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JNE®OPMAIIMOHHOE U3MEJIBYEHHUE 3EPEH MUKPOCTPYKTYPhI
JJETUPOBAHHBIX CTAJIEM ITPU HECTAITMOHA PHO MHTEHCHUBHOM
IJIACTHYECKOM JE®OPMAIIMU B3PBIBOM

M3y4eHa 3aBUCHMOCTb pa3Mepa 3epHa JErMPOBAHHBIX BBICOKONPOUHBIX CTaJeH ayCTEeHUTHOro, OEHHUTHOTrO, MapTeH-
CHTHO-CTapEIOLIEro KJIACCOB OT TEMIEPaTyphl U CTENEeHNU Je(OopMaIiiy IIPH HECTAIlMOHAPHOI HHTEHCUBHON TIIACTHYECKON
nedopmannu B3pbiBoM. [TocTpoeHa MOJeIb, MO3BOJISIONIAs PACCUUTATD BEJMYMHY IpeJielia JUCIePTUPOBAHHS U Y YU ThIBAIO-
mas 3aBUCUMOCTb KoddunnenTa 3epHorpann4yHoi 1uddysuu ot creneHu aedhopmManuy U TeMIepaTypsl. Peyabrars! pac-
YETOB 110 IPEJUIOKEHHON GOpMyJie U MX CPAaBHEHHE C SKCIIEPUMEHTAIbHBIMHU JAHHBIMH OKa3bIBAIOT YJ0BIETBOPUTEIBLHOE
coBrmajienne. OTKIIOHEHHE cocTaBisgeT 3—5%. YCTaHOBIEHO, UTO MHTEHCHBHOE M3MENIbUEHHE IOJ JEHCTBHEM BBICOKOCKO-
POCTHOI# MmIacTHYecKoil JeopManuu B3pbIBOM BBICOKOIIPOYHBIX CTajIeil MTPOUCXOMUT Ipu creneHsx aedopmarun 20-30%.
VBenuuenne crenenu aedopmanuu 10 30-40% He NMPUBOAMT K M3MEHEHHIO pasmepa 3epHa. IIpu nedopmanusx Oomnee
40-50% HakoIUICHHAS IIACTUYECKast AeOpMalUs, BBI3bIBAIOLIAS JIONOIHUTEIbHBIH JIOKaJIbHBIH pa3orpes MaTepuasa, o0y-
CJIOBJIMBACT PAa3BUTHE PEKPUCTAJUIM3ALMOHHBIX IPOLECCOB, B PE3YJIbTAaTEe YEro pa3Mephl 3epHa yBeauuusaiorcs. [Ipu ne-
(dopmanusx Boime 50-60% B MaTeprazax BOSMOKHO MOSBICHNE TPELIHH.

Kniouesvie crosa: MHTEHCUBHAS TUIacTHYECKas 1eopMaliyst B3pbIBOM, TEMIIEpaTypa, U3MeJIbYeHHEe 3epHa, MOJEIb Ipe-
JieJ1a IMCIeprupOBaHHUSL.

A. Ph. Ilyuschenko!, I. V. Fomikhina', M. M. Dechko?, V. N. Kovalevskij?

! Powder Metallurgy Institute of the National Academy of Sciences of Belarus, Minsk, Belarus,
2Belarusian State Agrarian Technical University, Minsk, Belarus,
3Belarusian National Technical University, Minsk, Belarus

DEFORMATIONAL GRAIN GRINDING OF ALLOYED STEELS
MICROSTRUCTURE AT NON-STATIONARY INTENSE PLASTIC DEFORMATION BY EXPLOSION

Dependence of grain size of alloyed high-strength steels of austenitic, bainitic, maraging classes on temperature and
degree of deformation at non-stationary intensive plastic deformation by explosion has been studied. A model which enables
to calculate dispergating limit value considering dependence of coefficient of grain-boundary diffusion on degree of
deformation and temperature is constructed. The results of calculations by the offered formula and their comparing to
experimental data show satisfactory coincidence. A rejection is 3—5%. It is set that the intensive growing shallow under the
action of high-speed flowage the explosion of alloyed high-strength steels takes place at the degrees of deformation 20-30%.
Increase of degree of deformation to 30—40% does not cause the change of size of grain. At deformations more than 40—50%
the accumulated flowage causes additional local warming-up of material and development of recrystallizational processes,
sizes of grain increase as a result. At deformations higher 50—60% appearances of cracks in materials is possible.

Keywords. intensive plastic deformation by explosion, temperature, grain grinding, the model of dispergating limit.

BBenenne. M3BecTHO, 9TO B pe3yibTaTe HHTEHCUBHOM IUIACTHYECKON JAehOpMaIii METaJIOB Ha
YPOBHE UX MHUKPOCTPYKTYPBI 00pa3yeTcsi OOJBIIOE KOTUUECTBO NMe(HEKTOB AUCIOKAITMOHHOTO U JIHC-
KJITMHAIIMOHHOTO THUIIOB, MPUBOMAIINX K (hparMEHTAIMH KPUCTAJUIMICCKON CTpyKTypsl. [lo mMepe ne-
(hOpMHUPOBAHUS MTPOUCXOAUT PA3OPHCHTAIINS BO3HUKAIOMNX (PParMEHTOB, MPUBOAIIAS K H3MEIIbYC-
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HMIO 36PEH MUKPOCTPYKTYPbI, JOCTUTAIOIIUX HEKOTOPOIO IPEAEILHOrO 3Hauenus d, . . Bennunna d,;
3aBHCHUT OT THIIA CTPYKTYPHI, Criocoda JeGopMUpOBaHus U TapaMETPOB MPOLIECCa: CKOPOCTH, CTEIICHH
u remmepatypsl edopmanuu [1, 3].

