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NANOMATERIALS

BBEJEHUE
CBepxIllaCTHUYeCKoe (CII) moBemeHMe 0OBIYHO OIIMCHI-
BaloT cooTHoIeHueM (1);
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rae, cornacHo [1], D - koaddunueHT nuddys3uu;
G - momyib caBura; b - BekTop Broprepca; K - mocto-
sHHas BonpnMaHa; T - abconoTHAS TeMIlepaTypa;
d - cpenHUE pa3mep 3epHA; 0 — IPUIOKEHHOE HAIIPs-
sKeHHe (HaIllpsikeHHe TedeHHs); P — IOKa3aTelslb
CTerleHH OOBIYHO paBHAs 2; N - BeJIUUYHHA, obpar-
Has KO3QOUIIMEeHTY CKOPOCTHOMN UYBCTBUTE/IBHO-
CTH HAIPsDKeHUS TedeHHsS m; A - 6e3pa3MepHBIH
KO3PPHUIIHEHT.

JlaHHOe ypaBHeHHMe IIOKa3blBaeT B3aHMMOCBS3b
Me>X/Jy BHEIIHHMMH YCIOBHUSIMHU AedOopMaLUU U BHY-
TPeHHHUM CTpPOeHHeM MaTepuaoB. M3 Hero cie-
JlyeT, 4TO yMeHbIlleHHe pa3Mepa 3epHa JOJIKHO IIPU-
BOJMTD K YBEJIMUEHHUIO CKOPOCTH M CHHUIKEHHUIO TeM-
repaTtypsl JepopMalLlkiU, IIPHU KOTOPBIX IIPOSIBIISIETCS
CII-ioBeieHUe.

Ha ceronHSIMHUM NeHb U3BECTHO, YTO IIPHU Iepe-
XOJe CIIJIAaBOB C pa3sMepoM 3epeH MeHee 10 MKM
B CIl-cocTossHMe HabaomaeTcs CMeHa MeXaHHU3Ma
JebopMalMK OT BHYTPU3EePEHHOIO AHCIOKALMOH-
HOro CKombkeHU s (BJIC), KOHTPOITHpyeMoro 06e MHOM
nudodysrer, K 3epHOrPAaHUYHOMY IIPOCKAJIb3bIBAHHIO
(3III), KoHTponupyeMoMy OUPPy3Her 110 TPaHULIAM
3epeH (I'3) [2-4].

MHOIUMHU HCCIef0BaTeNsIMHU [3-5] oTMedeHEl Heo-
OBIYHBIE CBOMCTBA ['3 B HAHOCTPYKTYPHBIX MeTaJlIaX,
MOJy4YeHHBIX BO3AeHCTBHEeM UHTeHCUBHOM IIaCTH-
yeckoi fepopmanuert (MILJ). Hapsimy co CTPyKTypoH
I'3 Ha pa3BHUTHe 3epHOIPAaHHUYHBIX IIPOLIECCOB 3aMeT-
HOe BJIMSIHUE OKa3bIBAIOT TUII U KOHLIEHTPaL U [IPU-
MeceM M cerperauuu [6, 7], 94To SBIgeTCS Ba’KHBIM
B niposiBjieHHUH CII moBefeHUS IPH ITOHHUKEHHBIX
TeMIlepaTypax.

Llenpo JaHHOU PaboThl ABNI0CH 0606IIEeHMe
Pe3y/abTaToOB HeaBHUX MCC/IeJOBAHUK pPealru3aluu
HHU3KoTeMIepaTypHou CII (HTCII), ycTaHOB/IeHHOH
Ha MOJIeJIbHBIX U IPOMBIIIIEHHBIX Al crimaBax Takux
CHCTeM JIeTUPOBaHMUS, KakK Al-Zn, Al-Zn-Mg, Al-Mg-
Mn, Al-Mg-Si u Al-Cu-Mg. B 3THX HCCIeJ0BAHHUIX
ocoboe BHUMAaHUe y/IelIeHO BBISIBIEHHIO QHU3UIeCKOM
npupoge HTCII, roe Hapaay ¢ yIbTpaMeIKHUM pa3-
MepoM 3epeH B aJIIOMHHHEBBIX CIIJIaBaX, CQOPMHU-
poBaHHEBIX B mpouecce MIIJI, 3aMeTHYIO pojib KT paeT
cocTossHHe ['3, CBI3aHHOe C HAJIMYHeM 3epHOTPaHHY-
HBIX Cerperalnui, a Takke HaHOPa3MepHble YaCTHIIbI
BTOPBIX a3, KOTOPBIE MOAABISIOT MUTpanmi '3 u,
TaKUM 00pa3oM, OTPAHUYHBAIOT POCT 3epeH [8-15].

INTRODUCTION
Superplastic (SP) behaviour is usually described by
relation (1):

_.D.Gb(bP (o)
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where according to [1] D is the diffusion coefficient,
G is the shear modulus, b is the Burgers vector, K is
the Boltzmann constant, T is the absolute temper-
ature, d is the average grain size, o is the applied
stress (flow stress), p is the degree exponent usu-
ally equal to 2, n is the inverse of the velocity sen-
sitivity coefficient of the flow stress m, and A is
the dimensionless coefficient.

This equation shows the relationship
between the external deformation condi-
tions and the internal structure of materials.
It implies that a decrease in grain size should lead
to an increase in the strain rate and a decrease
in the deformation temperature at which the SP
behaviour is observed.

To date, it is known that during alloys transi-
tion with grain size less than 10 pm to the SP state,
a change of deformation mechanism from intra-
grain dislocation slip (IDS) controlled by bulk diffu-
sion to grain boundary slip (GBS) controlled by grain
boundary diffusion (GBD) is observed [2-4].

