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B pa6oTe [ 1] 6b1Jl0 06HapY)KeHo, a AOnOJlHL.ffeJlbHblMl,1 pe3y11b

TaTaMl,1 [2] nOATBep)l(AeHO HOBOe npmrn11eH1,1e BJll,1SlH1,1Sl re111,151 Ha.: 

i 
TepMw-1ecK1,1 Heo6parnMyio CTPYKTYPHO-cpa3osyio Aecrn61,1111,13au,1,1io 

yrnepOAL-1CTblX CTa11e111. noKa3aHO, 'HO B YCJlOBL-1SlX noc11epaA1,1a

LJ,l,10HHOro nOJl1,1MOPQ)HOro npespaLLJ,eHl..151 TOJlbKO B yYaCTKax 06pa3u,a 

yrnepOAL-1CTOIII CTa111,1, nernpoBaHHblX re111..1eM, L-1MeeT MeCTO 

TePMl..1'leCKl,1 Heo6paTl..1MOe pa3MeJlb'leHl..1e pa3Mepa cpepp1,1TO·:, 

nepJll,1THblX 3epeH C OAHOBpeMeHHblM B03paCTaHl..1eM AOJll,1 cpepp1..1THOIII 

cpa3bl. Ec111,1 1,13MeJlb'leHL-1IO 3epHa MO)KHO HalllTl,1 06bSlCHeH1..1e 3a C'leT 

L-13Becrnoro BJll,1SlHl,1Sl re111,151 Ha pocT aycTeHL-1THblX 3epeH, TO 

yse111..1YeH111e AOJll,1 cpeppl..1THOIII cpa3bl, a CJleAOBaTeJlbHO, yMeHbWeH1..1e 

LJ,eMeHTl,1Ta 6b1Jl0 HeO)Kl..1AaHHblM.' EcTeCTBeHHo' BCTaJl sonpoc 0 

HaJlll1ljl,11,1 yrnepoAa 1,1Jll,1 1,13MeHeHll11,1 era COCTOSlHl,151 B 0611acrnx CTa111,1, 

nernposaHHblX re111..1eM. 

B HaCTOSlLL.1,e111 pa6oTe npl..1BOASlTCSl pe3yJ1bTaTbl 3JleKTpOHHO

Mll1KPOCKOnl..1YeCKll1X 1,1CCJleAOBaHll1111 yr11epOAll1CTOIII CTaJlL-1, 0611yYeHHOIII 

BblCOK03HepreTll1'lHblM111 CX-YaCTll1L.1,aM111 1,1 nOABeprHyTOIII noc11e

paA1t1au,1..10HHOIII cpa3oso111 nepeKp111crn11111,13au,1111,1. 

3Kcnepl..1MeHTaJlbHble MeTOAbl 

B Ka'leCTBe o6beKTa AJlSl 1,1CCJleAOBaHl..1111 6b1Jl B3SlT A03BTeK

T0111AHbllll cnnas )KeJ1e3a c 0,58% yrnepoAa. nocne pa3pe3K1,1, npoKaTKL-1 

AO TOJlLL.l,111Hbl OKOJlO 0, 1 MM 1,1 0T)Kl..1ra B BaKYYMe np1,1 900°C B Te'leHL-1e 

ABYX YaCOB, B 06pa3u,ax 6b1Jla ccpopML-1POBaHa KJlaCCl..1'leCKaSl cpeppL-1TO

nep11111THaSl CTPYKTYPa, 

O611yYeH111e c6opK1,1 1113 ABYX Q)OJlbr npoBOA111JlOCb Ha LJ,1,1KJl0TpoHe 

Y-200 (Ovl~vl. ,Uy6Ha) cx-Yacrnu,aM111 c HaYaJ1bH0111 3Hepr1..1e111 36 MsB. C 

LJ,eJlblO cpopMll1POBaHl..1Sl B Q)OJlbraX npOAOJlbHblX 30H, nernpoBaHHblX 

re11111eM, l,1X 0611yYeHL-1e npOBOAL-1JlOCb Yepe3 Ha6op LJ,1,1Jl1,1HAPL-1YeCKl,1X 

nornoLLJ,alOLLJ,1,1X Q)ll1JlbTpOB no MeTOAl..1Ke [3]. ,Uo3a 0611yYeHL-1Sl 
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nocne 0611yLJeHJ.,,rn o6pa3l.lbl onK111ram1cb B BaKYYMe np111 

TeMneparype 900°C B Te'leHl/le nHTl/1 LJaC0B C nocJleAYIOLUI/IM 

0XJJa)l(AeHl/leM C ne'lblO. MaKPOCKOnlll'leCKOe C0CT0HHl/le CTPYKTYPbl 

o6pa3l.l0B K0HTp0lll/lP0BaJl0Cb C noM0LUblO onTl/l'leCK0ro MIIIKP0CK0na. 

