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Beeoenue. Tlocne 3akanku B U3SIUN UMEIOTCS OCTATOYHBIC HAIIPSDKEHUS: CTPYKTYPHBIC W TEIUIOBEIC. BenmmunHa cyM-
MapHBIX HalpsOKEHUH B TOTOBOM JETANM ONpEAesieT €€ TPEIIMHOCTOMKOCTh MOJ JEMCTBHEM 3KCILTyaTallMOHHBIX
HArpy30K. 3akajka B MOCTOSHHOM MarHHTHOM IT0JIe OKa3bIBacT BIMSHUE HA IPOILECC 3apOXKACHUS MapTEHCUTA, KUHE-
THUKY MapTE€HCUTHOIO MPEBpAallleHus, a TaKXKe MPOLECCHl pacnaja MapTeHcuTa. B HacTosmee BpeMsi OTCYTCTBYIOT JIaH-
HBIC O TOM, KaK YKa3aHHbIC U3MCHECHHUS B CTPYKTYPE BIUSIOT Ha JIMIOPY HANPSHKCHUN B TEPMHUYCCKH 00paOOTaHHOM H3-
nenuu. [lenb pabOTBI — KCCIICIOBAHUE BIUSHHS MOCTOSTHHOTO MAarHUTHOTO TOJISI MPH 3aKaJIKe KEJIC30YTICPOTUCTHIX
CIUIaBOB Ha paclipe/iefieHUe HaIIPSKEHHUH M0 CEYSHUIO JIeTajei.

Mamepuanvt u memoost. ViccienoBanus IPOBOIIN Ha 00pa3iax TEXHHYECKOTO jKeje3a, cTamu 45 u (eppuUTHOrO KOB-

B MAaroHuTHOM IoJie E-

KOro uyryHa. [IpuMeHsITUCh MMIMHAPHYSCKUE 00pasibl JMaMeTpOM 16 MM K KOJIbLIEBbIC 00PAa3Ilbl ¢ HAPY)KHBIM JHa-
MeTpoM 20 u 55 mMm. OOpa3ibl HarpeBaiu B 3JEKTPONCYH WM MHIYKIIHOHHBIM HATPEBOM TOKAMH BBICOKOI YacTOTHI OT
nmammoBoro rereparopa JI3-13. 3akanky mpoBoawiIHM B BOZAE WM MHHEpaTbHOM Macie. [locTosHHOe MarHWTHOE T0Je
HanpsoKEHHOCTRIO 0T 768 mo 1600 kKA/M mpH 3akaike co3maBanoch B 3azope snekTpomarHuta @JI-1. Onpenenenne
OCTaTOYHBIX HANpPSHKEHUH OCYIIECTBIIIOCH 10 OPUTHHAIBHON MeToanke B.A. BIuHOBCKOTO, OCHOBaHHOW Ha M3Mepe-
HUM Ae(hOpMaIiK U3TH0a B MOJIBIX TEIAaX BPAIICHHS.

Peszynomamut uccnedosanus. IloxydaeHo n3MeHeHnEe TeMIIEpaTyphl HA TOBEPXHOCTH, B CEPJILICBUHE U TIEpeMajl TeMIIe-
paryp IO CEeYSHHUIO IMIMHAPHYECKOTo 00pasia IpH OXJIaXIeHUU B Boje Oe3 Mo U B MarHUTHOM Tiouie. M3ydeHo pac-
IIpeieieHNe HaNpsDKeHUH 110 CeYEHHIO MOCIIe 3aKaJIKU B I0Jie M 0e3 IMoJIsl TEXHHUYECKOTO JKelle3a B CIOKOWHON BOJE.
HccnenoBaHo pactipenenenne HAIPsDKEHUH 10 CEYEHUIO MTOCIe 3aKaIKY B TI0JIE M Oe3 IMOJIsl B CIOKOMHOM BOJIE, a TakkKe
IIPY CIIPEEPHOM OXJIAXICHUH C Pa3InYHON CKOPOCTBIO cTalk 45 U (heppUTHOTO KOBKOTO YyTyHa.