Many researchers [3-5] have noted unusual prop-
erties of GB in nanostructured metals produced by
severe plastic deformation (SPD). In addition to the
structure of the GB, the type and concentration
of impurities and segregation [6, 7] have a significant
influence on the development of grain boundary
processes, which is important in the manifestation
of SP behaviour at reduced temperatures.

The aim of this work was to summarise
the results of recent studies on realisation of low
temperature SP (LTSP) established on model and
industrial Al alloys of such alloying systems as Al-
Zn, Al-Zn-Mg, Al-Mg-Mn, Al-Mg-Si and Al-Cu-Mg.
In these studies, special attention has been paid
to identification of the physical nature of LTSPs,
where along with the ultrafine grain size in alu-
minium alloys formed during the SPD process,
a prominent role is played by the GB state associ-
ated with the presence of grain boundary segre-
gations, as well as nanoscale particles of second
phases, which inhibit the migration of CBs and
thus limit grain growth [8-15].

RESEARCH METHODS
The alloys selected for the study were Al-30%Zn,
Al-4.8%Zn-1.2%Mg-0.14%Zr, Al-5.7Zn-2.2Mg-1.6Cu-0.25Cr,
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METO/bl UCCNIEAOBAHUSA

B KauecTBe MaTepHajia HCCIe0BaHM S ObLIN BEIOpaHbI
cnaBsl: Al-30%Zn, Al-4.8%Zn-1.2%Mg-0.14%Zr,
Al-5.7Zn-2.2Mg-1.6Cu-0.25Cr, Al-5,66Mg-0,81Mn-
0,67Zn-0,09Zr, Al-0,60Mg-0.60Si-0,10Cu-0,10Mn-0,15Zn-
0,50Cr u Al-4,98Cu-1,49Mg-0,73Mn-0,04Si-0,07Fe (Bec.%).
It GOpMHPOBAHHSI HAHOCTPYKTYprpoBaHHoOro (HC)
COCTOSIHM S IT0CJIe 06paboTKU I0Tydau TBEPABIH pac-
TBOP, U3 KOTOPOTO Aejia/Ik 3aTOTOBKM M3 MaTepHaJioB
MCCIe0BaHMs B BUJIe IHCKOB JHaMeTpoM 20 MM IIOA-
Bepraiyd UIIJI MeTomoM KpyUYeHHU s 10, KBAa3SUTUPO-
CTaTH4YeCcKUM mgaBieHueM (KB/) Ipu KOMHATHOH TeM-
riepatype (KT) 1 IpUIO>KeHHOM JaB/ieHHH 6 ['T1a.

Onasi CTPyKTYPHBIX HCCIeJOBAaHHH HCIIONb-
30BaJIMCh IIPOCBEYHBAIOUHK 3JIeKTPOHHBIU
MmuKpockon JEOL JEM 2100, ckanupymomue [I5M
(CII5M) JEOL®-ARM200F ¢ pmetekTopom JEOL®
JED-2300 /151 5HEepro-AHCIIePpCHOHHOT0 (3C) a”HanM3a
u Titan Themis G2 200 ¢ metexkTopom EDS SuperX, cka-
HHPYIOILIero 31eKTPOHHOI0 MUKpocKora (COM) c rose-
BoM sMmuccuer FEI Quanta 600, ocHaIlleHHOTO IIpo-
rpaMmMHBIM obecriedeHueM TSL OIMTM. Bosee mog-
PO6HO METOAMKY OIIKCAHEI B paboTtax [8-16].

MexaHHWYeCKHUe UCIIbITAHWS [IPOBOAM/IN Ha YHH-
BepCaJIbHOU UCIIbITAaTe/IbHOM MalirHe INSTRON-5982,
OCHaIlleHHOIM TepMOKaMepoOH C IIPorpaMMHBIM obe-
cedeHueM Bluehill 3 s ompenenenys HanpsoReHUS
Te4yeHHM s U OTHOCUTE/IPHOIO YIJIMHEeHM [0 Pa3phiBa.
Benn4unHy Ko3QPUIIHeHTa CKOPOCTHOU YyBCTBHUTE/Ib
HOCTH (Im) oIIpeiesislIU 110 popMyite (2):

_dlng

M= i’ @

Ille 0 - HaIllpsDKeHHe TeueHHe IIPU CTerleHU fedopma-
uu 100%; € - ckopocTb febopMaliHH.

PE3Y/IbTATDI
B rIporiecce Kpy4ueHHsI 101 BEICOKHM aBjieHreM (KB]I)
nipu KT B 6riHapHOM MofesbHOM cIiiaBe Al-30Zn cdop-
MHpOBaHa ofHOpogHasi YM3-cTpyKkTypa (puc.la) [8-10].
®opMmupoBaHHe YM3-CTPYKTYPhI COIIPOBOXK/IALTCS pac-
I[1aJIOM II€PeChIIeHHOr0 TBEPIOro pacTBOpa, IIPHUBOIS-
IIero K 3aposKAeHMI0 YaCTHUIL ZN KaK B TeJle, TakK U I10
rpaHHIIAM 3epeH anoMHuHUS (puc.1b). Paszmep 3epeH
AIOMHUHUSA cocTaBiisgeT 410+30 HM, pasMep Bblesie-
HHU Zn BHYTPH 3epeH anloMUHUS - 10+4 HM. KpyIiHbIe
JacTunbl Zn pasMmepom bonee 100 HM obpasyroTcs
B TPOMHBIX CTBIKAX 3THX 3epeH. Ha rpaHuIie O0/IbIINH-
CTBa 3epeH OTMeuaeTcst 06pa3oBaHMe [IPOC/IOeK aTOMOB
Zn, UMEIOIIHX ITHPHUHY OKOJIO 5 HM.

