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OE®OPMALIN KPYHEHMA N CXATUA

JoHeuknii dnsmko-TexXHNYeckuin MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpanHa

CraTbsa noctynuna B pegakumio 26 ceHTs0psa 2013 roga

IIpeonooicen Hogwili Memoo unmerncuenvlx naacmuyeckux oegpopmayui (MIII) ons nony-
YeHuss 00bEMHBIX 0eOPMAYUOHHO-CMPYKMYPUPOBAHHBIX MAMEPUATLO8 NO CXeMe PA3HO-
HANPasienHoeo 3HaKonepemenno2o Kpyuenus u cocamus. Coz0ano oeticmayiouee ycm-
POULCmeEo, no3eoisiowee NPou3800UMb 0eOPMAYUOHHYIO 00PAOOMKY 08YMSA CKOUEHHbL-
MU HOPUIHIMU, MEIHCOY KOMOPBIMU 3adicam obpaszey.

KaroueBsle cnoBa: nedopmanus, meron 3D-PT, ynpounenue, ciBur, npenei TeKy4ecTH,
pa3HOHAINPABIEHHOE 3HAKONIEPEMEHHOE KpyUeHUE

3anpononosano noeuii memoo inmencusnux naacmuunux oegpopmayiii (IIA) ons 3006ym-
ms 00’ eMHUX 0epOpMAYiUHO-CIMPYKIMYPOBAHUX MAMEPIANié 3d CXeMOI0 PI3HOCHPIMOBA-
H020 3HAKO3MIHHO20 KpYueHHsi ma cmuckysants. Cmeopeno Oitouuli npucmpiti, wjo 003-
sosie nposaoumu Oeghopmayiiny 06poOKy 080MA CKOWLEHUMU NOPULHIMU, MIJNC SKUMU
3aMUCHYMO 3PA30K.

Karouosi cioBa: gedopmanis, merox 3D-PT, 3minHeHHs, 3CyB, MeXa TEKy4OCTi, Pi3HO-
CTPSIMOBaHE 3HAKO3MIHHE KPYyUCHHS

OpnHolt M3 OCHOBHBIX 0COOEHHOCTEM coBpeMeHHbIX MeTojoB UIIJ sBisercs
co3maHue B 00beMe o0pasiia MHTEHCUBHBIX JIeopMaluii CIBUTa B yCIOBUSX BbI-
COKOro jaBieHus (win OonbInuX AeOpMaIii CKaTHs), CIOCOOCTBYIOIIMX I10-
BBIIICHUIO TUTACTUYHOCTH HCXOJHOTO Marepuayia. IT0 0OYCIOBIMBAECT aKTyalb-
HOCTb HCCJIEIOBAaHUS MPOLECCOB J1e(hOpPMALIMOHHOTO CTPYKTYpOOOpa3oBaHUS B
9KCTpPEMAalIbHBIX YCJIOBHUSX BBICOKOTO IABJICHUS M OONBIIMX IMIACTHUYECKUX [Ie-
dopmanuii [1-3]. s momydeHus: 60IbIINX CTENEHEH 00beMHBIX AehopManuii B
MAacCCUBHBIX 00pasliax U WHUIMUPOBAHUS CYIIECTBEHHBIX CTPYKTYPHO-()a30BbIX
U3MEHEHHUH HEe0OXOAUMBI CIielaibHbIe yeTpoiicTBa [4—6]. Kpome Toro, Tpebyer-
cst pazpabotka HOBbIX MIIJ] TexHOMOTHI TSl TONMydeHUs: 00bEMHBIX Aedopmariu-
OHHO-CTPYKTYPUPOBAHHBIX MATEPHAJIOB C YJyYIICHHBIMA CBOMCTBAMH, BKJIIOUAs
HaHO- ¥ TMOpHUIHBIE MaTepuaisl [7,8].
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Llenbto paboThl siBiseTCs co3nanue HoBo cxeMbl UITJI, BkItoyaroriei MHTEH-
CHBHYIO JiepopMalnio CIBUTa B YCIOBUSIX HEOOJIBIIOrO OJHOOCHOTO CxkaThs (110
npejiena TeKy4ecTH MCCIIEAyeMOro MaTepraia) U CrocoOCTBYoMIeH (hopMupoBa-
HUIO Je(OpMaIMOHHO-CTPYKTYPHPOBAHHBIX MaTEpPHaJiOB C 3aJaHHBIMU CBOMCT-
BaMHU.

