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Abstract: Aluminum ranks as the fourth most conductive metal, trailing behind silver, copper, and gold in electrical conductivity. Annealed
aluminum demonstrates an approximate 62 % conductivity of the International IACS compared to annealed standard copper, which registers
100 % IACS at r = 20 °C. Because to its low specific gravity, aluminum exhibits twice the conductivity per unit mass compared to copper,
showcasing its potential economic advantage as a material for conducting electricity. For equal conductivity (in terms of length), an aluminum
conductor exhibits a cross-sectional area 60 % larger than that of copper, while weighing only 48 % of copper's mass. However, the widespread
use of aluminum as a conductor in electrical engineering is often challenging and sometimes unfeasible due to its inherent low mechanical
strength. Enhancing this crucial property is achievable through the addition of dopants. However, this approach tends to elevate mechanical
strength at the cost of noticeable reductions in electrical conductivity. This study investigates the impact of lithium addition on the anodic
behavior of an A5 aluminum conductor alloy, specifically modified with 0.1 wt.% Ti (AITi0.1 alloy), within a NaCl electrolyte environment.
The experiments were conducted utilizing the potentiostatic method in potentiodynamic mode at a potential sweep rate of 2 mV/s. Results
indicate that the introduction of lithium to the AITi0.1 alloy leads to a shift in the potentials of free corrosion, pitting, and repassivation
towards positive values. Additionally, the corrosion rate decreases by 10—20 % with the incorporation of 0.01—0.50 wt.% Li. Moreover, varying
concentrations of chloride ions in the NaCl electrolyte prompt fluctuations in the corrosion rate of the alloys and a shift in electrochemical
potentials towards the negative range.
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cTaHgapTHOi Menu, Kotopas npu ¢ = 20 °C npuHumaetcs 3a 100 % IACS. OnHako 6yaromapsi MajJoMy yIeJIbHOMY BeCYy allOMUHUIA
00J1a1aeT MPOBOAMMOCTbBIO Ha €IUHUILY MacChl B 2 pa3a OOoJIbIlIeii, UeM Mellb, UTO NaeT HaM MpeacTaBlIeHne 00 9KOHOMUYECKOW BBITO/I-
HOCTH MPUMEHEHMS ero B KauecTBe MaTepuasa 1js NpoBoAHUKOB. [Ipy paBHOIT MpoBOAMMOCTH (OAHA U Ta XXe [JIMHA) aJTIIOMUHUEBbII
MPOBOJIHMK MMEET IJIOIIAb IMOMePeYHOTo ceyeHust Ha 60 % Gosbliie, YeM MEIHBI, a ero Macca COCTaBJIseT TOIbKO 48 % OT Macchl
Menu. B GonbiInHCTBE ciiyyaeB B 2JeKTPOTEXHUKE UCTOIb30BaHNE aIIOMUHMS B KAUeCTBE MPOBOJHMKA 3aTPYAHEHO, a YACTO U MPOCTO
HEBO3MOXKHO M3-3a er0 HU3KOW MeXaHWUeCKOM MPOYHOCTH. [TOBBIIIIEHE 9TOT0 3HAYMMOTO ITOKa3aTe s BO3MOXKHO 3a CUET BBEICHU I JIETU-
pylomux 106aBok. B TakoM ciydae MexaHu4YecKasi IpOYHOCTh BO3PACTAET, BHI3bIBASI, OMHAKO, 3AMETHOE CHUXEHME IEKTPOIIPOBOIHOCTH.
B pabote nccnenoBaHo BiausiHue J0OABKM JUTHSI HA aHOJHOE TMOBEJEHME aJlOMUHKUEBOro MPOBOJHUKOBOIO crijlaBa Mapku AS, moaudu-
uupoBanHoro 0,1 mac.% Ti (crimaBa AlTi0.1), B cpene anekTposuta NaCl. DKcriepuMeHThI TPOBEICHBI MOTEHIIMOCTATHYECKUM METOIOM
B MOTEHLMOJIMHAMUUYECKOM peXMMe IMPU CKOPOCTU pa3BepTKM moTeHuuasa 2 mB/c. [TokazaHo, 4yTo nob6aBka auTus B criiab AlTi0.1
CIMOCOOCTBYET CMEIIEHUTO TTOTEHIINAJIOB CBOOOTHON KOPPO3KWHU, TUTTUHIOO0Pa30BaHUSI U PEIacCUBAIllMU B TTOJIOXUTEIbHYIO 00J1aCTh
3HAYEHUH, a CKOpocTh Kopposuu npu BeaeHuu 0,01—0,50 mac.% Li cuukaetcst Ha 10—20 %. B 3aBUCMMOCTH OT KOHIIEHTPALIUU XJIO-
pua-uoHa B asekTposute NaCl oTMeueH poCT CKOPOCTH KOPPO3UU CIJIABOB M CMELIEHUE DJEKTPOXMMUYECKUX MOTEHIMAIO0B B 001aCTh
OTpUIIATEIbHBIX 3HAUCHU .