dopmupoBaHue HC-cocTosiHUS B cIiiaBe Al-30Zn,
ob1aaroero oTMe4eHHbIMH BblIle 0COOeHHOCTSIMH,
IIpHUBeJO K MposiBIeHUIo IpH3HakoB HTCII [8, 10].
B HC-coctossHuu Al-30Zn cmiaB geMOHCTpPUpYeT
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Al-5.66Mg-0.81Mn-0.67Zn-0.09Zr, Al-0.60Mg-
0.60Si-0.10Cu-0.10Mn-0.15Zn-0.50Cr and Al-4.98Cu-
1.49Mg-0.73Mn-0.04Si-0.07Fe (weight %). To form
the nanostructured (NS) state, a solid solution was
obtained after processing, from billets of the study
materials were made in the form of discs of 20 mm
diameter were subjected to SPD by by high pressure
torsion (HPT) at room temperature (RT) and applied
pressure of 6 GPa.

For structural studies, a JEOL JEM 2100 transmis-
sion electron microscope, JEOL®*-~ARM200F scan-
ning electron microscopes (SPEM) with JEOL®
JED-2300 detector for energy dispersive (EDS) analy-
sis and Titan Themis G2 200 with EDS Super-X detec-
tor, FEI Quanta 600 field emission scanning elec-
tron microscope (SEM) equipped with TSL OIMTM
software were used. The methods are described in
more detail in [8-16].

Mechanical tests were performed on
an INSTRON-5982 universal testing unit equipped
with a thermal chamber with Bluehill 3 software
to determine the flow stress and relative elongation
to rupture. The value of the velocity sensitivity coef-
ficient m was determined by formula (2):
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where ¢ is the flow stress at a strain rate of 100%;
¢ is the strain rate.

RESULTS

During the process of HPT at RT, a homogeneous
UMZ structure was formed in the binary model alloy
Al-30Zn (Fig.1a) [8-10]. Formation of the UMZ structure
is accompanied by disintegration of the supersaturated
solid solution leading to the nucleation of Zn par-
ticles both in the body and at the grain boundaries
of aluminium (Fig.1b). The size of aluminium grains
is 410+30 nm, the size of Zn precipitates inside alu-
minium grains is 10+4 nm. Large Zn particles larger
than 100 nm are formed in the triple junctions of these
grains. Formation of interlayers of Zn atoms with a
width of about 5 nm is noted at the boundary of most
grains.

Formation of NS state in Al-30Zn alloy possess-
ing the above mentioned features led to the man-
ifestation of LTSP features [8, 10]. In the NS state
Al-30Zn alloy demonstrates unusually high elonga-
tion to failure -235% at RT and strain rate of 1074 s,
At the same time, the velocity sensitivity coefficient
m is 0.32. Increasing the test temperature to 100 °C
allowed to achieve an elongation of 265% at a strain
rate of 1074 s7L. The value of m is 0.45.
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Puc.1. Mukpocmpykmypa cnaaea cucmemsl Al-Zn 8 HC cocmosiHuu (CITM-u306paxkeHue), KpacHblMU CMpeAKamu ommeyeHbi
yacmuubl Zn 8 mpoliHbix cmbikax (a); yeeAudeHHoe U306payieHue ¢ yKazaHuem npocAoliku Zn no epaHulie 3epHa u aHympu Al 3e-

peH (b) [9]

Fig.1. Microstructure of the Al-Zn alloy in the NS state (STEM image), red arrows indicate Zn particles in triple junctions (a); enlarged
image indicating the Zn layer along the grain boundary and inside the Al grains (b) [9]

HeoObIUallHO BBICOKOE YyJJIMHEHMHe [0 pas3pylie-
Hus - 235% npu KT u ckopocTu fedopmaniuu 1074 ¢l
IIpu 5TOoM K03PUIIHMEHT CKOPOCTHON UYBCTBUTEID"
HocTH (m) coctasisier 0,32. [IoBbIIIeHHE TeMIIepa-
TYPbI UCIIBITAaHUA 10 100 °C m103BOIKM/IO LOCTHUYb YA IH-
HeHUSs 265% mpu cKopocTu gedopmaruu 1074 ¢l
BenuuuHa m coctaBisert 0,45.

Ha ocHOBaHMU HCC/IeOBAaHUM OMHAPHOIO CIIJIaBa
OBIJIO YCTAaHOBJIEHO, YUTO JIETUPOBAaHUe ZN I103BOJISIET
KapAHHAJIbHO I1epeCTPOUTDb COCTOSIHHE BBICOKOYIJIO-
BBIX '3 B a/IFOMHHeBBIX CIIJIaBax C YIbTPaMeIKHUM 3ep-
HOM. B pe3ysbTare ycKOpeHHBIX A1 PY3UOHHBIX IIPOLIeC-
COB aTOMBI ZN IIpX fedOpMaLIU IIepepacIIpele/IssoTCs
Y1 GOPMUPYIOT Cerperaljiu I10 FPAaHULIAM 3ePeH alIlOMHU-
HuUs, obneryarormye 3ITI - ocHOBHOro MexaHu3Ma CII [8].