B psine pabot npeanpuHsTa MONBITKA TOCTPOCHHS MATEMAaTHUSCKUX MOJICIICH, ITO3BOJISIONINX pac-
CUMTaTh TEOPETUUECKOE 3HauUeHue d, ;. [1-6]. B [1] u3yueHbl MaTeMaTH4ECKUE MOJIEIH, OIIUCHIBAIOIINE
3aBUCHUMOCTD BEJIMUMHBI Ipejieia U3MEIbUCHHS 36PEeH OT MPUPOIbI MaTepHUaia U TeMIEPATypbl HHTCH-
CUBHOW ITACTHYECKOW jaedopManuu MO TEXHOJOTHU PABHOKAHAIBHOIO YIJIOBOTO MPECCOBAHMSL.
JlaHHBII METOJ pealiu3yeT cXemy, IIpH KOTOpOi JAeOopMUpPOBaHUE MeTajllia TPOTEKAeT B CTAI[MOHAP-
HBIX YCJIOBHSIX (C TOCTOSIHHOW M OTHOCHTEIILHO HEBBICOKOM CKOPOCTHIO IeOpMalliu, IPH MOCTOSHHBIX
CTEICHH U TeMIlepaType aeopmaiiun). B kauecTBe MOIEIBHBIX CTPYKTYP pacCMaTPUBAIOTCS TOMOI'CH-
HbBIC MUKPOCTPYKTYPbl METAJLJIOB U CILIABOB.

HedhopmanioHHOe H3MeNbYEHUE 3epeH OnmucaHo B [1] Ha OCHOBE IByX MEXaHM3MOB ()parMeHTaL1H:

1. AKKOMOAALIMOHHOE BHYTPU3EPEHHOE CKONIbKeHre. DopMupyonrecs: Ha rpaHuIax 3epeH aedek-
THI U, B IEPBYIO OUEPEIb, CTHIKOBBIC NTUCKINHALIMY CO3/1al0T B 3¢pHAX MUKPOCTPYKTYPbI MOITHBIE MOJIS
BHYTPEHHMX HAIPS)KEHHUH G, BBI3BIBAIOIIME BHYTPH3EPEHHOE cKoubxeHue. [Ipouecc nedopmanuu
MIPOTEKAET MO/ JCHCTBHEM BHYTPECHHUX HAIIPSKCHHUI U 00ECIICUNBACT PEIaKCallUIo 3aIlaCeHHOM yIIpY-
rOll PHEPTHH, CBSI3aHHOM, TJIABHBIM 00pa30M, CO CTHIKOBBIMH JUCKIUHAIUAMU. [Ipy HOCTHKEHUH He-
KOTOPOM KPUTHUYECKOW MOIIHOCTHU CTHIKOBBIX TUCKIIMHAIMYA HAYUHACTCS UCIYCKAaHUE CO CTHIKOB 000-
PBaHHBIX TUCIIOKAIIMOHHBIX CTEHOK, BHI3BIBAIOIIUX (PparMEHTAIUIO 3ePEH.

2. AKKOMOZAIHUSI CTBIKOBBIX JUCKJIMHANMN myTeM IudPy3ruOHHOTO MacCoIlepeHoca. DHEprus
AKTHUBALMU 3¢PHOTPAHUYHON NU((y3UU B HEPaBHOBECHBIX IPAHHIAX 3€PECH CYIIECTBEHHO 3aBUCUT
OT U30BITOYHOI'0 CBOOOIHOTO 00bEeMa, CBSI3aHHOI'0 C BHECEHHBIMH B I'paHuly Aedextamu. [Ipu BbI-
COKOH IJIOTHOCTH JIe(EKTOB MU30BITOUHBIH CBOOOIHBINH 00bEM MOXKET CTaTh CTOJb 3HAYUTEIbHBIM,
YTO DHEPrHsl aKTUBAIUM 3EPHOTPAHUYHON NHPQPY3UU MOKET CTATh PABHOW IHEPTUU aKTUBAIUH
nuddysuu B pacrnase [S]. [Ipu manbix pazmepax ¢pparMeHTOB CKOPOCTh MU PY3HOHHONH aKKOMO-
JAIlUU CTHIKOBBIX AUCKIWHALMN CTAHOBUTCS TaKOUM BHICOKOU, UTO MOIIHOCTD CTHIKOBBIX AUCKJIMHA-
IHUH HE MOXKET JOCTHYh KPUTHYECKON BEIMUYMHBI, HEOOXOIUMOM JIJIsi UCITYCKaHMSI 00OOPBAHHOM JTUCIIO-
KaIlMOHHOW CTEHKH, T.e. Ul pparMeHTaiuu. Benencreue pa3putus nudy3MOHHONW aKKOMOJAIUH
CTBIKOBBIX JUCKJIMHALMHI MOSBISACTCS Mpeaelt 1ehOpMaIMOHHOTO U3MEIIbUYCHUS 3€PEH, T. €. MUHH-
MaJIbHBIN pa3Mep 3epHa, KOTOPBI HE MOKET ObITh YMEHBIIICH IPH 3aJJaHHBIX YCIOBUAX IJIacCTHYC-
CKOT0 Jie)opMUPOBAHHS MaTepuaa.

