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BBEJEHUE

Braronmapsi cBoeH BbICOKOH yle/IbHOK IIPOYHOCTH ajlIo-
MUHUEBbIe CIIJIaBbl IIOCTEIeHHO 3aMeIllaloT CTalH.
OmHako GOpMHUPOBATEH CJIOKHBIe JeTalh H/HIH
31eMeHTOB KOHCTPYKILIMM C Pa3BUTON reoMeTpUeH
M3 JIIOMHHUS SBJISeTCs JOBOJIbHO HEeIIPOCTOH 3a/a-
yer, ocobeHHO B yCI0BUAX, Korga popmoobpasyro-
IIHe OIlePallMK OCYIeCTB/ISIOT IPU KOMHATHOM TeM-
nepaType, HallpuMep, JTUCTOBOM XOJIOAHOM LITaM-
1oBKOH [1-4]. TpagULIMOHHO, A1 yAy4lleHHs TeXHO-
JIOTMYeCKOM IVIACTUYHOCTH Al cIiaBoB monydeHue
H37e/IMH OCYIIeCTB/ISIOT IIPH IIOBBIIIEHHBIX TeMIIepa-
Typax (Bbiie 0,5T ) [5]. K Haubosee pacripocTpaHeH-
HBIM M3 HCII0JIb3yeMBbIX B IIPOMBIIIIEHHBIX MaCIITa~
6ax MeToJaM MOXHO OTHECTH ropsiuylo 06beMHYI0
M JIMCTOBYIO IITAMIIOBKY, a TaKkKe GOPMOBKY B yCJI0-
BUSX cBepxIacTuuHocTH (CII). Topsiuas UIHU U30-
TepMHYecKas ITaMIIOBKa, a Takxke CII-popmoBKa
HMJIM IITAMIIOBKA IIPU ITOBBIIIEHHBIX TeMIIEpaTypax
obecriedrBaeT BBICOKYIO TeXHOJIOIHUECKYIO IIJIaCTHU-
HOCTb 60/IBIIMHCTBA TPOMBIIITIEHHBIX aTIOMHHHEBBIX
CIIaBOB TAKUX CHCTeM JIeTHPOBaHUS, Kak Al-Mg-Si,
Al-Zn-Mg, Al-Cu-Mg u 1p. OgHaKo yKa3aHHBIE BbIIIE
TPafULIMOHHbIE METOMBI AB/ISIOTCSA HU3KOIIPOU3BOAH-
TeJIbHBIMU U SHEPro3aTpaTHEIMHU.

PemreHHe 3TOM 1Po61eMbl BO3SMOKHO ITPU HCIIONb™
30BaHMU AJIOMUHHEBBIX CIJIABOB C yIyYIIeHHBIM
KOMIIJIEKCOM CBOMCTB, TaKHe KaK BBICOKas IIpOY-
HOCTb 1 TeXHOJIOTMYeCKasi IJIaCTUYHOCTb (YA THHEeHU S
cBhIIe 230-300%) IIpK IOHHUSKEHHBIX TeMIIepaTypax
(10 0,5T,,,).

M3BeCcTHO, 4YTO yJbTpaMeyKo3epHHUCTble (YM3)
CIIJIaBBI, B TOM YHCJIe K HA OCHOBE Al, II03BO/ISIIOT IIOBBI-
CHUTb KOMIIJIEKC MeXaHHUYeCKHUX XapaKTePUCTUK, B TOM
YMC/Ie TIOBBIIIEHHYIO MIJIACTUYHOCTD IIpH boslee HU3-
KHX TeMIlepaTypax, 3a cueT dopMHpoBaHUs boree
OLHOPOLHON MHKPOCTPYKTYPBI U perlaMeHTHPOBaH-
HOTO pacIipeflefieHHsI BTOpox daskl [6, 7]. HanpuMep,
B IIpollecce HHT@HCHUBHOU IJIaCTHUYeCKOH AedopMa-
uuu (UI1J1) B MomenbHOM criiaBe Al-30Zn popmupy-
ercd ogHoponHas YM3 nByxdasHas CTPYKTypa C pas-
MepoM 3epeH oKoJo 360 HM [8]. B mpouecce UIIJI mpo-
HCXOAUT pacmaji TBepJoro pacTBopa U obpasyercs
Zn-dasa B TPOMHBIX CTBIKAX U B TeJle 3epPeH aJIIOMH-
HUS$, HEKOTOPbIe IPAHUIIBI 3STHX 3ePeH IIOKPLITHI Cerpe-
ranusMu Zn. YM3 Al-30Zn criiaB e MOHCTPHpPYeT Heo-
OBIYHO BBICOKYIO IVTACTUYHOCTh. MaKCHMaJIbHEIE YIJIH-
HeHHS OBLIM IIONy4YeHBl 235% (IPX KOMHATHOHU TeM-
nepatype) u 265% (ripu 100 °C) co CKOpoCThIo edopma-
uuu 10 ¢l TIposiB/ieHHe BBICOKOM INIACTUYHOCTH CBSI-
3aHO He TOJIbKO C Ha/luurueM YM3-CTPYKTYPHI CIlJaBa
Al-30Zn, Ho U c HaTU4YHeM cerperanui IUHKA II0 Tpa-
HHIIAM 3epeH, CII0COOCTBYIOMMNX aKTUBHOMY 3epHOIpa-
HHUYHOMY IIPOCKa/Ib3bIBAHUIO U BBICOKOK CKOPOCTHOM
4yBCTBUTE/IBHOCTH edopMallki MaTepHaia [8].

