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A B S T R A C T   

The influence of vanadium transition metal alloying on the structure, corrosion resistance and tribological 
properties of a binary Al-Li alloy containing 6 wt % Li was investigated in this research. Varying vanadium 
contents of 0.05 wt %, 0.1 wt %, 0.5 wt %, and 1.0 wt % were examined. The results demonstrate that the 
addition of 1.0 wt % vanadium optimally enhanced the corrosion resistance and wear resistance of the alloy. 
With 1.0 wt % V, the wear rate decreased from 3.6 ± 0.50 × 10− 2 m3/m to 1.5 ± 0.07 × 10− 2 m3/m, the 
hardness increased from 51.7 ± 7.3 HV to 77.6 ± 4.1 HV, and the corrosion current density decreased from 43.6 
µA/cm2 to 3.9 µA/cm2. Microstructural analyses revealed significant grain refinement induced by the addition of 
vanadium. The grain size decreased by 36.7 %, and the dendrite arm spacing (DAS) decreased from 35 µm to 8 
µm. Adding vanadium reduced the overall porosity of the alloy resulting from a peritectic reaction leading to the 
formation of vacancy-solute complexes at the grain boundaries. Phase and chemical composition analyses 
confirmed the formation and presence of δ (AlLi) strengthening phase within the interdendritic regions, 
particularly with the addition of 1.0 wt % V. The presence of this phase strongly contributed to the observed 
improvements in corrosion resistance and tribological properties of the vanadium-modified alloy.   

1. Introduction 

Aluminum and its alloys have gained widespread utilization across 
various industries owing to their unique properties, including low den
sity, excellent corrosion resistance, and good formability. The versatility 
of aluminum-based materials has rendered them indispensable in sectors 
spanning from automotive to aerospace. However, to meet the esca
lating demands for materials that are simultaneously lightweight and 
robust, researchers have persistently endeavored to enhance the per
formance of aluminum alloys through post-processing treatments [1–3] 
as well as optimization of production conditions [4]. A notable 
advancement in aluminum alloy technology is the development and 
utilization of aluminum-lithium (Al-Li) alloys. 

Lithium, being the lightest metallic element with an atomic mass of 

approximately 7 g/mol, a solid density of 0.534 g/cm3 at 20 ◦C, a body- 
centered cubic (BCC) crystal structure, and a melting temperature of 
181 ◦C, offers exceptional prospects for alloying with aluminum. 
Elemental aluminum, possessing a face-centered cubic (FCC) crystal 
structure and a solid density of 2.7 g/cm3 at 20 ◦C, has been reported in 
literature to be significantly improved in terms of properties by incor
porating lithium. Each 1 % increase in lithium content in an Al-Li alloy 
corresponds to a reduction in density by approximately 3 % and an in
crease in stiffness by approximately 5 % [5]. 

The utilization of Al-Li alloys presents numerous advantages 
compared to traditional aluminum alloys such as the series 2000 and 
5000, which have copper and manganese as the main alloying elements, 
respectively. These encompass lower densities, higher elastic moduli, 
excellent fatigue and cryogenic strength, as well as improved toughness 
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properties and resistance to crack growth. However, it has been 
observed that the resistance to crack growth in these alloys is influenced 
by a jagged crack path that induces roughness-induced crack closure 
under tension-dominated loading [6]. Crack closure diminishes the 
severity of stress intensity at the crack tip when subjected to an external 
load, rendering it beneficial [7]. Unfortunately, certain loading condi
tions involving compressive overloads flatten the crack surfaces, 
resulting in reduced or eliminated crack closure and a significant ac
celeration in crack growth rates [8]. Consequently, Al-Li alloys become 
vulnerable to corrosion and wear failure, posing a substantial challenge 
[9]. 

To address these challenges, intensive research have focused on post- 
casting and post-processing heat treatment methods to enhance the 
mechanical properties of Al-Li alloys [10,11]. These studies have re
ported that achieving high strength in Al-Li alloys typically involves 
precipitation heat treatments similar to those employed for conventional 
Al-alloys, albeit with certain variations. Peak strength in many Al-Li 
alloys is attained through a combination of precipitation heat treat
ment and prior cold work (stretching) or the inclusion of ancillary key 
alloying elements such as zirconium (Zr) to control grain microstructure 
during heat treatment [12,13]. 

Despite these advancements, heat treatment operations in Al-Li al
loys suffer from siginificant drawbacks. Desirable heat-treated condi
tions often result in highly anisotropic mechanical properties, 
characterized by reduced ductility and fracture toughness in the short 
transverse direction [14,15]. Moreover, microstructurally short cracks 
exhibit rapid growth rates, enabling swift crack initiation and poten
tially leading to early cracking in high-stress regions such as rivet holes 
[6,16]. These limitations undermine the alloy’s resistance to corrosion 
and tribological properties, which are crucial properties considering 
their applications in the aerospace industry for structural components in 
airframes, aerospace vehicle skins, and spacecraft fuel tanks. 

