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B pa60Te MEeTOoA0M KOHeYHbIX 3/1eMeHTOB npoBeaeHa oueHKa paLI,VIOHaﬂbHOﬁ KOHCTPYKUUN NepcneKkTuse-
HOro AByXKOMMNMOHEHTHOro npoBoaHuUKa, BbiNMNO/IHEHHOI0 U3 HAHOCTPYKTYPHbIX a/lIOMUHUEBDLIX CMJ1aBOB

Ansa obecneyeHMs HEO6XO4MMOIO YPOBHS MPOYHOCTMU.

In this paper the finite element method is used to assess the rational design of a prospective
two-component conductor made of nanostructured aluminum alloys to ensure the required

level of strength.

BBEJAEHWUE

AMIOMUHUHU SIB/ISIeTCS BTOPEIM IIOC/Ie MeH TeXHH4e-
CKHM IIPOBOJHHUKOM II0 3Ha4UeHHUIO 3JIeKTPOIIPOBOJ-
HOCTH. I103TOMYy 3aKOHOMEPHO, YTO MCIIONb30BaHUE
AJIIOMUHHUS U CIIJIABOB Ha ero OCHOBe B KauecTBe 3JIeK-
TPUUeCKUX [IPOBOJHUKOB B IIOCTIeIHee feCSITUIeTHe
3HAUUTEJIBHO PACUIHPsIeTCs, Y>Ke cOCTaBsis bonee 10%
B 06111 CTPYKType oTpebeHUs aTIOMUHUS B MUpe
(1, 2]. Braromaps co4YeTaHUIO MAJIOr0 Beca, XOPOIleH
3JIeKTPOIIPOBOHOCTH U TeXHOJIOIMYeCKOM MIacTHY-
HOCTH, a TaK>Ke BBICOKOK CTOMKOCTU K aTMocdepHOMN
KOPPO3MH, aJTIOMHUHHUH U P, CIIJIaBOB Ha ero 0OCHOBe
HaxoIsT Bce OoJblilee IPUMeHEHHE B YHEPTOCUCTe-
Max U 3JIeKTPUYeCKHUX CeTSIX, B TOM YHCJIe B Ha3eM-
HOM K BO3[yLIHOM TpaHcHopTe [1-5], BbITecHss
bosee Ts>Keslble U JOPOrHe MeJHBbIe IIPOBOJHUKOBbIE
MaTepHaibl. s mporpecca B 3TOM HallpaBJleHHH

HeoOXOMHMMO PeIluTh CJIOKHYI0 IpobreMy cosma-
HUSI HOBBIX IIPOBOJHUKOBBIX MaTepHUajIOB Ha OCHOBe
aNIOMHHHS, 00/1aJaI0MUX IIPOYHOCTHBIMH XapaKTe-
PHUCTHUKAMHU, COIIOCTABUMBIMH C KX MeJHBIMHU aHa-
JIOTaMH, a TaK>Ke 3JIeKTPOIPOBOAHOCTHIO, 6IM3KOM
K YHCTOMY aJTIFOMUHHUIO.

B HacTosiIee BpeMst aKTHBHO IIPOBOJSITCS M3bICKA-
HHSI, HallpaB/eHHBIe Ha CO3/IaHHe BBICOKOIIPOYHBIX
IIPOBOAHMKOB 3a CYeT Pa3paboTKU HOBBIX CIIJIABOB
Y KOMIIO3UTOB Ha OCHOBE aJIIOMUHHUS, A TAKXKe MEeTO-
IoB ux obpaborku [6-10].

HccnemoBaHUS IOCAeJHUX JIeT IIOKA3aaH, YTO
BechbMa 3G PeKTHBHBIM IIOAXOLOM, II03BOJISIONIHUM Kap-
OHHAJIBHO YJIYUYIINTh CBOMCTBA ITPOBOAHUKOBBIX a/II0-
MHHHEBBIX CIIABOB, SIBJISIeTCSI QOPMUPOBAHME B HUX
periaMeHTHPOBAHHBIX HAHOCTPYKTYPHBIX COCTOS-
HUH, UCIIOIb3YsI METOABI HMHTEHCHBHOM IIACTHYeCKOH
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nedopmanuu (MITJ) [11-13]. C Lesbio JabHEHIIEro
yl1y4lleHH sl KOMIIJIeKCa CBOMCTB HAHOCTPYKTYPHBIX
CIIABOB B HAaCTOsIIlee BPeMsl IIPOBOASITCS UCCIe[0Ba-
HHUS I10 CO3JAHUIO Ha UX OCHOBE ABYXKOMIIOHEHTHBIX
[IPOBOAHUKOB, HAIIPUMep, TaKUX Kak Al/Al, Al/Fe mnu
Cu/Al, npu o6paboTKe KOTOPBIX HCIIONB3YIOT TAKOK
meton MIIMl, Kak paBHOKaHaJbHOE YIJIOBOE IIPEeCCo-
BaHHe (PKVII) [14-16]. OgHaKo 11ogdop B TAKUX IIPOBO-
JHHKaX ONTHMAa/JIbHOIO COOTHOIIEHU S, TOKOIIPOBO-
OSIIEero ¥ apMHUPYIONEro MaTepPHasIoB, OCYIeCTBIIsIe-
MBI B XOZle BBIIIOTHEHHU I HATYPHBIX SKCIIePHMEHTOB,
SIBJISIeTCS. BeCbMa JI/TUTEIbHOM, TEXHUYEeCKH CIIOSKHOM
Y 3aTpaTHOM IpolLeAypor. B manHOM paboTe mpen-
CTaBJIeH MIPHMep HCII0/Ib30BAHU I IIUPOBBIX TEXHOJIO-
TUM - MOJIe/IMPOBAHU S MeTO/IOM KOHEeUHBIX 371eMeH-
T0B (K9), A5 OIIpe/ieIeH sl PallHOHAJIBHON KOHCTPYK-
LMY JBYXKOMIIOHEHTHOTO IIPOBOAHHKA, BBIIIOTHEH-
HOT'0 M3 HAHOCTPYKTYPHBIX AJIIOMHUHHUEBEIX CIIJIABOB,
115t 0becrieueHM 1 He06XOAMOI0 yPOBHSI IPOYHOCTH.