Jnst TOCTHKEHHMS TTOCTABICHHOM 1IETH B MPEIaraéMoOM YCTPOMCTBE TPEITyCMOT-
peHa IeJIbHOMETAIUINYECKasi MaTpulla W3 MPOYHOrO MEeTajula CO CKBO3HBIM IICH-
TPAJIHBIM OTBEPCTHEM, B KOTOPOE BXOJIAT JIBA CKOIICHHBIX ITOPIIHS C 3aKaThIM Me-
XKIay HUM oOpasuom. Pazmepst matpuisl: Beicota — 50 mm, nuametp — 10-20 mm
B 3aBUCHUMOCTH OT TIPOYHOCTHBIX CBOWCTB jJedopmupyemoro marepuaia. Pabodas
gyacth mopmHel (muamerpom 10 MM) u BBICTyHAMONIHME W3 MATPHUIIBI YaCTH
MOPIIHEH U3rOTOBJICHBI U3 MOHOJIMTHOW 3arOTOBKH U COCTaBIsiiOT oT 1/3 mo 1/2 ux
o0mieit BeicOTHI. Pazmepsl o0pasios: nuamerp — 10 mm, tonmuua — 1015 mm.
OTnu4uTENbHOW OCOOCHHOCTBIO YCTPOMCTBA SIBIISIETCSl TO, YTO CKOIIEHHAS IIO-
BEPXHOCTh MOPIIHSA HMeeT (HOpMy DJUIMIICA, TPU 3TOM €€ IUION[aJb 3aBHCHUT OT
yTia cKoca, BeirmunHa kotoporo Bapeupyercs ot 20 mo 30°. Jlns ycTpaneHus Je-
dbopMaImoHHON aAre3nn Marepuaia oopasia K BHyTpEeHHEH MOBEPXHOCTH MaTpH-
bl TIPETYCMOTPEHO MEPUOTUYECKOE 3HAKOIIEPEMEHHOE BpallleHHE ITOCIICIHEH.
Y CTpOoNCTBO MOXKET OBITh UCHIOJIB30BAHO JIJISl TOMyUYEHUSI HAHO- ¥ THOPUIHBIX Ma-
TEPUAJIOB, COYCTAIONIMX CHIIbHO- U ciaboaedopmupoBantbie 30HbI [9-11] B yc-
JIOBUSIX KOMOWHHMPOBAHMS TUIACTHUECKUX nAedopmanuii capura (mpeaenbHOil Be-
JIMYHHBL) U AedopMaIuii cxxatus (0 mpejena TeKy4eCcTH) UCXOJHOTO MaTepuara.

st HOBOM cxembl JedopMalMu MO aHAJIOTHH C KPY4YeHHEM B HAKOBaJbHSIX
BpumkMeHa, KOTopble OOBIYHO HA3BIBAIOT «Pressure torsion», mpeioKeHo Hc-
noJIb30BaTh TepMuH «3D pressure torsion» wiu abopesuarypy 3D-PT.

Ha puc. 1 npencrapiieHa neicTByOIIas Kamepa, npearHasHadennas mis 3D-PT
nedopmaruu. [Tockonbky B mpearaeéMoM yCTpoiicTBe (opma OTBepcTHs MaT-
puibl 1 popma MOPUTHEH JKECTKO HE CBSI3aHBI MEXIY c000i, TO MOTYT OBITH HC-
MOJIb30BaHbl paboyme YyacTu MOpIIHel B (popmMe cerMeHTOB MapaboNouaoB U -
JUTICOUIOB BparieHus. Takas Gopma paboumx dacTedl MOPIIHEH MO3BOJISICT HAU-
6onee 3¢ (eKTUBHO cO3/1aBaTh MAKCUMAIIbHOE CIBUTOBOE HAIPsKEHHE B 00pasiie
¥ OCYIIECTBIISTh 00BEMHYIO JIe(hOpMAIIHIO.