Kwouessie cioBa: agoMuHueBbIi criiaB AlTi0. 1, TUTHIA, MOTEHIIMOCTATUYECKU T METO, CTALIMOHAPHBI MOTEHIMAJ, TOTEHIIKaT KOPPO-
3UU, CKOPOCThb KOppo3uu, asekTpoaut NaCl.
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Introduction

In many instances within electrical engineering, uti-
lizing aluminum as a conductor poses challenges and,
at times, becomes unfeasible due to its inherent low
mechanical strength. Furthermore, conductive alumi-
num, when subjected to cold deformation to enhance its
strength, tends to lose this enhanced property at tem-
peratures around 100 °C. While it’s possible to enhance
its mechanical strength by introducing dopants to create
alloys [1—3], this improvement often leads to a notable
decrease in electrical conductivity [4—7].

The impact of various alloying elements on both
the electrical conductivity and strength of aluminum
reveals that the most substantial enhancement in
hardness occurs upon the inclusion of poorly soluble
alloying elements like Fe, Zr, Mn, Cr, Ti, Ca, and Mg.
These elements significantly differ in atomic diame-
ters from aluminum. Given that electrical conductivity
stands as a paramount parameter for a conductor ma-
terial, the selection of alloying elements should care-
fully consider their influence on altering this property
[8—11].

Presently, several theories regarding modification
exist, yet a consensus remains elusive in addressing
this issue concerning aluminum alloys. This comp-
lexity arises primarily due to the intricacies of the modi-
fication process, which is reliant on melting and casting
conditions. Additionally, the presence of uncontrolled
impurities and elements may impact the refinement of
the original alloy grain. The additive introduced as a
modifier, as exemplified by titanium in our case, should
fulfill specific prerequisites:

— exhibit adequate stability in the melt without al-
tering the chemical composition;
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— possess a higher melting point than that of alumi-
num;

— demonstrate structural and dimensional compat-
ibility between the crystal lattices of the modifier and
aluminum [12; 13].

The primary function of modifiers lies in reducing
surface tension on crystal faces, facilitating an acceler-
ated nucleation rate of crystallization centers. This de-
celerates crystal growth, consequently augmenting the
number of crystallization centers and refining the over-
all structure. However, there exists no definitive classifi-
cation distinguishing modifiers into the first and second
kinds or dopants, given the absence of substances sole-
ly soluble in liquid states and entirely insoluble in solid
states [14; 15].

Aspects concerning the corrosion and electro-
chemical behavior of aluminum alloys are detailed in
[16—21].

This study aimed to investigate the impact of lithium
addition on the corrosion and electrochemical behavior
of A5 aluminum, which was modified with 0.1 wt.% Ti
(AITi0.1 alloy).

Research methods for assessing corrosion
and electrochemical characteristics
of alloys

Alloy samples were prepared using aluminum grade
A5 (State Standard GOST 110669-01), titanium grade
TG-90 (State Standard GOST 19807-91), and lithium
grade LE-1 (State Standard GOST 8774-75). These
alloys were produced in SShOL type furnaces, casting
rods with a diameter of 8 mm and a length of 140 mm
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into graphite molds for electrochemical studies. The end
of the electrode served as the working surface, while the
non-working part of the samples was insulated with a
resin mixture (comprising 50 % rosin and 50 % paraf-
fin). Before immersion in the working solution, the end
part of each sample underwent cleaning with sandpaper,
polishing, degreasing, thorough washing with alcohol,
and then immersion in a NaCl electrolyte solution. The
temperature of the solution within the cell was main-
tained consistently at 20 °C using an MLSh-8 thermo-
stat.