INTRODUCTION

Due to their high specific strength, aluminium alloys
are gradually replacing steels. However, forming com-
plex parts and/or structural elements with well-devel-
oped geometry from aluminium is not an easy task,
especially when forming operations are carried out at
room temperature, e.g. by cold forming sheets [1-4].
Traditionally, to improve technological plasticity of Al
alloys, the products are produced at elevated temper-
atures (above 0.5 T;,) [5]. The most widespread meth-
ods used on an industrial scale include hot volume and
sheet forging, as well as moulding under superplas-
ticity (SP) conditions. Hot or isothermal forging, as
well as SP forming or forging at elevated temperatures
provides high technological ductility of most indus-
trial aluminium alloys of such alloying systems as Al-
Mg-Si, Al-Zn-Mg, Al-Cu-Mg, etc. The high ductility
of the majority of industrial aluminium alloys of such
alloying systems as Al-Mg-Si, Al-Zn-Mg, Al-Cu-Mg
and others. However, the above-mentioned traditional
methods are low-productive and energy-consuming.

This problem can be solved by using aluminium
alloys with improved complex of properties, such as
high strength and technological plasticity (elonga-
tions over 230-300%) at reduced temperatures (up to
0.5T,,).

It is known that ultrafine-grained (UFG) alloys,
including those based on Al, allow to increase
the complex of mechanical characteristics, includ-
ing increased plasticity at lower temperatures, due
to formation of more homogeneous microstructure
and regulated distribution of the second phase [6, 7].
For example, in the process of severe plastic deforma-
tion (SPD) in the model alloy Al-30Zn a homogeneous
UFG two-phase structure with a grain size of about
360 nm is formed [8]. During SPD, the solid solution
decomposes and Zn-phase is formed in the triple junc-
tions and in the body of aluminium grains, some
boundaries of these grains are covered with Zn seg-
regations. UFG Al-30Zn alloy demonstrates unusually
high ductility. Maximum elongations of 235% (at room
temperature) and 265% (at 100 °C) were obtained at
strain rates of 10#s™l. Demonstration of high ductility
is associated not only with presence of the UFG struc-
ture of the Al-30Zn alloy, but also with presence of zinc
segregations along the grain boundaries, contributing
to active grain boundary slip and high strain rate sen-
sitivity of the material [8].

The discovered features of mechanical behav-
iour of UFGC aluminium alloys open new possibili-
ties for preparing of perspective high-strength alu-
minium-based structural materials. In recent stud-
ies [7, 9], it was found that some Al-Zn-Mg alloys
heavily SPD hardened showed significant elonga-
tions (up to 700%) under uniaxial tensile strain in
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O6Hapy>keHHBIe 0COOEHHOCTH MeXaHHUYeCKOro
noseneHus YM3 allOMHUHMEBBIX CIIJIABOB OTKPBI-
BaIOT HOBBI€ BOSMOKHOCTH /ISl CO34aHU A IepCIiek-
TUBHBIX BBICOKOIIPOYHBIX Ha OCHOBE aJIlOMHUHUE~
BBIX MaTePHa/IOB KOHCTPYKLMOHHOIO Ha3HaYeHU .
B HemaBHUX pa60Tax [7, 9] 681110 YCTAaHOBJIEHO, YTO
HeKOTopble Al-Zn-Mg cIaBel, CHUJIBHO YIIPOUHEH-
Hple HUIIMl, mpogeMOHCTPUPOBAIM 3HAYKUTE/IbHBIE
YOIUHEeHU S (mo 700%) IIpH OSHOOCHOM PaCTSI>KeHU U
B Auamna3oHe TeMieparyp 0,47-0,60 T, U B pe3y/ib-
TaTe OLHOOCHOL lepOpPMaLI K PACTSIKeHHeM B yCJI0-
BHSIX HU3KoTeMIlepatypHou CII (HTCII) coxpaHsieTcs
BBICOKAs IIPOYHOCTH CIIJIAaBOB, Ha ypoBHe 80-90%
OT UCXOLHOH, 40 AedopMallMU. BHICOKOIIpOoYHOe
COCTOsIHHUe mocie fedopManuu B ycaoBusax HTCII
MO>KeT OBITh JOCTUTHYTO He TOJBKO 3a CUeT coxXpa-
HeHHS YyIbTPaMeJIKUX 3ePeH, HO U 3a CYeT APYyrux
MeXaHH3MOB YIIPOYHEHHU I, OIPeJeIsdoluX II10T-
HOCTb fledeKTOoB, perynnupyemoe obpasoBaHue, pac-
IpejejieHHe, pa3sMep M XUMHUYeCKHUH COCTAaB YacTHI]
BTOPUYHOM (Qa3bl, Ha/IHUHe HaHOPa3MepHBIX KJla-
CTEPOB M 3epHOTPaHUYHBIX cerperanuu [7, 9, 10].

HM3BecTHO, 4TO IIpU $popmMoobpasyomux omnepa-
LIMAX, UCIIOTb3yeMBIX [IJIS II0JTy YeHH I TOTOBBIX TOHKO-
CTEeHHBIX U3JeIHH C Pa3BUTOU TeoMeTpHeH, HCII0Nb-
3YIOTCS TaKHe MeTOBI, KaK $OpMOBKa, MITAMIIOBKA
MJIY BBITSKKA, B IIPOLIeCCe peau3allui KOTOPHIX pea-
TH3yeTcs MHOroocHas gedopManus. B aTou cBSI3HU
aKTyasJbHOM Hay4YHOM 3aJlauel Ha CerOAHSIIHUU AeHb
SIBJISIETCS YCTAHOBJIEHKE BO3MOXKHOCTHU Pean3aluu
B HC BBICOKOIIPOYHBIX cIyiaBaX 7000 cepuH IBYyXOC-
HoU fepopmannu B ycaoBuax HTCIT ¥ NpHMeHHMOCTh
JAHHBIX YCJIOBUH JJ15 IIOJIy4YeHM sl peasibHbIX JeTaleH
HWJIU U3MeTUH.