CrnenyeT OTMETUTH, UTO TIPU 3TOM JJISl CO3JaHMs HArPY3KH Ha MOPIIHU HE Tpe-
OyeTcsl PEeM3NOHHOE MpeccoBoe obopyaoBanue. Ha BepxHel yacTu mopIrHei,
UMEIOIINX TPaHH, PacloIOKEHbI YIOPHBIE MOAIIUIHUKY, YTO MO3BOJSET MPU UX
BPAIICHUN OCYUIECTBIIATH J1e()OPMAIHIO CIABHUTA TIPU OJHOBPEMEHHOM WHHUIIMHPO-
BaHHUU JedopMariu cxatus (puc. 2).

BriOpanHble TapaMeTpbl, TaKUE Kak BbICOTa pabdOYMX yacTe MOpIIHENW U yroJ
UX CKOCa, MO3BOJISIIOT O0ECIEUUTh CXKATHE 0 Mpejena TeKydecTn aedopmupye-
MOT0 MaTepHuaja mpu OoybImHX creneHsx aedopmaruu casura. [lpu BicoTe pa-
0ounx yacTeil mopiiHeld MeHblie 25% BBICOTHI MATPHIBI U TMPH YIJIE CKOca
MeHblIe 15° He yaaercs nmoyy4uTh MakcuMalibHble aedopmanuu. Mcnonb3oBanue
pabouux yacTteil mopiiHei BoicoTON Oosee 45% BBICOTHI MAaTPUILIBI IPU TEX KE
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Puc. 1. Yerpoiicteo mis 3D-PT nedopMaiiuu: MaTpyiia U CKOIICHHBIE TTOPIIHU

Puc. 2. Ilpecc ¢ ycunmem 30 t ¢ ycrpoiictBom mist 3D-PT nedopmarun

yIiax cKkoca He oOecreyuBaeT MoyydeHue AeGopMaloHHO-CTPYKTYPUPOBAHHBIX
00pa3noB TpedyemMoro o0bemMa M MOXKET BBI3BIBATh pa3pylleHHe mopIiuHei. Ycra-
HOBJICHO, YTO ONTHUMaJIbHBIE pa3Mepbl kamepbl 3D-PT nomkHbI OBITH CrieayrOImIHN-
MU: yrol ckoca nopiraeld okono 30°, ux BeicoTa — 24.6 MM, BICOTa MATPHUIIBI —
50 mm.

B Tabn. 1 mpuBeneHbl MHKPOCTPYKTYpPHI aFOMHHHUEBO-MEIHBIX CILIABOB C
pa3IMYHBIM COAEpKaHWEeM Menu, moxydeHHble MetogoMm 3D-PT o6Gpabotku ¢
pa3IUYHON CTeneHblo AedopManuu. XOpolIio BUAHO, YTO AedopMaIius MpUBO-
IUT K U3MEHEHUIO CTPYKTYPHI TI0 00BbeMy obOpasna. st Bcex creneneit aedop-
Mallid M BCEX COCTAaBOB (DMKCUPYIOTCS 30HBI HEpaBHOMEpPHOro TeueHus. Ha-
OJI0Ar0TCS 30HBI TPEX TUIOB. ManoaehopmupoBanubie (Tadi. 1,a), yMepeHHOTO
nepopmupoBanus (Tadna. 1,0) 1 MHTEHCUBHOTO TeueHHUs Matepuaia (tadm. 1,8).
B nocnennel 30He TeUeHUE UIIET MO CIOKHOW BUHTOBOW TPACKTOPHUU C MAKCH-
MaJbHBIM HU3MEIbYEHUEM CTPYKTYpbl. XapakTepHbsiM s 3D-PT nedopmanuu
ABJISIETCS TO, YTO CYLIECTBYET PE3KO BbIpa)K€HHas TPaHUIla MEXAY Ha3BaHHBI-
MU BbIIIE 30HaMU. JlaHHAsA 0COOEHHOCTh XapaKTepHA TaKKe WM NI U3BECTHBIX
cxem UIIJIl, HanpuMep BUHTOBOM AKCTPY3UH U PABHOKAHAJIBbHO-YTJIOBOTO Mpec-
COBaHHSI.