METOAbI NCCIEAOBAHNA
B xayecTBe MaTepHaJsioB MCC/IeJOBAHUS KMCII0/Ib30-
BaJIK CIUIaB 6101 cTaHAAPTHOIO XMMUYECKOr0 COCTaBa
(0,59Mg, 0,54Si, 0,07Fe, mprMecel He 6oree 0,01 Mmac. %,
ocT. Al), a Takke aTIOMHUHHUM 3JeKTPOTeXHHUe-
CKOT0 Ha3HaueHHUs Mapku 1350 (99,5 mac. %Al), momy-
YeHHble TPAJULIMOHHBIM METOJOM COBMEILEeHHOI0
JIUThS. U IPOKATKHU B BUJeE AJHMHHOMEPHBIX IIPYTKOB
(KkaTaHKM) fHAMeTPoOM 12 MM.

dopMmupoBaHUe yAbTpaMeIKo3epHUCTOM (YM3)
CTPYKTYPHL C 3aJJaHHBIMH HaHOPa3MepHBIMH [1apaMe-
TPaMH B [IPOBOJIOKe 13 BEIOPaHHBIX CIIJIABOB OCYIeCT-
BasiIU MeTomoM PKVII o cxeme Kordopm (PKYII-K)
Y II0C/Iey IO M XOTI0AHBIM BoslodeHHeM (XB) (12, 13].

MexaHHYeCKHe HCIOLBTAHUS IPOBOJIOKHU
Ha pacTs>keHHe OCYILIeCTB/SJIM B COOTBETCTBHUHU

INTRODUCTION

c TpeboBanusiMu ['OCT 10446-80 Ha HCIIBITATEIBHOMN
MamuHe Shimadzu AG-XD. OmpenesieHHe yAelb-
HOI'0 3JIEKTPUYECKOr0 COITPOTUB/IEHHU S ITPOU3BOIHUIHN
o 'OCT 7229-76 ¢ ucII0Ib30BaHHEM MHKPOOMMeTpa
B5C3-010-2.

WUccnenoBaHus MUKPOCTPYKTYPbl METOA0M

NPOCBEYNUBAIOLLEN 3NEKTPOHHOIH MUKPOCKONMUM

Ha Mukpockone ¢pupmbi jeol JEM-2100 ¢ yckopsiiowum

HanpsxeHuem 200 kB

[l7151 ollpelieNleHHU s IIpefie/ia IIPOYHOCTH (Sp) IBYXKOM-

MIOHEHTHBIX 006Pa310B ITPUMEHSIIK CUMYJISILIMIO UCIIBI-

TaHHUU Ha PacTsS>KeHUSI MeTOLOM KOHeUHBIX 3/IeMeHTOB

(K3) c IOMOIIIBIO IIporpaMMHOro KomIrjiekca Computer-

Aided Engineering (CAE).

ITpu mIpoBeZleHUU MOJe/IHPOBaHUS OLIeHKU BeJIU-
YHHBI S METOLO0M K3 MCIT0/Ib30BaIH:

* MOJe/Nb - TBepJoe TeJjo, MaTepuaj cepheu-
HUKa - criaB 1350, matepuan o60MMBEL - CIIJIaB
6101 cuctemsl Al-Mg-Si;

¢ BpeMeHHOM MHKPeMeHT ~ aBTOIIar;

* CeTKy Ha TBep[OM TeJle: TOUKH SJKobraHa - 4 ¢ MaKCH-
MaJbHBIM I"-MM U MUHUMAaJbHEIM 0,2-MM pa3sMepoM
3/IeMeHTa.