Llenpio MAHHOM PaboThl SIBISETCS CO3LaHHUe/pas-
paboTKa TeXHOJIOTMYEeCKOro MOAX0/a, AeMOHCTPH-
PYIOILlero BO3MOXKHOCTD peanu3aluu popmoobpasy-
IOIle} OlepalliK, MCII0/Ib3ys ABYXOCHYIO JepopMa-
LIMIO IIPU IOHM KEHHBIX TeMIlepaTypax s Co3ga-
HMS M3e/IHUs K3 BBICOKOIIPOYHOTO HAHOCTPYKTY pH-
POBAaHHOrO CIIaBa CUCTeMBbl Al-Zn-Mg. [l mocTHRe-
HUS II0CTaBJIeHHOM Lie/IH HCII0Nb30BalH MOJEIUPO-
BaHMe MeTOAO0M KOHEUYHBIX 3JIEMEHTOB U QU3UUYeCKHe
3KCIIePUMEHTHI.

METO/1bl UCC/IEAOBAHUSA

B KadecTBe MaTepHaa HUCCIeL0BaHUS OB BRIOpaH
Al-Zn-Mg crnaB (Al-4.8%Zn-1.2%Mg-0.14%Zr) (Bec.%).
3aroTOBKH B BU/JIe JUCKOB JHaMeTpoM 20 MM U TOJI-
IMKMHOM 1,4 MM IoaBepraau o6paboTke KpyueHHEM
I10JT BEICOKMM JaBjieHueM (KB/I) mo 6 I'Tla co CKOPOCTBIO
medopMHpoBaHUS 1 06/MUH IPH KOMHATHON TeMIlepa-
Type (puc.l) myist opMupoBaHUs B HUX HC-COCTOSIHUSL.
CyMMapHOe KOJIHN4YeCTBO 0DOPOTOB ITOLBHUSKHOIO
6orika 10.
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KB npu KT
THP at room temperature

O6pasel nocne KB/,
Sample after THP

-@ @

McxopHbIz obpasel ;
Initial sample

-

-

Puc.1. Cxema KB/, 8HewHul 8ud 0bpa3u0e 0o u nocae KB/
Fig.1. Scheme of the HPT, view of samples before and after HPT

the temperature range of 0.47-0.60 T, and uniaxial
tensile strain under low-temperature SP (LTSP) condi-
tions retained high strength of the alloys, at 80-90%
of the initial strength, before deformation. The high-
strength state after deformation under LTSP condi-
tions can be achieved not only due to ultrafine grains
preservation, but also due to other strengthening
mechanisms that determine the density defect, regu-
lated formation, distribution, size and chemical com-
position of secondary phase particles, and presence
of nanoscale clusters and grain boundary segrega-
tions [7, 9, 10].

It is known that in forming operations
used to obtain finished thin-walled products
with developed geometry, such methods as form-
ing, stamping or drawing are used, in the process
of implementation then multiaxial deformation is
realised. In this regard, the actual scientific task
today is to establish possibility of realisation of biaxial
deformation in NS high-strength alloys of 7000 series
under LTSP conditions and applicability of these condi-
tions for obtaining real parts or products.

The aim of this work is to make or develop
a technological approach that demonstrates feasibil-
ity of a forming operation using biaxial deformation
at reduced temperatures to prepare the high-strength
nano-structured Al-Zn-Mg alloy product. Finite ele-
ment modelling and physical experiments were used
to achieve this task.

RESEARCH METHODS

Al-Zn-Mg alloy (Al-4.8%Zn-1.2%Mg-0.14%Zr) (weight %)
was chosen as the material to study. Billets in the form
of discs with a diameter of 20 mm and a thickness of
1.4 mm were subjected to high-pressure torsion (HPT)
treatment up to 6 GPa with a strain rate of 1 rpm at
room temperature (Fig.1) to form an NS state in them.
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AHa/IKM3 MUKPOCTPYKTYPhl METOLOM IIPOCBEYM-
Balollet 3/eKTPOHHOHM MHKPOCKOIHH OCYIIecT-
BISJIM Ha 3JIeKTPOHHOM MMKPOCKOIIe PUPMBEI
JEOL JEM-2100 mpu yCKOpsOIIeM HaIIpssKe-
HuM 200 KB c KatomoMm u3 LaB,. B KauecTBe 06beK-
TOB MCC/IeJOBaHUS BBICTYIIaJM TOHKHE QOJIBTH,
IIpo3pavyHble O/ My4Ka 3JIeKTPOHOB. s IpH-
FOTOBJIEHHUS QOJIbI BhIpe3ajiv IJIACTUHKH pa3sMe-
pamu 5x3x0,6 mm3. [Toc/ie IPOU3BOAUIN MeXaHH-
yecKkoe yTOHeHHe IIJIACTHHOK Ha abpa3uBHOM bymare
o TonmuHbL 0,10-0,15 MM. O6beKTHI IS UCCIeL0Ba-
HHH TOHKOI CTPYKTYPBbI H3rOTaBANBAIHNCh METOLOM
CTPYHHOH MOJIHPOBKH TOHKUX (OJIBT HA YCTAHOBKe
Tenupol-5 B pactBope 20% HNO; u 80% MeTaHOIA IIPU
TeMIiepatype 25 °C v HanpsikeHuu 15-20 B.