Obcyacoenue u 3axnrouenue. IlonyyeHHble pacyeTHBIE U AKCIIEPUMEHTAIBHBIE TaHHBIC ITO3BOJIMIN OL[EHUTh BO3MOX-
HBIC U3MCHCHUS IO HeﬁCTBHGM MAardvMTHOT'O IIOJIA 3II0P OCTATOYHBIX Hal'lpﬂ)KeHHI’I MOCJIE 3aBaJIKU ¢ 00BEMHBIM H I10-
BEPXHOCTHBIM HarpeBOM. I/ICCJ’IB}IOBaHI/Ie KHMHCTHUKH OXJIAXKACHHUSA B BOAC ITIOJ }IeﬁCTBHeM MAar"HuMTHOTI'O IIOJIA ITOKa3sallo,
YTO Teperajl TeMIIEpaTypbl 10 CEYSHUIO OCTABAJICS NPAKTHYECKH HEM3MEHHBIM, HO HaOII0JalloCh CHU)KEHHE OXJIaXja-
oIl CIIOCOOHOCTH BOABI, YTO CIIOCOOCTBOBAJIO CHIDKCHUIO YPOBHS TEIUIOBBIX HANPSDKEHHWH. 3aKaylka B MarHUTHOM
TI0JI€ CTIIOCOOCTBOBAJIA CHIDKEHUIO OCTATOYHBIX HANPSDKEHUH B JKEJNE30yTIIEpPOANCTHIX cIulaBax. V3meHeHue pacrpene-
JICHNSI CYMMAapHBIX OCTAaTOYHBIX HANPSHKEHWH NMPH MAarHUTHOM OTITyCKE OOYCIIOBJIEHO M3MEHEHHEM HMX CTPYKTYPHOU
coCTaBisIONIed. MarHuTHOE I0Jie OKa3bIBaeT BIMSHHE Ha pacClpenesieHHe CTPYKTYPHBIX, TEIUIOBBIX M CYMMAapHBIX
OCTaTOYHBIX HampspkeHni. [IpuamHol HabmomaeMbIX 3(QQEKTOB SBISETCS M3MEHEHHE II0J AEHCTBHEM MAarHUTHOTO
IOJISI CTPYKTYPHOTO COCTOSIHMSI CTaJIM M YYT'YHa M OXJI&XKJArolled CHOCOOHOCTH 3aKaJIOYHBIX JKUAKOCTEH Ha BOAHOU
ocHoBe. CHIDKEHHE YPOBHSI OCTATOYHBIX HANpSHKEHHH NMPHU TEPMHYECKOH 00pabOTKe B MarHUTHOM IIOJIE yMEHbIIAeT
BEPOSITHOCTh XPYIKOTO paspylIeHUs] W TPEIMHOOOPa30BaHUs, MPUBOJUT K CHIDKCHHIO jaedopMaluii 1 KOpoOJIeHHs
3aKaJIeHHBIX CTaJleld, Co3/1aeT OJIaroNpHsTHBIC YCIOBHUS Ul pabOThI JeTaleil B yCIOBUSIX 3HAKOIIEPEMEHHBIX HAarpy30K
1 abpa3uBHOTO TPEHHMSI.
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Abstract

Introduction. After hardening, a product has residual stresses: structural and thermal. The magnitude of the total stresses in
the finished part determines its crack resistance under the influence of operational loads. Quenching in a constant magnetic
field affects the process of martensite nucleation, and the kinetics of martensite transformation, as well as the processes of
martensite decomposition. However, there is currently no data available on how these changes in structure affect the stress
diagram in a heat-treated product. The aim of this study was to investigate the influence of a constant magnetic field during
hardening of iron-carbon alloys on the stress distribution across the cross-sectional area of parts.

Materials and Methods. The studies were conducted on samples of technical iron, steel 45, and ferritic malleable cast
iron. Cylindrical samples with a diameter of 16 mm and ring samples with an outer diameter of 20 and 55 mm were
used. The samples were heated in an electric furnace or an induction heating lamp generator LZ-13, and quenched in
water or mineral oil. A constant magnetic field with strength of 768 to 1600 kA/m during hardening was created in the
bore of a FL-1 electromagnet. Residual stresses were determined using the original method developed by
V.A. Blinovskii based on measuring bending deformations in hollow bodies of revolution.

Results. The change in temperature on the surface, in the core, and the temperature difference across the cross-section
of a cylindrical sample during cooling in water with and without a magnetic field was obtained. The distribution of
stresses over the cross-section after quenching with and without a field for industrial iron in still water was studied. The
stress distribution over the cross-section was studied after quenching in a field and without a field in calm water, as well
as during spray cooling of steel 45 and ferritic ductile cast iron at different rates.

