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Abstract: Aluminum alloys alloyed with rare earth and transition metal are promising materials for electric energy transportation due to their
high properties of strength, thermal stability, and electrical conductivity. The features of strengthening, their mechanical properties and
electrical conductivity of Al—0.2Y—0.2Sc—0.3Er alloy after cold rolling have been established. The alloy as a cast structure is presented by
aluminum solid solution (Al) and dispersed eutectics with 1, (Al;5_76Er;.17Y7.14) phase upon complete dissolution of scandium in (Al), and
a content of yttrium and erbium at the level of 0.2—0.3 % each. Cold rolling the ingot accelerates strengthening upon annealing at 270 and
300 °C, reducing the time of achieving peak hardness. The maximum strengthening due to precipitation of L1, dispersoid of Al;(Sc,Y,Er) phase
with the average particle size up to 10 nm is achieved after 7 h of annealing at 300 °C after cold rolling. This shows the prevailing heterogeneous
mechanism of nucleation due to defects accumulated during cold rolling which stimulates strengthening. The eutectic particles are located
mainly along the boundaries, elongated in the rolling direction. Irrespective of the mode of sheet fabrication, the alloy demonstrates high
thermal stability up to 400 °C. During annealing of the sheets to 450 °C, their non-recrystallized structure is retained. Ingot annealing at
t =300 °C in 7 h and cold rolling with subsequent annealing under the same conditions provide a high level of mechanical properties and
electrical conductivity: 6y, = 194 MPa, 6, = 210 MPa, § = 12.1 % and IACS — 60,1 %. The alloy has demonstrated high yield stress up to
100 h of annealing at = 300 °C.
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AHHOTAUMA: ATIOMUHUEBBIC CIJIABbI, JIETMPOBAHHBIC PENKO3EMETbHBIMU M TEPEXOMHBIMU METaJJIaMU, SIBISIOTCS TEPCTEKTUBHBI-
MU MaTepuajiaMu [Jisi TPAaHCTIOPTUPOBKU 3JIEKTPOIHEPTUM BBUIY BBICOKUX TOKa3aTeseil MPOYHOCTH, TEPMUUECKON CTAOMIBbHOCTHU
U 2JIEKTPOMPOBOIHOCTU. B paboTe onpeneseHbl 0COOEHHOCTH YIIPOUHEHMsI, MEXaHUUECKHe CBOICTBA U 3JIEKTPOMPOBOAHOCTD CljiaBa
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Al—0,2Y—0,2Sc—0,3Er nociie xosoaHOM MpokaTku. JIutas cTpyKTypa cIjiaBa MpeacTaBjieHa aJJlOMUHUEBBIM TBEPIBbIM pacTBOpoM (Al)
M IMCIIEPCHOM 3BTEKTUKOM ¢ (a30ii Ty (Alss_7¢Ery17Y7.14) pu nosHoM pacTBopeHun ckaHaus B (Al) ¥ conrepXaHuu UTTPUs U 5pOus Ha
yposHe 0,2—0,3 % kaxmoro. XoJomHast MpoKaTKa CJIUTKA YCKOPSIET YIIPOYHEHUE MPU OTKuTe Tpu Temieparypax 270 u 300 °C, yMeHb-
1ast BpeMsl JOCTUXEHUsI TMKOBOI TBepAOCTU. MaKcuMaibHOE yIPOUHEHUe 3a cueT BulaeaeHus L1,-nucnepconnos dassl Aly(Sc,Y,Er) co
CpeaIHMUM pa3MepoM yacTuil a0 10 HM nocturaercs nocie 7 4 orxxura npu temmeparype 300 °C nmociie XoJ0aHOM NPOKATKM, YTO TOBOPUT O
npeBaJupoOBaHUU TeTEPOreHHOr0 MeXaHM3Ma 3apOoXIeH U 3a cUeT NedEeKTOB, HAKOMJICHHBIX B TPOLIECCe XOJIOIHOW MPOKATKU, CTUMYJIHU-
pyloLIUX yIpouHeHHe. YacTU L bl 3BTEKTUKU PaconaraloTcsl NpeMMyLeCTBeHHO BLOJIb TPAHULL, BBITSTMBASICh B HAIIPaBJACHUU IPOKATKH,
U BHE 3aBUCMMOCTHU OT peXHUMa MoJyYeHU s IUCTA CIIJIaB IEMOHCTPUPYET BBICOKYIO TepMUYecKyto ctadbusibHOCTh 10 400 °C. B nmpouecce
otrxxura TucToB 10 450 °C coxpaHsieTcs HepeKpucTain3oBaHHas cTpyKrypa. Otxur ciutka mpu = 300 °C B TeueHUe 7 4 ¥ XOJIOIHAS TTPO-
KaTKa C MOCIeAyIOIINM OTKUTOM B TeX XKe YCIOBUSIX 00eCTIeuBalOT BEICOKHMI YPOBEHb MEXaHUUECKUX CBOMCTB U 3JIEKTPONTPOBOJHOCTHU:
6o, = 194 MIla, o, = 210 MITa, § = 12,1 % u IACS — 60,1 %. Cria 1poieMOHCTPUPOBAJI BHICOKYIO CTAOMILHOCTD MPEJie/ia TEKYYeCTH