3JleKTp0HHO-MIIIKPOCK0nl/l'leCKl/le I/ICCJleA0BaHI/IH np0B0AVIJll/lCb Ha 

MIIIKP0CKone 3M-125. O6pa3l.lbl 1/13rDTaBJll/lBaJll/lCb Ha ycrnH0BKe 

"MVIKP0H" [4] C 111cnoJ1b30BaH111eM 3JleKTP0Jll/lTa CJleAYIOLUero C0CTaBa: 

25 r CrO3, 40 MJl B0Abl, 133 MJl JleAHHOiii YKCYCH0iii KI/ICJl0Tbl. 

Pe3yJlbTaTbl VI o6cy)KJ].eHl/le 

MeTa1111orpacp111LJeCKl/le I/ICCJleA0BaHI/IH AaHHblX o6pa3l.l0B noKa3a

Jll/l CTPYKTYPHble 1/13MeHeHVIH, KaK VI B. pa6orn (2], a I/IMeHH0: 

yMeHbWeHl/le A0Jll/1 nepJlVITHOiii COCTaBJlHIOLUCll1 VI pa3Mepa cpeppl/lTHblX 

VI nepJll/lTHblX 3epeH B yLJaCTKaX 06pa3ua, noABeprnyTblX 11er111poBaHI/IIO 

re11111eM. 

311eKTPOHH0-MV1KpOCKOnV1'leCKOe I/ICCJ1eA0BaH111e yLJaCTK0B o6pa3-

ua, He n0ABeprnyTblX Jlerlllp0BaHVIIO re11111eM, noKa3aJllll, 'lT0 B CTPYKTY

pax cpeppVITa VI nepJll/lTa I/IMeeT MeCT0 n0BblWeHHaH nJl0TH0CTb 

AVICJlOKal.ll/1111. 3T0 HBJlHeTCH ecTeCTBeHHblM CJleACTBl/leM cpa30BOro 

HaKJlena npl/1 0XJla)l(AeHl/11/1 yrnepOAVICTOiii CTaJll/1 C 

y-0611aCTI/I AlllarpaMMbl Fe-C. 

TeMneparyp 

B yYaCTKax o6pa3l.la, 11er111poBaHHblX re11111eM, . Ha6J110AalOTCSl 

re11111eBble nopbl. XapaKTep VIX pa3BI/ITI/IH 3Ha'll/lTeJlbH0 0TJll/lLJaeTCSl B 

c:j)eppVITHblX VI nepllVITHblX 3epHaX. 

B cpeppVITHblX 3epHax (p111c.1) re11111eBble nopbl A0CTaTO'lH0 

paBH0MepH0 pacnpeAeJleHbl no Telly 3epHa, X0TH VI 0TMeLJaeTCH VIX 

rernporeHHbliii (Ha AVICJlOKal.ll/lSlX) xap_aKTep 3apo)l(AeHI/IH. np111 3T0M 

cpeAHl/1111 pa3Mep re11111eBblX nap C0CTaBJlHeT 75 HM, nJl0TH0CTb -

2,8-10 14 CM-3, OTHOCVITeJlbHbliii o6beM - 7,5%. 
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P11c.1. ren1,1eBble nopbl B cpeppl1THOM 3epHe yrnepOA11CTO~ CTanlll 

(Fe+0,58%C): a - o6Ll.llll~ B11A; 6 - nopbl, 3anonHeHHb1e 

yrnepoAOM. 

OCHOBHOll1 OTJll/l'll/lTeJlbHOiii oco6eHH0CTblO re11111eBblX nap B 

cpeppVITHblX 3epHaX SlBJlSleTCH TOT cpaKT, 'lT0 VIX 1/1306pa)KeHl/le I/IMeeT 

TeMHbliii K0HTpacT, He 06ycJ10BJ1eHHblll1 cpa30BblM K0HTpaCT0M. 3TO AaeT 

0CH0BaHl/le npeAn0Jl0)KI/ITb, 'lT0 re11111eBble nopbl 3ano11HeHbl 

yrnepoA0M, C0CT0HHl/le K0T0poro He SlCH0 VI npeACTaBJlSleT npeAMeT 

nocneAYIOLUVIX I/ICCJleAOBaHl/1111. KaK noKa3aJlVI oueHKl/1, o6beM nap 

A0CTaT0'leH 

K0Jll/lLJeCTBa 

AJlSl o6bSlCHeHI/ISl 

(AOJ1111) nep11111rn. 