Discussion and Conclusion. The obtained calculated and experimental data allowed us to evaluate possible changes in
the residual stress diagrams under the influence of a magnetic field after quenching with volumetric and surface heating.
A study of the kinetics of cooling in water under the influence of a magnetic field showed that the temperature
difference across the cross-section remained practically unchanged, but there was a decrease in the cooling capacity of
the water, which contributed to a reduction in the level of thermal stress. Hardening in a magnetic field led to a
reduction of residual stresses in iron-carbon alloys. The change in the distribution of total residual stresses during
magnetic tempering was due to a change in their structural component. The magnetic field influenced the distribution of
structural, thermal and total residual stresses. The reason for the observed effects was the change in the structural state
of steel and cast iron and the cooling ability of water-based quenching liquids under the influence of a magnetic field.
The reduction of the level of residual stresses during heat treatment in a magnetic field reduced the likelihood of brittle
fracture and cracking, led to a decrease in deformation and warping of hardened steels, and created favorable conditions
for the operation of parts under conditions of alternating loads and abrasive friction.
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Beenenne. Mmeromuecs: nocie 3akaikd OCTaTOYHBIE HANPSDKEHUS NMPHUHATO PA3leNATh Ha CTPYKTypHbIE [, 2] u
teruoBsle [3, 4]. TemoBble HANpPsHKCHUS BO3ZHUKAIOT HM3-32 OJHOBPEMEHHOTO BIUSHHSA IBYX (PaKTOPOB: W3MEHEHUS
yIeNBbHOTO 00bEMa MeTallla ¢ TeMIIEpaTypor M HAINYHUS TPaJMeHTa TEMIEpaTyp B U3/EIUU MOBEPraloIieMcs TepMH-
yeckol o0paboTke. HampspkeHus cTpyKTYpHOTO XapakTrepa 00yCIOBICHBI AMIATAIOHHBIME 3¢ dekTamu oT ¢pa3oBBIX
Mepexo/10B, OCOOEHHO NP MPOTEeKaHUU (PAa30BBIX MPEBpAILICHUII HEOJAHOPOAHO MO 00BEMY aeranu. Takum oOpazom
PE3YIbTUPYIOMINE HAIPSHKCHUSI B 00padaThIBaeMOM H3eNUH (POPMHUPYIOTCS CI0KEHHEM HANPSIKEHUH CTPYKTYPHOTO U
TEIJIOBOTO Xapakrepa. M3BecTHO [5, 6], 4TO TIaBHBIM (DaKTOPOM, ONPEACISIONINM BEJIMUUHY 3HAYCHUI HaNpsHKEHUN
TIOCIIE 3aKaJIKM, OKa3bIBACTCS MOMEHT CMEHBI 3HAaKa TEIUIOBBIX HANpPSDKCHWI OTHOCHTEIHHO MOMEHTA BOSHMKHOBEHHMS
HaIpsDKEHUH CTPYKTYpPHOTO XapakTepa. [losBieHHe cTpyKTYpHBIX HalpsDKEHHH 1TOCIe CMEHbI 3HaKa TEIUIOBBIX Harlpsi-
KEHUH TPUBOANT K YBEIHMUCHUIO PE3YJIbTUPYIOMNX HANpsDKCHNUH B n3fenuy. COOTBETCTBEHHO BO3HUKHOBEHHE CTPYK-
TYPHBIX HaNpsDKEHUH 10 M3MEHEHUs 3HaKa TEIUIOBBIX HANpsDKEHHH IOHMKAeT CyMMapHble HanpspkeHus. Benwuuna
CYMMapHbIX HalpsHDKEHUH B TOTOBOW JETAIH OIPEAETIET Hale)KHOCTh MAIIMHOCTPOUTENBHOM MPOIYKIUH B TpoLiEcce
9KCIuTyaTanu [7, 8]. BiusiHue OCTOSIHHOTO MarHUTHOTO TIOJISL B MPOLIECCE 3aKaIK| CTaleil M 4yTryHOB MPOSIBIISIETCS B
MIPOIIECCE 3apOXKACHUSI MapTEHCUTA, M3MEHCHNN KHHETHKHA MapTEHCHTHOTO IPEBPAIICHUS, a TaKKe B M3MEHEHUH OT-
ITyCKHBIX TIPOIECCOB, MPOTEKAIONINX HETIOCPECTBEHHO TPH 3aKAJIOYHOM OXJIaXIICHWH. B HacTosiiiee BpeMsi HEH3BeCT-
HO, KaK BIMSHHE MAarHUTHOTO MOJS MOXKET CKa3aThCs HA 3MIOPE OCTATOYHBIX HAIMPSIKEHHH B TepMHUUYECKH 00paboTaH-
HoM m3nenun. Llenb paboThl — HccieoBaHNe BIMSHUS IIOCTOSTHHOIO MarHUTHOTO TIOJISL TIPH 3aKaJIKe JKeJe30yTIIepo-
JVCTHIX CIIJIABOB HA PACIIPEAEICHIE HAIPSHKEHUH 10 CEYEHHIO JeTalICH.