MopenyupoBaHye UCIIBITAHUS Ha PaCTsSsKeHHe IIPo-
BOIUJ/IH /1S MJIMHIPUYECKUX 3aT0TOBOK JBYXKOMIIO-
HEeHTHOro 06paslia 13 aJIIOMHUHHEBbIX CIIABOB: CepAey-
HUK IHaMeTPOM OT 4 7o 1 MM, 060¥IMa C BHEITHUM JIHa-
MeTpOM 5 MM, AJIKHA pabouer 4acT - 150 MM.

PE3Y/IbTATDI

B pe3synbraTe 06paboTku MeTomoM PKYII-K B KaTaHKe
crtaBoB 1350 1 6101 popmMmurpyeTcs ogHOpogHas YM3-
CTPYKTYypa Co CpeIHUM pa3mepom 3epeH 1200 u 670 HM,
COOTBETCTBEHHO, HUMeIIMUX GopMy, OIH3KYIO K paB-
HOOCHOM. B mporecc UITJI obpasoBaHue YM3-3epeH

Aluminum is the second conduc-
tor after copper in terms of electri-
cal conductivity. Therefore, it is nat-
ural that the use of aluminum and
aluminum-based alloys as electri-
cal conductors in the last decade
has expanded significantly, already
accounting for more than 10% of the
total consumption of aluminum
in the world [1, 2]. Due to a combi-
nation of low weight, good electri-
cal conductivity and technological
plasticity, as well as high resistance

to atmospheric corrosion, alumi-
num and a number of aluminum-
based alloys are increasingly used
in power systems and electrical net-
works, including land and air trans-
port [1-5], displacing heavier and
more expensive copper conductor
materials. To move forward in this
direction, it is necessary to solve
a complicated problem of creating
new conductive materials based on
aluminum, which have strength
characteristics comparable to their
copper counterparts, as well as

electrical conductivity close to pure
aluminum.

Nowadays, intensive research is
underway to develop high-strength
conductors by creating new alloys
and composites based on alumi-
num, as well as methods of their
processing [6-10].

Recent studies have shown that
a very effective approach, which
allows to dramatically improve
properties of conductive aluminum
alloys, is the formation of regulated
nanostructural states in them using
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Puc.1. YM3-cmpykmypa, copmuposaHHas 8 06pasu,ax nposonoku 8 pesyabmame 06pabomku, skaouatowel UMA: cnaasa 1350
U 6101 8 npodonbHom ceveHuu (a, b) u cnagea 6101 e nonepevHom ceveHuu (c)
Fig.1. UFG structure formed in wire samples as a result of processing including SPD: 1350 and 6101 alloys in the longitudinal section

(a, b) and 6101 alloy in the cross section (c)

B crytaBe 6101 COITpoBOKAAETCS BhIE/IeHHEeM K3 ajlio-
MHHHEBOTO TBEPAOro pacTBOpa HaHOPa3MepPHBIX
YaCTULL YIIpOUHsIoer daspl Mg,Si BcencTBHe fedop-
MallMOHHOIO CTapeHus. [JaHHble K3MeHeHHUSI MUKPO-
CTPYKTYPBI XapaKTepPHBI [J151 a/IIOMHUHHEBBIX CIIJIABOB,
nofBepruyThix MIIJ [11-13]. ITocnenytomiee XB pHBO-
OUT K 06pa30BaHHUIO BBITSHYTHIX BJIOTb OCH BOJIOYe-
HUS 3epeH (puc.la, b). MX IMpPHUHA B IPOBOJIOKE CILIA-
BoB 1350 1 6101 cocTasasger 350...600 HM 1 150...300 HM
COOTBETCTBEHHO. B I10IIepevHOM 5Ke CeUeHHH X0JIOJHO-
TSIHYTOM ITPOBOJIOKK HAOJII0IAI0TCSI PABHOOCHBIE 3€PHA
TOTO >Ke [iralla3oHa pa3mepos (puc.1c).

B pesynbraTe XB HaHOpa3MepHbIe YacTHUIBI Mg,Si
dasbl He IIpeTepIIeBAIOT CKOIb JIN60 3aMETHBIX H3Me-
HeHUH GOPMBI U Pa3MepoB, PacIoNaraloTcs BAOIb OCH
BosloueHUs (puc.1b), mpenMyIecTBEHHO BIOJb chop-
MUPOBAHHEIX B mmpouecce UILJl rpaHuIl 3epeH. Bup
KapTHHBI 3IeKTPOHHON AUGPaKI UK (pHc.lc) cBUIe-
TeJIbCTBYET O TOM, YTO CGOPMHUPOBAHHEIE B IIPOBOJIOKE
MaTepHasbl UCCIeIOBAHUS B pPe3ybTaTe 06paboTKu
PKVYIT-K- 1 XB-MHUKPOCTPYKTYPhI C HAHOPa3MepHbIMHU
BBLIE/IeHHSIMH YaCTUL YIIPOUHSIOMIeH (Ga3bl OTHOCITCS
K CTPYKTYpe 3ePeHHOro THUIa, 06pa30BaHHOI CeTKOM
IIPEUMYLIECTBEHHO BHICOKOYIJIOBBIX TPAHMII.

the methods of severe plastic defor-
mation (SPD) [11-13]. In order to fur-
ther improve the complex of proper-
ties of nanostructured alloys, stud-
ies are currently underway to cre-
ate two-component conductors on
their basis, for example, such as Al/
Al, Al/Fe or Cu/Al, in the processing
of which such SPD methods are used
as equal channel angular pressing
(ECAP) [14-16]. However, the selec-
tion of the optimal ratio of conduc-
tive and reinforcing materials in
such conductors, carried out in the
course of full-scale experiments, is
avery long, technically complex and
costly procedure. This paper pres-
ents an example of the use of digital

technologies - finite element model-
ing (FEM) to determine the rational
design of a two-component conduc-
tor made of nanostructured alumi-
num alloys to ensure the required
level of strength.

