKOTO (haKTOpOB
06paboTku. MICTOUHUKOM JIETUPYIOIIUX 3JIEMEHTOB
npu DBJI saBasieTcss MHOTOa3Hasl CTPYysI TPOAYKTOB
B3pbIBa, a TAKXE MOPOIIKOBbIE YACTULIBI PA3JIMYHBIX
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BEIIECTB, BBOOMMbIC B 00JIacTh B3pbiBa. Bo3MoOxK-
HOCTh OCYIIECTBJICHUSI BIIEKTPOB3PBIBHOTO OOpO-
MEIHEHUSI TEXHUYECKHM YMCTOTO XeJjie3a IToKa3aHa B
pabote [1].

JloIoIHUTENIbHOE YJIy4IlIeHUe CBOMCTB ITOBEpPX-
HocT Tociie DBJI BO3MOXHO MHpU mocieayooleit
2JIEKTPOHHO-ITy4KOBOI 00padoTtke (DI10), BhI3bIBa-
IOLlIei UMITYJIbCHO-IIEPUOANYECKOE TIeperjiaBiIeHue
MOBEPXHOCTH JIETUpOBaHUs. BMecTe ¢ TeM mpoliecchl
dbopMUpOBaHUS CTPYKTYPhI U CBOMCTB MOBEPXHOCT-
HBIX CJIOEB METaJIJIOB U cIjiaBoB Ipu D BJI u mocneny-
fomeit D110 u3ydeHbl HETOCTaTOYHO.

Cranb 45 IUPOKO MCITOIB3YeTCsT B MTPOMBILIIIEH-
HOCTH B Ka4eCTBE KOHCTPYKIIMOHHOTO crijiaBa [2, 3].
B nutepaType nMeIoTcsI CBeAeHMsI O IOBEPXHOCTHOM
YIIPOYHEHUU 3TOM CTaJIM C UCHOIb30BAaHUEM KOH-
LEeHTPUPOBAHHBIX MOTOKOB dHepruM [4—10], B yacT-
HOCTH, KaK IIpH1 3JIEKTPOB3PBIBHOM MEIHEHUM, TaK U
BI10 [11].

BrIOOp IBYXKOMIIOHEHTHOTO 3JIEKTPOB3PBIBHOTO
OopoMenHeHUsT OOyCJIOBJIEH TeM, 4TO OOpHMpOBaH-
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Hble cjiou 00J1alaloT He TOJIbKO BBICOKOI TBEpIO-
CTblO, U3HOCO- U KOPPO3MOHHOI CTOMKOCTBHIO MO-
BepXHOCTH [4, 11], HO 1 XpYIIKOCTBIO, KOTOPasi MOKET
ObITb YMEHBIIIEHA MPU MCITOJIb30BaHUU OOpPOMETHE-
Hus [12, 13].

Lenbio paboTHI ABASIETCS BBISIBIEHUE 3aKOHOMEP-
HocTel (hopMUpoBaHUs peibeda MOBEpXHOCTU, pac-
MpeaeaecHUs 3JIEMEHTHOTO U (Da30BOTrO COCTaBOB 110
IyOuHE, MOBBIIIEHUSI MUKPOTBEPAOCTH TTOBEPXHO-
CTH cTaiu 45 B 3aBUCUMOCTHU OT MapaMeTPOB KOMOM -
HUPOBAHHOM 00pabOTKU, BKIIIOYAIOIIEH 3JIEKTPO-
B3pPBIBHOE OOpOMETHEHME U TToCIIeayIolee oomyde-
HUE 3JICKTPOHHBIM ITYYKOM.

METO/J bl UCCIIEAOBAHUA

O0pa31bl KOHCTPYKIIMOHHON yTJIEpOOMCTOH cTa-
1 45 s nocaeayionieiin KOMOMHUPOBAaHHOI 0Opa-
OOTKM B BUJIe MWJIMHAPUUECKUX IITai0 BHICOTOM 3—5 MM
BbIpe3a/Id U3 MpyTKa auaMmeTpoM 20 MM, KOTOpPBIi
ObLI1 oTOXCKEeH Mpu TeMneparype 850°C B TeueHue 1.5 4
M OXJIaXIEeH BMECTe C meublo. B pesynbrare maHHOI
TepMOOOPaOdOTKM B MaTepurasie Oblia chopMrpoBaHa
CTPYKTYpa, IpeAcTaBJIeHHasT 3¢pHAMU CTPYKTYPHO-
CBOOOMHOTO (heppuTa U KOJOHUSIMU IUIACTUHYATOTO
TepnTa.