OCHOBHBIE 3TaIlbl YBOJIOIUU CTPYKTYPbI, TPUBOASIINE K 00PAa30BAHUIO MEIKHUX 3€PEH, BKIIFOUAIOT
B ce0s [1]: oOpa3zoBaHue CKOIUJIEHUH AMCIOKALMH; peoOpa3oBaHue MX B HECOBEPIUCHHbBIC TPAHMIIBI,
000cobsIoImMe TUYSHKN — 00JIACTH KpUCTAJJla C OTHOCUTENBHO MaJIOW MJIOTHOCTBIO TUCIIOKALNIA; 00-
pa3oBaHHE TOJIOC, KOTOPhIE [0 MEpPe HapacTaHUs JAePOpMaIlii YMEHBIIAKTCS B MONEPEYHBIX pa3Mme-
pax, U3MEHSIOT HAMIPABJICHUE PA3BUTHUS U MEPECEKAIOTCA.

DopMUPOBAHHUE MEIKUX 3€PEH SABISETCS PE3yJbTaTOM MHOTOUYHUCICHHBIX MEPECEUCHUN MPeaeIbHO
TOHKHUX TI0JIOC C OOJIBIICYTJIOBBIMU T'PAHHUIIAMH.

[ns pacueTa MUHUMAJIBHOTO pa3Mepa 3epHa, TOCTUKUMOIO MPU ATUX YCIOBUSX, IPEIIOKEHA ClIe-
JyIOIIasi 3aBUCUMOCTb!

K 8D, GQ

d Yy >y =—b 0, 1
d) XGAlgsva 0]

e y = y/¢@ — reoMeTpudecKuii KodPHUITUEHT, B KOTOPOM ¥ — KOI(DPHUITHEHT IPOITOPIIHOHATEHOCTH,
CBSI3BIBAIONINN HAMPSDKEHUE, BBI3BIBAIOIIEE MIACTHYECKYIO Te(hOpMaIlio 3epeH, C MPeeoM TeKyde-
CTH MaTepHaia, ¢ — reoOMETPUUCCKII MHOKHUTENE mopsaka 1; K — koaddurnment Xomra—Ilerya, cBs-
3BIBAIOIIUN TIPEJIEN TEKYUECTH MOJUKPUCTAIIINYECKOT0 MaTeprala ¢ pa3MepoM 3epHa.

B psnme uccrnemoBanmii mokazaHo, uTo kKodddumuent Xomma—Ilerda 3aBUCHT OT pa3IMIHBIX
(hakTOPOB, COMPOBOXKAAIOIMMNX Tporecc AeGopMHUpPOBAHHS KPUCTALTMUESCKHX CTPYKTYp [1-4].
B [3] npuBenena popmyna ansa pacuera kodddunuenta Xomra—IleTua mus KpynmHOKpUCTATIIHYC-
CKUX METAaJJIOB:
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31ech G — HATIpSKEHHE B 3epHE, IPU KOTOPOM HauMHAETCS TIacTHuecKas gedopmanus. B [3] aTa Be-
nuunHa npuBeaeHa st [F-craneit (ctanb ¢ MEKpPOCTPYKTYpol Oe3 nedeKTOB BHEIPEHHs) W paBHA
450 MlIla; v — koadpdumuent [lyaccona (s craneit 0,25); G — MOIyJb CABUTA, PABHBIH 8,1-10* MITa;
b — BexTop Broprepca, pasubiif 2,58-1071% m ans K- u 2,48:10719 M a1s OLK-pemeTox.

Pacuer no ¢popmyre naer 3Hauenue koddduuuenrta Xomna—Ilerua nns TLIK (8,93:10% kr/(c?>m!/?))-
u OLIK (8,76:10* kr/c>m!?)-pemeTok; & — mmpHHa rpaHUIBL, paBHAS YIBOSHHOMY BeKTOpy bBroprepca,
5 = 2b = 5,16:1107"" m; D, — xo>bdunment zepHorpanuunoii guddysun, pasusiit Dj, exp(Q) /kT) ;
O, —»oHeprus akTuBauuu caMoau(dy3uu B paBHOBECHBIX I'PaHHUIIAX 3€PeH; {2 — aTOMHBINA 00BEM, PaB-
et 1,18:10723em® wm 1,18:1072° M3; T — Temnepatypa npomecca, K.

B [6] ykxa3biBaeTcs, 4TO SHEPrusi aKTUBAIMU 3€pHOrPaHUYHON TU(dy31n B HEpaBHOBECHBIX I'PaHUIAX
3epeH 3HAUYUTENBHO 3aBUCHUT OT M30BITOYHOTO CBOOOAHOTO 00BEMa, CBSI3AHHOTO C BHECEHHBIMH B T'PaHHUILY
nedexramu. IIpu Manoli MIOTHOCTU BHECEHHBIX Ie(EKTOB HaOMIOAar0TCs 0ObIuHbIE 3HaueHus O,~9 kT .
[1pu BBICOKO# MIOTHOCTH Ae(EKTOB N3OBITOYHBIA CBOOOAHBIH 00BEM MOJKET CTaTh TAKUM 3HAUUTEIILHBIM,
YTO BEJTMUMHA SHEPIMH aKTUBALMHU 3ePHOrPaHUYHON A dy3un OyneT paBHON 3HAYCHHUIO SHEPTUH aKTHBA-
uuu 1uddysun B pactnase O, ~3 kT, [4]. Y3 5T0rO CletyeT, 4To JaHHBIA apaMeTp MOXKET ObITh EPEMEH-
HBIM JUIS1 pa3JINYHBIX YCIOBHN IehOPMUPOBaHHUS (TEMIIEpATyPhl M CTETICHN JehopMaInm).