The production of aluminum-lithium alloys has undergone signifi
cant advancements, particularly with the emergence of the third gen
eration Al-Li alloys in the 1990 s. These alloys, featuring lithium 
contents ranging from 1 wt % to 2 wt %, have gained unparalleled 
popularity and widespread adoption in the aerospace industry due to 
their remarkable versatility in various applications. However, when it 
comes to specific uses such as seat tracks, door rails, flying control 
structures, stiffeners, and floor installations in aircrafts like the EH101 
helicopter, the demand for Al-Li alloys with lithium contents exceeding 
2 wt %, such as alloy AA8090, has risen to replace alloys AA7075, 
AA7010, and AA2024 [17]. In this regard, recent research studies 
[18–20] have been devoted to exploring ways of enhancing the me
chanical properties of Al-Li alloys containing more than 2 wt % lithium, 
employing post-processing techniques or alloying with other metals to 
achieve remarkable property enhancements. 

Vanadium, a highly versatile transition metal, is extensively utilized 
as an alloying constituent in a wide range of materials, including steel, 
aluminum alloys, and titanium alloys. Its distinct properties and prom
ising potential for applications in materials engineering make it a subject 
of significant interest and investigation. A comprehensive understand
ing of the Al-V binary system [21] provides valuable insights into the 
formation of various compounds, namely Al21V2, Al45V7, Al23V4, Al3V, 
and Al9V5. These compounds emerge through peritectic reactions at 
temperatures: 670 ºC, 688 ºC, 736 ºC, 1360 ºC, and 1670 ºC, respectively. 
Under conditions of temperatures exceeding 1500 ºC and pressures 
beyond 3 GPa, the precipitation of the AlV phase containing the AlV3 
intermetallic compound occurs. This compound exhibits a hexagonal 
structure with parameters a = 0.7070 nm and c = 0.9565 nm. Notably, 
at lower temperatures below 1500 ºC, AlV3 takes on a metastable phase 
characterized by a tetragonal structure with parameters a = 0.6167 nm 
and c = 0.9481 nm. These compounds and phases formed by the 
incorporation of V in Al contribute to improving the properties of the 
alloy. In a study conducted by Sahli et al. [22], the focus was on 
investigating the impact of Vanadium (V) addition to the A6061 

aluminum alloy, processed using the accumulative roll bonding method 
(ARB). The researchers found that by adding 0.1 or 0.2 wt % V to the 
A6061 ARBed alloy, they achieved a notable enhancement in both 
ductility and strength, leading to a 22 % increase in resistance compared 
to the ARBed A6061 without vanadium addition. Although there was a 
slight reduction in elongation due to detachments at the interfaces, the 
overall improvements were attributed to the combined effects of 
segregation and solid solution strengthening caused by V addition. 
Furthermore, vanadium has shown remarkable effects in enhancing the 
corrosion resistance of aluminum alloys by promoting the formation of 
protective oxide films, thereby reducing corrosion rates [23]. These 
distinctive properties of vanadium position it as an effective transition 
metal for enhancing the mechanical properties of lightweight metal 
alloys. 

The objective of this research is to explore a pathway to enhancing 
the corrosion resistance and tribological properties of Al-Li alloys prior 
to post-casting heat treatments. The novelty lies in using two subsequent 
approaches. Firstly, we aim to develop an Al-Li alloy with a lithium 
content of 6 wt %. Recent studies [24–26] have indicated that lithium 
contents ranging from 5.0 wt % to 10.3 wt % in light metals such as 
magnesium and aluminum are optimal for achieving exceptional 
strength while reducing weight. Secondly, we will incorporate vana
dium as an alloying element and investigate the effects of different va
nadium concentrations on the corrosion resistance and tribological 
properties of the cast alloys. To gain a comprehensive understanding of 
the vanadium-induced property enhancements, the casting process will 
be followed by potentiodynamic corrosion resistance tests, tribological 
tests, and the samples will undergo characterization using techniques 
including scanning electron microscopy (SEM), optical microscopy, 
electron backscatter diffraction (EBSD), x-ray diffraction (XRD), 
energy-dispersive x-ray spectroscopy (EDS), Archimedes density tests 
and Vickers microhardness tests. 

2. Methodology 

2.1. Sample preparation 

The alloys used in this study were fabricated through the combina
tion of aluminum grade A995 (GOST 110669–74), lithium-LE1 (GOST 
8774–75), and vanadium grade VnPl-1 (99.94 %). The alloys were 
synthesized within corundum crucibles, using a resistance furnace, 
SShOL (mine experimental laboratory resistance). The temperature of 
the furnace was set to a range of 750–850 ◦C. To initiate the synthesis, an 
aluminum-vanadium master alloy was utilized as a precursor material, 
which was placed beneath a layer of a flux mixture comprising NaCl-35 
+ KCl-35 + LiF-30 %. The precise amount of vanadium was calculated 
and then carefully introduced into the preheated aluminum melt at a 
temperature of 750 ◦C. Once introduced, the components were thor
oughly mixed, and any slag present on the surface of the melt was 
removed. Subsequently, lithium (with a weight percentage of 6.1 %) was 
added to the melt, in a form encased in aluminum foil. To facilitate the 
incorporation of lithium, a bell-shaped device was employed. This 
allowed for efficient stirring of the melt until complete dissolution of the 
lithium took place. Following this step, the slag was removed once more 
to ensure a purified composition. Cylindrical specimens, featuring di
ameters ranging from 8 to 10 mm and lengths between 60 and 100 mm, 

Table 1 
Prepared Al-Li alloy specimens used for this study.  