DJIeKTPOB3PBIBHOE OOpOMETHEHNE TPOBOAVIN Ha
nmabopatopHoit ycraHoBke DBY 60/10. Dnekrpo-
B3pbIBHasi 00pabOTKa MO3BOJISIET CKOHLEHTPUPOBATh
3a KOPOTKUIA IMpoMexyToK BpeMmeHu (10~* ¢) Brico-
KYIO TUIOTHOCTb MouiHoctu (~1 T'Bt/M?) B TOHKHUX
(~10 MKM) TTOBEpXHOCTHBIX CJIOSIX MaTepHaaoB 1 Ja-
€T BO3MOXHOCTb TPOBECTU OIJIaBJICHUE U JISTUPOBa-
HY€ MOBEPXHOCTHBIX CJI0eB 0e3 BhITLIeCKa pacrljiaBa,
pa3BUBAIOIIETOCs] BCIEACTBUE HEOAHOPOIHOIO AaB-
neHus (~10 MIIa) nia3MeHHOI cTpyyd Ha obOJydae-
MYIO MOBEPXHOCThb. B KauecTBe B3pbIBa€MOIrO MpO-
BOJIHMKA MCITOJb30BaJI METHYIO (hOJIbTY, 3aKperLis-
eMyl0 Ha DBJIeKTpolIaX TIJa3MEHHOIO YCKOPUTEJIs
KOoaKcuaJlbHO-TOplieBoro Tumna. B o6jacTe B3pbiBa
BBOJWJIM MOPOIIKOBYIO HaBecky amopdHoro Gopa.
Pexxuumbl 00paboTKu obecrieyrBaid MOMIOIIAEMYIO
IUIOTHOCTh MOLIHOCTH ¢,, PaBHyw 5.5, 6.5, 7.5 u

8.6 'Br/M2. B3spbiBaeMble MenHble (OJILIU UMEIH
toyuHy 20 MKM 1 Maccy, paBHyo 35, 70 u 100 mr.
B oGacTtit B3pBIBa pa3Meniain MopoIoK aMopdHO-
ro 6opa maccoit 20 u 60 Mr. AHaJIN3 MOBEPXHOCTHBIX
CJI0EB TOCJe BJIEKTPOB3PBIBHOTO OOpPOMETHEHUS
MPOBOJIWJIN B Clly4yae, KOrJia OTHOIIIEHWE # aTOMHBIX
KOHIIEHTpaluii 6opa U Meau B CTpye OBLIO paBHO
caenyromuM 3HaueHuaM: 1.2, 1.6, 3.4 u 3.5.

IMocnenyromyio DI1O noBepXHOCTH JIETUPOBAHMSI
ocymecTBiasgnn Ha yctaHoBke “COJIO” HMuctnTyTa
cuJIbHOTOYHOM a5ekTpoHuk CO PAH mipu cienyio-
IIMX OCHOBHEIX ITapaMeTpax: IToIjoliaeMasl IIOT-
HOCTb MOIIIHOCTHU g, = 2.0, 2.5 u 3.0 FBT/Mz, OJI-
TeJIbHOCTb UMITYJIbcoB T = 100 1 200 MKc, yacToTa UX
cnenoBanus f = 0.3 I, yuciao ummynascoB N = 5 u
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10 mmm1. O6pabOTKY OCYIISCTBISIN B Cpele aproHa
paboueit kamepnl npu gasiaeHuun 0.02 ITa. DBJI u
DI1O UMET COIMOCTABUMbIC 3HAYCHMS ITOIJIOIIAc-
MO¥ MJIOTHOCTA MOIIHOCTH, TIyOMHBI U OHaMeTpa
30HBI BO3ICHCTBUSI HA 00 Iy4aeMylO IIOBEPXHOCTb.