B [2] npuBeneHo 3HaYeHHE MPEAIKCIOHEHINAIBHOTO MHOXHUTEN S KO3((UIIMEHTA 36pHOIPAHUYHON
nupdysun (D, = 108 M) u YTBEpKAAeTCs, YTO MOJTyUYeHHas! BETUYNHA HOCUT OLIEHOYHBIN Xapak-
Tep. 15 TOYHOrO BEIYMCIICHUS BEJIMUMHBI d, ;  HE0OX0AMMa MoapoOHas MHPOpMAaLUs O 3HAYCHUAX DZ
¥ 3aBUCUMOCTH D, (£ ), a Takxe CBEJICHHSI O BENHINHE JIOKaJIbHOU ckopoctu aedopmanuu £,. OTkyna
MO>KHO TPEIONI0KHUTb, YTO 3HaueHue Dy, MEHAETCs B LIMPOKUX MPEAeiax B 3aBUCUMOCTHU OT yCIIOBUM
nedopmupoBanus; k — nmoctosiHHast boibiiMaHna, paBHas 1,3810723 Ix/K; A — YWCIIEHHBIN apaMeTp,
pasnbiit 10 [1]; & — k09 HUIMEHT OHOPOTHOCTH TIACTHYECKOH edopMantuu, pasubIil 1074 [1].

Lenb paboThI — SKCIIEPUMEHTAJIEHOE ¥ TEOPETUIECKOE UCCIIEIOBAHNE 3aBUCHMOCTH pa3Mepa 3epHa
JIETUPOBAHHBIX BEICOKOIPOUHBIX CTaJIeH ayCTeHUTHOT0, 0EHHUTHOT0, MAPTEHCUTHO-CTApPEIOIIEro Kiac-
COB OT TEMIIEPaTyphl M CTENEHU AeopMaliy MPH HECTAMOHAPHON WHTEHCUBHOW IJIACTHYECKOH Jie-
(opManu B3pbIBOM U MOCTPOCHUE MOJICIH, MO3BOJISIIOIIECH PACCYUTHIBATH BEMYHHY Tpeeia AUCIep-
TUPOBAHUSI.

PesyabTaThl M UX 00cy:xkaeHne. Moaeab qucneprupoBanus. B ee ocHOBe nexaT Teopusi HEpaB-
HOBECHBIX TpaHMIl 3epeH [3, 4] U pe3ynbTaThl SKCICPUMEHTAIBHBIX U TEOPETHUECKUX HCCIICAOBAHHUM
CTPYKTYPBI U CBOWCTB JIETUPOBAHHBIX CTajel, MOABEPTHYTHIX HHTEHCUBHOW MIaCTHYECKOH Aedopma-
uuu [5-9].

[pouecc nepopmupoBanus pu 0OpabOTKE JIETUPOBAHHBIX CTaJeH B3PHIBOM PAAMKaIbHO OTINYACTCS
OT cTalroHapHoro nporecca. CuaoBoe Bo3AeHcTBIE Ha AehOPMUPYEMYIO 3arOTOBKY pean3yeTcs B pe-
3yJIbTaTe KPATKOBPEMEHHOTO M MHTEHCHBHOTO CHJIOBOTO MMITyJibca. [IpoTekaromue nmpu 3ToM MpoLecchl
NPUHIMIHAIBHO OTIIMYAIOTCS OT cTanoHapHBIX. Ha MakpoypoBHe nedopMupoBaHie MPOUCXOIMT C Hapac-
Tarolel CKOPOCTHIO. 3HAUUTENbHAS YaCTh MEXaHMUECKOH SHEPTrUH MEepeXonuT B Tero. TemnepaTypa 00-
paboTaHHOIi 3arOTOBKHM yBEIMYHBACTCS HA HECKOJIBKO JIECSITKOB IpaaycoB. Ha MUKpoypoBHE JIOKaJIbHBIE pa-
30rpeBbl MOT'YT OBbITH OOJee 3HAYMTENBHBIME. BeneacTBre TMHAMIYECKUX CHIIOBBIX BO3JICHCTBUI BO3MOXKHA
HEOIHOPOTHOCTh YIPYTOH M TulacTuUeckoi nedopmarnuii. MUKpOCTPYKTYpa JISTHPOBAaHHBIX CTaslel pe-
CTaBJISIET COOOM CIOKHYIO TeTEPOreHHYIO CMECh 3€PEH Pa3InYHbIX (Ha30BOr0 U XMMHUYECKOTO COCTABOB.

HemonoTOHHBIN XapakTep JeOpMHUPOBAHUS METAJIIOB TPH 00pabOTKE B3PHIBOM MO3BOJISET MpeEI-
MOJIOKUTD, YTO B YPAaBHEHUU NapameTphl DZO u DZ , CBSI3aHHBIE C 3epHOrpaHUYHON nuddysueH, 3a-
BUCSIT OT CTETIEHH JepopManiy, T. €. OHH OyIyT paccMaTpUBaThHCs Kak QyHKIMHU cTeneHn Ae(opMaliu
€. Ou3nuecKkue MexaHU3MBbI, ONPEACIIOmNe 3TH QYHKINHU, U3y4YeHbl HepocTaTouHo. [loaTomy Oynem
UCXOJUTH U3 HEKOTOPBIX SMIUPHUECKUX MPENTOTOKEHHI.