Marepuansl 1 MeToabl. B HacToseli paboTe MPOBOIIMIN MCCIIEI0BaHUS Ha 00pasiax TEeXHUUECKOTo Jkere3a, craiuu 45
1 (eppUTHOrO0 KOBKOTO 4UyryHa. [IpMMEHSIMCh HUTMHAPHIECKHE OOpasipl TUaMeTpoM 16 MM U KOJIBIIEBBIE 0OpasIfpl C
Hapy>kHbIM auameTpoM 20 u 55 Mm. OOpasibl HarpeBay B 3JIEKTPOIEYN MM WHIYKIMOHHBIM HarpeBOM TOKAMH BBICOKOH
YacTOTHI OT JIaMIOBOro rereparopa JI3-13. 3akaiky mpoBOIWIN B BOAE MIIM MUHEPATEHOM Macie. [locTosHHOe MarHuTHOE
TI0JIe HaNpsDKEHHOCTBIO OT 768 110 1600 KA/M 1pH 3aKalike co3aBajioch B 3a30pe anekTpomaranTa OJI-1.

OrmnpeneneHre OCTaTOUHbIX HANPSHKESHUH OCYILECTBIBUIOCH [0 OPUTHHAIBHON METOINKe, co3nanHoi B.A. brHoBckuM [9].
MerTo/mKa OCHOBaHa Ha M3MepeHnH JiehopMariy H3ruda B TOJIBIX Teax BpameHnst. OHa IpexycMaTprBaia BeIpe3 13 o0pasia
KOJIBLIEBOI'O CEKTOpa UM M3MEPEHHE BOZHUKAIOIIMX IIPY 9TOM M3MeHeHWi nuamerpa. Ilomywaemas medopMaroHHas KpHUBast
CITy’KMJ1a NICXOJHOM MH(OpMaIueit Uit pacyéra OCTaTOYHBIX HANPSDKEHNH ¢ moMoIsio OBM.

Pe3yabTaThl Hccle10BaHUsA U MX o0cyskaeHue. 1Ipy 3akanke cTaau TeMIepaTypHBIA I'paAUeHT, MPUBOIAIINN K
HEOJHOPOAHBIM M3MEHEHUSIM YAEIBHOr0 00BbEMa 10 CEUCHHUIO JIETANIN, OKAa3bIBAaeT BIMSHHUE HA (JOPMHUPOBAHHE SIIOPHI
OCTaTOYHBIX HampspkeHuid. [Ipy GonblIOM mepernane TeMIeparyp MEeXIy HOBEpXHOCThIO W CEPILEBUHONH B MOMEHT
MIPOXOXKICHNSI MAPTEHCUTHOTO NPEBPAILCHNs (HaIpHMep, TPH CKBO3HON 3aKaJIKe C OXJIaXKIEHUEM BOJIOH TOCIIe Harpesa
B l'[e‘-II/I) Ha MOBCPXHOCTH CIJIOUIHOI'O HMUWJIMHAPA BO3HHUKAIOT CXUMAIOIIHUE TAHIMCHIUAJIBHBIC W OCEBBLIC HAIIPAXKCHUA.
Haobopor, 3akanka B Macie, KOTAa Maia pa3HUIa TEMIEPAaTyp MEXKIy CEpAlEeBHHON M MOBEPXHOCTHIO B MOMEHT IPO-
XOXKACHUS MAapPTECHCUTHOTO MPEBpPAICHUA, NPUBOANUT K BOSHUKHOBCHHWIO Ha MOBEPXHOCTU PACTATUBAIOIINX HAIIPAXKE-
uuii. [1pu 3ToM (hopMupoBaHue SIIOPHI HAPSDKEHUIH MPOUCXONT B CIIEAYIONIEH MOCIeA0BaTeIbHOCTH. bricTpoe oxia-
KACHUE Ha MOBEPXHOCTU MPUBOJUT K YMCHBIICHUIO OG’LéMa, OAHAKO BHYTPHU COXPAaHACTCA BbICOKas TEMIICpaTypa, 4To
MIPOTUBOJECHCTBYET YMEHBIICHNIO 00hEMa M TPUBOANT K BO3HHKHOBEHHIO PACTATHBAIOIINX HANpPSDKCHUH HAPYKHOTO
cnost. Ilpu atom no temmepatyp Tynp(~500-550 °C) Bo3moxkHA miacThyeckas aedopManus HapyXHbBIX cioeB. Ilpu
ﬂaﬂbHeﬁLlIeM OXJIAKACHUU TUIACTUYHOCTHh CHUIKACTCA, BO3PACTACT OT U OCTACTCA BO3MOKHOCTH TOJIBKO JId YHPYIuUX
nedopmanuii, 9T0 MPUBOIUT K POCTY PACTATHBAIOIIMX HaNpspKeHUH. VX pocT mpoaosmkaeTcst 10 MOMEHTa OXJIaXKISHHS
BHYTPEHHHUX CJIOEB, YTO CMEIIAeT MAaKCUMYMBI PACTATUBAIONINX HANPSHKEHUH K LEHTPY U HECKOJIBKO CHIKAET TIOBEpPX-
HOCTHBIC PACTATHUBAIONINE HanpspDKeHus. [Ipu moctatogHO# TIyOrHe mporpeBa (MpakTHIecku 0osee 2 MM) COKpaIleHne
B 00bEME LEHTPAJBHBIX CIOEB MPUBOIUT HE TOJBKO K TMOJHOMY YCTPAaHEHHIO HAaYaIbHBIX PACTATHBAIOIINX HarpshKe-
HUH, HO ¥ K TOSIBJICHUIO HA IIOBEPXHOCTH CKHUMAIOIINX HAMPSIKEHUH, COXPAHSIONIMXCS TOCIIC OKOHYAHHS OXJIaXKICHHS.