RESEARCH METHODS

The materials used in this research
were alloy 6101 of standard chemical
composition (0.59Mg, 0.54Si, 0.07Fe,
impurities not exceeding 0.01 wt%,
rest Al) as well as aluminum for elec-
trical purposes, grade 1350 (99.5 wt%
Al), obtained by the traditional
method of combined casting and
rolling in the form of 12 mm dia.
long rods (wire rod).

HAHO MHAVCTPHA Tom 14 N22 2021

Formation of an ultrafine-
grained (UFG) structure with speci-
fied nanoscale parameters in a wire
made of the selected alloys was car-
ried out by the ECAP method accord-
ing to the Conform scheme (ECAP-K)
followed by cold drawing (CD) [12, 13].

Mechanical tensile tests of the
wire were carried out on a Shimadzu
AG-XD testing machine in accor-
dance with the requirements of
GOST 10446-80. Specific electri-
cal resistance was measured by a
BSZ-010-2 microohmmeter accord-
ing to GOST 7229-76.

Microstructure studies were
accomplished by transmission
electron microscopy on a Jeol
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_ Matepuan cepaeyHuika (1350)
Core rod material (1350)

~ Marepwuan o60imbl (6101)
Housing material (6101)

CepAedHuK gnam. 1 mm
E Coreroddia. 1 mm

CepaeyHUK Anam. 2 MM
E Coreroddia. 2 mm

CepaeyHuUK Anam. 3 MM
Coreroddia. 3mm

a 127 b 4s0f
392 400 F
357 © 350
322 S8 300
286 S
251 Sco250f
216 22 200F
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110 100 E
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0

CepaeyHuk anam. 4 Mm
Coreroddia. 4 mm

0,01 0,02 0,03 0,04 0,05
[edopmaums, €| Strain, €

Puc.2. Sntopa HanpsxkeHuli ¢ omo6paxkeHuem paspesa cemku KOHeUHbiX 3nemeHmos (a); duazpamma pacmsikeHusl, NnoAy4eHHas
8 pe3yAbmame cumMyAsuuu ucneimanuli (b) d8yxKoMnoHeHMHO20 NPOBOOHUKA
Fig.2. Stress diagram displaying a section of the mesh of finite elements (a); tensile diagram obtained from a simulation test (b) of a

two-component conductor

B pesynbpTaTe GOpPMHPOBAHHS OINKMCAHHOL BBIIIE
MHKPOCTPYKTYPEHI Ipejie/l IPOYHOCTH IIPOBOIOKH
crtaBa 1350 v 6101 coctaBui 218+4 1 426+5 MITa (puc.2a).
[Ipu 5TOM IIPOBOJIOKA JEMOHCTPHUPOBaja JOCTATOYHO
BBICOKYIO IIJIACTUYHOCTb (24%). D/1eKTPOIPOBOLHOCTh
IpoBONOKKU cImnaBoB 1350 m 6101 cocTa-
BuIa 61,1 u 51,2%IACS COOTBETCTBEHHO.

AHQAJIK3 TOJIY4eHHBIX 3KCIEePUMEHTAJIbHO
pe3yabTaToB MoKa3aj, 4To GopMHUpoOBaHHUe YM3-
CTPYKTYphl C HaHOPa3MepPHBIMHU YacTHIAMHU
[103BOJIMJIO JOCTHUYb B IIPOBOJIOKE aJTIOMHHHEBOTO
criaBa 6101 3HAaYeHUH NPOYHOCTH, IIPeBBIIIAIOIIHX

COOTBETCTBYIOI[ME 3HAUEHH S IIPOBOJIOKH, BBIIION-
HeHHOM M3 MeJHBIX CIIJIaBoB [11]. OmHaKo YPOBEeHb
3JIeKTPOIIPOBOAHOCTH BBICOKOIIPOYHOM ITPOBOTIOKH
HeIOoCTaTO4YeH.

Kak 6bI710 OTMeYeHO BbIIle, ODHUM H3 IIyTeH,
II03BOJISIIOIIUX 3GEKTHUBHO YIIPABISATh KOMIIJIEK-
COM CBOMCTB, B TOM YHCJIe 3JIeKTPOIIPOBOJHOCTHIO,
SIBJISIETCS CO3LAHME IBYXKOMIIOHEHTHBIX ITPOBOAHMU-
KOB, B KOTOPBIX IOAO0P COmepsKaHUsI KOMIIOHEHTOB,
obecIieuuBaONUX [IPOYHOCTD HIIH 3JIEKTPOIIPOBOJ-
HOCTB, IIPOU3BOJUTCS B pe3ynibTaTe GU3UUeCKOro 3KC-
nepuMeHTa (15, 16].