[lockonpKy B HaleM 3KCIIEPUMEHTE M3MEHSIach HE CKOPOCTh, a CTENeHb AedopManuu, To ObLIH
NPEAIPUHATHI MOMBITKHU CBA3ATh €€ CO CTPYKTYpoil Marepuasa. [Ipeanonoxuim, 9o npu aedhopmanuu
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B3PBIBOM CKOPOCTH Ae(OpMaIiK HETIOCTOSHHA, HOTOMY YTO OHA IPOMCXOAMT O] AeHCTBUEM yAapHOI
BOJIHBI (BbI3BaHA KPAaTKOBPEMEHHBIM BO3/eiicTBIEM O0blIoi cuibl). ClieqoBaTenbHO, CKOPOCTh Iedop-
MallM{ YBEIMYUBAETCS BO BpeMeHU. TakuM 00pa3oM, yeM Oosblile cTeneHb JedopManuu, TeM BbIIIE €€
CKOPOCTb 110 OKOHUaHMHU mpouecca. Mcxoas U3 9TOro NpUHAIN, YTO CPEAHSS CKOPOCTh AedopMaluu
IPONOPLMOHAIbHA CTENeHU JeopMaluu £ =cg, a KOHCTAaHTa CKOPOCTH ¢ PaBHA CKOPOCTH 3ByKa
B MeTaJe (CKopoCTh yIapHOil BONHBI B3phIBa) 6-10° M/c.

B [2] yTBepxaaeTcs, 4TO A1 TOYHOIO BEIYMCICHHS BEIMYMHBI d, ;. HEOOXOAMMBI OAPOOHBIE CBE-
JEHUs O 3HAYEHMAX DZ 1 3aBUCUMOCTH D, (£), a TaKKe O BETUIHHE JIOKaJIbHOH ckopocTu nedopma-
uuu €, MOKXHO IPEANONIOKUTE, YTO 3HaYeHHe Dy, MEHACTCA B IIMPOKMX MPEAEIaX B 3aBUCUMOCTH OT
ycnoBuit 1eopMUpPOBAHUSL.

Ha ocHoBe kuHeMaTHueckoro ypaBHeHus ¢pparmentauuu [9] B [3] BoIBeeHa 3aBUCHMOCTD OLICHKH
HAaKOIUICHHON TEH30pHOH MJIOTHOCTH JUCIOKAIMi OT CTeNeHHU AedopMaluy, KOTopas IpeacTaBlIeHa
SKCIIOHEHIIMAIBbHOM (popmynoii Buaa f, exp(—B,e) + B, . YKa3aHo, YTO YUCIECHHBIE OLEHKU KaYeCTBEHHO
COBIAJAIOT C SKCIIEPUMEHTAIBHBIMU JaHHBIMU. [l09TOMY f0OMyCcTUM, YTO 3aBUCUMOCTD KO3 (duruenta
3epHOrpaHUYHON Tuddy3un oT creneHu aedopmanuu MoOKeT IPUHUMATh BUJL

Dy (&) =Bo[By exp (—H,) +11. ?3)

(v *
Kak ormeueHo B [6], 10 Mepe HakoIIeHHs 1e(EeKTOB KpPUCTAIINYECKOl CTPYKTyphl (J, MOXKET Me-
*
HATBCSL OT Q) ~9kT,, 1o Q; ~ 3kT,, T. €. yObIBaTh. J{JIsl MPOCTOTHI IPUMEM, YTO B 32BHCHMOCTH OT CTe-
neHu AedopMaiiy U CBSI3aHHOTO ¢ Hell HaKOIUIEHUs! 1e()EeKTOB 3TO YObIBaHUE JIMHEWHO:

Oy () =B3 —Bye, )
rae B, By, ... , Bs — HekoTOpBIE KOYPHULUEHTEI, KOTOPbIE MOT'YT ObITh I0Z00PAHBI SMIIUPUUECKUM I1y-
TEM Ha OCHOBE DKCIIEPHUMEHTAIbHBIX JaHHBIX.

Hcxonst 13 BBINIECKA3aHHOTO, C YYETOM 3aBUCHMOCTH KOd(QQUIIHEHTa 3epHOrpaHuYHON auddy3un
D, ot crenenu aedopmanuu € 1 Temneparypsl popmyia (1) mpumeT BUI
1
8D (e)exp| -0y (0) ™ | o, |
g)exp| -0, ()%
50 p b0
A &ce kT

dyin (8) =| Ak ®)

JKcnepuMeHTaJIbHBIE TaHHbIE. Bo3aeiicTBIEe BRICOKOCKOpOCTHOH nedopmarium (¢ = 30-75%) Ha
CTaJI ayCTEHWTHOTO KJIacca MCCIIEIOBAIM Ha CKIOHHOW K YIIPOYHEHUIO MU JiehopMaIiii SKOHOMHO-
nerupoBanHoi HukedaeMm ctanu 10X12I'4H4HOM, nmeromelt omHO(}a3HYIO CTPYKTYpy aycteHuta. [lo-
CKOJIBKY CTPYKTYpa CTaJIM B HCXOJHOM COCTOSTHUH TIPEJICTaBIsAET COOOM ayCTeHHT, YIIPOUHEHNE B3PhI-
BOM mpoBoawiIH 6e3 HarpeBa nipu 290 K. Pe3ynbprarsl skcriepuMeHTa mpuBeneHs B Tadm. 1, ¢pororpa-
(M MUKPOCTPYKTYp — Ha PUCYHKE d, O, 6.