Koria moBepXHOCTHBIE CIION OXJIQXKIAIOTCS JI0 TOYKH My, TO TIPOLIECC 3aKaJIOYHOTO MPEBPAILEHHS PUBOAUT K YBEJINUe-
Hue 00béMa. [Ipu 3TOM BHYTpEeHHHUE CIIOH, HE HCTIBITHIBAIOLINE 3aKAIIKH, MPETISITCTBYIOT 3TOMY YBEJIMUEHHIO, YTO ()OpMUpYET
BO BHYTPEHHUX CJIOSIX HAIPSDKEHHS PAcTSHKEHHUS, a B MOBEPXHOCTHOM — cxkarus. C mepemeleHreM (poHTa 3aKajKd OT
TIOBEPXHOCTH CKMMAIOIIIE HANPSDKEHHS YMEHBIIAIOTCS, @ IX MAKCHMyM CIBUTaeTcsl K IEHTPY. B pe3ynbrare mocie 3akainku
HaIpspKEHHs Ha TIOBEPXHOCTH MOTYT UMETh Pa3IMYHbIN 3HAK (XOTSI MOTYT OCTAaThCsl HEM3MEHHBIMHM). BenmunHa cxxnmaronyx
HAaIpsDKEHUH B TOBEPXHOCTHOM CJIO€ PACTET ¢ yMEHBIIIEHHEM TTyOHHBI 3aKaJIEHHOTO CIIOSL.

Ha puc. 1 npuBeaeHsI pe3ynbTaThl NCCIIEOBAHNS KHUHETHKY OXJIXKIICHHS B BOZIe 00pasiia AMaMeTpoM 16 MM M3 apMKo-
xene3a. Kak BUIHO, B yCIOBUAX NEHCTBUSI MArHUTHOTO TIOJIS MIEPEIa/l TEMIIEPATYPHI TT0 CEIEHHUIO 00pa3IoB OCTAETCs Mpak-
THYECKH HEH3MEHHBIM, OJJHAKO BPEMEHHAs! 3aBUCHUMOCTb Af CMEIIACTCSl B CTOPOHY OOJIBIINX JUTUTEIILHOCTEH OXJIaXICHHSI.
OTO MPOUCXOAWT B PE3yJIbTaTe CHIDKEHUS OXJIAXKIAIONIEH crIoCOOHOCTH BoAbl B MarHUTHOM moJie [10, 11] u cmocoGeTByer
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0ojee MHTCHCUBHOM peJlaKcalliy HAaIpsHKEHUH IyTeM IUIacTUYEeCKOH JedopManuu, B pe3ysbTaTe 4ero HaOIomaeTcs CHU-
JKCHHE YPOBHS TEIUIOBHIX HampspkeHu (prc. 2). CreqoBaTelbHO, MATHUTHOE TI0JIE, NeHCTBYIOIISE TIPH 3aKalKe, BIMSIET Ha
(hopMHpOBaHUE KaK CTPYKTYPHOM, TaK U TETUIOBOM COCTABIISFOLIEH OCTATOUHBIX HAPSHKEHUIH.