Sample designation As-cast composition 

B Al+ 6 %Li 
V1 Al+ 6 %Li + 0.05 wt % V 
V2 Al+ 6 %Li + 0.1 wt % V 
V3 Al+ 6 %Li + 0.5 wt % V 
V4 Al+ 6 %Li + 1.0 wt % V  
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were cast from the resulting melt using a graphite mold. Table 1 outlines 
the specimens prepared for this study, which comprised compositions of 
Al+ 6 %Li, varying in vanadium content. 

The metallographic samples for examination were prepared using an 
automated grinding and polishing system. The specimens underwent a 
comprehensive metallographic preparation process, involving grinding 
using SiC papers, polishing with a coarse diamond suspension, and 
achieving a mirror-like finish using 0.04 µm colloidal silica. Subse
quently, the polished surfaces were etched using Keller’s reagent. This 
reagent consists of nitric acid (2.5 vol %), hydrochloric acid (1.5 vol %), 
hydrofluoric acid (1.0 vol %), and distilled water. 

2.2. Corrosion test 

Pitting corrosion resistance was tested using the potentiodynamic 
method by recording anodic polarization curves. The test stand 
comprised of Atlas 0531 EU potentiostat (ATALS-SOLLICH, Rębiechowo 
Poland) and a typical three-electrode system. An Ag/AgCl electrode was 
used as the reference electrode. The auxiliary electrode was a platinum 
electrode of the PtP-201 type. The corrosion tests started after 3600 s of 
open-circuit potential stabilization (Eocp). Next, the anodic polarization 
curves were recorded taking measurements from the potential using Eq. 
(1) at a scan rate of 0.375 mV s− 1. 

Estart = Eocp − 100mV (1) 

The corrosion tests were carried out in 3.5 % sodium chloride 
aqueous solution at room temperature. A 3.5 % NaCl solution was 
applied due to its widespread usage for the corrosion tests of aluminium 
alloys. Similar test conditions for lightweight metals, including 
aluminium based alloys have been used in studies by Babilas et al. [27] 
and Yan et al. [28]. 

2.3. Wear test 

Wear resistance experiments were performed employing the CSM 
tribometer (CSM Instruments, Switzerland) using the ball-on-plate 
method in a dry sliding environment. Cylindrical Al-Li specimens, 
10 mm in diameter, were employed as the test samples, while a 316 
stainless steel ball, 6 mm in diameter, served as the opposing specimen. 
The maximum contact pressure was determined using the Hertzian 
contact theory [29] for spherical counter-samples and planar samples, as 
expressed by Eq. (2). 

Pmax =
3F

2πa2 (2)  

Where: Pmax is maximum contact pressure (GPa), F is normal load (N), 
and a is contact radius (mm) - calculated according to Eq. (3). 

a =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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Where: ϑ is Poisson’s ratio, E is Young’s modulus (GPa), d is diameter of 
curvature (mm), and designations 1 – tested samples (Al-Li alloy) and 2 – 
counter samples ball. The Young’s modulus of Al-Li alloy containing 6 at 
% lithium is 75–77 GPa [30], and the Poisson ratio for commercial Al-Li 
alloy (e.g. 8090Al-Li) is 0.33 [31]. However, it is found that each 1 % 
increase in lithium content in an Al-Li alloy corresponds to a decrease in 
the Poisson ratio by 3 %. Based on this, for the calculation, the Poisson 
ratio of Al-6 %Li alloy was set at 0.30. The Young`s modulus and Poisson 
ratio of 316 L stainless steel (counter sample) were 190 GPa and 0.28 
respectively. The diameter of the stainless-steel ball was 6 mm, and the 
surface of the tested samples was unlimited (flat surface – top surface of 
cylindrical samples with 10 mm diameter). The wear test was carried 
out using a normal load Fn of 3 N, which corresponds to the maximum 

Hertzian pressure (contact stress) of approximately 600 MPa. Similar 
value of the maximum Hertzian pressure during wear test of aluminum 
based alloy were used by Zhang et al. [32]. The ultimate tensile strength 
of commercial Al-Li alloys lies in the range of 490 (8090 alloy) to 
550 MPa (20291 alloy). The addition of vanadium to Al-Li alloys results 
in enchanced mechanical properties [33]. The selected test conditions 
allow for the evaluation of the influence of vanadium concentration in 
aluminum-lithium-based alloys on the wear behavior and the perfor
mance of measurements under critical force conditions. The stroke 
length was 5 mm and the frequency 2.5 Hz creating a sliding speed of 
4 cm/s. The tests were performed in atmospheric conditions at a relative 
humidity of 50 – 60 % at ambient temperature. Based on the performed 
measurements, the value of the coefficient of friction (COF) was deter
mined. Prior to the test, samples and counter samples were cleaned 
using ethanol. The test of each sample was performed three times, to 
ensure consistency and reproducibility. Images of the depth of the wear 
tracks were taken using 3D visualization with Leica 3D microscope 
DVM6 (Leica Microsystem, Wetzlar, Germany). 