Ompeneneno, 4To MHTEHCHBHOE M3MenpueHue ctanu 10X121'14H4HOM mon neiicTBHEM BBICOKOCKO-
POCTHOU MacTHYecKoi aedopMariy B3pbIBOM IPOUCXOJUT TPH CTEMEHX JedopMmalinii B quama3oHe
20—40% u cocTaBIsIeT B CpeaHEM 2—6 MKM OTHOCHTEIIBHO UCXOIHOTO 3¢pHa B 16—18 MkM. 3aTeM mpo-
Iecc M3MEIBUCHUS TIPUOCTaHABIUBAaETCA U npu nedopmarusx 6oee 40—-50% 3epHO HE3HAYUTEIBHO
YBEIIMUHUBACTCS B pasMepax j0 3—5 mkm. llpu crenensx aedopmanmu 6omee 50% MpoUCXOmuT pa3py-
menne matepuana. [Ipenen nucneprupoBanus cranu 10X12I'14H4KOM cooTBEeTCTBYeT CTENeHH Je-
hopmaruu opsiaka 30%.

Hns ctanu 6eitauTHOTO Kitacca 38 XH3M®DA momoOHOE SKCIIepUMEHTATBFHOE UCCIICIOBAaHNE BITION-
HEHO TIPH TPeX pa3iudHbIX Temmneparypax (290, 670, 1120 K), mpu KOTOPBIX CTallb UMEET CTPYKTYPY
ocitauta (a'-daza) ¢ OLK-pemeTkoit (290, 670 K) u aycrenuta (y-aza) ¢ I'lL[K-pemerkoii (1120 K)
(Tabm. 2, pUCyHOK ¢, 0, e).

YcranoneHo, 9To 3¢ dexT n3menpueHns npu aegopmupoBannu crann 38XH3IM®DA mpu 1120 K
nposiBisieTcs criibHee, yeM npu 290 u 670K. 3aBucuMocTh pa3mepa 3epHa OT CTereHu Aedopmanuu
NpH JaHHBIX TEMIIEPaTypax MMEET aHAJOTMYHBIN XapakTep: H3MEIbUCHHE JIO CTereHel aedopmariu
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Tabnunmnal. DkcnepuMeHTAIBHbIE JaHHBIE 3aBHCHMOCTH pa3Mepa 3epHa oT cTenenu Aegopmanun npu 290K
JUISL CTAJIM aycTeHuTHOro kiaacca 10X12I'14H4IOM

Crenenb nepopmanuu € | Y4acTok nsmepenus | Pasmep sepna, MkM || Crenensb nebopmanuu € YyacTok u3mepeHus Pasmep 3epHa, MKM

1 18,6 1 3,5
be3 nepopmaruu 2 17,1 2 2,2
(ucxomHOE 3 15,8 0,49 3 1,8
COCTOSTHUE ) 4 16,3 4 3,0
5 14,5 5 1,5

Cpennntii 16,5 Cpennnii 2,4
1 16,8 1 2,6
2 14,5 2 1,0
0,03 3 14,0 0,58 3 2,2
4 13,8 4 1,2
5 15,0 5 2,0

Cpennnii 14,8 Cpennunii 1,8
1 8,3 1 33
2 9,6 2 1,9
0,19 3 7,8 0,70 3 1,5
4 8,5 4 2,2
5 9,2 5 2,1

CpenHnuii 8,7 Cpennuii 2,2
1 6,9 1 3,5
2 5,0 2 2,8
3 4,5 0,75 3 2,1
0,31 4 4.1 4 1,9
5 5,0 5 1,7

Cpennuii 5,1 Cpennuii 2,4

Muxkpoctpykryps craneid 10X12I'14H4IOM (a, 6, 6 — Temneparypa nedopmupoBanus 290 K), 38XH3M®A (e, 0, e — Temme-

parypa nepopmuposanus 1120 K), 03HI8KIMSTIO (i, 3, u — Temneparypa aepopmupoBanus 1120 K) B 3aBuCHMOCTH OT

creneHu nepopmanuu: a, 6, 6 — & = 5-10%, 30—-40%, 50-60% CcOOTBETCTBEHHO; 2, ac — € = 3—-5%, 6, 3 — & = 20-30%;
e, u—g&=40-50%; x1000
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Tab6nuna?2. DxkcnepuMeHTAJbHBIE JaHHBIE 3aBHCHMOCTH pa3Mepa 3epHa oT cTeneHu Aedopmanuu npu 290, 670,

1120 K aas ctanaun oeiinuTHOrO0 Kjaacca 38X H3M®PA

Pasmep 3epHa ctanu 38XH3M®DA, Mkm
Crenens nepopmanuu € YyacTok U3MEpEHUs
290K 670 K 1120 K
1 19,5 20,1 20,0
Bes nedhopmartii 2 15,9 18,3 19,5
(MCXOIHOE COCTOSIHHE ) 3 17,0 16,7 18,7
4 18,3 19,0 17,9
5 15,6 16,5 19,8
Cpennmii 17,3 Cpennmii 18,1 Cpennuii 19,2
1 16,8 10,9 11,9
2 17,0 13,7 7,5
3 14,6 11,0 7,0
0,01 4 13,9 14,3 8.6
5 15,0 12,8 9.4
Cpennunii 15,5 Cpennnii 12,5 Cpennnii 8,9
1 13,7 6,7 3.5
2 10,8 8,3 47
3 9,5 10,2 5.4
0,05 4 12,4 94 7.9
5 10,7 11,0 6,7
Cpennuii 11,4 Cpennuii 9,1 Cpennuii 5,6
1 9,3 5,8 1,9
2 7,4 6,3 37
3 5,8 4.6 2,2
0,19 4 6.9 3,2 33
5 8,5 4,7 2,9
Cpennuii 7,6 Cpennuii 4,9 Cpennuii 2,8
1 7,9 2,2 3.5
2 6,4 4,7 3,2
3 5,8 4,0 1,4
0,25 4 7.0 3,5 1.3
5 6,5 5,1 2,0
CpenHnuii 6,7 CpenHunii 3,9 Cpennuii 2,3
1 7,1 3,8 3,0
2 8,9 2,6 1,9
3 6,8 49 1,8
0,37 4 7.6 43 2.5
5 7,9 2,1 1,4
Cpenuuit 7,7 Cpennutii 3,5 Cpennunii 2,1
1 9.1 4.6 2.9
2 8,6 3,8 1,8
3 7,7 4.5 2,6
0.45 4 6.9 2.9 3,0
5 7,3 3,3 2,3
Cpennuii 7,9 Cpennuii 3,8 Cpennuii 2,5