TeMIlepaTypHO-CKOPOCTHBIE YCIOBUS /IS OLHO-
OCHOM U JIBYXOCHOM AedopMal Uy 611U BbIOpaHEI
Ha OCHOBe paHee I[10/Iy4YeHHBIX Pe3y/IbTaTOB UCC/Ie[0Ba-
HHH ONTHMAaJIbHBIX TeMIIepaTypPHO-CKOPOCTHBIX YCII0-
BUI IIPOSIBJIEHUSI HAHOCTPYKTYpHBIM Al-Zn-Mg cruia-
BOM 3¢ peKTa HU3KOTeMIIepaTyPHOH CBepXIIJIaCTUUHO-
ctH [7, 9]. UcIBITaHUS Ha pacTsKeHHe 06pasnos Al-Zn-
Mg craBa ITPOBOAMIIH IIPH TeMIlepaType 120, 150 °C co
cropocTsiMu 102 1 1073 ¢! Ha yHUBepCcaaIbHOM KCIIBITA-
TeJIbHON MalllMHe Instron 5982 ¢ mporpaMMHEIM 06e-
crieqenueM Bluehill 3. Pa3amepsr pabouer wactu 06pas-
LIOB COCTaBIsAIU 3,0%x0,2x5,0 MM3.

MogenupoBaHHe METOLOM KOHEUHBIX 3/IeMeHTOB
(MK?3) 1 pu3rdecKHH IKCIIEPUMEHT IBYXOCHOTO pac-
TSAKEHU S OCYILEeCTB/IS/IM IIPU CKOPOCTAX Jedopma-
uuu 1073 1 1072 c'u remneparypax 120 u 150 C, npu
KOTOpbIX 06pa3iisl HC Al-Zn-Mg cIiiaB ITpH 0THOOCHOM
PacTs>KeHUH IIPOSBUII ITOBBIIIEHHYIO IIJIACTUYHOCTb.

Mopenuposanue MK3 npouecca TBepaodasHoM
BBITSIKKH IPOBOAMJIOCH C MCIIOAb30BAaHHEM IIPO-
rpaMMHOro KoMmIulekca "Jepopm" (JImmensus I1K
COTC. Knrou N29190/Yda, Poccust). BBUIY CUMMETPUH
o6pa3ua pa36HTa Ha S4YeHrKH - ceTka 0,03 MM C BBIABU-
>KeHHeM IepefHeHd QpPoHTaA [ MaTeMaTH4YeCKOIo
ONMCaHHUS TeYeHH A MaTepuaa.

His orpeneneHus IPUTOAHOCTH MaTepralia MeTo-
JOM XOJIOZHOM JIMCTOBOM IITaMIIOBKH OBIIH IIPO-
BeeHbl MCIbITAHMWSA Ha BRIJABIKMBAaHHE METOJOM
JpuKcoHa B coorBeTcTBUU ¢ TOCT 10510-80.

PE3Y/IbTATbI U OBCY)XAEHME
B niponecce obpaborku KB] mpr KOMHATHOM TeMIIe-
patype B criaBax Al-Zn-Mg dopmupyeTcs ogHOPOLI-
Has CTPYKTYpa CO CpeSHHM pa3Mepom 3epeH 130 HM.
Pacmapn mepechlieHHOT0 TBEPAOro pacTBopa IIpHU
KB]l IpUBOAHUT K 3apOKJIEHHI0 YaCTHI] BTOPOX a3l
MgZn, BHYTpH 3epeH Al u cerperaliuéi Zn 1o rpaHu-
nam 3epeH Al (puc.2).

dopMHUPOBaHHE TAKOrO COCTOSHHUS B Al-ZnMg
CIIJIaBe C periaMeHTHPOBAHHBIM pacIlpefeleHueM

The total number of revolutions of the moving striker
is10.

The microstructure was analysed by transmission
electron microscopy using a JEOL JEM-2100 electron
microscope at an accelerating voltage of 200 kv with a
LaB; cathode. The studied objects were thin foils trans-
parent to the electron beam. To prepare the foils,
plates with dimensions of 5x3x 0.6 mm? were cut out.
The plates were mechanically thinned on abrasive
paper to a thickness of 0.10-0.15 mm. The objects for
fine structure studies were produced by jet polishing
of thin foils on a Tenupol-5 machine in a solution of
20% HNO; and 80% methanol at a temperature of 25 °C
and a voltage of 15-20 V.

The temperature-rate conditions for uniaxial
and biaxial deformation were chosen on the basis
of previously obtained results of studies of optimal
temperature-velocity conditions for the manifestation
of the effect of low-temperature superplastic-
ity by nanostructured Al-Zn-Mg alloy [7, 9]. Tensile
tests of Al-Zn-Mg alloy specimens were carried
out at temperatures of 120, 150 °C with rates of
102 and 1073 st on an Instron 5982 universal testing
machine with Bluehill 3 software. The dimensions
of the working part of the specimens were
3.0x0.2x5.0 mm3.

Finite element modelling (FEM) and biaxial tensile
physical experiment were carried out at strain rates
of 1073 and 10?2 ¢! and temperatures of 120 and 150 C,
at which the NS Al-Zn-Mg alloy samples exhibited
increased ductility under uniaxial tensile loading.