2.4. Density and hardness tests 

The density and volume of the investigated specimen were measured 
by employing the Archimedes method using the laboratory analytical 
balance Radwag AS310/X (Radwag, Radom, Poland). The specimens’ 
metallographic cross-sectional Vicker’s hardness was assessed using the 
FM-ARS 9000 hardness tester (Future Tech Corporation, Tokyo, Japan) 
with a 4.9 N load. To measure microhardness, the XY cross-sections of 
the samples were prepared through metallographic polishing. Each 
sample underwent 100 measurements, covering a 2.0 mm × 2.0 mm 
area. The measurements were conducted in a 10 × 10 matrix pattern, 
with a consistent horizontal and vertical displacement of 0.20 mm be
tween each measurement. 

2.5. Microstructure and phase characterization 

The microstructure examinations involved the utilization of different 
analytical techniques. Light microscopy and AxioVision software from 
ZEISS, Jena, Germany were employed, along with scanning electron 
microscopy (SEM) using a Zeiss Evo MA 15 series instrument equipped 
with an X-ray energy dispersive spectrometry (EDS) system. Electron 
backscatter diffraction (EBSD) was utilized in the SEM at an operating 
voltage of 20 kV and a step size of 0.2 µm to characterize grain size and 
crystallography. 

For phase analysis, X-ray diffraction was conducted using a PAN
alytical X′Pert Pro diffraction system from Panalytical B.V. (currently: 
Malvern Panalytical Ltd.), Almelo, The Netherlands. A cobalt anode 
lamp (KαCo λ = 0.179 nm) was used, operating at a voltage of 40 kV 
with a filament current intensity of 30 mA. The measurements were 
performed in the Bragg–Brentano geometry, covering an angular range 
of 20 – 110◦ 2θ with a step size of 0.05◦ and a step count time of 100 s. 
The resulting diffractograms were analyzed using the X′Pert High Score 
Plus software (v. 3.0e) with the dedicated Inorganic Crystal Structure 
Database-ICSD (FIZ, Karlsruhe, Germany). 

3. Results 

3.1. Corrosion and tribological properties 

The open circuit potential (Eocp) curves recorded over time are 
depicted in Fig. 1(a), while Fig. 1(b) illustrates Tafel plots for the tested 
samples. Regarding the base sample (B) under initial conditions, the Eocp 
value initially increased and then shifted towards more electropositive 
values. After approximately 3350 s, the Eocp value abruptly dropped 
from − 623 to − 741 mV vs. Ag/AgCl. Such sudden changes in Eocp values 
indicate alterations in the rates of the anodic and/or cathodic processes. 
This variation in Eocp values is attributed to the instability of the 

A.N.S. Appiah et al.                                                                                                                                                                                                                            



Journal of Alloys and Compounds 973 (2024) 172910

4

electrochemical activity of the formed oxide film or localized corrosion 
on the metal surface in the aqueous solution. The final Eocp values for the 
base Al-6 %Li correspond to that registered for 2196 Al-Li alloy pre
sented by Chen et. al. [34]. For samples V1-V4, which have been alloyed 
with vanadium, the Eocp potential exhibited minimal changes over time. 
The highest open circuit potential value was observed for the base ma
terial (sample B), with a mean value of Eocp = − 759 mV vs. Ag/AgCl. In 
contrast, the Eocp values for the samples with varying concentrations of 
vanadium were similar, ranging from − 794 to − 781 mV vs. Ag/AgCl. 
The corrosion potentials determined from Tafel plots in Fig. 1(b) aligned 
with the open circuit potential values in Fig. 1(a). The corrosion po
tential (Ecorr) for the base material was − 736 mV vs. Ag/AgCl, which 
represented the noblest value among the tested group. Upon addition of 
0.05 wt %V, the recorded Ecorr was − 814 mV vs. Ag/AgCl. Similar 
values were recorded for all specimens containing Vanadium, as 
− 785 mV vs. Ag/AgCl, − 776 mV vs. Ag/AgCl, and − 810 mV vs. 
Ag/AgCl for specimens containing 0.1 wt %V, 0.5 wt %V and 1.0 wt %V 
respectively. 