JEM-2100 microscope with an accel-

erating voltage of 200 kv.

The ultimate strength (sp) of
two-component samples was deter-
mined by simulating tensile tests
with the aid of the finite element
method (FEM) and Computer-
Aided Engineering (CAE) software
package.

When modeling the of sy value
by the FEM use was made of:

« model - solid, core mate-
rial - alloy 1350, cage mate-
rial - alloy 6101 of the Al-Mg-Si
system,;

* time increment - auto-step;

« mesh on a solid: four Jacobian
points with a maximum (1 mm)

and a minimum (0.2 mm) ele-

ment size;

The tensile test was simulated
on cylindrical billets of a two-
component sample made of alu-
minum alloys: a core diameter of
4 to1mm, a 5 mm outer diameter
holder and a 150 mm long working
section.

RESULTS

As a result of processing by the
ECAP-K method, a uniform UFG
structure is formed in the wire rod
0f1350 and 6101 alloys with an aver-
age grain size of 1200 and 670 nm
respectively, having a shape close to
equiaxial. During SPD a formation

of UFG grains in 6101 alloy is accom-
panied by precipitation of nano-
sized particles of the Mg,Si phase
strengthening from the alumi-
num solid solution due to strain
aging. These changes in the micro-
structure are characteristic of
the aluminum alloys subjected to
SPD [11-13]. Subsequent cold draw-
ing (CD) leads to formation of the
grains elongated along the draw-
ing axis (Fig.1a, b). Their width in
the wire of 1350 and 6101 alloys is
350...600 nm and 150...300 nm,
respectively. In the cold-drawn wire
cross section the equiaxed grains
of the same size range are observed
(Fig.1c).
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425 N/mm?2(MPa)
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Puc.3. dntopa HanpsikeHUst d8YXKOMNOHEHMHO020 NPoB8odHLKA, NpOAOAbHO-NONepeYHoe ceveHue, ¢ duamempom cepdeyHuka: 1 (a);

3(b)u4(c) mm

Fig.3. Stress diagram of a two-component conductor, a longitudinal-cross section with a core diameter: 1 (a); 3 (b) and 4 (c) mm

J7151 co3MaHM s IPOBOJHKKA Ha OCHOBe aJIIOMHHHUS,
061a1a0IIero ITPOYHOCTBIO, COTTIOCTABUMOM C UX MeJl-
HBIMH aHaJI0raMH (=400 MIIa), 6bLTH IPOBeieHbI CHMY-
JSLAK UCIBITAHUM Ha PACTsSKeHUe JBYXKOMIIOHEeHT-
HO¥ 2/IIOMHUHHEBOK ITPOBOJIOKH MeTofioM K3, 110 pe3ysnb-
TaTaM KOTOPBIX OIpefie/is/Ik 3HaueHHS Sy B 3aBUCHMO-
CTH OT COOTHOILIEHHS IIJIOIa/ier cepAeuyHHKa, BBIIIO/-
HEHHOTO U3 CIlJIaBa 1350 ¢ BEICOKOM 31eKTPOIIPOBOLHO-
CTBIO M BBICOKOITPOYHOM 060 MBI K3 CII7IaBa 6101. ITepes,
HayaJIOM CUMYJISIIUU OBIIH YCTaHOB/IEHBI BCe He0bX0-
OYIMBIe CBOMCTBA CIIABOB, TpebyeMble /ISl COOTBETCT-
BYIOILIETO aHa/IKM3a, B TOM UHC/le KPUBbIe HAIIPSOKEHH ST
nedopMallku [J1s1 K&KIO0Io U3 HUX, a TaKKe Io106paH

ONTHMaJIbHBIN Pa3Mep CeTKH /151 [IpoBeleHU s aHaIK3a
(puc.2a).

JJisl OIIMCaHMS MOBeleHUs MaTepHraia UCII0Ib30-
BaHa Moze/lb Mu3eca. KpuTepHH TeKy4eCcTH IIpefCcTaB-
JIeH B BUJIe:

F= \/30-0y=0, ¢

rae 0 - 3QdeKTHBHOE HaNpsKeHHe; 0, — HaIlpsKe-
HMe TeKy4eCTH M3 MCIIbITAHKMKU, CBOMCTBA MaTepHaa,
B YaCTHOCTH MOJYJIb YIIPYTOCTH, IIpefesl TeKy4ecTH
U I1p/, II0JIyYeHbl, U3 JTHATrPaMMBbl HaIlpsiKeHU - Iedop-
Manuu. CUMYISALUSA UCIBITAHUS Ha PaCTIKeHUS

As a result of CD, the nano-
sized particles of the Mg,Si phase
do not undergo any noticeable
changes in shape and size; they
are located along the drawing
axis (Fig.1b), mainly along the
grain boundaries formed by SPD.
The appearance of the electron
diffraction pattern (Fig.lc) indi-
cates that the microstructures
formed in the wire of the studied
materials as a result of ECAP-K
and CD treatment with nano-
sized precipitates of particles of
the hardening phase belong to a
grain-type structure formed, pre-
dominantly, by a mesh of high-
angle boundaries.