20-30%, otrcyTcTBHe n3MeHeHUs pazMepa mpu 30—40% ¥ mocIeayomui pocT 3€pHa MPH CTETICHHU Jie-
thopmarnu Berme 40-50%.

s ctamm MapTeHcuTHO-cTaperoriero kiaacca 03HISKOMSTIO mpencraBieHbI SKCIIEpUMEHTATBHEIC
TAHHBIE 3aBUCHMOCTH pa3Mepa 3epHa oT cTeneHn aedopmarmu npu temmeparypax 290 K — maprencur
(o-paza) ¢ OLK-pemeTroit u 1120 K — ayctenut (y-hasa) ¢ I'LIK-pemeroii (Tabm. 3, pHCyHOK ¢, 3, ).

HccnenoBano, 9to 3pdexT n3menpueHus mnpu AehOpMUPOBAHIN MapTCHCHTHO-CTAPCIOMICH CTaJIH
03HISKOMSTIO B aycrenntHoM coctossunu npu 1120 K mposiBnsercss cunmbHee, ueM mpu 290 K.
W3menpuenne mpoucxonut no crenenedd nedopmarmn 20-40% c mocienyommuM pocTOM 3epHa TpH
crenenn nedopmaruu Beire 40-50%. YBenuuenwne creneHei nepopmarmn 6onee 50% BBI3BIBaET pas-
pymenue Matepuaina. [Ipenen nucnieprupoBanus ctaiau 03HISKOMSTIO nocturaercs mpu cTeneHsx
nedpopmaruu 20-30%.
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Tabnumna3. DkcnepuMeHTATbHBIE JaHHbIE 3AaBHCHMOCTH pa3Mepa 3epHa oT cTenenn aegopmanun nmpu 290, 1120 K

IUISL CTAJIM MAPTEHCHTHO-cTaperomero kjaacca 03H18KIMSTIO

Pasmep 3epha cranu 03HISKIMSTIO, Mkm
Crenens nedopmanuu € YyacTok U3MEepeHus
290 K 1120 K
1 19,7 21,0
2 20,8 16,3
Bes nepopmamnu 3 17.9 17.9
(MCXOIHOE COCTOSTHHE ) 4 215 187
5 18,9 19,5
Cpennuii 19,8 Cpennmii 18,7
1 11,8 4,9
2 13,6 6,7
3 12,9 8,2
0.10 4 15,5 6,0
5 13,0 6,7
Cpennunii 13,4 Cpennuii 6,5
1 11,4 2,6
2 8,8 5,1
0,20 3 10,3 4,3
4 8,1 3,7
5 12,0 3.9
Cpennuii 10,1 Cpennutii 3,9
1 7,7 4,9
2 9,0 2,0
3 10,3 2,8
4 7,8 2,5
0,30 5 9,5 34
Cpennuii 8,9 Cpennuii 3,1
1 8,4 1,8
2 73 3,5
3 10,1 4,2
0.40 4 8.5 2,7
5 9,7 2,3
Cpennutii 8,8 Cpennnii 2,9
1 7,1 2,1
2 9,5 4,2
3 10,4 3,3
0.50 4 11,2 3.6
5 8,0 5,0
Cpennunii 9,2 Cpennunii 3,6
1 8,7 3,9
2 9,0 4,3
3 9,8 2,6
0,60 4 12,6 5,5
5 11,7 5,7
Cpennuii 10,4 Cpennuii 4,4

AHanu3 3KCIEePUMEHTAJIbHBIX JIAHHBIX 3aBUCUMOCTH pa3Mepa 3e€pHa OT CTEICHH jehopMaluu
(tabs. 1-3) moka3bIBaeT, YTO MHTECHCHMBHOE HM3MEJIBYCHHUE BBICOKOIIPOYHBIX CTaJiel IMOJ JCHCTBHEM
BBICOKOCKOPOCTHOM IJIACTHYECKON JAedopMauy B3PhIBOM MPOUCXOJUT MPH CTENCHSX AehopMaiuu
20-30%. 3atem cymiectByeT nuarnas3on aedopmanuii 30-40%, B KOTOPOM M3MEHEHHUsI pa3Mepa 3epHa
He npoucxoaut. [Ipu nedopmarusax conee 40—50% HakomiieHHas TIacTUYECKast Aeopmalius, BbI3bI-
Balollasi IOMOJIHUTENIbHBIN JIOKAJbHBIN pa3orpeB Marepuaia, IpUBOAUT K Pa3BUTHIO pEKpUCTAIIU3a-
IIMOHHBIX MPOIECCOB, B pe3yjbTaTe pa3Mephl 3epHa yBesuduparoTcs. [Ipu aedopmanusax BhIlie

50—-60% B MaTepuasax BOZMOKHO MOSIBJICHHE TPEIIHH.