JpyruM pacipoCTpaHeHHBIM JIETUPYIOMIUM 3j1e-
MEHTOM aJIIOMHUHHUEBBIX CIIJIABOB SBJseTcsI Mg,
KOTOPBIH, KaK ObLJIO ITIOKA3aHO B HCCJIeIOBAHUSIX [5,
11, 12], B mpowecce pOPMHUPOBAHHUS YAbTPaMeIKHX
HJIM HaHOpa3MepHBIX 3epeH, oOpa3sys cerperanuu
BJIOJIb TPAHUL] 3ePeH aJIIOMUHU S U HAHOPa3MepHble
YaCTHIIEI BTOPEIX $a3, MOBBIIIAET UX YCTOMYHBOCTD
K JebopMallHOHHO-TEPMHUYEeCKUM BO3/IeNUCTBUSAM
33 CYeT CHHU KeHHU S SHepruu I'3, ¥ yMeHbIIeHU s UX
MIOABH>KHOCTH, UTO TOXKE OKA3bIBAET IT0JIOKHUTEIbHOE
BIUSIHHE Ha JOCTH KeHUe ITOBBIIIIeHHBIX 3HAUeHUH
IJIACTUYHOCTH.

Based on the binary alloy studies, it was found
that Zn alloying can fundamentally restructure
the state of high-angle GBs in ultrafine grain alu-
minium alloys. As a result of accelerated diffu-
sion processes, Zn atoms are redistributed during
deformation and form segregations along the grain
boundaries of aluminium grains, facilitating
GBS - the main mechanism of SP [8].

Another common alloying element of aluminium
alloys is Mg, which, as it was shown in studies
(5, 11, 12], in the process of ultrafine or nanosized
grains formation, forming segregations along
the grain boundaries of aluminium and nano-
sized particles of second phases, increases their
resistance to deformation and thermal effects by
reducing the GB energy, and reducing their mobil-
ity, which also has a positive effect on achieving
increased values of ductility.

The influence of complementary elements Zn
and Mg on the features of the structural-phase
state and the LTSP effect was presented in [11,
12] on the example of high-strength NS alloys
of the Al-Zn-Mg system. Processing of Al-4.8Zn-
1.2Mg-0.14Zr (wt.%) alloy samples by HPT at RT
resulted in formation of a nanostructured state
(NS) with a grain size of about 100 nm and forma-
tion of particles of metastable secondary n’-phase
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Puc.2. Mukpocmpykmypa cnaaea Al-4.8Zn-1.2Mg-0.14Zr e HC-cocmosiHuu: [T3M-u3o06paxkeHue ¢ 3nekmpoHozpammoli (a); u3o-

6paxkeHue CI1IM, memHoe noae (b) [11, 12]

Fig.2. Microstructure of the Al-4.8Zn-1.2Mg-0.14Zr alloy in the NS state: TEM image, bright field with electron diffraction pattern (a);

STEM image, dark-field (b) [11, 12]

Ha npumMepe BBICOKOIIPOUHbIX HC-CI1IaBOB CHCTEMBI
Al-Zn-Mg B paboTax [11, 12] 6b110 ITpeACTABIEHO BIIHS-
He B3aMOJOIIOIHAIOIIMX 37IeMeHTOB Zn U Mg Ha 0co-
OeHHOCTH CTPYKTYPHO-$a30BOro COCTOSIHUS U 3P PeKT
HTCII. O6paboTtka o0bpaswos criiaBa Al-4.8Zn-1.2Mg-
0.14Zr (Bec.%) MeTomoM KB/l ripu KT niprBesia K opMHu-
POBaHMIO HAHOCTPYKTYPHOI'O COCTOSIHHMS C pa3MepoM
3epHa 0Koj10 100 HM ¥ 00pa30BaHHIO YaCTHLL MeTaCTa-
O1/IPHOM BTOPUYHOM 1) -da3bl MgZn, pasMepoM A0 5 HM
BOJIM3M IPaHUL] 3epPeH AIIOMHUHUS (prc.2). D[C-aHaIK3
I10Ka3aJ, 4To B pe3yabTaTe KB]I I10 FpaHHIIAM 3epeH
AIIOMHUHMSA M30BITOK aTOMOB Mg H/WIH Zn, IIPH 5TOM
COOTHOIIIeHHEe ZNn U Mg M3MeHAeTCs BAO0/b IPaHUIIbI
(puc.2b).

B HC-cocTtosiHMU cmiaB Al-Zn-Mg-Zr neMoH-
crpupyet 3¢ dext HTCIIL. YanuHeHHe O0 pa3pylie-
Hus 500% mocTUraercs npu temieparype 170 °C
U CKOPOCTH Aedopmanuu 1072 ¢!, a BelMYHHA m
coctaBinset 0,37. ITpu 200 °C MaKCHMaJIbHOE yOJIH-
HeHMe cocTaBisgeT 700% IIpU CKOPOCTHU OedopMa-
uuu 5-1074 ¢l [loka3arenb m 3aMeTHO YBeTHYHBaETCs
(mo 0,73). Ilo pe3ynsraTaM uccienoBaHUM (11, 12] HTCII
OCYILeCTBJISETCS IIPeUMYIIeCTBEHHO 3a CYeT peasiu-
3anuum 311, mpoTeKaHKe KOTOPOro oberdyaeTcs IIpy-
CyTCTBHEeM aToMOB Zn 110 I'3, ripu 3Tom B/IC 11ogaBIeHO
cerperallMsiMu Mg ¥ BHYTPHU3epPeHHBIMH HaHOpa3-
MEepHBIMH YacTHLIAMH ¢pasbl MgZn,.