HMccnenoBanusi CTPYKTYpPHl YIIPOYHEHHBIX CIOEB
MPOBOJIUIN C UCITOJb30BAHUEM METOIOB CBETOBOIt
(Olympus GX 51) u pactpoBoii anekrpoHHoit (Carl-
Zeiss EVO50) mukpockonuu (POM), peHTreHo-
CMEKTPATLHOTO MUKPOaHaJIU3a, ONTUYECKON UHTEP-
depomerpun (ZygoNewView TM 7300), peHTreHO-
crpykrypHoro aHanusda (JIPOH-2,0, ARL X’TRA).
YrnpoyHeHre MOBEPXHOCTU OLICHUBAJIM IO YPOBHIO
mukpotBepaoctu (HVS-1000A).

PE3VJIIbTATBI UCCIEOAOBAHUA
N UX OBCYXIEHUWE

HMccnenoBanust MeTonaMu MUKPOCKOITUU U ONTH-
YecKo MHTepdepoMeTpuu MoKa3ajiu, YTO Ha MO-
BepxHOCTU 30HbI DBJI B cTanu mapku 45 popMupy-
€TCsl TOKPBITUE C BLICOKOPA3BUTHIM peibepom. OHO
00pa30BaHO YacCTUIIAMU MPOAYKTOB B3pbIBA MEAHOM
¢donbru U mopoiiika 6opa U3 Thlia CTPYU, KOTOpbIE
KOHJIEHCUPYIOTCS Ha MOBEpXHOCTU. B cTpykType pe-
Jibeda BBIICNSAIOTCS CleNbl PaluaIbHOIO TEYEHUS
pacruiaBa U3 LIeHTpa 30HbI JIETUPOBAHUSI K Tieprudepunu,
00yCJIOBJIEHHOTO HEOAHOPOIHBIM CUJIOBBIM BO3/Eii-
CTBHEM TJIa3MEHHOU CTPyH Ha IOBEPXHOCTb, [IPUBO-
ISIIIUM K KOHBEKTUBHOMY IepeMelIMBaHUIO pac-
iaBa. [Ipu yBennMueHUM MOIJIOIAeMOM TUIOTHOCTH
MOIIIHOCTU paiualibHOE T€YEHHE CTAHOBUTCS Oosiee
BbIpaxkeHHBIM. YBeJIMYeHMEe MacChl TTopoIlka 6opa B
TPM pa3a NpUBOJIUT K YBEJIMUEHUIO TapaMeTpa Iepo-
xoBaroctu R, oT 2.5 10 6.4 MKM.

IMocaenyromas DI1O 1mpu Bcex pexXnmMax CoIpo-
BOXJAeTCs TJIAaBJICHUEM TTOBEPXHOCTU U OOBbeIMHE-
HUEM HOKPBITUS C HIDKeNIeXKallleil 30HOM JerupoBa-
Hus. [Ipu 3TOM NTapaMeTp 11epoXoBaTOCTU R, yMEHb-
mraercsa or 5.6 mo 2.5 MKM, ciaeabl pagdaJbHOTO
Te4YEHUS cUYe3aloT, Ha0IomaeTcs oOpa3oBaHue Kpa-
TEPOB. YBEINMYCHUE ITOTIOMIAEMOM INIOTHOCTHY MOIII -
HOCTM M BpeMeHU umnyibcoB DIIO mpuBogut K
YMEHBLICHHUIO MapaMeTpa epoxXoBaTOCTU R, U Ily-
OMHBI KpaTepoB, YBeJIMYeHUIO X nuamerpa d. [1pu
yBeJMYeHUU 4uciaa umiyabcoB DI1O 3HaueHus R,
1 d yBEJIMYUBAIOTCS.