t,°C At, °C

600 600

400 400

200 200

0 5 10 T 0 5 10 T,
a) 6)
Puc. 1. TemnepaTypHble U3MEHEHHs B LIMIIMHAPUIECKOM 00pasiie NPy OXJIaXKJICHHN B BOJE:
CIUIOIIHAS JINHUS — O€3 MOJIs; IITPUXOBast IMHHUS — B MAaTHATHOM II0JIC HaNIpsHKEHHOCTHI0 1,6 MA/M;
a — Ha TIOBEPXHOCTH | U B ceplleBUHE 2; 6 — Mepenaj Mo CEYCHUI0

c(a), MIla

50

-100
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Puc. 2. Pacripenenenre HanpspKEHUH IO CEYCHUIO MOCTIE 3aKalKu TeXHuYecKkoro xene3a ot 800 °C B crokoifHOi Bofe:
CIUIOIIHAS JIMHUSI — O€3 MOJIsl; LITPUXOBast IMHUS — B MATHUTHOM II0JIe HanpshkeHHOCTh0 1,4 MA/M

Jln1st OLleHKH BIMSHHMS MAarHUTHOTO TIOJISL Ha paclipeieleHne CyMMapHbBIX OCTaTOYHBIX HAIPSHKEHUH B 3aKaJI€HHBIX U
OTIYIIEHHBIX CIIaBaX ObUIM MPOBEICHBI SKCIIEPUMEHTHI, Pe3yIbTaThl KOTOPBIX NpUBeIeHb! Ha puc. 3. [Tocie oObraHOM
3aKaJKH KOJBIEBBIX OOpa3loB C HapyXHbIM auamerpoM 20 MM Ha TIOBEpXHOCTH HAOJIONAIUCH PacTATUBAOLIHE
HaNpspKeHHs. DTO 0OBACHSIETCS MaJbIM TEMIIEPATYPHBIM IeperagoM Mexy rnepudepreil 1 HEHTPOM BO BpeMsl IIpOTe-
KaHUsI MapTEHCUTHOTO MIPEBpAILEHIS, I03TOMY IpeolIaaoliee BIUIHNE Ha paclpeieieHHe CYMMapHBIX OCTAaTOUYHBIX
HaNpsDKEHUH OKa3bIBaeT UX CTPYKTYpHAsl COCTABIAONIAsA. 3aKalka B MAarHUTHOM II0JI€ CIIOCOOCTBYET CHHIKEHHUIO OCTa-
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TOYHBIX HANpPSDKEHUH B CIUIaBax KakK C OTPHULATENbHBIM (CTallb 45), Tak U C MOJOXKUTENbHBIM (KOBKHIA (peppUTHBII dy-
T'YH) H3MEHEeHHeM 00beMHOro 3((eKTa MapTEeHCUTHOTO NPEBPAIleHUs. DTO yKa3bIBaeT Ha TO, YTO OCHOBHAs NPHYMHA
CHIKEHHS OCTATOYHBIX HANPSKEHUN — UX UHTEHCUBHAS pellaKkcalys B yCIOBHUAX AEHCTBUA MarHUTHOTO IOJs. Y CHile-
HUE TI0JT BIUSHHUEM MarHUTHOTO TOJISI CTETICHH pacraa MapTeHcuTa [ 12] BeI3biBaeT Bo3pacTanue 3Toro dddexra.

c(a), MIla c.(a), MIla

200 1 200
150 1 150
100 1 100

50 1 50

0 0
=50 =50
-100 -100

0,5 1,0 1,5 2,0 2,5 a,mm 0,5 1,0 1,5 2,0 2,5 a,Mm
a) 6)

Puc. 3. PacmipenencHue HanpspKeHHH 110 cedeHuto mocie 3akanku ot 1000 °C B croKoiHO# BoJie CIUTONIHAS JTHHUS — 0€3 OIS
LITPUXOBAs JIMHUSA — B MAarHUTHOM T10JI€ HAaNpsDKEHHOCTHIO 1,4 MA/M; a — ctanb 45; 6 — (eppuTHBIA KOBKUH 4yTyH

AHanoruyHsie 3aKOHOMEPHOCTHU Ha6J'IIOZlaIll/ICI) Ipu COpEeEpHOM OXJIAXKIACHUU BO[lOﬁ KOJIBLICBBIX O6p33HOB JAnaMeT-
poM 55 MM (puc. 4). OTiudne 3aKIF09YaeTCcs B TOM, YTO BO3/CHCTBAE MATHUTHBIM TIOJIEM BBI3BIBAJIO CHIDKCHHE TTOBEPX-
HOCTHBIX COKAMAIOIIUX HAIMPSHKCHHUH, 00YCIOBICHHBIX MPEBATMPYIOUINM BIUSHHEM Ha CYMMAapHYIO JIIOPY TEIUIOBOU
COCTABJISIFOIIEH OCTaTOYHBIX HANIPSIKEHUH.