ComnocraBieHue ¢ JkcnepuMenToM. CpaBHEHHE Pe3ysIbTaToB pacueToB 1o gopmyie (1) ¢ sxcrieprmMeH-
TaIbHBIMU TAHHBIMH TIOKA3bIBACT YJOBICTBOPUTEIBHOE COBIAICHHE (OTKJIOHEHHUE He Ooee 5%) mpu cTere-
Hsx aedopmaruu 10 20-30%. OnHaKo [Py KCIIOJIL30BAHUH JAHHON MOJICIIN TUCTICPTUPOBAHUS TIPH Aedop-
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Marusx Beiie 30% pacxok/JICHUEe CTAHOBHUTCS 3HAYUTEILHBIM (Ooriee 15%), He yuuThIBaeTcs u3nKa mpo-
1iecca HeCTAI[MOHAPHON WHTEHCUBHOM TIaCTHYECKOM IepopMaIliy MaTepHraia B3PhIBOM.

Beenenue morpaBouHbIX KOI(PHUIMEHTOB, YYUTHIBAONINX 3aBUCUMOCTb KOA((HUITUEHTA 3epHOT paHIY-
Hoil uddysun D, oT cTenenu aedopManuu €, 1 TeMIEpaTypsl (5), IO3BOJIAET NONYYUTh CONOCTABUMBIE
pe3ynbrarhl. OTKIOHEHHUE OT 3KCIIEPUMEHTAIBHBIX IJAHHBIX cocTaBisieT 3—5%. B Ta0i. 4 mpuBeneHbI 3Have-
HUS BCEX TapaMeTpOB, BXOAAIINX B ypaBHeHUe (5). PacueTs! BeImonHEHBI B iporpamme Mathcad.

T a6 a4 3HadeHHs: IapaMeTPOB, HCMOJb30BAHHBIX MPH pacyeTax 3aBHCHMOCTH pa3Mepa 3epHa OT YCJI0BHii

nepopmupoBanus
HPCHQKCHOHCHHHaHBHBIﬁ MHOXHTCJIb Koaq)(bn— 3Heprm| AaKTHBaAIlUHU 3CpHOFpa-
Mapka cranu Ty K Crpykrypa . BeKTOPb IHeHTa 3epHOrpanmdHOi I dy3uu, MY/c HUYHOM Juddys3nn O,
roprepca b, m
Bo B, B, By Bsy
10X12I'4H4IOM | 290 | y-dazaTIIK | 2,58x1070 2x10° 2x10* -16 6 -1,4
290 | a-haza OLIK | 2,48x10710 4x10° 40 -9 45 -1,6
38XH3M®DA 670 | o-¢paza OLIK | 2,48x1071° 103 15 -15 7,7 1,4
1120 | y-¢paza, TIK | 2,58x1071° 1 15 -15 9 -1
290 | a-haza OLIK | 2,48x10710 2x10° 20 -10 4.4 -1
03HISKOMSTIO 1120 | y-chaza, TIIK | 2,58x1071° 2x10° 53 -20 18 -5,8

Mpumeuanue G- mMonyins casura— 8,5:10* MIla; v — koapduuuent [yaccona — 0,25; Oy sepna — TIPCIIEI TCKYHECTH
3epHa — 450 MIIa; k — nocrosunas Bombumana — 1,381-10723 kr-m?/(c?K); Q — aromusrit o6bem — 1,18:1072% m3; y — reomeTpu-
4yecKui ko duiuent — 1; 4 — yucnenusiid napametp — 10; § — kodpPpUIHEHT OTHOPOTHOCTH TIIACTUYECKOH IeopMaIiu —
1074 ¢ — ko2 PUITHEHT 3aBHCHMOCTH CKOPOCTH AeOpMAIHK OT cTeneHu aedopmanui — 6:10% m/c; T,, — Temneparypa Iias-
nenus qis craan 10X12I'14H4I0M — 1683 K, mirst craneit 38X H3M®PA u 03HI8KIMSTIO — 1810 K.

3akiroyenue. [IpoBeneHbl SKCNEPUMEHTAIBHOE U TEOPETUUYECKOE HCCIEIOBAHMS 3aBUCUMOCTH
pasMepa 3epHa JISTHPOBAHHBIX BBICOKONPOYHBIX CTajied ayCTEHUTHOrO, OEMHUTHOTO, MapTEHCHUTHO-
CTaperoIero KjaccoB OT TEMIEPAaTypbl U CTENEHU AedopMaliy NPy HECTAIIMOHAPHON MHTEHCHBHOW
MJIacTUYECKOH JeopMaui B3pbIBOM.

[locTpoena Mozenb, MO3BONSIONIAS PACCUUTHIBATH BEIUYUHY Ipeseaa JUCTIEPIUPOBaHUs, YUUTHI-
BAKOIIas 3aBUCUMOCTh KO>()(QUIMEHTa 3epHOrpanuyHor nuddysun D, oT creneHu aeopmaunuu &,
1 TEMIEPATy PhI.

Pacuets! u rpaduky BBIIOTHEHBI ¢ UcHoNb30BaHueM nporpamMbl Mathcad. [Tomyuenst conoctaBumble
C OKCIIEPUMEHTAJIEHBIMU 3HAaUEHUsIMHU JaHHbIe. OTKIOHEHHE cocTaBiseT 3—5%.
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