Ha6n10Aa10LUerocs:i yMeHbWeHI/IH 

KocBeHHblM noArnep:>KAeH111eM 

3ano11HeHI/IH re11111eBblX nap yrnep0A0M SlBJlSllOTCH pe3yJlbTaTbl 

3KCnep111MeHTa C A0n0JlHI/ITeJlbHblM 0nKl/lrDM np111 goo0c n3M-o6pa3l.la 

C AaHHblMl/1 nopaMl/1. KaK BVIAH0 1/13 pVIC.2, ren1.1eBble nopbl HBJlSllOTCSl 

VICT0'lHI/IK0M o6pa3oBaHI/ISl Ha HI/IX BblAeneHl/1111. 3T0T cpaKT yKa3blBaeT Ha 

TO o6cTOHTeJlbCTB0, 'lTO ren111eBble nopbl SlBJlSllOTCH KaK CTOKOM, TaK VI 

VICT0'lHVIK0M aT0M0B yrnepoAa. lt1MeHH0 3T0, Ha Haw 83rllHA, HBJlHeTCH 

nplll'lVIHOiii HeBocnpVIVIM'll/lB0CTVI o6beMa ManoyrnepOAIIICTOiii CTanl/1, 
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nen-,poB_aHHora ren~eM, K .o.ononH~TenbHOMY era HayrnepmK~BaH~110, 

KaK 3TO OTMe'-JanOCb B pa6oTe [2]. 

P111c.2. O6pa3osatt111e BblAe

nett111Ci Ha ·ren111eBblX nopax B 

pe3yJlbTaTe A0n0JIHIIITeJlbH0-

ro ontrnra n3M-o6beKTa c 

ren111esb1M111 nopaM111, 3anon

HeHHblMll1 yrnep0A0M 

Ha p~c.3 np~Be,D.eHa xapaKTepHa5l CTPYKTYPa nepn~rnora 3epHa, 

nen-,poBaHHOra ren~eM. KaK ~ B cj)epp~THOM 3epHe, Ha61110,D.a10TC5l 

ren~eBble nopbl. np~Me'-laTeJlbHblM 5lBJl5leTC5l TOT cj)aKT, '-lTO Bee ren~e

Bble nopbl pacnonaralOTC5l BAOJlb rpaH~U.bl nnacT~H'-laTora u.eMeHT~Ta c 

cj)epp~TOM. np~ 3TOM ~X Kp~cTannorpacp~yecKa5l cj)opMa He 

P111c.3. ren111eBble nopbl B nepJJIIITH0M 3epHe yrnepOAIIICT0Ci CTaJll/1 

(Fe+0,58%C): a - 0611t111Ci BIIIA; 6 - ren111eBble nopbl Ha 

ueMeHTIIITHblX nnaCTIIIHKaX 
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P~'-lHa: Ha rpaH~LJ,e LJ,eMeHT~Ta Ha6J110,D.aeTC5l TOJlbKO O,D.Ha YAJl~HeHHa5l 

rpaHb nopbl, B TO BpeM5l KaK B cj)epp~THOH MaTp~u.e nopa ~MeeT 

MHOrarpaHHYIO CTPYKTYPY- 3TO yKa3b1BaeT Ha TO, '-HO noBepXHOCTHa5l 

3Hepn-,51 rpaH~l.J,bl u.eMeHT~THOH nnacT~Hbl 3Ha'-l~TeJlbHO MeHbWe 

noBepXHOCTHOH 3Hepn-,~ Kp~cTannorpacj)~'-leCK~X rpaHeii nopbl B 

cj)epp~THOH MaTp~u.e. 

np~Me'-laTenbHblM 5lBJl5leTC5l cj)aKT pacnonmKeH~5l Bcex nap B 

nepn~Te no u.eMeHT~THblM Bbl,D.eneH~5lM ~ ~x OTCYTCTB~e B cj)epp~THOH 

MaTp~u.e Me)KJ].y LJ,eMeHT~THblM~ nnacT~HaM~. Tpy,D.HO npe.o.nonmK~Tb, 

'-lTO 3apo)KJ].eH~e ~ pocT ren~eBblX nap npo~CXO,l),~T B cj)a3e OCTblBaH~5l 

o6beKrn, nocne era HarpeB'.3 ~ Bbl,D.ep)KK~ np~ 900°C B. Te'-leH~e nHrn 

'-laCOB. KaK noKa3aJl~ n3M-~ccne.o.oBaH~5!, B HeKOTOPblX cj)epp~THblX ~ 

nepn~THblX 3epHax ren~eBble nopbt o6pa3ylOT nonocYaTYto CTPYKTYPY 

(p~c.4). 3TO yKa3blBaeT Ha npe~MYLl.l8CTB8HHOe 3apo)KJ].eH~e ren~eBblX 

nap B t cj)epp~rnoi-1 MaTp~u.e B cj)a3e HarpeBa 06pa3u.a B o6nacrn 

TeMnepaTYPbl AO a➔y-npeBpall.leH~5!. 