FEM modelling of the solid-phase drawing pro-
cess was carried out using the software pack-
age "Deform" (SFTS PC License. Key #9190/Ufa,
Russia). In view of the specimen symmetry was
divided into cells: 0.03 mm grid with advancement
of the leading edge for mathematical description
of the material flow.

To determine suitability of the material by
cold sheet forging, extrusion tests were car-
ried out using the Erickson method in accordance
with GOST 10510-80.

RESULTS

During HPT treatment at room temperature,
a homogeneous structure with an average grain size of
130 nm is formed in Al-Zn-Mg alloys. Decomposition
of supersaturated solid solution during HPT leads
to nucleation of particles of the MgZn, second phase
inside Al grains and Zn segregations on the Al grain
boundaries (Fig.2).

Formation of such a state in Al-Zn-Mg alloy
with a regulated distribution of MgZn, phases both in
the body and at the grain boundaries allowed to reach
a strength limit of 800 MPa at room temperature and
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500 HM | nm
y

Puc.2. Mukpocmpykmypa Al-Zn-Mg cnaaga 8 HAHOCMPYKMYypHOM COCMO

500 HM | nm
—

5 " o -
sHUU: ceemaoe none (a) u memuoe noae (b), (3eneHbimu

cmpeAkamu 0603HauyeHbl cezpezayuu Zn, KpacHblMU cmpeAKamu 0603Ha4eHbl yacmuubl mopoll ¢pasvl MgZn.,)
Fig.2. Microstructure of the AI-Zn-Mg alloy in the nanostructured state: bright field (a) and dark field (b), (green arrows indicate Zn seg-

regations, red arrows indicate particles of the second phase MgZn.)

MgZn, ¢a3 Kak B Tejie, TaK U I10 TPaHHUIIAM 3epeH
II03BOJIMJIO SOCTUYD IIpeaesa npodyHocTd 800 MIla
IIpU KOMHATHOM TeMIlepaType U YPOBHSI MHKPO-
TBeppocTtu 230HV, a TaksKe IIO3BOJIMJIO Peaiu30-
BaTh 30 PeKT CBepXIJIACTUYHOCTH IIPHU TeMIle-
patypax 120 u 150 °C U CKOpOCTAX OedpopMalluU
0110211073 c’l(puc.3).

C 1enp0 BO3SMOXHOCTH M3TOTOBJIEHHUS TOH-
KOCT@HHOTO M3JeJIus U3 JIMCTOBOTO MaTepHasa
Oplsla mpou3BeJeHa OlleHKa pecypca Ijaa-
cTuuyHOCTU (popmyemocTu) crnnaBa Al-Zn-Mg
B HC-cocTtossHuHU. [I711 MaTeMaTHYeCKOT0 MOJe-
THPpOBaHHUA IIpollecca ABYOCHOH AedopMallUuU
MEeTOJO0M KOHEYHBIX 3/IeMeHTOB B KayeCTBe BXO/-
HBIX JaHHBIX HCIIOJIb30BAHbl MCTUHHBIE KPU-
Bble HaNpsSKeHUA-AePopMallMU, HOJYYeHHbIe
B pesxuMe HTCII mpu o4HOOCHOM PaCTSIKeHHUHU
COTJIACHO THIIOTe3e eJHMHON KPUBOM (A5 Bcex
BU/IOB HAIPSKeHHOTO COCTOSIHUS (0OJJHOOCHOTO,
O BYXOCHOTO U TPEXOCHOTO0) B YC/IOBUSIX IIPOCTOTO
Harpy>keHHs CIpaBeJiuBa efUHas 3aBUCUMOCTD
MeXXIy HaIllpsSDKeHUSIMHU U gedopManusmu) [11].
Jis KPUBBIX, 3allMCAHHBIX B peskxume CII, mpu-
HATO, 4To Oedopmanusg mo 100...150% aBisgercs
PaBHOMEDHOH, YTO I103BOJISIeT IIOCTPOUTh UCTUH-
Hble JHAarpaMMBbl "HamOpsiKeHHe-medopmanmus'
B YC/IOBHUSIX IIOCTOSIHHBIX 00b€MOB.

HctuHHas nedopmanus € Obljaa ompepeneHa
10 JAHHBIM HH>KeHepHOoH febopMaliuu € [11]:

d, =dl/1

€=In(+¢)
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a microhardness level of 230HV, and also allowed
to realise the effect of superplasticity at temperatures
of 120 and 150 °C and strain rates of 10 and 1073 s!
(Fig.3).

Ductility (formability) life of Al-Zn-Mg alloy in
the NS state has been evaluated in order to be able
to fabricate a thin-walled product from sheet mate-
rial. For mathematical modelling of the biaxial
deformation process by the finite element method,
the true stress-strain curves obtained in the LTSP

300
o 2 1
550+ k///,lZO C,10%¢
200 A
120°C, 10 ¢?
150 1

-~

100
150°C, 103 ¢

~

\
150°C, 102 c*
T

T T T
0 100 200 300 400

50

HanpsbkeHwne Tedyenus, MMa | Flow stress, MPa

YanvHerue | Elongation, %

Puc.3. Kpusble pacmsakeHus npu pa3Hblx memnepamypax
depopmauyuu
Fig.3. Stress-strain curves at different deformation temperatures
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Puc.4. 3ppexmusHas naacmuueckas depopmavus 8 ycaogusx depopmavuu: 120°C, 102 ¢ (a, d); 150°C, 102 ¢ (b, ), 150 °C,

1073 1 (c, f). O6pazosarue nepsoli mpewutbl (d, e, f)

Fig.4. Effective plastic deformation under deformation conditions: 120 °C, 102 s (a, d); 150 °C, 1025 (b, d) 150 °C, 1073 s (c, f).