TaksKe M3BeCTHBI CIUIABBI AIIOMUHU S, eMOHCTPHPYIO-
e CII-roBefieHKe, KOTOPhIe He CofepsKaT Zn B KaYyecTBe
OCHOBHOTO JIETUPYIOILETo 3JIeMeHTa, HallpUMep, TepMHU-
YeCKH HeyIIpOYHsieMble CIUIABbI CUcTeMbl Al-Mg-Mn.
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MgZn, up to 5nm in size near the grain boundaries
of aluminium (Fig.2). EDS analysis has shown that
as a result of HPT, Mg and/or Zn atoms are abun-
dant along aluminium grain boundaries, with the
ratio of Zn and Mg varying along the boundary
(Fig.2b).

In NS state the Al-Zn-Mg-Zr alloy exhibits
the LTSP effect. Elongation to failure of 500% is
achieved at a temperature of 170 °C and a strain
rate of 102 s71, and the value of m is 0.37. At 200 °C,
the maximum elongation is 700% at a strain rate
of 5-107* s71. The m value increases markedly (up
to 0.73). According to the results of studies [11, 12],
LTSP is carried out mainly due to realisation of ZCP,
the course of which is facilitated by the presence
of Zn atoms along the GBS, while IDS is suppressed
by Mg segregations and intra-grained nanosized
particles of the MgZn, phase.

Aluminium alloys exhibiting SP behaviour that
do not contain Zn as the main alloying element,
such as non-thermally hardenable alloys of the Al-
Mg-Mn system, are also known.

During HPT process at RT, NS state with a grain
size of 95+3 nm and a regulated particle distri-
bution of secondary phases such as Al;Mg, (pre-
dominantly in GB), Al;Mn and Al;Zr (wt.%) was
formed in the alloy Al-5.66Mg-0.81Mn-0.67Zn-
0.09Zr (alloy 1565h) [13]. The use of HTP also
ensured the formation of Mg segregations along
the Al grain boundaries (Fig.3). Formation of such
state allowed to realise in the alloy the effect
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Puc.3. Mukpocmpykmypa cnaasa cucmembl Al-Mg—-Mn 8 HC cocmosiHuu: NOM-u306paxkeHue, ceéemaoe noae ¢ 3eKmpoHo2pam-
moli (a); M3M-u3zo6pasxeHue, memHoe noae (b) (Ha (b) cmpeakamu ykazaHel HAHOpA3mMepHble Yacmuubl BMOpUYHbIX Pa3) [13]
Fig.3. Microstructure of the Al-Mg-Mn alloy in the NS state: TEM image, bright field with electron diffraction pattern (a); dark field TEM
image (b) (in (b) the arrows indicate nanosized particles of secondary phases) [13]

B mmpouiecce KBJJ mpu KT B crutase Al-5,66Mg-0,81Mn-
0,67Zn-0,09Zr (Bec.%) (MapKu 15654) chopMHUPOBAHO
HC-cocTosHue c pasMmepoM 3epeH 95+3 HM U perja-
MEHTUPOBAHHBIM paclipefeleHreM YaCTHI, BTO-
PUYHBIX $pa3, TaKUX Kak Al;Mg, (IpernMyIeCTBeHHO
o I'3), Al;Mn u AlyZr [13]. Mcnionb3oBaHue KB/l Takke
obecrieursio 06pa3oBaHUs cerperalyi Mg 1o rpaHu-
nam Al 3epeH (pruc.3). QopMHpOBaHHE TAKOI'O COCTOSI-
HM II03BOJIMJIO PeajIu30BaTh B CIljlaBe 3 eKT BbICO-
KockopocTHoH HTCII npu TemmepaTypax 250 1 300 °C
U cKopocTH fedopmanuu 5-1073 ¢, IIpu 3TUX TeM-
[1epaTypPHO-CKOPOCTHBIX YCIIOBHSAX JOCTUTHYTO MaK-
cuMajbHble yoauHeHUa 300 u 500%, a m cocTa-
BuJ1 0,354 0,28 COOTBETCTBEHHO [13, 14].

IIpenu3KMoOHHOE HCCIeLOBaHKUe AedOopMallKMOH-
Horo pesnbeda mocie CIT-mepopmarivy IoKasauio, 4To
BeICOKOCKOpOocTHas CII ripu Temiiepatype 300 °C ocy-
IIECTBJISETCS [IyTeM COYeTaHM s KoollepaTuBHOro 3IT1
(K3I'TI) u BAC [14]. HaHOpa3MepHBble YaCTHILIBI da3bl
Al;Mg, u cerperanui Mg 1o I'3 B iponecce gedpopma-
LIMH YIy4IIaIoT YCTOMYHUBOCTD 3ePeH K YKPYyITHEeHHIO
3a CUeT yMeHbIIeHH s KaK 3Hepruu '3, Tak U orpaHu-
YeHM S UX IIOABUKHOCTH, YTO OKa3bIBaeT I10IOXKUTEeIb
HoOe BJIMSIHHe Ha IVIaCTUYHOCTD.

Emje ofHUM IIpencTaBHTe/IeM aJllOMUHHEBBIX
CIJIABOB, JIETHPOBAHHBIX Mg, SIBJISIOTCS LIKPOKO
HCII0/b3yeMble B PoccuU U 3a pybeskoM HH3KOJIeru-
POBaHHBIe CIIaBH cucTeMbl Al-Mg-Si. B mpouecce
KB[ npu KT B cunaBe Al-0,60Mg-0.60Si-0,10Cu-
0,10Mn-0,15Zn-0,50Cr (Bec.%) (MapKu 6060) cdop-
mupoBaHo HC-cocTossHHe CO CpeIHHM pa3MepoM
3epHa 180 HM. B cTpyKkType oOHapy>KeHBl HaHO-
pa3MepHBble YaCTHUIBl BTOPUUYHON ¢pa3rl Mg,Si,
a TakKe cerperanuu atomoB Mg u Si o I'3 [15].

of high-speed LTSP at temperatures of 250 and
300 °C and strain rate of 5-1073 s71. At these tem-
perature and velocity conditions, maximum elon-
gations of 300 and 500% were achieved, and m was
0.35and 0.28, respectively [13, 14].