However, despite the favorable Ecorr of the Al-6 %Li base alloy, the 
corrosion current density (icorr) was high at icorr = 43.6 µA/cm2. It was 
discovered that incorporating vanadium into the chemical composition 
of Al-Li alloys led to lower corrosion current densities and, conse
quently, improved corrosion behavior. The icorr values for samples V1, 
V2 and V3 were 11.7 µA/cm2, 12.2 µA/cm2 and 13.8 µA/cm2 respec
tively, which were nearly four times lower than that of the base material. 
Furthermore, the lowest icorr value was recorded for sample V4, with 1 % 
weight concentration of vanadium, with a mean value of icorr = 3.9 µA/ 
cm2. The positive impact of vanadium addition on the corrosion 
behavior of Al-based alloys has also been reported by Esteves et al. [35] 

and Ozdemir et al. [23]. They stipulated that the enhanced corrosion 
resistance of samples with vanadium can be attributed to a decrease in 
the concentration and mobility of point defects resulting from the 
incorporation of vanadium into the passive layer. 

The evolution of the wear coefficient or coefficient of friction (COF) 
for all tested samples is depicted in Fig. 1(c). Throughout the wear 
resistance test, a consistent trend of COF reduction was observed 
initially for all tested samples. This phenomenon can be attributed to the 
point contact between the test sample and the counter-sample, resulting 
in elevated local compressive pressures and subsequent high shear 
stress. As a consequence, the contacting surface underwent sequential 
deformation and fragmentation, leading to accelerated wear. Conse
quently, the contact area between the frictional couple increased over 
time, leading to a decrease in pressure and a gradual reduction in wear 
rate. For samples B, V1, and V2, an increase in COF was observed. 
However, it is noteworthy that the V3 and V4 samples exhibited a 
distinct behavior. After reaching 38 m of sliding distance, their COF 
values remained stable, measuring 0.26 and 0.22, respectively. These 
values represent the lowest COF measurements among all the tested 
samples. 

The density, wear rates, and depth of wear of the samples are pre
sented and compared in Fig. 1(d). The base Al-6 %Li alloy exhibited a 
density of 2.25 g/cm3, as determined by employing the Archimedes 
principle at room temperature. Upon the addition of 0.05 wt % vana
dium in sample V1, the density increased to 2.42 g/cm3. Subsequent 
additions of vanadium resulted in marginal density increments, yielding 
2.45 g/cm3, 2.46 g/cm3, and 2.48 g/cm3 for samples V2, V3, and V4, 
respectively. Notably, the base alloy’s density showed a 12 % increase 
upon alloying with 1 wt % vanadium (V4). This observation however 

Fig. 1. Results of corrosion and tribology studies: (a) Eocp changes as a function of time, (b) Anodic polarization curves for tested samples, (c) Wear coefficient (COF) 
as a function of wear distance and (d) Comparative column chart showing the density, wear rate and wear depth of investigated samples. 
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suggests that the V4 alloy possesses remarkable lightweight character
istics compared to commercially available Al-Li alloys currently 
employed in aerospace applications. These alloys, as reported in litera
ture typically exhibit densities ranging from 2.63 g/cm3 to 2.88 g/cm3 

[36,37]. 
The wear rate, Q (in m3/m) was calculated using Eq. (4), where Ls 

(m) is the sliding distance, and Vs (in m3) is the volume loss. According 
to the Archard law, Vs is inversely proportional to the hardness, H, and 
was computed using Eq. (5), where W is the applied load and k is the 
wear coefficient. 

Q =
Vs

Ls
(4)  

Vs =
kWLs

H
(5) 

The plot in Fig. 1(d) reveals the wear rate exhibited its tested peak 
value in the base alloy, specifically at Q = 3.6 ± 0.50 × 10− 2 m3/m. 
Subsequently, this rate demonstrated a consistent decrease as small 
amounts of vanadium were added, reaching its minimum in the alloy 
containing 1 wt % vanadium with a value of Q = 1.5 ± 0.07 × 10− 2 m3/ 
m. The wear depth measured for the tested specimens is also depicted 
and compared in Fig. 1(d), and detailed depth maps, obtained from 3D 
visualization are presented in supplementary Fig. S1. Analyses of wear 
depth revealed penetration of the tribology tester to a depth of 132 µm 
from the tested surface in the base Al-6 %Li. The depth further increased 
to 151 µm after alloying with 0.05 wt %V. However, there was an 
observed reduction in the depth of wear to 145 µm after alloying with 
0.1 wt %V and further reduction to 88 µm upon addition of 0.5 wt %V. 
The lowest depth of penetration was recorded for the specimen con
taining 1.0 wt %V at 51 µm, representing approximately 160 % reduc
tion in the depth of penetration. These declines in wear rate and wear 
depth signify a substantial enhancement in wear resistance following the 
introduction of 1 wt % vanadium into the alloy. 

In order to comprehend the disparities in corrosion and wear char
acteristics between the base and vanadium-modified alloys, a deeper 
exploration of their underlying mechanisms was undertaken. Pitting 
corrosion emerged as the primary mode of corrosion in all test samples.  