BIIOTH 10 100 u oTxura nipu = 300 °C.

KioueBbie cjioBa: aTloMUHUEBbIE CIlJIaBhbI, CKaHI[Mﬁ, MTTprI, peKpucTtajimdaiuusa, MEXaHNYECCKUE CBOICTBa, QJICKTPOIIPOBOJHOCTH

baarogapHocTu: Pabora BhinoiHeHa mpu ¢hbrHaHCOBOM noaaepkke rpaHToB HI-1752.2022.4 u MK 3457.2022.4.

Jns uuruposanug: ['opios JI.E., ImaBarckux M.B., bapkos P.1O., [To3nHsikoB A.B. MexaHuuyecKkue CBOMCTBA U 3JIEKTPOTNPOBOIHOCTh
xosomgHoaeopMupoBaHHoro crutaBa Al—Y—Sc—Er. Uzeecmus 6y3o6. Lleemnas memannypeus. 2023;29(2):49—56.
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Introduction

Strengthening Al—Sc alloys during annealing of
ingots provides formation of structured L1, disper-
soids [1—11]. Additional doping with zirconium leads
to an increase in thermal stability of the precipitates
due to formation of L1, dispersoids of Al3(Sc,Zr))
phase [12—19]. In this way, high strength conductive
alloys were developed on the basis of Al—Sc—Zr sys-
tem [20, 21]. A1—0.35Sc—0.2Zr! alloy after heat defor-
mation treatment is characterized by a good combina-
tion of strength (6, = 210 M Pa), plasticity (6 = 7.6 %),
and electrical conductivity (IACS — 60.2 %) [20].
A less expensive alloy containing 0.06 % Sc has lower
strength (194 MPa) at higher electrical conductivity
(IACS — 61 %) [21].

In recent years much attention has been paid to
other rare earth metals (REM), in particular, to Y, Yb,
Er, and Gd [22—34]. Minor amounts during crystal-
lization are present in aluminum solid solution. Upon
annealing in alloys with scandium they substitute in
L1, dispersoids, thus increasing the density of their
precipitation and mechanical properties of the alloys
[22—31]. Thus, for example, Al—0.2Y—0.2Sc al-
loy after rolling and annealing demonstrated a good
combination of the properties: the yield stress up to
183 M Pa, the ultimate strength up to 202 MPa, the rel-
ative elongation up to 15.8 % at the electrical conduc-
tivity of 60.8—61.5 % [31]. Further strengthening was
achieved after additional doping with 0.3 % ytterbium