Formation of the first crack (d, e, )

MopenupoBaHHUe [T0Ka3aso, YTo Hauboee HHTeH-
cuBHas gedpopmanus (1o 2) IPOUCXOAUT Ha CTafUHU
nedopmanuu nmpuMepHo 90% (puc.4), IOBBILIEHHE
TeMIIepaTypPhl HPUBOJUT K CHH KEHHIO 3HAYEeHU S
no 1. IIpu 3TOM CHHKeHHe CKOPOCTH JedopManuu
€107 101073 ¢! ciocobCTBYeT MOBBIIIEHUIO HHTEHCHB-
HOCTH Aedopmaninu 10 1,5 (prc.4c). [Ipu pacuere ompe-
JlejleHa MaKCHMMajlbHasd MHTeHCUBHOCTH gedopma-
LM, IIPYU KOTOPOH 0bpa3ser] He paspymuTcs (puc.4a-c),
MOBbIIIeHMe 3Ha4eHHH HHTeHCUBHOCTH JepopMallii
1o 4,2 mpu Temrtepatype 120 °C mpuBogUT K 06pa3oBa-
HUIO [IepBOM TPeIluHEl. IIoBbIIIeHHe TeMIIepaTyphl
[0 150 °C cHHsKaeT 3HaueHHe MHTeHCUBHOCTH Aedop-
Manuu 0 3 (MUHHMaJIbHOe 3HaueHHe), CHHKeHHe
CKOPOCTH IIPH 3TOH >Ke TeMIlepaType 3Ha4HUTe/bHO
yBeJIMUHBaeT HHTeHCHBHOCTD IIJIaCTU4YeCcKou gedop-
Maruu 1o 6 (puc.4c-f).

Haubonee paBHOMepHas TolmuHA obpasma
JNOCTUTHYTA B pe3y/ibTaTe ABYXOCHOM JedopMallHH,
BBIIIOJIHEHHOH IIPH TeMIlepaType 150 °C co ckopo-
cTbio 1072 ¢! (puc.4b).

H3BecTHO, 4TO Hauboslee OMACHON K HaIlPsIsKeHHOM
SIBJISIeTCSI IIepBasi CTaJMsl BBITSDKKU [11]. Pe3ynbTaTel
MOJeJIMPOBAHU S II0KA3bIBAIOT, YTO MaKCHMaJjbHbIe
3KBHBaJIeHTHbIe HANIPSIKeHUS BO3SHUKAIOT Ha CTa~
ouu gepopmanuu 60-70% (prc.5) U He IPeBOCXO-
OAT 3HaAYeHM I HaIPSsKeHU s IIPU OJHOOCHOM PaCTs-
>keHUH (puc.3). [IoBbIIIeHHe TeMIIepaTypsl A0 150 °C
U cKOpocTH gedopmanuu no 102 ¢ (c, d) mpuBogut
K 3HaYMTeIbHOMY CHHM>K@HH IO SKBUBaJIeHTHBIX HAIIPS-
SKeHHH (pHUC.6).

J1s IOATBEPKAEHH S Pe3yIbTaTOB MOJeIMPOBAHU L
MKD 65111 IIpoBeeHbl QU3 YeCKHe SKCIIePHMEeHTEI

mode under uniaxial tension according to the single
curve hypothesis (a single stress-strain relationship
is valid for all types of stress states (uniaxial, biax-
ial and triaxial) under conditions of simple loading)
were used as input data [11].

For the curves recorded in SP mode, it is assumed
that deformation up to 100...150% is uniform, which
allows to construct true stress-strain diagrams under
constant volume conditions.

The true strain € was determined from engineering
strain € [11]:

d;=dl/1
g€=In(1+eg).

The modelling showed that
the most intense deformation (up to 2) occurs at
the deformation stage of about 90% (Fig.4), increas-
ing temperature leads to decreasing in the value
to 1. At the same time, a decrease in strain rate from
1072 to 1073 s! favours an increase in strain inten-
sity to 1.5 (Fig.4c). The maximum strain intensity at
which the specimen will not fracture (Fig.4a-c) was
determined during calculation, increasing the values
of strain intensity up to 4.2 at 120 °C leads to formation
of the first crack. Increasing the temperature to 150 °C
reduces strain intensity value to 3 (minimum value),
decreasing the rate at the same temperature signifi-
cantly increases plastic strain intensity to 6 (Fig.4c-f).

The most uniform thickness of the specimen was
achieved by biaxial deformation performed at 150 °C at
arate of 102 s (Fig.4b).

VoL.18 No. 52025 NANO INDUSTRY
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Puc.5. DK8usaneHmMHble HanpskeHus 8 ycaosusx depopmavuu: npu 120°Cu 1072 ¢ (a, b); 150°Cu 1073 X (c, d). beabimu cmpea-
Kamu NoKasaHa nepaas mpeujuHa

Fig.5. Equivalent stresses under deformation conditions: at 120 °C and 102 s (a, b); 150 °C and 1073 s1 (c, d). White arrows show the
first crack
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153,14
125,08
97,02

68,96

40,90

120°C, 102 c?