P111c.4. Pa3B111Tll1e noJJOC'iaTOCi _CTPYKTYPbi pacnpeAeJ1eHL1R ren111eBblX nop B 

¢>eppll1THOM (a) 111 nepJJIIITH0M (6) 3epHax 
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B cseTe BblWeCKa3aHH0ro CJleAyeT npeAn0JJ0)KI/ITb, •no Ha6mo

AaeMblVI xapaKTep pacnoJJo)KeHIIISl re11111eBblX nap B nep11111TH0M 3epHe, 

no-BIIIAIIIM0MY, o6ycnosneH HanpasneHHOVI M111rpau,111evi nap B none 

ynpyrnx HanpSl)KeHI/IVI, C03AaBaeMblX u,eMeHTI/ITHblMI/I nnacTIIIHaMI/I B 

q>a3e I/IX pocTa. np111 3T0M noAo6HaSl Ml/lrpaU,I/ISl B03M0)KHa AJJSl 

re11111eBblX nap, He3anonHeHHblX 1/1111/1 '-laCTWlH0 3an0J1HeHHblX 

yrnep0A0M. 

CneAyeT 3aMeTI/ITb, '-lT0 B HeK0T0PblX nepJJIIITHblX 3epHaX, rAe 

HapywaeTCSl HenpepblBHaSl nnacTI/IH'-laT0CTb u,eMeHTI/ITHblX BblAeJJeHI/IVI, 

re11111eBble nopbl Ha6J110AalOTCSl 1/1 B q>eppl/lTHOVI MaTpl/lU,e. np111 3TOM OHi/i 

npaKTl/l'-leCKVI see 3anoJ1HeHbl yrnep0A0M. 3TO o6cT0SlTeJlbCTB0 

K0CBeHH0 CBI/IAeTeJlbCTByeT 0 HaJll/l'-ll/11/1 ABVl)KyW,eVI CVIJlbl (rpaAl/leHTa 

HanpSl)KeHVIVI) AJJSl Mlllrpau,111111 re11111eBblX nap B o6beMe ¢eppVITHOVI 

MaTpVIL.l,bl Me)t(Ay u,eMeHTVITHblMVI nnaCTVIHKaMI/I. 

CoxpaHeHVle VIHAVIBVIAYaJlbH0VI MOPQ>OJlOrllll/1 re11111eBblX nap B VIX 

aHcaM6ne Ha u,eMeHTI/ITH0M BblAeJJeHVII/I, HeCM0TPSl Ha VIX 

nepece'-leHI/ISl, CBVIAeTeJlbCTByeT 0 TOM, '-lT0 nosepXH0CTb 3TVIX nap 

AeKop111posaHa cnoeM yrnepoAa. noAo6Hble aHcaM611111 re11111eBblX nap, 

3ano11HeHHble yrnep0A0M 1/1 06beAV1HeHHble 06w,111M o6beM0M, 

A0CTaTO'-lH0 '-laCTO BCTpe'-lalOTCSl 1/1 B q>e-ppl/lTHblX 3epHax (p111c.5). 

PVIC.5. CKonneHVl51 reJ1V18BblX 

nap, 3anonHeHHblX yrnepo

AOM, o6beAVIH8HHble 06LJ..IVIM 

o6beMOM 

TaKI/IM o6pa30M, HaCT0SlW,l/le pe3yJlbTaTbl no3B0Jll/lJ11/1 ycTaH0BVITb 

npl/1'-ll/lHY BJll/lSlHVISl reJJI/ISl Ha ¢opMVIP0BaHl/le MeJJK03epHIIICTOVI 

,¢eppVITO-nepJJI/ITHOVI CTPYKTYPbl 1/1 yseJll/l'-leHl/le OTHOCI/ITeJlbHOVI AOJll/1 
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q>eppVITHOVI q>a3bl B YCJl0BI/ISlX nocnepaAl/laU,I/IOHHOVI q>a30BOVI 

nepeKpVICTaJlJll/13au,111111 yrnep0AI/ICT0VI CTaJll/l, 3aKJ110'-la10W,YIOCSl B TOM, 

'-lTO re11111eBble nopbl SlBJlSllOTCSl M0W,HblM CT0K0M AJJSl yrnepoAa VI 

cnoco6cTBytOT, n0-BI/IAIIIM0MY, Q>OPMVlpoBaHI/IIO crn6111J1bHOVI 

rpaq>VITOBOVI q>a3bl. 
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