As a result of the described above
microstructure formation, the
ultimate strength of the 1350 and
6101 alloys wire was 218+4 MPa and
426+5 MPa (Fig.2a). In this case, the
wire showed a fairly high plasticity
(24%). The electrical conductivity
of the wire in 1350 and 6101 alloys
was equal to 61.1 and 51.2% IACS,
respectively.

An analysis of the experimental
results has proved that formation
of an UFG structure with nanosized
particles made it possible to achieve
strength values in a wire of an alu-
minum 6101 alloy that exceeds the
corresponding values of a wire
made of copper alloys [11]. However,

HAHO MHOVCTPHA Tom 14 Ne2 2021

the conductivity level of high-
strength wire is not high enough.

As noted above, one of the ways
to effectively control a set of prop-
erties, including electrical conduc-
tivity, is to create two-component
conductors wherein the content of
components providing strength or
electrical conductivity is selected
by results of a physical experiment
(15, 16].

To create an aluminum-based
conductor with a strength compa-
rable to their copper counterparts
(=400 MPa), simulations of tensile
tests of a two-component alumi-
num wire by the FEM were carried
out and their results were used to
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KOMIIO3UTHOI0 06pasiia paccMaTpuBanach Kak HelH-
HeMHas 3ajada. MeTogoM yIpaBieHHUS aHaau3a
ABJIeTCS IpHUpallleHre HAarPY3KHU II0 aJITOPUTMY
HpioToHa - PadcoHa. B KayecTBe CXeMbl OKOHYAHU S
aHaJIM3a IIPHMEeHSIeTCsI CXOOUMOCTD CHJIBL:

|t+At{R}_t+At{F}(i) |< € f| t+At{R}_t{1:}| , )

rae “AY{R} - BeKTOP BHEIIHUX IIPHUJIOKEHHBIX Y3JI0BBIX
Harpys3ok; “{F} - BeKTOp BHyTpeHHHX 00pa3yIomXcs
B y3J1aX CHJT; %At - BpeMeHHOM Ilar.

Ha puc.3 mpeAcTaBeHbl 3MOPbL HAIPSIKEHU M IIpU
CUMYJIALUU PACTSKeHUS ABYXKOMIIOHEHTHBIX ajlio-
MHUHHEBBIX 00pa3I0B C Pa3HBIM COOTHOLIEHHEM [ Ha-
MeTpPOB 0OOMMBI U CepAedyHHUKa. [JuaMeTp 060HMEI
COCTaBMWJI 5 MM, IMaMeTp CepAeYHHKA BApbUPOBAJICS
0T 110 4 mm. Io pe3yssraTaM MOLE/THPOBAHUS YCTAHOB-
JIeHBl IIpeJie/ibl IPOYHOCTH ABYXKOMIIOHEHTHOM HaHO-
CTPYKTYPHOH IIPOBOJIOKH, KOTOpble BapbHPOBAIHCh
0T 294 o 421 MIla B 3aBUCHMOCTH OT JHaMeTpa cepaey-
HuKa (puc.2b).

OBCY)XXAEHUE

ITokasaHo, 4To popMHUpoBaHUE YM3-CTPYKTYyPHI,
colepkalled HaHOpa3MepHBle YaCTHIBl YIIPOY-
Hawomen ¢aspl Mg,Si B obpasmax HPOBOJOKHU
crtaBa 6101 cuctemsl AI-Mg-Si, 1103BossIeT peann3o-
BaTbh B Hel BBICOKOIIPOUHOE COCTOSIHUeE (Sp=426 MIIa).
JJOCTUTHYTBIN YPOBEHb [IPOYHOCTH IIPEBOCXOAUT IIPOY-
HOCTb Psifia IIPOBOAHMKOB, BBIIIOJIHEHHBIX U3 MaTepHa-
7I0B Ha 0cHOBe MeAu [11]. i3MebueHHe MUKPOCTPYK-
TYPBI TaK>Ke [103BOJIMJ/IO JOCTHYb XOPOIIeH IIPOYHOCTH

determine the values of s; depend-
ing on the ratio of the areas of the

where o is the effective stress

(sBz 218 MIla) B a/IlOMUHUU mapku 1350, coxpaHUB
371eKTPOIIPOBOAHOCTD Ha BBICOKOM YpoBHe (61,1% IACS).
DKCIIePHMMEHTAIPHO I10JIyYeHHBbIe Pe3yIbTaThl CBU/Ie-
TeJIbCTBYIOT, YTO MUKPOCTPYKTYPHBIN AHU3aUH 3JIeK-
TPOTEXHHUUYECKUX MaTePHUAJIOB, LIMPOKO HUCIIO/Ib3YeMbIX
B Pas/JIMYHbIX OTPAC/ISLX JJIEKTPOTeXHUKHU, peau30BaH-
HBIH IIyTeM HX o6pa60T1<H, coyeTarlien meton HMII
Y TPaULIMOHHBIE ollepaliiy 06paboTKU MeTaslIoB 1aB-
neHreM - XB, MOKeT IIPUBECTH K 3HAYKMTEIbBHOMY YIIyY-
IIeHHIO CBOKCTB, HAIIPKMep IIPOYHOCTH.