ITocie BIIO mnowepxHocTh 30HBI DBJI umeer
IEeHIPUTHYIO CTPYKTYpY KpucTayutndanuu. Mcciaemo-
BaHWS TIPW OOJBIIOM YBEIWYECHUM ITOKa3aad, 4YTO
npu N = 10 umn., g, = 2.0 u 2.5 TBr/M?> u T = 100 u
200 MKC KOJIMYECTBO 3€peH C ASHIPUTHOMN KpUCTaJI-
Ju3anueil 3aMeTHO OOJIbIlIe, YeM C STYSUCTOM KpU-
crajmsauueii, a npu g, = 3.0 I'Br/m? bopmupyercst
TOJIBKO CTPYKTypa OEeHAPUTHONW KpHUCTaUIM3aluu
(puc. 1). C pocToM ¢, U T CpedHeEe PACCTOSIHUE A,
MEXIy sSTYeKaMHu M OCSIMU TIEPBOTO TTOpsiAKa MeHII-
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110 BAIIIYK u np.

IMM (6) 10 MKM (B) 10 MKM

Puc. 1. PDM-u3o6pakeHue CTpyKTypbl TOBEpXHOCTH Jiernposanus rmocie D10 npu N= 10 umm. a — g, = 2.0 FBT/M T =100 mMKc;
6— g, = 2.5 TBr/M2, T = 100 MKe; B — g = 3.0 [Br/M2, T = 100 MKC; T — g, = 2.0 TBT/M2, T = 200 MKC; 1 — g, = 2.5 TB1/M?,

T =200 mkc; e — 3.0 FBT/M T =200 MKc.

! ©)

Puc. 2. CprKT%’pa craiu Mapku 45 nocie DBJI TpH ¢
q. = 2.0 I'Bt/™M*,

PUTOB U CPeIHUN auaMeTp 3epeH D yBeINYUBAIOTCS
B 1.5—2.0 paza.

MUKpPOCKONMMYECKUIN aHaIU3 CTPYKTYPBI 30HBI
JIETUPOBaHMS Ha MPSIMBIX U KOCHIX IUTH(aX MO3BOJIsI-
€T BBIIEJUTD 0 €€ INIyOMHE YETBhIPE CJI0SI C UBMEHEH-
HO#l CTPYKTYypoOii. DTO MOBEPXHOCTHBIN CIOM TOJ-
IIMHON HECKOJBKO MUKPOMETPOB, OOYCIOBICHHBIN
ocaxkaeHNEeM Ha ITOBEPXHOCTU OOpabOTKM KOHJIEHCH-
POBaHHBIX YACTUII TIJITA3MEHHOU CTPYM, a TAaKXKe TPU-
MOBEPXHOCTHBIN 1 IIPOMEXYTOUHEBIN c10u (puc. 2a).

Ot ocHOBEI 30Ha DBJI TonmmHoit 10 25 MKM OT-
JleJieHa 30HOM TEpMUYECKOTO BIMSHMUS, YCIOBHYIO
rpaHUIly KOTOPOM OIIPEAEIISIIIN 10 KOJIOHUSIM OCBET-
JIECHHOTO nepymTa. B mpoMexXyTo4yHOM ciioe BOJIM3U
rpanubl 30HBI DBJI ¢ ocHOBOIT hopMupyeTcs momi-
CJIOM TOJIIIUHON HECKOJILKO MUKPOMETPOB C BOJIHU-
cTeiMU TpaHullamMu. Ero mpoucxoxngeHne MOXKHO
CBsI3aThb C paauvajbHBIM TE€YEHMEM pacIjiaBa BIOJb
MOBEPXHOCTHU.

Jlerupyloniye sneMeHTBI B 00beMe 30HBI DBJI
pacnpenensitoTcsi HEOMTHOPOAHO (puc. 2a), 4TO CBU-
NETETBLCTBYET O HEe3aBEPIIEHHOCTH TTepEeMEIIMBAHMS

TMOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCJIEIOBAHUS ~ Ne 5

(») 20 v

=6.5 FBT/M2, n = 3.4 (a) u nocnenytoueit D10 npu N = 10 umi.,
=100 Mxc (6) n g, = 2.5 FBT/M T= EOO MKCc (B). CTpesiku Ha puc. 20 yKa3bIBalOT Ha MUKpPOTpelHbl. CBe-
TOBast MUKPOCKOIIHS, KOCBIE IILTUMBI.