A precision study of deformation topography
after SP deformation showed that strain-rate SP at
300 °Cis carried out by a combination of cooperative
GBS (CGBS) and IDS [14]. Nanoscale particles
of Al;Mg, phase and Mg segregations along the GB
during deformation improve grain enlargement
stability by reducing both the GB energy and lim-
iting their mobility, which has a positive effect on
ductility.

Another representative of aluminium alloys
alloyed with Mg are low-alloyed alloys of Al-Mg-Si
system widely used in Russia and abroad. In
the process of HPT at RT in the alloy Al-0.60Mg-
0.60S8i-0.10Cu-0.10Mn-0.15Zn-0.50Cr (wt.%)
(alloy 6060) NS state with an average grain size
of 180 nm was formed. Nanoscale particles
of the secondary phase Mg,Si, as well as segrega-
tions of Mg and Si atoms along the HS were found
in the structure [15]. According to the results
of mechanical tests, the NS alloy shows signs
of LTSP at temperatures of 150 and 180 °C in NS
Al-Mg-Si alloy. The maximum values of elongation
to fracture (240%) are observed at strain rate of
104 sl and temperature of 200 °C. The value of m
is 0.32 [15]. The pole figure for NS alloy after HPT
(Fig.4b), shows the features of deformation tex-
ture with moderate intensity of maximum pole
density (texture index, denoting the deviation
from random texture, was 2.47). SP deformation
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Puc.4. Mukpocmpykmypa HC-cnaasa Al-0,60Mg-0.60Si-0,10Cu-0,10Mn-0,15Zn-0,50Cr: [12M-u30bpaxkeHue, caemaoe none (a);
(111) noatocHeie ¢puzypsl, noayyerHvie (b) KB u nocae nocaedyrouieli CI degpopmauuu npu 150 °C (c) [15]

Fig.4. Microstructure of the NS Al-0,60Mg-0.60Si-0,10Cu-0,10Mn-0,15Zn-0,50Cr alloy: TEM image bright field (a); (111) pole figures
produced by (b) HPT and after subsequent SP deformation at 150 °C (c) [15]

ITo pe3ynbTaTaM MeXaHMHYeCKMX MCIBITaHUMN HC
CIIJIaB JeMOHCTpUPYeT npusHaku HTCII npu Tem-
nepatypax 150 u 180 °C B HC Al-Mg-Si cnnage.
MaxkcuMajibHble 3HAaYeHU S YAJTUHEHUS 00 pa3py-
meHus (240%) oTMedaeTcsl IPU CKOPOCTH medop-
manum 1074 c! u temmeparype 200 °C. BenrudunHa
m cocTtaBaseTr 0,32 [15]. IlontocHas ¢durypa
ninss HC-crimaBa mocie KB/ (pHC.4b), OEeMOHCTpHU-
pyeT oco6eHHOCTH TeKCTYpPHl AedopMaLIUU C YMe-
PeHHOHN MHTEHCHBHOCTbIO MaKCHMaJbHOM IIJIOT-
HOCTH I10/1}0COB (TeKCTYPHBII HHAEKC, 0603HaUa0-
MK OTKJIOHEHHe OT CJ1y4YaHHOMN TeKCTYPhl, COCTA~
BUII 2,47). CII-nedopmalius pu Temmeparype 150 °C
IIpYBejia K 3aMeTHOMY PacCesTHK IO TeKCTYPbl, BUIH-
MOMY Ha IIOJIIOCHBIX PUTrypax (pHc.4c), TEKCTYPHBIH
HHIeKC CHU3ucsa Ao 1,22 [15]. CIT-nebopmManus mpu-
BOAMT K IIepeOPHEHTALMU 3epeH B CTOPOHY CIy-
YaHHOH TeKCTYPbl. ITOT IIpolLlecC BEI3BaH MHTEH-
CUOUIIMPOBAHHBIMU HEKPUCTALJIOIpadHuUeCKUMHU
peskuMaMu gedopMallMKM, TAKHMMH KaK CKOJIb-
JKeHHe HUJIM BpallleHHe I'PaHUIL] 3epeH. AHAIU3
MHUKPOCTPYKTYphl HC-cmyiaBa mociie gepopMauu
pu 150 u 180 °C mmoka3zau, uto 3I'TI u BJIC c obpaso-
BaHHeM Ccyb3epeHHBIX TPAaHHUL] BHOCST 3HAUHUTe/Ib-
HbIH BKkIaz B CII TeueHue [15].

Eme ogHHM K3 Hanbonee BocTpebOBaHHBIX CILJIa-
BOB Ha OCHOBe Al SIBJISIIOTCSI CIITaBBI ccTeMBl Al-Cu-
Mn. B pesynsrate o6paborku KB/l mpu KT monyueHo
HC-cocTosiHUe B cIl1aBe Al—4,98Cu-1,49Mg-0,73Mn—
0,04Si-0,07Fe (Bec.%) (Mapku 2024) co CpefHUM pas-
MmepoM 3epHa 100+7 HM. B Tese 3epeH aJTIOMUHUS
HabI0fa0TCsl eAUHUYHBIe I7106y/IsipHble YaCTUIIEL
daser 9 (CuAl,) pasmepom mo 5 HM [16]. B cmaBax
cuctemsl Al-Cu obpa3sytoTcst cerperanuu Cu 1o rpa-
HunaMm Al 3epen [1]. B pe3ynbraTe UCIBITAHHH
pu Temneparype 240 °C (0,56T,,) MaKCHMaJIbHble
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at 150 °C resulted in a noticeable texture scatter-
ing visible in the pole figures (Fig.4c), the texture
index decreased to 1.22 [15]. SP deformation leads
to reorientation of grains towards random tex-
ture. This process is caused by intensified non-
crystallographic deformation modes such as slid-
ing or rotation of grain boundaries. Analyses
of the microstructure of NS alloy after deforma-
tion at 150 and 180 °C have shown that GBS and IDS
with formation of subgrain boundaries contribute
significantly to SP flow [15].