JlanpHelIee yny4nieHue 6asaHca GU3UKO-MeXaHHU-
YeCKHUX CBOMCTB BO3MOXKHO IIPU HCC/IeIOBAHUU ABYX-
KOMIIOHEHTHOTO IIPOBOJAHMKA Ha 6a3e M3y4yeHHBIX
MaTepHaJIoB.

MogenrpoBaHHe IIPOLIeCca PACTIKEHUS By XKOMIIO-
HEHTHOTO ITPOBOJHMKA IT03BOJIMJIO YCTAHOBUTH 3aBUCH-
MOCTB ITpefiejia IPOYHOCTH OT AHUAMeTpa CepAeuHHKa
(puc.4), cornacHo KOTOPOMY /15l CO3AHU S ABYXKOMIIO-
HEHTHBIX IIPOBOJHKKOB AHAMeTPOM 5 MM, obecrieuu-
BaIOIIHX [IPOYHOCTH 0K0j10 400 MIIa Ha ypoBHe, COIIO-
CTaBMMOM C MeIHBIMHU CIIJIABAMH, JHUAMETP Cepaed-
HUKa IO/KEeH ObITH 1-2 MM.

Ha ocHOBaHUM pe3y/JIbTaToOB pacyeTra sy MeTogoM K3
I ByXKOMIIOHEHTHOI'0 06pa3lia, COCTOSIIIEro U3 cepaed-
HMKa ¥ 0060 MBI, 6blyIa [TOJIydeHa crelyomasi SMIIU-
puYeckas 3aBUCHUMOCTD:

a,(06) x 2?{2 +0(cepn) x M 3)

S@p) ’

0,(11p) =

rze 0,9 >, (cpr p § (02§ (cepm,

here #24{R} is the vector of exter-
nal applied nodal loads, “AYF} is

core made of 1350 alloy with high
electrical conductivity and high-
strength 6101 alloy. Before simu-
lation, all necessary alloys prop-
erties required for the correspond-
ing analysis were established,
including the stress-strain curves
for each of them and selection
of the optimal mesh size for the
analysis (Fig.2a).

The Mises model is used to
describe the behavior of the mate-
rial. The yield criterion is presented
as:

F=y30-0=0 1)

and gy, is the yield stress obtained
in the tests. Material properties,
in particular, modulus of elastic-
ity, yield stress, etc. were obtained
from the stress-strain diagram.
Simulation of a tensile test on a
composite specimen was consid-
ered as a non-linear problem. The
analysis control method is the
load increment according to the
Newton-Raphson algorithm. The
convergence of the force is used
as a scheme for finishing the
analysis:

|+ AHR}-t+AHE}NG))| )
<ef| e+ ALR}-{F}],

the vector of internal forces gen-
erated at the nodes, %At is the
time step.

Figure 3 illustrates the stress
plots for simulation of tension of
two-component aluminum speci-
mens with different ratios of the
yoke and core diameters. The fer-
rule diameter was 5 mm, the core
diameter varied from 1 to 4 mm.
Based on the simulation results,
the strength limits of a two-com-
ponent nanostructured wire were
established, which varied from
294 to 421 MPa depending on the
core diameter (Fig.2b).
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Puc.4. 3agucumocms npedeaa npoyHocmu om duamempa cep-
de4yHuKa 08yXKOMNOHEHMHO020 NPOBOOHUKA OUAMEMPOM 5 MM
Fig.4. Dependence of the ultimate strength on the core diameter
of a two-component 5 mm dia. conductor

Ecnu §,°0<§,cepd), 1o ¢,°0) Heobxomumo uHTEp-
[I0JINPOBATH I10 AHATPAMME PACTSKEHHU I, IOy YeH-
HOM 3KCTIePUMEHTaNbHO, r/e §,=Al/l - paBHoMepHas
mebopMarys IPU PACTSKEHHUH; S ~ IJIOM[A/b Cede-
HUS; 0, ~ [IPe/ieJ IPOYHOCTH MaTepHaIa.