pacrnaBa nocjie BHECEHHMsI B HETO YacTUIL Meau 1 00-
pa 1 oOycCIOBJIEeHO UMMYJIbCHBIM XapakTepom DBJI.
BI10 npuBOOUT K IOIIOJHUTEIHFHOMY Iepepacrpe-
neneHuto 6opa u Meau (puc. 26). Ilpu aToM B Ipuno-
BEPXHOCTHOM U MPOMEXKYTOUHOM CJIOSIX 30HBI JIETH -
poBaHUs POPMHUPYETCS 3epPEHHAsI CTPYKTypa (puc. 2B).
B npunosepxHocTHOM cioe 30HbI DBJI HabmonamoT-
Csl MHOTOYMCJIEHHBIE YaCTUILIBl YIIPOUYHSIONIUX (a3
cyomukponHoro auamna3ona. Ilocie DI10 c yBenu-
YyeHHUEM O0ILIeTO BpeMeHU HaXOXICHHUS TOBEPXHOCT -
HOTO CJIOSI B >KMIKOM COCTOSIHUM pas3Mepbl YacCTHUIL
VIIPOUHSIOMUX (a3 yBEINYMUBAIOTCI TaK K€, KaK U
WUTJI MApTEHCUTA B INIyOUHE.

PeHTreHOCTpYKTYpHBIIl aHaaMU3 II0Kas3aj, YTO B
pe3yJIbTaTe 3JeKTPOB3PLIBHOTO OOPOMETHEHMS Ha T10-
BEPXHOCTH CTaJIi c(hOPMUPOBAIACH CMECH, COCTOSIIIAs
u3 o-Fe, Cu u ynpounsitonux ¢as FeB, Fe,;(C, B),.
C yBenuMYeHNEM TOTIONIAEMOM MIOTHOCTA MOIITHO-
CTH ¢, HaOJIIOAeTCs YMEHbLIEHHE conepxaHus o-Fe
u yBenuuyeHue conepxanus Y-Fe u Cu, 4yto cBuze-
TEJIbCTBYET 00 YBEJIWUYEHWU CTEIECHU JIETUPOBAHUS
pacruiaBa Menbio. Biugaue DI10 cBomuTcs K pac-
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Puc. 3. PactipeneneHne MUKpOTBEPIOCTH 110 TITyOUHE 30-
HBI 00paboTKM cTaim Mapku 45 mocie DBJI npu qp =
=8.6 FBT/MZ, n = 3.5 (M) u nocaenyioieit DI10 npu
N =10 nmn., g, = 2.0 FBT/MZ, T =100 Mkc (@) u T =
=200 Mkc (<). BepTukanbHbIe IITPUXU Ha TpaduUKax co-
OTBETCTBYIOT INIyOMHE 30HbI JISTUPOBAHUSI.

TBOPEHUIO OOPUIOB B CJI0€, YMEHBIIEHUIO COJIEpXKa-
HUS ayCTeHUTA, IepepacipeacaeHUIo Meay U YBEIr-
yeHuto copepxanusi o-Fe. B yactHocTH, ¢ pocToM
MOIJIONIA€MOU TUIOTHOCTU MOIIIHOCTU ¢, COAepXka-
Hue o-da3pl 1 MetacTabuinbHOU (dasbl Fe,;(C, B)g
YBEJIMUMBAETCSI, a MPU YBEJIWYEHUU IJIUTEIHLHOCTHU
UMIYJIbCOB Ucue3aroT NUuku y-Fe u Fey;(C, B)g. Co-
JJACHO MeTaJTorpaduyecKuM MCCIEeIOBaHUSIM, 3TO
SIBJISIETCSI CJIGACTBMEM YBEJIWUYEHMSI TIIYyOWHBI 30HBI
JIETUPOBaHUS U TMepepacHpeneyieHusl Jerupyoimmx
2JIEMEHTOB TI0 €€ 00BbeMYy.