o.(a), MITa c(a), MIla
100 100
50 50
0 0
=50 =50
-100 -100
-150 -150
-200 1 200
-250 1 250
~300 -300
1 2 3 4 a, MM 1 2 3 4 a, MM

a) 0)

Puc. 4. Pactipenenenue Hanpsbxkenuii nocine 3akanku ot 1000 °C co cnpeepHBIM 0XJIaxIeHHeM BOAOH v = 2 m/c:
CIUTOIITHAS JIMHHUS — O€3 IOJIsl; INTPUXOBAs JINHHUS — B MAarHUTHOM T10JIC HAlIPSHKEHHOCTRIO 768 KA/M; a — craib 45;
6 — (beppuTHBIIT KOBKHUIT 4yTryH

VYBenuueHne CKOPOCTH TEYCHHUS BOJBI Yepe3 crpeep 10 v = 10 M/c MPUBOIAMUT MPH OOBIYHOMN 3aKalKe K MOBBIIICHHIO
BEJIMYMHBI MIOBEPXHOCTHBIX CKUMAIONIUX HampsbkeHuH. [Ipu Takoil ckopocTy TedeHUs OXJaxKIaromas cliocOOHOCTh U
CTEIEHb «3aKAIOYHOW» penakcaly HaMpsSKEHUN Mol IeWCTBUEM MArHUTHOTO MOJI U3MEHSI0TCA He3HaunuTenbHo. [1o-
9TOMY HalJIIoZiaeMble M3MEHEHHsI 00OYCIIOBJIEHBI B OCHOBHOM CTPYKTYPHBIM (DaKTOPOM: YCHIICHHEM CTEIEeHH pacraja
MapTEeHCHUTA B CTaNK 45 U yBeJTMYeHUEM KOJIMYECTBA MAPTEHCUTA B KOBKOM UyTYHE.
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Tabmnuua 1
Bausuaue OXJIAXKJACHUS B MAIrHUTHOM II0JIE IIOCJIE HArpe€Ba B II€YN Ha YPOBEHDb OCTAaTOYHBIX HaHpH)KeHI/II\/’I

BesyrnepomucThie cruaBbi | CpenHeyriepoucThie CIuiaBbl |  BBICOKOYITIEpOIMCTBIC CILIaBbI
[Tapamerpsl Oxnakaaromas cpesa
BOZIa Macio BOZIA Maclo BOZIA Macio

Hanpsokenust Ha
MOBEPXHOCTH CILIOLIHOIO

C)KUMArOIKeE, HO

CKHMAIOIHE | MEHBIINE, YeM IIPH | CXKHUMAIONINE | PACTSATMBAOIIME | CXKMUMAIONINE | PACTATHBAIOIIHEC

LIFTMH/IPA TTOCTIEe OOBIYHOTO
OXJILKIICHUH B BOZIE

OXJIDKIICHUS

V3menenue HanpsbKeHUH HA
TIOBEPXHOCTH CILIOIIHOTO
LWIMHApA 1I0CTie
OXJTXICHWS B MATHUTHOM
ToJie B pe3yJIbTare:

— CHIDKCHHUS OXJIK A0S

6 YMCHBIIICHHE YMCHBIIICHHE YMCHBIIICHHE
CIIOCOOHOCTH 3aKAJIOYHBIX - — _
. CKMMAFOIIIUX COKMMAFOIIIUX COKMMAFOIIIUX
JKHIKOCTEH,;
— YBEJIMYEHHS KOJINUECTBA YBEJIMUCHHE YBEJIMUCHHE
MapTeHCHTA CKAMAIONMX | PACTATUBAOIINX