150°C, 103 c*

Puc.6. SKsusaneHMHble HANPSKeHUs 8 YcAosUsax dedpopmauuu; npu memnepamypHo-ckopocmHbix ycaosusx 120 °C, 1072 ¢ (a, b)
u150°C, 1073 cl(c, d); o6pazosarue nepsoli mpewuHsbl (6eaas cmpeaka) (b, d)

Fig.6. Equivalent stresses under deformation conditions; at temperature and speed conditions of 120 °C, 102 s™ (a, b) and 150 °C,
1073 s71 (c, d); formation of the first crack (white arrow) (b, d)
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Puc.7. TunuyHbIl 8U0 nonepeyHbix Cpe308 HAHOCMpPYKMYpUPOBAHHbIX 06pa3L,06 cnaasa Al-Zn-Mg u ux eHewHul 8ud nocae Ucnbi-
maxuil Ha dsyxocHoe pacmskeHue npu: 120 °C, 1072 ¢ (a); 120°C, 1073 c1 (b); 150°C, 103 c1 (c) u 150°C, 102 L (d)

Fig.7. Typical view of cross sections of nanostructured samples of Al-Zn-Mg alloy and their appearance after biaxial tensile testing at:
120°C, 1025 (a); 120°C, 1073571 (b); 150°C, 103 s* (c) and 150 °C, 102 s™1 (d)

Ha BBITSIKKY 10 METOAY DPHUKCeHa IIPU TeMIIepaTy-
pax 120 1 150 °C co ckopocTsiMu 1021 103 ¢,

Pe3yybTaThl 3KCIIEPHMMEHTA XOPOLIO COTIaCyTCs
C pesynpTaTaMU MofenupoBaHus. OlleHKa 3KBUBaA~
JIeHTHOU JedopMalilH, pealrl30BaHHOMU B XOJle IIpoBe-
NeHHBIX UCIIBITAHUH Ha IByXOCHOE pacTsyKeHHe, IIPo-
M3BOAMJIACH 10 TOJLIHHE 1epOPMUPOBAHHBIX JUCKAX,
pacIionoXkeHHBIX Ha y4acTKe 20-45° OTHOCHTE/IBHO
BePTHUKAJIBHOM OCH KyII0/1a. DKBUBAJIEHTHYIO fiedop-
MalMIo OIIpeesIsiiv KakK:

e =1n(ty/t),

IZe t, - Ha4a/JIbHas TONIIHUHA, t —~ KOHEUHas TONIHHA
obpasua.

ITo pe3yJabTaTaM HUCCAeHOBAHUS OBIIH IIOCTPOEHEI
rpaduKM 3aBUCHUMOCTH MaKCHMaIbHOHN HAarpy3KH
(Fpnaxy) U BeJIMYHHB HUCTUHHON 5KBHUBAJIEHT-
HOM AepopMaLlUU OT TeMIIepPaTypPHO-CKOPOCTHBIX

It is known that the most dangerous and stressful
is the first stage of drawing [11]. The modelling results
show that the maximum equivalent stresses occur at
the 60-70% deformation stage (Fig.5) and do not exceed
the stress value in uniaxial tension (Fig.3). Increasing
temperature to 150 °C and strain rate to 102 s (c, d)
leads to a significant decrease in equivalent stresses
(Fig.6).

To validate the FEM modelling results, physi-
cal Eriksen draw experiments were carried out at
temperatures of 120 and 150 °C at rates of 1072 and
103 s

The experimental results are in good agree-
ment with the modelling results. Estimation
of the equivalent strain realised in the conducted biax-
ial tensile tests was performed by the deformed discs
thickness located at the section 20-45° relative to the
vertical axis of the dome. The equivalent strain was
determined as follows:

VoL.18 No. 52025 NANO INDUSTRY
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YC/IOBHUM MCIBITAHHN Ha ABYXOCHOe PacTsIKeHHe
3KCIIePHMeHTa/IbHBIX HAaHOCTPYKTYPHBEIX 06pas-
LIOB CIlJIaBa cucTeMbl Al-Zn-Mg (puc.7). Ha rpadu-
KaX TaKXXe IpHBeAeHbl 3HaYeHHU s, HOAYYeHHBbIe
B pe3yJibTaTe OLeHKH TeUyeHHs MaTepuaja B IIpo-
Lecce MOJIeIMPOBAaHMS; C [IOMOIIIBIO MOJE/THPOBAHU A
MK?3 1 pU3MYeCcKOro 3KCIIepruMeHTa YyCTaHOBJICHO,
uTo 6os1ee r1y6oKas BEITSIKKA IIPOMCXOLUT IIPU TeM-
repatype 150 °C.

OBCY)XAEHME

[ToslydeHHBIe Pe3y/lIbTAThl UCCIeNOBAHUI obecriedyaT
pasBHUTHE [IOAXO0I0B B IIPOH3BOICTBE YIbTPaMe/IKO3ep-
HHUCTHIX Al cris1aBoB B BUJIe 10/1y$abpPUKATOB U FOTO-
BBIX H3/IeJIMU C IIOBBIIIEHHBIM yPOBHEM CBOLCTB.
[TprMmeHeHHe GOopMO0OOpa3yIOUUX OMIePALIUI B YCJIO-
Busix HTCII 6yeT HAaIIpaB/IeHO Ha [IOBBIIIEHHe SHEPro-
3 eKTUBHOCTH U IIPOM3BOAUTEILHOCTH II0JIyYeHU I
BBICOKOITPOYHBIX H3/e/IHU CJIO’KHOKM GOPMEI M3 aJlIo-
MHMHHMEBBIX CIIJIABOB, YTO II0JIHOCTHIO OTBEYAeT COBpe-
MEeHHBIM MHUPOBBIM TeHIEHIMSAM Pa3BUTHS B I1ep-
CIeKTHUBHBIX KOHCTPYKUKMAX HA3€MHOI0, BOJHOTO
Y BO3[YIIIHOI'O TPAHCIIOPTA.