Fig. 2 displays SEM images illustrating the corrosion pit morphologies 
for the base material (Fig. 2(a)) and the alloy modified with 1 wt % 
vanadium (Fig. 2(b)). Notably, the base material exhibited larger and 
deeper pits, with an approximate diameter of 138 µm, while the 1 wt % 
vanadium-modified alloy had relatively shallower and smaller pits, 
measuring around 56 µm in diameter. These findings substantiate the 
observed disparity in corrosion resistance, with the base material 
demonstrating the lowest corrosion resistance and the 1 wt % 
vanadium-modified alloy exhibiting the highest. To gain insights into 
the elemental composition within these corrosion pits, Energy Disper
sive X-ray Spectroscopy (EDS) was employed. Fig. 2 and Table 2 provide 
EDS spectra and chemical compositions for the corrosion pits in the base 
material (Bcorr) and the 1 wt % vanadium-modified alloy (Vcorr). 
Notably, EDS revealed the presence of oxygen, which contributes to the 
formation of passivating oxides, elements sodium (Na) and chlorine (Cl), 
which originate from the NaCl solution used in the corrosion tests as well 
as iron (Fe). 

Pitting corrosion in aluminum-based alloys typically originates at the 
interface between iron-rich regions and the alloy matrix. According to 
existing literature [38], it has been observed that these iron-rich areas 
serve as cathodic sites, creating an alkaline environment around them 
and leading to localized dissolution of the passive film. Subsequently, 
the rapid oxidation of aluminum, triggered by the interaction between 
the Al-based alloy and the corrosive environment, initiates pitting 
corrosion. Frankel [39] has noted that the formation of localized acidity 
within the pit results from the hydrolysis of metal cations. The intro
duction of vanadium into the aluminum-based alloy has two notable 
effects [40]: 1. It impedes the maintenance of a critical pit solution 
necessary for pit growth, thereby reducing the dissolution rate. 2. It 
releases corrosion inhibitors in the form of vanadates, which are 
oxidized vanadium species. Based on our observations from SEM and 
EDS investigations, and corroborated by data from recent studies [41], it 
can be concluded that achieving a uniform dispersion of alloying ele
ments, such as vanadium, and depositing them onto iron-rich regions 
can promote the repassivation of pits during the early stages of 
corrosion. 

Fig. 3 presents the wear tracks observed after tribology testing. The 
base alloy, depicted in Fig. 3(a), exhibits prominent deep ploughing 

Fig. 2. Morphology and chemical composition of corrosion pits (a) Base material (b) alloy modified with 1 wt % vanadium (V4).  
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grooves that contribute to the delamination of the surface layer. 
Conversely, the wear tracks of the vanadium-containing samples (Fig. 3 
(b-e)) display shallower delaminating features, which correspond to the 
lower observed wear rates. Although delamination was also observed in 
the vanadium-alloyed samples, its occurrence decreased as the con
centration of vanadium increased. Notably, at 1 wt % vanadium, 
delamination was minimal and mostly negligible. These observations 
suggest that the wear mechanism observed in the tested specimens is a 
combination of delamination wear (region 1) and abrasive wear (region 
2). The findings derived from the tribology tests indicate that specimens 
exhibiting larger volumes of delamination wear also experience higher 
wear rates in comparison to those with lower occurrences of delami
nation. This highlights the significance of delamination and abrasive 
wear as contributing factors to overall wear in the investigated 
specimens. 

3.1.1. Hardness 
Vickers microhardness measurements were systematically conduct

ed to comprehensively evaluate the mechanical performance of the 
investigated alloys subsequent to the incorporation of varying concen
trations of vanadium. The experimental analysis involved subjecting the 
polished samples to rigorous testing, taking 100 measurements along the 
through-thickness cross-section of each specimen, and the results are 
presented in Fig. 4. The base alloy exhibited a relatively lower hardness 
value, measured at 51.7 ± 7.3 HV, in comparison to the other investi
gated samples. However, with the strategic addition of the vanadium 

alloying element, a remarkable enhancement in hardness was observed, 
particularly evident when the alloy contained 1 wt % vanadium. In this 
scenario, the hardness soared to 77.6 ± 4.1 HV, denoting a significant 
increase of approximately 50 % compared to the vanadium-free alloy 
counterpart. 

3.1.2. Porosity 
The porosity of each specimen (∅) was quantified using Eq. (6). 

∅ =
VV

VT
× 100 (6)  

Where VV represents the volume of voids in the specimen, and VT de
notes the total volume of the specimen. The base Al-6 %Li alloy (Fig. 5 
(a)) exhibited a porosity of 11.71 %, with the largest pore having a 
diameter of 193.79 µm. The specimen containing 0.05 wt %V (Fig. 5(b)) 
demonstrated a reduction in porosity, measuring 10.72 %, and the 
largest pore diameter was 39.28 µm. A slight decline in porosity to 10.63 
% was observed for sample V2, containing 0.1 wt %V (Fig. 5(c)), with 
the largest pore diameter at 65.92 µm. Subsequently, further incorpo
ration of 0.5 wt %V in sample V3 (Fig. 5(d)) led to a porosity of 10.60 %, 
and the largest pore measured 58.37 µm. The least porosity among the 
investigated specimens was recorded for the specimen containing 1.0 wt 
%V (Fig. 5(e)), with a porosity of 9.90 % and a measured diameter of 
45.46 µm for the largest pore. 