The electrochemical testing of the samples was con-
ducted employing the potentiostatic method in poten-
tiodynamic mode, utilizing a PI-50-1.1 pulse poten-
tiostat with a potential sweep rate set at 2 mV/s within
a NaCl electrolyte environment. The reference elec-
trode employed was silver chloride, while the auxiliary
electrode used was platinum. The investigation of the
electrochemical behavior of ternary alloys followed the
methodology outlined in [22—26].

—E, V (s.c.e.)

lgi [A/m’]

Fig. 1. Full polarization curve (at a potential sweep rate
of 2 mV/s) of AITi0.1 aluminum conducting alloy
in a 3.0 % NaCl electrolyte environment

E,¢— potential of pitting formation; £, , — repassivation potential;

Ecorr — corrosion potential

Puc. 1. [TosHas nonasipuzaliMoHHass KpuBas

(TIpy CKOPOCTHU pa3BepTKHU MoTeHIMata 2 MmB/c)
aJIOMUHUEBOTO MpoBoaHUKOBOro crijiaBa AITi0.1
B cpene asekTpoaura — 3,0 %-noro NaCl

Ep

Erp.p

£ — HOTEHLIMAJT l'[l/I’I'TI/IHFOO6pa3OBaHI/Iﬂ;

— IOTCHLMaJI pernacCuBalliu, Eco"— TIIOTCHIMAaJI KOPPO3UU

For instance, Fig. 1 illustrates the comprehensive
polarization diagram concerning the initial AlTiO alu-
minum alloy in a 3 % NaCl electrolyte. The samples un-
derwent potentiodynamic polarization, initially moving
positively from the established immersion potential un-
til a sharp increase in current denoting pitting (Fig. 1,
curve I). Subsequently, the samples were polarized in
the opposite direction (Fig. 1, curve I7), and the repas-
sivation potential (£, ) was determined either from
the intersection of curves / and /I or from the inflec-
tion point in curve /1. Following this, the process moved
towards the cathode region, reaching a potential value
of —1.2 V to eliminate oxide films from the electrode
surface (Fig. 1, curve /I]) by alkalization near the elec-
trode surface. Finally, the samples were once again
polarized in the positive direction (Fig. 1, curve IV),
enabling determination of the primary electrochemical
parameters pertaining to the alloy’s corrosion process
from the anodic curves.

The corrosion current (i), regarded as the pri-
mary electrochemical characteristic of the corrosion
process, was computed utilizing the cathodic curve.
This calculation considered the Tafel slope (b, =
= 0.12 V) and the understanding that in neutral envi-
ronments, the pitting corrosion process of aluminum
and its alloys is governed by the cathodic reaction in-
volving oxygen ionization. The corrosion rate, on the
other hand, is expressed as a function of the corrosion
current according to the formula:

K K

= leorrSs

where k¥ = 0.335 g/(A-h), representing the electroche-
mical equivalent of aluminum.

Results and discussion

The findings from the investigations of corrosion and
electrochemical behavior of the AITi0.1 aluminum al-
loy, incorporating varying amounts of lithium in a NaCl
electrolyte environment, indicate a noticeable shift in
the free corrosion potential (£, ..;) towards positive
values (Fig. 2). Notably, a higher concentration of the
modifying component (lithium) correlates with a more
positive E,, .., value. Furthermore, transitioning from
0.03 % NaCl to 3.0 % NaCl, results in a more negative
E,, corm irrespective of the quantity of the modifying ad-
ditive (Li) in the AITi0.1 alloy.

Table summarizes the corrosion and electrochem-
ical behavior of the examined AITi0.1 alloy across
NacCl electrolyte with various concentrations. The ta-
ble illustrates that an increase in lithium content within
the initial A1Ti0.1 sample leads to the displacement of

15



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.6 e P. 13-21

Ganiev I.N., Rakhmatulloeva G.M., Zokirov F.Sh., Eshov B.B. Effect of lithium on the anodic behavior of AlTi0.1 aluminum conducting alloy...

—Eycons V (s.C.€.)

0.82 p
0.77
0.72
o LR
0.67 Zﬁ
3
1
0.62 T T T T T T 2
0 10 20 30 40 50 1, min

—Eycoms V (s.ce.)