[IpencraBisieT UHTEpPEC BBISICHUTH: KaK paclpeesieHbl YKa3aHHbIE 30HbI B 00b-
eMe Marepuala, Kakue CTeneHH aeopMariii MOTYT TPHUBECTH K OIHOPOTHOM
CTPYKTYpE, a TaKKe€ KaKoe MECTO B Py U3BeCTHhIX MeTo10B UII/] MoxeT 3aHu-
MaTh npemioxeHHslid Meton 3D-PT. DtoT mMeron MokHO OyIeT HCIOJIB30BaTh
JUIS TIOJTyYEHHUS] THOPHUIHBIX MarepuanoB achopMmanuoHHON mnpupoas [9-11].
JlanHoe mepcnekTHBHOE npuMeHeHue Metona 3D-PT Oyner peanusoBaHo, eciu
MOSIBUTCSI BOBMOKHOCTh PEryJIUpOBaTh (GOPMUPOBAHUE CTPYKTYpPHO-HEOIHOPO-
HBIX 30H [0 00bEMYy MaTepualia U pPeriiaMeHTHpOBaTh (hopMupoBaHHe HEOOXOU-
MBIX (PU3UKO-MEXaHUYECKUX CBOMCTB MO TPeOOBAaHUSAM 3aKa3uHKa.
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Tab6muma 1
30HbI HAUOOJIBIIIEH JeopMai ATIOMHUHHEBO-MEIHBIX CIIJIABOB
¢ pa3InYHBIM cojep:kaHueM Meau nociae 3D-PT o6padorku

Cu, mass% | KonunuectBo 060poToB|  Mukpoctpykrypa, x100
=TT R
2 15
a
5 3
6 2
6

Ipumeuarnue. Macmurab — coorsercreyer 100 um.

MHUKpPOCTPYKTYpPBI aTFOMUHHEBO-MEHBIX CIUIABOB, IMOABEPTHYTHIX IePOpMH-
poBanuio mMetogom 3D-PT, a takke s cpaBHEHUSI B UCXOJHOM HenedOpMHUPO-
BaHHOM JINTOM COCTOSTHHH IpHBENIeHBI B Ta0. 2. CiieryeT OTMETHTD, YTO BO BCEX
CIUIaBaX HE3aBHCUMO OT CTENEHH JIETMPOBAHUS MeNbl0 HaOJII0JaeTcs U3Mesbye-
HHUE CTPYKTYPHI U BBITSATUBAHHE 3€PECH BJOJIb OCH MaKCUMAIIbHBIX KacaTeIbHBIX
HanpspokeHui. [TockonbKy mpu TakoW cxeme KacaTelbHbIe HAMpsHKEHUS MPHUKIIa-
JBIBAIOTCSL K 00BEMY MaTepHualia IO ONPEIEIICHHBIM YIJIOM, M3MEHSIONINMCS B
KKABIA TOCIEeIYIONNA MOMEHT BPEMEHH, KacaTelbHbIE HAMPSHKEHUS MOCIIE0-
BaTeJILHO CKaHUPYIOT 00BeM neopmupoBaHHOro Marepuaia. OyepTanus TpaHuUIl
3epeH MEHSIOTCS OT MPSMBIX, Y€TKO OYEPUEHHBIX K HM30THYTHIM, C 3yOUHKamH,
IPEPBIBUCTHIM.
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Tabmuma 2
MuKpoOCTPpYKTYypa ajJIOMHHUEBO-METHOT0 CILIABA
¢ pa3InYHBIM cojep:kaHueM Meau nociae 3D-PT o6padorku