Fig. 5(f) provides a comparative summary of the porosities in the 
investigated specimens, revealing an approximate 18 % decrease in 

Table 2 
chemical composition of corrosion pits.   

Concentration Li O Na Al Cl Fe V 

Bcorr Weight %  88.73  1.08 –  29.13  0.06  0.25 – 
Vcorr Weight %  62.77  4.22 0.05  32.42  0.03  0.10 0.61  

Fig. 3. Wear morphology of samples after tribology testing showing 1. Delamination wear, and 2. Abrasive grooves (a) sample B, (b) sample V1, (c) sample V2, (d) 
sample V3, and (e) sample V4. 
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porosity after the incorporation of 1.0 wt %V. 
For a better insight into the pore formation mechanisms, scanning 

electron microscopy (SEM) analysis was conducted on each specimen 

(Fig. 6). The base Al-6 %Li alloy exhibited a high level of porosity, 
primarily attributed to a lack of fusion (LOF) at the center of the 
cylindrically cast specimen (Fig. 6(a)) due to the evaporation of lithium 

Fig. 4. Vicker’s microhardness maps of investigated samples with the microhardness mean (μ) and standard deviation (σ) (a-e) samples B, V1, V2, V3 and V4, 
respectively. 

Fig. 5. Specimen porosity (a) optical micrograph of the pores in the base Al-6 %Li alloy without vanadium, (b) optical micrograph of the pores in the specimen 
containing 0.05 wt %V, (c) optical micrograph of the specimen containing 0.1 wt %V, (d) optical micrograph of the specimen containing 0.5 wt %V, (e) optical 
micrograph of specimen containing 1.0 wt %V, and (f) comparative summary of the porosity of the specimens. 
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during solidification, resulting in observed pores. 
Conversely, in the specimens containing vanadium, the pores were 

predominantly found at grain boundaries, referred to as solidification 
holes (SH), and were more pronounced in the alloy containing 0.05 wt % 
V (Fig. 6(b)). This trend persisted in the specimens containing 0.1 wt %V 
(Fig. 6(c)) and 0.5 wt %V (Fig. 6(d)), with the least observed solid
ifcation holes at grain boundaries in the specimen alloyed with 1.0 wt % 
V (Fig. 6(e)). 

To elucidate the pore formation mechanism, we conducted an 
investigation on a representative specimen (V4) with a V content of 
1.0 wt % and compared it to the base Al-6 %Li alloy (without vanadium) 
using EDS, as depicted in Fig. 7. Our observations revealed elemental 
microsegregation, notably iron (Fe), at the grain boundaries. It is worth 
noting that the aluminum grade A955, employed in the casting process, 
typically contains Fe at a level not exceeding 0.0015 % as specified by 
the manufacturer. While analyzing the base alloy through EDS, we 
observed a low level of Fe at the grain boundaries (Fig. 7(a)). However, 
upon the introduction of vanadium, the Fe segregation at the grain 

boundaries increased (Fig. 7(b)). Supplementary Fig. S2 for the sample 
alloyed with 0.1 wt %V and Fig. S3 for the sample alloyed with 0.5 wt % 
V further corroborate this observation. 

Equipment limitation hindered the observation of Li morphology 
using the EDS color mapping function. However, at the grain boundary, 
EDS point analysis results (Table 3) indicates segregation of large con
tents of Li, approximately 64 wt % and low concentrations of Fe, 
approximately 2 wt %. 

Table 4 provides a comprehensive summary of the corrosion and 
tribological properties exhibited by the tested specimens. Notably, the 

Fig. 6. SEM micrographs of the porous regions of the investigated specimens showing the lack of fusion (LOF) zone, solidification holes (SH), and grain boundaries 
with elemental microsegregations (SGB) (a) base Al-6 %Li alloy without vanadium, (b) specimen containing 0.05 wt %V, (c) specimen containing 0.1 wt %V, (d) 
containing 0.5 wt %V, and (e) specimen containing 1.0 wt %V. 

Fig. 7. Energy dispersive X-ray spectroscopy (EDS) maps showing the distribution and segregation of solute atoms in the cast specimens (a) base Al-6 %Li alloy 
without vanadium, and (b) alloy containing 1.0 wt %V. 

Table 3 
Result of energy dispersive X-ray spectroscopy (EDS) point chemical micro
analyses at the grain boundary of sample V4, modified with 1 wt % vanadium.  

EDS Point Concentration Li Al Fe V 

GB Weight %  63.8  36.1  2.0  0.08 
Atom %  83.1  12.7  4.1  0.02  
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specimen containing 1 wt % vanadium (V4) demonstrated exceptional 
performance in terms of corrosion resistance, wear resistance, and 
hardness. This remarkable combination of properties establishes V4 as 
the optimal specimen for this study, warranting further investigations to 
gain deeper insights into the influence of vanadium addition on the base 
alloying from both microstructural and phase evolution perspectives. 