0.73+ T T T T T T
0 10 20 30 40 50 1, min

Fig. 2. Potential of free corrosion plotted against time

for the initial AITi(0.1 aluminum conducting alloy (7)

and lithium-modified alloys (2—5) in NaCl electrolyte
environment, wt.%: 0.03 (a), 0.3 (b) and 3.0 (¢)

Li, wt.%: 0 (1), 0.01 (2), 0.05 (3), 0.10 (4), 0.50 (5)

Puc. 2. BpeMeHH&s 3aBUCUMOCTD MTOTEHIIMAIa

CBOOOJHOI KOPPO3UU UCXOHOTO aJTIOMUHUEBOTO
npoBoaHuKoBoro criasa AlTi0.1 () u MonubUIIMpOBaHHBIX
nTueM oopasuos (2—5) B cpene anekTposura NaCl, mac.%:
0,03 (a), 0,3 (b) u 3,0 (¢)

Conepxanue Li, mac.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) u 0,50 (5)

corrosion, pitting, and repassivation potentials toward
the positive range. This shift is attributed to the estab-
lishment of a stable oxide film on the electrode surface
within the NaCl environment.

Alloys containing 0.01—0.5 % lithium exhibit a cor-
rosion rate 10—20 % lower than that of the original Al-
Ti0.1 sample.
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Fig. 3. Anode branches of potentiodynamic curves

(potential sweep rate 2 mV/s) of the initial AITi0.1 aluminum
conducting alloy (7) and lithium-modified variants (2—5)

in NaCl electrolyte environment 0.03 % (a) and 3.0 % (b)

Li, wt.%: 0 (), 0.01 (2), 0.05 (3), 0.10 (4) 1 0.50 (5)
Puc. 3. AHOmHBIC BETBY NOTEHLIMOAMHAMUYECKUX KPUBBIX
(ckopocTh pa3BepTKH MoTeHIIMaaa 2 MB/c) ucxomHoro
QJIIOMUHMEBOTo MpoBoaHUKoBoro criasa AlTi0.1 (1)

1 MOAUGULIMPOBAHHBIX 00pa31oB (2—5)

B cpene anekrposiaura NaCl, mac.%: 0,03 (a) u 3,0 (b)
Conepxanue Li, mac.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) 1 0,50 (5)

Consequently, the introduction of lithium into the
aluminum conducting alloy AITi0.1 assists in dimin-
ishing the rate of anodic corrosion, as indicated by the
shift of the anodic branches in the potentiodynamic
curves towards the positive region (Fig. 3). Notably,
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Corrosion and electrochemical characteristics of AlITi0.1 aluminum conducting alloy with varying lithium

modifications in NaCl electrolyte environment

Koppo3noHHO-3JIEKTPOXMMHUUYECKHME XapaKTePUCTUKHU aJIlOMUHUEBOIO TTpoBoAHMKOBOro criasa AlTi0.1,

MOAUGULIMPOBAHHOTO JUTUEM, B cpene aaekTposuta NaCl

Electrochemical potentials, V (s.c.e.) Corrosion parameters
NacCl, wt.% Li, wt.% ) ; ;
_Ew.corr _Ecorr _Epf.p _Erp‘p icorrr A/m k10%, g/(m 'h)
0.0 0.685 1.120 0.610 0.660 0.048 16.0
0.01 0.663 1.100 0.591 0.640 0.045 15.0
0.03 0.05 0.650 1.090 0.582 0.630 0.043 14.4
0.1 0.640 1.080 0.570 0.620 0.041 13.7
0.5 0.630 1.071 0.560 0.610 0.039 13.0
0.0 0.740 1.150 0.650 0.690 0.068 22.7
0.01 0.718 1.132 0.630 0.669 0.065 21.7
0.30 0.05 0.710 1.125 0.619 0.660 0.062 21.1
0.1 0.698 1.112 0.610 0.650 0.061 20.4
0.5 0.690 1.100 0.600 0.641 0.059 19.7
0.0 0.809 1.180 0.700 0.750 0.086 28.8
0.01 0.790 1.165 0.682 0.733 0.083 27.8
3.00 0.05 0.776 1.154 0.670 0.725 0.081 27.1
0.1 0.765 1.143 0.661 0.716 0.079 26.4
0.5 0.752 1.130 0.650 0.705 0.077 25.7
the anodic curves associated with the modified alloys K107, g/(m*h)
are situated to the left of the curve representing the 0.
original AITi0.1 sample, implying a somewhat lower \\‘w —e. . 3
anodic corrosion rate across all examined environ- 257
<
ments (see Fig. 3). \’\,\_{
Figure 4 demonstrates the corrosion rates of the 201 - g 2
AITi0.1 alloy relative to lithium content and NaCl elec-
trolyte concentration. It was observed that the addition \‘\.‘_, : .
of lithium to the AITi0.1 alloy consistently decreases its 1
corrosion rate across all NaCl electrolyte environments 10 — T T T T
0 0.05 01 02 03 04 05 C,wt%

under consideration.