Cocrosinue
Cu, |Komriectso HUCXOIHOE JIUTOE Ae(popMHpOBAaHHOE
mass%| obopoToB ’ :
2 1.5
5 3
6 2
oHC 3 u

ITomyuyeHHBIE CTPYKTYpBI XAapaKTEPU3YIOTCSA KAK 4YpPE3BBIYAWHO H30TPOIIHBIE,
YTO MOXKET CBHJICTECILCTBOBATh 00 MHTEPECHBIX OCOOCHHOCTSX (DOPMUPOBAHHS U
pasBuths TpenuH. C y4eToM BHXPEBOT'O TCUCHHUS TAKOTO ATFOMHUHHCBOTO CILIaBa
U (hopMUPOBaHUS CTIEIIU(PHUECKON «3aKPYUESHHOW» CTPYKTYpPhl MOXKHO MPEAToia-
rath, YTO JUIA Pa3BUTHs TPEHIMH B TaKOM MarepHalie MOHaIo0UTCs OoJblmas
SHEPTHs 00pa30BaHUs, YTO MOBBICHUT €0 KU3HECIIOCOOHOCTh IIPH IKCILTyaTaIlUH.

Ha puc. 3 mpuBeneHa cpaBHUTEIbHAs XapaKTEPUCTUKAa MHKPOTBEPAOCTH IS
Pa3INYHBIX YYaCTKOB 00pa3I[0B TEXHHUYECKOTO AIFOMUHUS U CIUIaBa aIFOMUHUS C
6% Meau B MCXOIHOM COCTOSIHMM M TIOCNIe Pa3IMYHBIX CTENeHed nedopmaiuu
metonoMm 3D-PT. Xopomo BHIHO, YTO MpU YBEIHMUYEHHH KOJIWYECTBA 0OOPOTOB
NPOSIBJISICTCS TCHICHIIUS K OJTHOPOJHOCTH PACIIPEICIICHUS] MUKPOTBEPIOCTH KaK B
IIEHTPE, TaK ¥ Ha TOBEPXHOCTH 00PA3IIOB.

BriBoabl

1. Tpennoxen HoBwIA Meton 3D-PT nns momydenus nedopmannoHHO-
CTPYKTYPHPOBAHHBIX MaTEPUAIOB IO CXEME pPa3HOHAIPABIICHHOTO 3HAKOIEpe-
MEHHOTO KPYYEHHS B YCJIOBUSX MHTCHCHUBHOU Jedopmanuu cIBUTa MPU BO3ICH-
CTBHMH HATPSOKCHUS CKATHUS, PABHOM TIpeiely TeKy4eCcTH MaTepHara.
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Puc. 3. Biusuue xomuuectsa 06opotoB N

Ha 3HAYeHUs MHUKPOTBEpAOCTH H, B pas-
JIUYHBIX y4acTKax o0pasioB mocie jaedop-
Manuu B kamepe 3D-PT: 1, 3 — nepudepus,
2,4 —uentp; 1, 2 — cinaB amomunus ¢ 6%
MenH, 3, 4 — TeXHUYCCKHI aTFOMUHHN

2. Pa3paboTaHo ¥ M3rOTOBIIEHO HOBOE yCTPOMCTBO, COJEpIKaIlee MATPHUILY CO
CKBO3HBIM LIEHTPAJIBHBIM OTBEPCTHEM, B KOTOPOM COOCHO pAacIOJOXKEHBI J1Ba
MOPIIHS CO CKOIICHHBIMU MOBEPXHOCTSAMU. Paboyas 4acTh MOpPIIHEH M BBICTY-
Marouiye U3 MaTpUIbl YaCTH MOPIIHEH H3rOTOBJIEHBI U3 MOHOJIUTHOM 3arOTOBKH.
Ha BepxHel yacTu NMOPIIHEN, UMEIOLIEH IIOCKONapaJIeIbHbIE TPaHHU, PACIIOJIO-
YKEHBI YIIOPHBIE TOJIIMITHUKH, YTO MO3BOJIET OCYIIECTBISATH UX BpallleHHUE.