Pacnipenenenve MUKpOTBEPIOCTH MO ITyOMHE 30-
Hbl BJIEKTPOB3PBIBHOTO OOpPOMEIHEHUS SIBJSICTCS
MOHOTOHHO nagawiuM (puc. 3). I1lpu aToM Makcu-
MajibHasi MUKPOTBEPIOCTb HaOI0IaeTCsd B TOHKOM
TMTOBEPXHOCTHOM cJjioe. B IpUmoBEepXHOCTHOM cJioe
Ha TyouHe 10 15—20 MKM Tpalu€HT MUKPOTBEPIO-
CTM MaJleHbKMWii, U C y4eTOM OIIMOOK M3MepeHuit
MOKHO TOBOPUTb 00 YCpeOIHEHHOM 3HAYEHUM MUK-
pOTBEPIOCTU B 3TOM cJioe. B mpoMekyTOUHOM cJioe
MUKPOTBEPAOCTb OBICTPO MaAaeT N0 €€ 3HAUYECHUS B
obweme ctanu Ha ypoBHe 200 HV.

C pocrom g, ot 6.5 110 8.5 I'Bt/m? ipu DBJI Muk-
pPOTBEPIOCTDb MOBEPXHOCTU JIMHEWHO yBEIMYMBAETCS
or4.5106.0uo0r5.4m07.2pazanpun=1.6u3.5co-
OTBETCTBEHHO (puc. 4a). BausiHue Ha MMKPOTBEp-
JIOCTb MOMIOIAEMOM IJIOTHOCTY MOIITHOCTU TeM OoJiee
CWIbHOE, YeM Bblllle KOHIEHTpalusi 6opa B IUia3-
MeHHoI1 cTpye. [ToBemeHre MUKPOTBEPIOCTHU B MIPU-
MOBEPXHOCTHOM CJIOE OTJIMYAETCSI OT €€ TMOBEICHUS
Ha MOBEPXHOCTU TEM, YTO MPU HU3KOM COAEPKaHUU
060opa 3aBUCUMOCTb MUKPOTBEPAOCTU OT TOMIOIIae-
MO TUIOTHOCTHU He mposiBiisiercsi. C poCTOM TONIO-
111a€MO TIJIOTHOCTU MOIIIHOCTU TJIyOHWHA 30HBI JIETH-
pOBaHMUSI M TOJNIIMHA MPUITOBEPXHOCTHOTO CJIOSI C
BBICOKMM YPOBHEM YIPOUYHEHMSI C POCTOM KOHIIEH-
Tpauuu 00opa B IJIa3MEHHOM CTpye YBEJIMUUBAIOTCS B
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Puc. 4. I3aMeHeHre MUKPOTBEPAOCTH (a), NIyOUHBI Z 30-
Hbl DBJI 1 NTyGMHBI TPUTIOBEPXHOCTHOTO CJIOA 25 (6) Mo-
cjie 00pabOTKKU B pa3IMYHbIX pexxuMax (M, O — MoBepX-
HOCTb 30HbI DBJI, ®, O — MpUIMOBEpXHOCTHBIH CJIOI 30HBI
DBJI).

1.5m 2.0 pa3a coorBeTcTBeHHO (puc. 40). [Ipn mocie-
nyroiieit BITO rmyduHa ynpodyHeHU s Bo3pacTaeT 00-
Jiee 4eM B Tpu pa3a (1o 80 MKM), IIpy 3TOM MUKPO-
TBEPOOCTh YMEHBIIAETCSI, OCTABAsICh HAa BBLICOKOM
ypoBHe. MakcuMaibHasi MUKPOTBEPIOCTb Ha IIO-
BEPXHOCTU U B MIPUMOBEPXHOCTHOM CJIO€ TOCNIE 00-
padotku coctaBasger 1000 m 800 HV mpu BpeMeHM
nmMnyabcoB 100 1 200 MKC COOTBETCTBEHHO.