BbIBO/1bl
B paboTe c MOMOLIBIO CHUMYJISLIUU HCIOBITAHUHU
Ha PacTSKeHHS MeTOJOM KOHEUHBIX 3JIeMeHTOB

DISCUSSION

IpoBeJleHa OlleHKa pallMOHa/JIbHON KOHCTPYKLIUU
IBYXKOMIIOHEHTHOTO IIPOBOAHKUKA B BUJIe IIPOBO-
JIOKH, BBITIOJTHEHHON U3 HAHOCTPYKTYPHOIO BBICO-
KOIIPOYHOTO CIIyiaBa 6101 ¥ aTIOMUHU A 3JIEKTPOTEX-
HHYeCKOT0 a/IIOMUHHUSA MapKku 1350.

o pesynbTaTaM IPOBeLeHHOI0 aHalK3a MeTOA0M
K3 yCcTaHOB/IEHO, UTO [IJIS CO3JaHHUS IBYXKOMIIOHEHT-
HOI'0 IIPOBOAHUKA, COCTOSIIETO K3 BHICOKOIIPOYHOU
obonoukwu (crinaB 6101) u cepaeuHuKka (cras 1350)
C TIOBBIIIEHHOM 3JIEKTPOIPOBOLHOCTHIO, obecrevu-
BaIOLIMX ITPOYHOCTE 2400 MIIa Ha ypoBHe, comocTa-
BHMOM C MEZHBIMH CIUIABAMHU, HEOOXOIHUMO BBIIION-
HeHUe YCI0BH S S(Cepﬂ)/s(np) <0,16.

IIpor3BeeHHbIe pACYeThl I10 Pe3y/abTaTaM CUMY-
JASILUU UCIBITAHUU I103BOJHIK BBIBECTH SMIIHUPH-
YeCKyI 3aBUCHMOCTD [IJId pacyeTa IIpejesa IIpoY-
HOCTH JBYXKOMIIOHEHTHOTO IIPOBOJHMUKA, KOTOpas
MO>KeT IIPUMEeHSTECS U AJIS APYTHUX JBYXKOMIIOHEHT-
HBIX CHUCTEM, BBIIIOJIHEHHBIX U3 MeTAaJIJIOB U CIIJIAaBOB
KaK 3/IeKTPOTeXHHUYeCKOro, TaK U KOHCTPYKLIHOHHOIO
Ha3Ha4yeHUs.

B/IATOAAAPHOCTHU
M.IO.Mypawrut 6aazodapum PH® 3a puHarcosyo noddepskky npo-
exrma N2 17-19-01311.
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It is shown that the forma-
tion of an UFG structure con-
taining nanosized particles of
the strengthening phase Mg,Si
in the wire samples of the
6101 alloy of the Al-Mg-Si sys-
tem makes it possible to real-
ize a high-strength state in it
(sy=426 MPa). The achieved level
of strength exceeds the strength
of a number of conductors made
of copper-based materials [11].
Microstructure refinement
also made it possible to achieve
good strength (s;=218 MPa) in
1350 aluminum, while maintain-
ing the electrical conductivity
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at a high level (61.1% IACS). The
experimentally obtained results
indicate that the microstructural
design of electrical materials,
widely used in various branches
of electrical engineering, imple-
mented by processing them and
combining the SPD method and
CD traditional metal forming
can lead to a significant improve-
ment of its properties, for exam-
ple, strength.

Further improvement of the
physical and mechanical proper-
ties balance is possible by a study
of the two-component conduc-
tor on the basis of the research
materials.

Modeling the tensile process
of a two-component conduc-
tor made it possible to establish
a dependence of the ultimate
strength on the core diameter
(see Fig.4) which defines that the
core diameter should be 1-2 mm
in order to create 5 mm dia. two-
component conductors providing
for a strength of about 400 MPa
at a level comparable to copper
alloys.

Based on the results of s; cal-
culation, by means of the FEM,
of a two-component sample con-
sisting of a core and a cage, the
following empirical dependence
was obtained:
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Jlekaapauus o KoH(pAUKMe uHmepecos. Asmopbl 3a98ASH0M 06

OMCYMCMBUL KOHGAUKITIOB UHIMEPECos UAL AUHHBIX OMHOUEHL, KOrmo-
pole mo2AL bl nosAUAMbL Ha pabormy, npedcmasneHHyto 8 daHHol cmanbe.

6101 nanostructured high-strength
alloy and aluminum of 1350 electri-
(3)  calaluminum grade by simulating
tensile tests with the aid of the finite

possible to derive an empirical
dependence for calculating the ulti-
mate strength of a two-component
conductor which can be used for

here g,(°0)> g, cePr) 11 § (°6)> § (cep),
If §,0)< 8P, then g, must
be interpolated according to the
tension diagram obtained experi-
mentally, where §,=Al/l - uniform
deformation in tension; S - cross-
sectional area; o, is the ultimate

strength of the material.

CONCLUSIONS

This work has analysed the ratio-
nal design of a two-component con-
ductor in the form of a wire made of
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element method.

Based on the results of the anal-
ysis performed by the FE method
it was found that to create a two-
component conductor consist-
ing of a high-strength shell (alloy
6101) and a core (alloy 1350) with
increased electrical conductivity
providing strength =400 MPa at a
level comparable to copper alloys, it
is necessary to meet the condition
Scep)/S(ip) <0.16.

Calculations performed on the
simulation test results made it

other two-component systems made
of metals and alloys for both electri-
cal and structural purposes. [ |
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