! Hereinafter the contents of components are in wt.%, if not
otherwise mentioned.
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[32]. As a consequence, in A1—0.2Y—0.2S¢c—0.3Yb al-
loy the ultimate strength increased to 244 MPa with a
decrease in plasticity to 7.6—11.9 % and electrical con-
ductivity to 57—57.7 % [32]. Approximately the same
level of properties was obtained in the sheets from
Al—0.3Er—0.2Sc—0.2YDb alloy due to precipitation of
dispersoids with the size of 4—8 nm [33]. For the aim
of comparison, dispersoids of Al;(ErY,Zr) phase in
scandium free Al—0.3Er—0.2Y—0.2Zr alloy provide
lower strengthening (6, < 156 MPa) at the same elec-
trical conductivity [34].

In [35], a significant influence of annealing before
deformation on mechanical properties and electrical
conductivity of new Al—0.2Y—0.2Sc—0.3Er alloy was
demonstrated. Ingot annealing, hot and cold rolling
with subsequent annealing provide the following combi-
nation of properties: 6, , = 191 MPa, 6, =207 MPa, § =
=14 % and IACS — 59.7 %.

The aim of this work is to establish the influence of
heat treatment on the properties of cold deformed con-
ductive A1—0.2Y—0.2Sc—0.3Er alloy.

Experimental

Al—0.2Y—0.2Sc—0.2Er (AIYScEr) alloy was
smelted in a resistance furnace from aluminum with
a purity of 99.99 %, and dopants: AI—9Y, Al—2Sc
and Al—10Er. The ingots were 40 mm wide, 20 mm
thick and 120 mm height, and obtained by crystalli-
zation in copper water cooled mold at the cooling rate
of ~15 K/s. Rolling of ingots in a cast state (T1) and
after annealing at r = 300 °C in 7 h (T2) was carried
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out at ambient temperature to the thickness of I mm.
The microstructure studies were carried out using
an Axiovert 200MMAT optical microscope (OM)
(Carl Zeiss, Germany), a TESCAN VEGA 3LMH
scanning electron microscope (SEM) (Czech Repub-
lic), a JEM 2100 transmission electron microscope
(TEM) (Japan). Samples for PEM were prepared us-
ing a Struers Tenupol-5 facility of electrolytic pulsing
(Denmark). Vickers hardness was measured using a
Wilson/Wolpert 930N hardness meter (Germany) at
the load of 5 kg.

Uniaxial tensile tests were carried out using a
Zwick/Roell Z250 facility (Germany) at a deformation
rate of 3-1073 s~!. Samples with an operating length of
20 mm and width of 6 mm were cut out from a sheet in
the rolling direction.

Electric resistance was measured on samples with
a length of 70 mm and a width of 5 mm, cut from
sheets using the double bridge method on an INSTEK
GOM-802 ohmmeter (China).

Results and discussion

The initial ingot microstructure and phase compo-
sition of AIYScEr alloy were studied in detail in [35].
Aluminum solid solution (Al) and dispersed eutectics
with 1, (Alys_76Er;.17Y7.14) phase are presented in the as
cast structure. Herewith, scandium is totally dissolved in
(Al), and the content of yttrium and erbium is at a level
of 0.2—0.3 %. The maximum strengthening due to pre-
cipitations of L1, dispersoids of Al;(Sc,Y,Er) alloy was
achieved after 7 h annealing at 300 °C.

Figure 1 illustrates the microstructure of alloy in-
got after annealing providing the maximum hardness.
The size of the precipitates does not exceed 10 nm. The
particles of Al;(Sc,Y,Er) phase are highlighted in TEM
images, the diffraction pattern contains respective re-
flections located between main ones from the latti-
ce (Al).