3AKJIFTOYEHHME

YcTaHOBIEHO YBEJIMUYEHUE IIIEPOXOBATOCTU TIO-
BEPXHOCTHU 30HBI 3JIEKTPOB3PHIBHOIO OOPOMETHEHMUS
cTajau MapkKu 45 ¢ poCcTOM HOMJIONIAEMOM IMJIOTHOCTU
MOIIIHOCTHM M Macchl mopoiika oopa. ITocnemyronias
OI1O npuBOAUT K YMEHBIICHHUIO LIIEPOXOBATOCTU U
MOSIBJICHUIO Ha IIOBEPXHOCTU KPaTEpOB BMECTO CJIe-
JIOB paguabHOTO TCYCHMSI.
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Crpoenne 30HBI DBJI, ob1m1as Tommmmaa KOTOpOid
JIOCTUTAET 25 MKM, IO INIyOMHE BKJIIOYAeT B ceOsI MO-
KPBITHE, TIPUMOBEPXHOCTHLINA, MPOMEXYTOUYHBINA U
npurpaHndHeiii cinon. Iociaenyromas D110 mpuso-
IUT K OOBEIUHEHUIO TTOKPBITUSI C TTPUITOBEPXHOCT-
HBIM CJIOEM M YBEJIMYCHUIO TTTyOMHBI 30HEI YIIPOYHE-
ang 1o 80 MxM. Ilpm 3TOM BOJIM3M MOBEPXHOCTH
dopMuUpyeTCs CTPYKTypa SYEUCTOM WU ASHIPUTHOMN
KpUCTaJlIN3aliu, B ITTyOMHE — 3epeHHasl CTPYKTypa.

YcTaHOBJIEHO HEOMHOPOMAHOE paclipenesieHue je-
TUPYIOIINX 3JIEMEHTOB IO 00BhEeMY 30HBI JIETUPOBA-
HUS U BBIpaBHUBaHUE eTo IIpu Tocienyonieii SI10.
VYBeanyeHure MomionaeMoi MIOTHOCTY MOIITHOCTHY U
o0111ero BpeMeHu BozaeictBrs D110 npuBoauT K po-
CTYy MEXICHIPUTHOTO PACCTOSTHUS, TUaMeTpa 3epeH
U pa3MepoOB MapTEHCUTHBIX UTJ B TIIyOUHE.

MuxkpoTBepaocTh noBepxHocTH nocye DBJI yBe-
JINYMBAETCS C POCTOM IOIIOIIAEMOM ITJIOTHOCTU
MOIITHOCTH 1 KOHIIEHTpalmy 6opa u nocturaet 1400 HV.
I1pu nocnenyrouieit D110 ypoBeHb MUKPOTBEPAOCTU
ymeHbiaetcsa o 800 HV. Yiayumenune ¢pusnko-me-
XaHWYECKUX CBOMCTB 30HbI JISTUPOBAHUS OOYCIIOBJICHO
¢dopMUpoBaHUEM 3aKaJIOUYHBIX CTPYKTYP, BKJIIOUYAIO-
IIMX CYOMUKPOKPHUCTA/IMUECKUE YITPOUHSIIoIe ha-
31 0opunoB FeB, Fe,B, FeB,, kap6o6opuna Fe,;(C, B)
u kapouna B,C.
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Structure and Properties of Steel 45 Surface after Electroexplosive Borocoppering
and Electron Beam Treatment

E. S. Vashchuk! *, E. A. Budovskikh?, K. V. Aksenova?, L. P. Bashchenko?, V. E. Gromov? **
!Kuzbass State Technical University named after T.F. Gorbachev, Prokopyevsk, 653039 Russia
2Siberian State Industrial University, Novokuznetsk, 654007 Russia
*e-mail: vashuk2012@bk.ru
**e-mail: gromov@physics.sibsiu.ru

We investigated the regularities of the formation of the surface relief, the distribution of elemental and phase
compositions over depth, and an increase in the microhardness of the surface of steel 45, depending on the
parameters of electroexplosive borocoppering and subsequent electron-beam treatment. It is shown that the
structure of the zone of electroexplosive alloying with a thickness of up to 25 um in depth includes a coating,
near-surface, intermediate, and boundary layers. With an increase in the absorbed power density and the
weight of boron powder, the surface roughness of the electroexplosive borocoppering zone and microhard-
ness increase up to 1400 HV. Subsequent processing by a pulsed electron beam leads to the unification of the
coating with the surface layer, an increase in the depth of the hardening zone to 80 um, and a decrease in the
roughness and microhardness of the surface to 800 HV. The improvement in the physical and mechanical
properties of the alloying zone is due to the formation of submicro- and nanocrystalline quenching structures

containing hardening phases.

Keywords: steel 45, electroexplosive borocoppering, electron-beam treatment, surface relief, distribution of
elemental and phase composition over depth, microhardness.
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