3. OmpeneneHsl 3HAYCHHS YTIIOB CKOca Je(OPMHUPYIOMIMX MOBEPXHOCTEH IMy-
anconoB (B mpenenmax 20-30°), KoTopble 0OecreunBalOT HanboIee CTabMIbHOE U
BOCTIPOM3BOAMMOE TPOTEKaHHE Ipoliecca Ae(GopMamoHHOT0 CTPYKTypooOpa3o-
BaHUS.

4. OTIMYUTETIHPHON 0COOCHHOCTBIO YCTPOWCTBA SABJISICTCS CICAYIOIIEee: a) JIs
co3nanus 00JbIIoN 00beMHOM AehopMaIiK CABUTA MPUKIIAIBIBAETCS HE BBICOKOE
JaBJICHHUE, a HAMPsHDKCHUE CHKATHsl, paBHOE MpeAeny TeKydecTd AePOopMUpPYyEMOTo
MaTepuaia, 0) MPUMEHSIOTCA He MIockue (Kak B HAKOBalbHAX BpumkMena), a
CKOIIICHHBIC paboune YacTH IMyaHCOHOB, B) MPHUMEHSCTCS pa3HOHANPABICHHOC
3HAKOIIEPEMEHHOE BpalllcHHE BEPXHEHW W HIKHEH JacTel mopinHei (a mpu HeoO-
XOJMMOCTH U MATPHIIBI).

5. Ilokazano, uTo mpemIoKeHHbI MeTon A((eKkTHBeH s 00BEMHOTO W3-
MEJbUCHUS CTPYKTYPHI.
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V.N. Varyukhin, I.A. Kulik, N.N. Belousov, E.H. Pashinskaya

DEVELOPMENT OF THE METHOD OF 3D DEFORMATION-INDUCED
STRUCTURE FORMATION IN CONDITIONS OF COMBINED TWISTING
AND COMPRESSION

A new 3D-PT method of obtaining bulk deformation-structured materials was sug-
gested that used the scheme of multidirectional sign-alternating twisting under severe
shear deformation when the compression strain was equal to the yield limit of the
material.

A new eguipment was designed and produced that contained a die with open central
channel where two uniaxial plungers with inclined surfaces are located. The working sec-
tions and extensions of the plungers were made of a solid billet. Axial bearers are located
at the upper part of the plungers that has parallel faces, to provide rotation.

The values of the slope angles of the deforming surfaces of punches (within the rage
of 20-30°) are estimated, that provide the most stable and repeatable current of deforma-
tional structure formation.

A distinctive feature of the equipment is as follows: a) to achieve high volume shear
strain, not high pressure is applied, but compression strain equal to the yield limit; b) in-
clined working sections of the punches are used, not flat ones (like those of Bridgeman
anvils); c) multidirectional sign-alternating rotation of the upper and bottom parts is prac-
ticed (or the die asawhole, if required).

It is shown that the suggested method is effective tools of volume reduction of the
structure, tending to uniform deformation in the central and peripheral zones of the sample
when the degree of deformation increases. It is established that the method allows double
increase in microhardness of commercially pure aluminum and aluminum-copper aloys.

Keywords: deformation, 3D-PT method, strengthening, shear, yield limit, multidirecti-
onal sign-alternating twisting

Fig. 1. Equipment for 3D-PT deformation: the die and the oblique plungers

Fig. 2. Molder of 30t in force with the equipment for 3D-PT deformation

Fig. 3. Effect of the number of convolutions N on microhardness H,, in different areas of
the samples after deformation within the 3D-PT chamber: 1, 3 — periphery, 2, 4 — center;
1, 2 —alloy of aluminum and copper (6%), 3, 4 —commercial aluminum
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