Figure 2 illustrates the microstructure and distribu-
tion of dopants between the phases in the highlighted

10 nm™

Fig. 1. Microstructure (TEM) and diffraction pattern of AIYScEr alloy after annealing at = 300°Cin 7 h

Puc. 1. Mukpoctpykrypa (IIT9M) u MmukpoanekTpoHorpamma criaBa AIYScEr rmocie oTxxura

npu t =300 °C B TeueHue 7 4

Fig. 2. Microstructure (SEM) and distribution of dopants between the phases in highlighted region in cold rolled state

as exemplified by mode T1

Puc. 2. Mukpoctpyktypa (COM) u pacnpeaeseHue Jerupyommx 3JeMEHTOB MeX 1y ha3zaMu B BbIAeJICHHO 00JacTh

B XOJIOHOKATaHOM COCTOSTHMY Ha mpuMepe pexkuma T1
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Fig. 3. Hardness as a function of annealing time at various
temperatures

Puc. 3. 3aBucuMOCTY TBEPAOCTHU OT BPEMEHU OTKMTa
TIpU pa3HbBIX TEMITepaTypax

region in a cold rolled state, as exemplified by a sheet
fabricated according to mode T1. The eutectic particles
are located mainly along the boundaries, being elongat-
ed in the rolling direction.

After rolling, the sheets were annealed at 270—
330 °C. Figure 3 illustrates hardness as a function of

annealing time. In the sheets fabricated according to
mode T1 (cold rolling of ingot), significant strengthen-
ing occurs. With an increase in the temperature from
270 to 300 °C, the same maximum hardness of 66 HV
is achieved after 7 and 3 h, respectively. For the aims of
comparison, in an ingot during annealing at = 300 °C
the maximum hardness (61 HV) is achieved in 7 h, and
at 270 °Cin 24 h [35].

Cold rolling significantly accelerates decomposi-
tion of (Al), allowing a greater hardness in sheets to
be achieved, in comparison with ingots. Defects ac-
cumulated during cold rolling stimulate strengthening
due to precipitation of LI, dispersoids, thus showing
the prevailing heterogeneous mechanism of nuclea-
tion. The same argument can be confirmed by analysis
of hardness evolution of samples fabricated according
to mode T2. The annealing of sheets annealed before
rolling to maximum hardness at 270—300 °C leads
to increase in hardness by 6—8 HV. Thus, thermal
stimulus is insufficient for complete decomposition of
solid solution upon ingot annealing. In combination
with the subsequent cold rolling and annealing at ¢ =
=300 °Cin 5—7 h, AIYScEr alloy demonstrates maxi-
mum hardness: 68 HV. During annealing at 7 = 330 °C,
a certain strengthening is also observed, which in =1
h is superseded by polygonization processes leading to

FORLS A0
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Fig. 4. Hardness as a function of temperature of 1 h annealing and granular structure (OM) of sheets

Puc. 4. 3aBUCUMOCTY TBEPJIOCTH OT TEMIIEPATYPbl 1-4aCOBOr0 OTXKHMTA U 3epeHHas cTpykTypa (CM) 1uctoB
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decrease in the hardness together with coarsening of
dispersoids.

Figure 4 illustrates the hardness as a function of
temperature of 1h annealing, and the granular structure
of sheets in the range of recrystallization temperature.
During annealing to 450 °C, the non-recrystallized
structure retains in the alloy, the hardness decreases in-
significantly (to 45 and 50 HV) in the sheets fabricated
according to modes T1 and T2, respectively. A greater
hardness in the sample according to mode T2 (anneal-
ing before rolling) evidences formation of more disperse
and homogeneous polygonised structure. Similar re-
sults were achieved in [35] for the same alloy exposed
to preliminary annealing, hot and cold rolling. A sharp
decrease in the hardness to 19 HV occurs after 1 h an-
nealing at ¢ = 550 °C, when the structure is completely
recrystallized. Irrespective of the mode of sheet fabrica-
tion, the alloy demonstrates a high thermal stability up
t0 400 °C, the hardness is 51—54 HV.

Table 1 summarizes the experimental results of uni-
axial tensile tests of samples of AIYScEr alloy fabricated
according to different modes. After rolling (mode T1),
the ingot has a yield stress 6, = 167 MPa. During an-

nealing at = 300 °C, this property increases to 192 MPa
in 4 h and actually does not decrease upon subsequent
increase in annealing time to 100 h.