BbIBO/bl

1. MopenurpoBaHue IIpoLiecca TeueHH S HAHOCTPYKTY-
pUpOBaHHOro Al-Zn-Mg criaBa, OCyIecTBI€HHOIO
II0 pe3y/JbTaTaM MeXaHHYeCKHX MCIBITAHUM IIPH
TeMIieparypax 120 u 150 °C 1 ckopocTax gepopma-
uuu 1021073 ¢}, mo3BOMMIIO yCTAHOBUTD PSiJL IPaK-
TH4YeCKUX [IapaMeTpPOB MHOIOOCHOH Aedopma-
uuu B ycaoBusax HTCII. B mpoiiecce MmozenrnpoBa-
HUS ObLIY OLleHeHbl SKBUBaJIeHTHbIE HAIIPSKEHU S,
HaKOIJIeHHas IIJIacTUYecKas gepopMarims.

2. Ilo pesynbTraTaM aHa/iM3a MOJEIMPOBAHMS U IKC-
[IepUMeHTa OIlpe/ie/IeHbl [IapaMeTPhl MHOIOOCHOTO
pacTsikeHUs 06pa3sLioB K3 HAHOCTPYKTYPHUPOBaH-
Horo Al-Zn-Mg cninaBa:

* MaKCHMaJibHOe 3HadyeHue F . (okomo 390 H)
M MaKCHMaJibHasg 3KBUBaJieHTHasd gepopMma-
1us (MeHee 2) IeMOHCTPUPYeT IIPU TeMIlepaType
nepopmanuu 150 °C u ckopocTHu AedopMaLlUU
103 ¢

* paspylieHHe 06pa3LOB MOXKeT IIPOUCXOAUTD IIPU
IOOCTH KeHUHU BeJINYKMHBI UCTUHHOM 9KBUBAJIEHT-
Hou nedopmanuu bosee 2,75.

BJIATOAAPHOCTH

HccnemoBaHue BBHIIIOJIHEHO IPHU IMOLLepKKe
MuHHCTepCTBa HAayKHU K BbICIIEro obpa3oBaHMUS
Poccurickoit Pefepaliii B paMKax [0Cy1apcTBEeHHOIO
3amanus Ne FEUE-2023-0007 (YYHuT). KcIleprMeHTH
IpoBeJleHbl B LIeHTPe KOJJJEeKTHUBHOIO I10JIb30Ba-
Hus "HaHoTex" YOHMCKOro yHHBepCUTEeTa HayKHU
Y TeXHOJIOTHH.
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Fig.8. Dependence of the maximum load F,,,, (a) and the value
of the true equivalent strain (b) on the temperature-speed con-
ditions of biaxial tensile tests of nanostructured Al-Zn-Mg alloy
samples

e =In(t,/v),

where t, is the initial thickness, t is the final thick-
ness of the specimen.

According to the results of the study, graphs
of dependence of the maximum load (F,,,) and the value
of the true equivalent strain on the temperature-rate
conditions of biaxial tensile tests of experimental
nanostructured samples of the alloy of the Al-Zn-Mg
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HAHOMATEPUA/DI

NHOOPMALLNA O PELLEH3UPOBAHUU

Pepmakuus 61arofapUT aHOHHMHOIO PelleH3eHTa
(pelLieH3eHTOB) 33 UX BK/IaJ, B PeLleH3UPOBaHUe 3TOM
paboThl, a TakXKe 3a pa3MellleHHe CTaTel Ha CanTe
SKypHa/Ia U Ilepefady Ux B 3JIeKTPOHHOM BHe B HOb
eLIBRARY.RU.

Jekaapauus o KoHpAuKmMme uHmepecos. Asmopbl 3aa8Aat0M 06
omcymcmauu KOHPAUKITO8 UHMepecos UAU AUYHBLX OMHOLWEHU,
Komopble mMo2Au bbl no8AUSMb HA pabory, npedcmasAeHHyto 8 daH-
Holl cmambe.
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system were plotted (Fig.7). The graphs also show
the values obtained from evaluation of the material
flow during the modelling process; using FEM model-
ling and physical experiment, it was found that deeper
drawing occurs at a temperature of 150 °C.

DISCUSSION

The obtained results will provide development
of approaches in ultrafine-grained Al alloys produc-
tion in the form of semi-finished and finished prod-
ucts with an increased level of properties. Application
of forming operations under LTSP conditions will be
aimed at increasing energy efficiency and productiv-
ity of obtaining high-strength products of complex
shape from aluminium alloys, which fully meets
modern world development trends in promising
designs of land, water and air transport.

CONCLUSIONS
1. Modelling of the flow process of nanostructured
Al-Zn-Mg alloy carried out on the basis of the
results of mechanical tests at temperatures of 120
and 150 °C and strain rates of 1021073 s™! allowed
us to establish a number of practical parameters
of multiaxial deformation under LTSP conditions.
In the process of modelling, equivalent stresses,
accumulated plastic deformation were estimated.
2. The multiaxial tensile parameters of nanostructured
Al-Zn-Mg alloy specimens have been determined by
the results of modelling and experimental analysis:
« maximum value of F_,, (@about 390 N) and maxi-
mum equivalent strain (less than 2) is demon-
strated at a deformation temperature of 150 °C and
a strainrate of 103 s7;
« failure of the specimens may occur when the true
equivalent strain reaches a value of more than 2.75.
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