— YCHJICHHS IIPOLIECCOB
YMCHBILICHHE | YMCHBUICHAC | YMCHBILICHHE | YMCHBIICHHE

pacmaia MapTeHCHTa («in - -
. COKUMAIOIMX | PACTATHBAIOLINX | CKHUMAOIMX | PACTATHBAIOLIUX
statu nascendi»)
Ta0nwuma 2
BrusHue oxmaxIeHusl B MAarHUTHOM II0JIE TIOC/Ie MHIYKIIMOHHOTO (ITOBEPXHOCTHOT0) Harpena
Ha YpOBEHb OCTATOYHBIX HANPSKEHUM
besyrnepoaucteie Cpenneyrnepomuctsie | Bricokoyriepommctsie
CIUIaBBI CIUIaBbI CIUIaBbI
Hapavierpor I'myGuHa 3akaneHHOTo CIost
Maas OompImast Majast Oonplmas | Maras OorbInast
HanpspkeHyst Ha TOBEPXHOCTH CIUIOLIHOTO [UJIHH-
pacTsTHBarOIIIe CKUMAIOLIHE CXKAMAIOIIHE CXKAMAIOIIHE
Jpa TI0CTIe OOBIMHOTO OXJTAXKICHHS
M3meHeHye HanpshKeHUI Ha TOBEPXHOCTU
CIUIONIHOTO IMTMH/PA TI0CIIE OXJIKICHHUS B Mar-
HHTHOM TI0JIE B Pe3yJIbTaTe:
— CHIDKEHMSI OXJIKIAIOLIEN CITOCOOHOCTH 3aKa- YMEHBIIEHUE YMEHBIICHUE YMEHBIICHUE YMEHBIIEHUE
JIOYHBIX YKUJKOCTEH; PaCTATHBAIOMINX | CKMMAFOIIHX CHKAMATOIIHX CKMMAIOIIHX
yBEJTMYCHHE
— YBEJIMYCHHSI KOJIMYECTBA  MApTEHCUTA; CHRKAMAIOIITAX
— YCHJIEHHs TIPOLIECCOB paciiaja MapTeHCHTa («in _ _ YMEHBIICHHE YMCHBILICHAE
statu nascendi») CHUMAIOIHX CIKUMATOIIMX

Obcysxaenne u 3akia04enne. [loryyeHHble pacyeTHbIE M SKCIIEPUMEHTANILHbIE TaHHBIC IO3BOIWIN OLEHUTH BO3-
MOKHBIE W3MEHEHHS IOJ ASHCTBHEM MAarHUTHOTO IOJIS SIIOP OCTATOYHBIX HANPSDKEHUH IOCIe 3aBajKKU C 0OBbEMHBIM
(Tabmuma 1) 1 MOBEepXHOCTHEIM HarpeBoM (Tabmuima 2). Vi3MeHeHne pacrpeneeHus] CyMMapHBIX OCTaTOYHBIX HaIps-
JKEHHH [P MarHUTHOM OTITyCKe OOYCIIOBIICHO M3MEHEHHEM MX CTPYKTYPHOH COCTaBIISIOMICH.

Taxum 00pa3oM, MarHUTHOE TOJIE OKA3bIBACT BIIMSHUE HA PacIpeleleHue CTPYKTYPHBIX (TIPH 3aKaJIKe U OTITyCKe), Tell-
JIOBBIX (TIPH 3aKaJIKe) U CyMMAapHBIX OCTaTOYHBIX HANpshkeHUH. [IprunHoii HabmogaeMbIx 3Q(EeKToB sSBIsETCS N3MEHEHUE
TIO/T ICHCTBMEM MarHUTHOTO IIOJISI CTPYKTYPHOTO COCTOSIHMS CTIM M YyTyHa M OXJIOKIAIONIEH CIIOCOOHOCTH 3aKaJOYHBIX
JKHUIKOCTEH Ha BOJIHOM OCHOBE. Y CHIICHHE SIBJICHUH paciiajia MapTeHCUTA BbI3bIBACT CHIDKEHHE, @ YBEIMUCHHE ITOJTHOTHI Map-
TEHCUTHOTO IIPEBPAICHUs] — IIOBBIIICHUE YPOBHSI CTPYKTYPHBIX HamnpspkeHHd. CHIDKeHHE OXJIaKaaromieidl criocoOHocTH
3aKaJIOYHBIX KUJIKOCTEH Ha BOJIHOW OCHOBE BEJET K YMEHBIIECHHIO OCTATOYHBIX HAIPSDKEHWH B Pe3ysbTaTe MHTEHCHBHOW
penaKcanyy IyTeM IUIAaCTHYeCKOH NedopMaly. YCWIeHHe MO NEHCTBHEM MAarHUTHOIO IIOJIS IPOLIECCOB pejlaKcallid B
OOJIBIIMHCTBE CIIy4YaeB SIBJSIETCS OCHOBHBIM (DAKTOPOM M3MEHEHHMS DITIOpPbI OCTATOYHBIX HAIpsDKEHUH. B cBoro ouepens,
CHIDKEHHE YPOBHS OCTaTOYHBIX HAIPSDKEHUH IPU TEPMHYECKOH 00pabOTKe B MArHUTHOM IIOJIE YMEHBIIAET BEPOSATHOCTDH
XPYIIKOTO pa3pylIeHHs U TPELMHOOOPA30BaHs, IPUBOAUT K CHIDKCHUIO NehopMaliii 1 KOpOOIeHHs 3aKaJICHHBIX CTalleH,
co3aaeT OJNaronpUATHBIE YCIIOBUS UL pa0oThI IeTalel B yCIIOBHSIX 3HAKOIIEPEMEHHBIX Harpy30K U aOpa3sUBHOIO TPEHUS.
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