The alloy fabricated according to mode T1 is charac-
terized by high thermal stability. The sheet preliminary
annealed before rolling (T2) has 6, = 195 MPa. With
an increase in the annealing time at ¢ = 300 °C from
1to 7 h, the yield stress actually does not change and after
100 h it insignificantly decreases to 180 MPa. Herewith,
the relative elongation (8) increases with an increase in
the annealing time due to depletion (Al) and decrease
in the concertation of defects.

For the same reasons, the electrical conductivity in-
creases in sheets with increase in annealing duration at
t =300 °C (Table 2). After 100 h annealing, the electrical
conductivity of the new alloy is close to that of the elec-
trotechnical alloy 1350 (ASE), which has a significantly
lower yield stress (110 MPa) [36]. The mode T2 provides
better electrical conductivity. For the aims of compari-
son, the conductive alloy ASE has lower ultimate strength
in annealed state 6, = 120+160 MPa, at approximately
the same electrical conductivity IACS — 60.5 % (specific
electric resistance: 0.0285 Q -mmz/m) [37].

Table 1. Experimental results of tensile tests of sheets from AIYScEr alloy fabricated according to different modes

Tabauua 1. Pe3ynbraThl UCTIBITAHUI Ha pacTsKeHUe JUCTOB criaBa AlYScEr, moaydeHHBIX O pa3HbIM peXruMam

Tl T2
State
Gy, MPa oy, MPa S, % 0y, MPa G, MPa 3, %
Deformed 1671 174+1 111 195+1 205+1 71
After annealing

t=300°C, 1h 18612 198+2 8+1 198+3 21242 7£2
t=300°C,4h 19242 204+1 9+1 195+2 2101 13.5£1.5
t=300°C,7h 1901 205+1 1244 194+1 2101 12.1£0.5
t=300"°C, 100 h 189+1 205%1 13£1 1801 19741 12.8+0.8

Table 2. Electrical conductivity of sheets from AIYScEr alloy, aluminum, and electrotechnical alloy 1350 (ASE)

Tabauua 2. DyaeKTponpoBOAHOCTH JUCTOB criaBa AIYScEr, aqtoMuHus u anekrporexHuueckoro criaasa 1350 (ASE)

IACS, %
State
Tl T2 Al(99,99%) [36] 1350 [36]
Deformed 54.4 58.1
After annealing
t=300°C, 1h 57.7 59.0
64.5 61
t=300°C,4h 59.4 59.8
t=300°C,7h 59.6 60.1
t=300"°C, 100 h 59.8 60.5
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Conclusions

The strengthening features, the mechanical prop-
erties, and the electrical conductivity of Al—0.2Y—
0.2Sc—0.3Er alloy after cold rolling were determined.

1. The cold rolling of ingots accelerates strengthening
upon annealing at = 270 and 300 °C, thus decreasing the
time to achieve peak hardness from 24 and 7 h for an ingot
to 7 and 3 h for a sheet, respectively. The defects accumu-
lated during cold rolling stimulate strengthening due to
precipitation of L1, dispersoids. This shows the prevailing
heterogeneous mechanism of dispersoid nucleation.

2. During the annealing of sheets to 450 °C, the
non-recrystallized structure retains. The hardness of
sheets produced according to modes T1 (ingot rolling)
and T2 (rolling after annealing to maximum hardness)
equals to 45 and 50 HV, respectively. The greater hard-
ness of a sample fabricated according to mode T2 shows
evidence of the formation of more disperse and homoge-
neous polygonised structure in it.

3. Ingot annealing at = 300 °C in 7 h and cold roll-
ing with subsequent annealing at 300 °C in 7 h provides
a high level of mechanical properties and electrical con-
ductivity: 6y, = 194 MPa, 6, =210 MPa, 6 = 12.1 % and
IACS — 60.1 %.
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