Figure 5 illustrates the corrosion current density of
the AITi0.1 aluminum conducting alloy in relation to
varying lithium content across different concentrations
of NaCl electrolyte. It’s evident that as the concentration
of the modifier increases, corrosion decreases. Within
the range of 0.05—0.50 wt.% lithium concentration in
the AITi0.1 alloy, optimal conditions emerge, exhib-
iting minimal corrosion rates for these alloys. With an
elevation in chloride ion content, there is a noticeable

Fig. 4. Corrosion rate variations of the AITi0.1

aluminum conducting alloy plotted against lithium content
in NaCl electrolyte environment, wt.%:

0.03 (1), 0.3 (2) and 3.0 (3)

Puc. 4. 3aBUCHMOCTb CKOPOCTU KOPPO3UU
aJIOMUHUEBOTO IMPOoBoAHKUKOBOTO crijiaBa AlTi0.1
OT COIEpKaHNsI B HEM JINTUS U KOHLICHTPALlMK
snektposura NaCl, mac.%:
0,03(1),0,3(2)u3,003)
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Fig. 5. Corrosion current density comparison between the
initial AITi0.1 aluminum conducting alloy (Z) and lithium-
modified alloys (2—5) in relation to the concentration

of NaCl electrolyte

Li, wt.%: 0 (1), 0.01 (2), 0.05 (3), 0.10 (4), 0.50 (5)
Puc. 5. 3aBUCHMOCTb MJIOTHOCTU TOKA KOPPO3UU UCXOJHOTO
aJloMUHUEBOro npoBonHukoBoro crasa AlTi0.1 (1)

1 MOTUGUIIMPOBAHHBIX 00Pa3IOB ¢ INTUEM (2—5)
oT KoHLIeHTpauuu 31ekTpoauta NaCl

Conepsxanwue Li, mac.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) u 0,50 (5)

increase in the corrosion rate for both the original alu-
minum alloy and the lithium-modified variant.

Conclusions

Aluminum alloys are highly chemically reactive
materials that readily react with oxygen, resulting in
the immediate formation of thin oxide films on their
surface. Under natural conditions, these films typ-
ically reach a thickness of 0.01—0.02 um and can be
increased to 5 or 50 pum through chemical or anodic
oxidation [27; 28].

The corrosion resistance of aluminum and its alloys
in various aggressive environments significantly de-
pends on the resistance of the oxide film. Additionally,
it relies on the chemical composition of the alloy and
the surface’s heat treatment. It’s worth noting that the
presence of impurities such as iron, nickel, tin, lead,
and other elements forming various phases adversely
impacts this resistance [28]. Moreover, the corrosion re-
sistance of such materials is influenced not only by their
chemical composition but also by the crystallization na-
ture of excessive phases that determine their structure
and form of deposition. Modification (refinement) of
binary and ternary eutectics in the alloy structure can
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substantially alter both mechanical properties and cor-
rosion resistance.

Enhancing the characteristics of aluminum alloys is
closely tied to the advancement of new materials and the
implementation of sophisticated technological processes
in melting and casting. These advancements ensure im-
proved technical and economic indicators in production
and the use of resulting products. The quality of these
products is also contingent on the chemical composition
and structure of the cast metal [27; 28].

The beneficial impact of lithium addition on the
anodic properties of the AITi0.1 aluminum conducting
alloy cannot solely be attributed to the enhancement of
electrochemical parameters during the anodic process
or the densification of the protective phase layer of ox-
ides by poorly soluble oxidation products. The corrosion
resistance of aluminum is also affected by structural
changes resulting from modification with titanium and
lithium, specifically the size of crystal phases within the
alloy structure. Metals characterized by low interatomic
bonds, thus low melting points, strength, and hardness,
can serve as modifiers for alloy structures. This category
includes alkali metals.

Consequently, the positive influence of lithium addi-
tion on the anodic characteristics and corrosion rates of
the AITi0.1 aluminum conducting alloy in NaCl electro-
lyte has been confirmed. These observed patterns can be
leveraged in developing new aluminum-based conductor
alloys tailored for electrical engineering and cable tech-
nology requirements.
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