Another of the most popular Al-based alloys is
the Al-Cu-Mn system. As a result of HPT treat-
ment at RT, the NS state in the alloy Al-4.98Cu-
1.49Mg-0.73Mn-0.04Si-0.07Fe (wt.%) (alloy 2024)
with an average grain size of 100+7 nm was
obtained. Single globular particles of 9(CuAl,)
phase up to 5 nm in size are observed in the body
of aluminium grains [16]. In alloys of the Al-Cu
system Cu segregations are formed along the Al
grain boundaries [1]. As a result of tests at 240 °C
(0.56Tm), the maximum elongations (280%) were
achieved at strain rates of 102 s1and the parameter
m was 0.32. Increasing test temperature to 270 °C
(0.60Tm) resulted in the achievement of maximum
elongation (400%) at a strain rate of 103 s’1, param-
eter m 0.33. Nanosized particles of 9(CuAl,) phase
and Cu segregations along the GB during deforma-
tion, as well as Mg, improve the stability of grains
to enlargement by reducing both the GB energy and
limiting their mobility, which has a positive effect
on ductility.

It is worth noting that alloy 2024 of the Al-Cu-
Mn system, as well as alloy 6060 of the Al-Mg-
Si system in the fine-grained state, do not tend
to exhibit SP.
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Puc.5. Mukpocmpykmypa cnaaga Al-4,98Cu-1,49Mg-0,73Mn-0,04Si-0,07Fe 8 HC-cocmosiHuu: N2M u306paxkeHue ¢ 31eKmpoHo-
2pammoli (a); CMIM u3o6pakeHue co ecmaskoli A4C aHaausa zpaHuubl 3epHa (b) [16, 17]

Fig.5. Microstructure of the Al-4,98Cu-1,49Mg-0,73Mn-0,04Si-0,07Fe alloy in the NS state: TEM image with electron diffraction pat-
tern (a); STEM image with an insert of EDS analysis of the grain boundary (b) [16, 17]

yonuHeHus (280%) OBLIM JOCTUTHYTHL IIPU CKO-
pocTsix mebopmanuu 1073 ¢, mapaMeTp m cocTa-
BuJ 0,32. [ToBBIIIeHHe TeMIIepaTypbl UCIIBITAHUU
1o 270 °C (0,60T,,) IIPUBEJIO K JOCTU KEHHIO MaKCH-
MaJIBHOTO yIIrHeHHs (400%) npu ckopocTH nedop-
manum 1073 ¢!, mapamerp m=0,33. HaHOpa3MepHble
YacTHUILBI Pa3bl S(CuAlz) U cerperaunﬁ CumnooI'3
B Ipouecce gepopMaluu, TaKXKe Kak U Mg, ynyu-
MIaI0OT YCTOMYHBOCTD 3epPeH K YKPYIIHEeHHIO 33 CUeT
yMeHbIIeHK I KaK SHepruu I'3, Tak U orpaHUYeHU s
MX IOABHKHOCTH, YTO OKa3bIBaeT II0JIOKHUTEJIbHOe
BJIMSHHE Ha IJIACTUYHOCTD.

CTOUT OTMETUTHh, UTO cmJjaB 2024 cUCTeMBI
Al-Cu-Mn, kak u cniaaB 6060 cuctembr Al-Mg-Si
B MEJIKO3ePHUMCTOM COCTOSSHHH, He CKJIOHHBI K IIPO-
aBnenuio CII.

OBCYXXIEHUE

Ha puc.6 npexncTaBieH 0600mAOMIHUI aHATHU3 IKC-
IIepUMEeHTA/IbHBIX Pe3yJbTaTOB BIAUSAHUSA CTPYK-
TYpHO-$a30BBIX COCTOSIHUH, B TOM YHCJIe HaTHUYUe
cerperanui Zn, Mg, Cu Ha a¢dext HTCII B criia-
Bax Al-Zn-Mg-Zr, Al-Zn-Mg-Cu u Al-Mg-Mn, Al-
Mg-Si, Al-Cu-Mg c pasmepom 3epeH 100-400 HM
B BHJe KapThl TeMIIePaTypPHO-CKOPOCTHBIX YCJIO-
Bul 3pdpexra HTCII. MO>KHO caenaTh BEIBO, O TOM,
4yTo B HC a/lfoOMHHHEBBIX CIIJIaBaX JIeTHPOBaHUe Zn
CII0co6CTBYeT 3HAYMTEIBHOMY CHHU KEHHIO JHaTla-
30Ha TeMIIepaTyp IPOsIBJIeHU S HU3KOTeMIIepaTyp-
Hou CII o 20 (KT) - 200 °C, mpu 3TOM CKOPOCTHOM

DISCUSSION

Fig.6 presents a summary analysis of experimental
results of the influence of structural-phase states,
including the presence of Zn, Mg, Cu segrega-
tions on the LTSP effect in Al-Zn-Mg-Zr, Al-Zn-
Mg-Cu and AlI-Mg-Mn, Al-Mg-Si, Al-Cu-Mg alloys
with grain size 100-400 nm in the form of a map
of temperature-strain rate conditions of the LTSP
effect. It can be concluded that in NS aluminium
alloys, Zn alloying contributes to a significant
decrease in the temperature range of low-temper-
ature SP manifestation to 20 (RT) - 200 °C, with a
velocity range of 107 to 103 s™1, while Mg contributes
to the manifestation of high-velocity deformation of
5-1073 to 102 s’l. The maximum temperature of 250-
300 °C of transition to the SP state was exhibited
by aluminium alloy with Mg content of more than
5 weight.%.

Through their interaction with crystal defects,
solute atoms play a crucial role in the evolution
of the microstructure of aluminium alloys dur-
ing deformation. The role of alloying elements in
the manifestation of LTSP has been determined:
zinc alloying of aluminium alloys with ultrafine
grains allows significant rearrangement of large-
angle boundaries. This is achieved by accelerated
diffusion processes that redistribute Zn atoms
during deformation and lead to formation
of segregations or nanolayers along the GB, facili-
tating GBP. At the same time, segregations of Mg
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Puc.6. Kapma memnepamypHo-ckopocmHbix ycaosul nposisaerust HTCIM 6 HG-cnaasax cucmem Al=Zn, Al-Zn-Mg, Al-Mg-Mn, Al-
Mg-Si, Al-Cu-Mg ¢ pasau4yHbIMU 0CHOBHbIMU Ae2UpYIoWUMU 3neMeHmamu (Zn, Zn/Mg, Mg, Cu)

Fig.6. Map of temperature-strain rate conditions for the manifestation of LTSP in NS alloys of the Al-Zn, Al-Zn-Mg, Al-Mg-Mn, Al-Mg-Si,
Al-Cu-Mg systems Mg with various main alloying elements (Zn, Zn/Mg, Mg, Cu)

HHTepBaa oT 10* 10 1073 ¢!, B To BpeMs Kak Mg cr1o-
cobCTBYyeT IPOsIBIEHU IO BLICOKOCKOPOCTHO Aedop-
Manuu 5-1073-1072 ¢’l. MakCHMalbHYIO TeMIlepa-
Typy 250-300 °C mepexoma B CII-cocTosTHHE IIPOSI-
BHJ/ aJIOMHHHEBBIH CIIJIAaB C cofepkaHHeM Mg
6osnee 5Bec.%.

bnarogaps B3aHMMOAENCTBHUIO C KpPUCTallnye-
CKMMHU JepeKTaMH, aTOMBl paCTBOPEHHOI0 Belle-
CTBa UI'PAIOT PEUIAIONIYIO POJIb B 3BOIOLUH MUKPO-
CTPYKTYPbl aIIOMHUHHEBbIX CIIJIABOB BO BpeMs Jedop-
Manuu. OmpeziesieHa pojb JIETHPYIOMIUX 3JIEMEHTOB
B rrposBiaeHuH HTCII: merupoBaHye IUHKOM a/TIOMHU-
HHEeBBIX CIIJIABOB C YJIbTPAaMe/JIKUMHU 3epHaMH I103B0-
JI5IeT CyIeCTBEHHO IIepeCTPOUTH 60/IblIIeyII0BbIe IPa-
HHUILIBI, DTO JOCTUTAETCS 34 CUET YCKOPEHHBIX OHUPY-
3MOHHBIX [IPOLIeCCOB, KOTOPhIe IlepepacIipefesisioT
aTOMBI Zn npu gedopMaliluy U NPUBOIST K 06pa3o-
BAaHUIO CerperaliyMi U1K HaHOC/IOeB BAob I3, ober-
yag 3ITI. B To ke Bpems cerperauuu Mg u Cu 3aKkpe-
IISIOT TPAaHULBL 3ePeH aJIIOMUHU S U 3aTPYLAHSIOT UX
MUTPALIHIO B IIpoliecce epopMaLiuu, a 0b6pa3oBaH-
Hble YaCTHULBI BTOPBIX a3 mopasisioT BAC.

BblBOAbI

[IpoaHa/IM3UPOBAHBI YCIOBUS U KPUTEPHHU IIPOsIBIIE-
HUS HU3KOTeMIIepaTyPHOH CBePXIUIACTUYHOCTH HITH
ee IIPU3HAKOB HAHOCTPYKTYPHUPOBAHHBIMHU CIJIa-
BaMHU cucteM Al-Zn, Al-Zn-Mg-Zr, Al-Zn-Mg-Cu, Al-
Mg-Mn, Al-Cu-Mg u Al-Mg-Si npu OTHOCHTENIBHO
HHU3KHX TeMIlepaTypax oT KOMHATHOM 1o 300 °C,

HAHO MHAVCTPUA Tom 18 Ne 52025

and Cu anchor aluminium grain boundaries and
impede their migration during deformation, while
the formed second phase particles suppress IDS.

CONCLUSIONS

The conditions and criteria of manifestation of low-
temperature superplasticity or its signs by nano-
structured alloys of Al-Zn, Al-Zn-Mg-Zr, Al-Zn-Mg-
Cu, AlI-Mg-Mn, Al-Cu-Mg and Al-Mg-Si systems at
relatively low temperatures from room temperature
to 300 °C, which are characterised by strain rate sen-
sitivity sensitivity m (0.31...0.77), have been analysed.
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KOTOPble XapaKTePU3YIOTCSI CKOPOCTHOM 4yBCTBU-
TenbHOCTHIO m (0.31...0.77).
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Komopble mMo2Au bbl N08AUAMb HA paBomy, npedcmasAeHHyHo 8 daH-
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