3.2. Grain size and phase evolution 

Fig. 8(a) and (b) present the EBSD inverse pole figure (IPF) maps for 
the base Al-6 %Li alloy and the Al-6 %Li modified with 1 wt %V 
respectively, which exhibit distinct grain orientations depicted by 
different color maps, as indicated by the unit triangles. The high-angle 
grain boundaries (HAGBs), represented by green lines, correspond to 
misorientations exceeding 15 degrees. The red lines denote low-angle 
grain boundaries (LAGBs) with misorientations ranging from 5 to 15 
degrees, while the yellow lines represent low-angle grain boundaries 

with misorientations ranging from 2 to 5 degrees. 
The grain size map in Fig. 8(c) reveals that the base sample consists 

of large equiaxed grains exhibiting relatively random orientations, with 
an average grain size of approximately 49 µm (GTA = 2º). Fig. 8(d) il
lustrates the grain size map of the Al-6 % Li sample modified with 1 wt % 
vanadium. This map provides evidence of a grain refinement process 
after the addition of vanadium. The results indicate a 36.7 % reduction 
in grain size, with an average measured size of approximately 31 µm 
(GTA = 2º). Fig. 9 shows the number fractions of LAGBs and HAGBs for 
both specimens. It is observed that the fraction of LAGBs dropped from 
19.5 % in the base alloy to 7.0 % after modifying with 1 wt %V. 
Correspondingly, the HAGs increased from 80.5 % to 93.0 % upon va
nadium modification. 

Furthermore, a noticeable change in grain morphology is observed. 
The microstructural morphology evolution, as observed by polarized 
optical microscopy, in supplementary Fig. S4 reveals a lower occurrence 
of columnar grains in the base alloy compared to the alloys modified 

Table 4 
Summary of corrosion, hardness and tribological properties of investigated specimens.  

Sample Eocp [mV] Ecorr [mV] icorr [µA/cm2] Hardness [HV] Density [g/cm3] Wear depth [µm] Wear rate [10− 2m3/m] 

B -762 ± 75 -736 ± 99 43.6 ± 2.1  51.7±7.3 2.25 ± 0.04 132.2 ± 21.1  3.6±0.50 
V1 -789 ± 11 -814 ± 45 11.7 ± 1.0  69.7±3.2 2.42 ± 0.01 151.5 ± 32.2  2.7±0.12 
V2 -784 ± 10 -785 ± 26 12.2 ± 1.2  77.6±9.9 2.45 ± 0.03 145.2 ± 28.4  2.5±0.32 
V3 -794 ± 18 -776 ± 15 13.8 ± 2.1  55.1±2.5 2.46 ± 0.02 88.2 ± 18.6  2.3±0.10 
V4 -781 ± 7 -810 ± 38 3.9 ± 1.0  77.6±4.1 2.48 ± 0.04 51.1 ± 11.7  1.5±0.07  

Fig. 8. Microstructure and grain size evolution (a) IPF-Z image of the base alloy, (b) IPF-Z image of the base alloy modified with 1 wt % of vanadium, (c) grain size 
map of the base alloy (GTA=2◦), (d) grain size map of the base alloy modified with 1 wt % of vanadium (GTA = 2º). 
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with vanadium. The microstructures of the base alloy (Fig. 10(a)) and 
the alloy modified with 1 wt % vanadium (Fig. 10(b)), are characterized 
by coarse dendritic structures and intergranular non-equilibrium 
eutectic phases. However, the base alloy exhibits a significantly higher 
average dendrite arm spacing (DAS) of approximately 35 µm (Fig. 10(c)) 
compared to the vanadium-alloyed specimen, which has an average DAS 
of approximately 8 µm (Fig. 10(d)). The DAS sequentially reduced as the 
V content was gradually increased, as further elaborated by supple
mentary Fig. S5. This discrepancy is attributed to the grain refinement 
induced by the presence of vanadium in the modified specimen. The 

main structural differences are presented in Table 5. 
Fig. 11 displays the X-ray diffraction (XRD) patterns illustrating the 

Fig. 9. Electron backscatter diffraction (EBSD) LAGBs and HAGBs misorientation angle number fractions in investigated specimens. (a) base Al6 %Li (b) specimen 
modified with 1 wt %V. 

Fig. 10. Optical micrograph of specimens with statistical computation of dendrite arm spacing (DAS) (a) Polarized optical micrograph of the base Al-6 %Li alloy (b) 
polarized optical micrograph of modified alloy with 1 wt %V (c) DAS distribution plot for base alloy with statistical mean and standard deviation (SD) (d) DAS 
distribution plot for modified alloy with statistical mean and standard deviation. 

Table 5 
Structural differences between the base Al-6 %Li alloy and the alloy modified 
with 1 wt %V.  

Specimen LAGBs HAGBs Grain Size DAS 

B  19.5  80.5  49.0  35.0 
V4  7.0  93.0  31.0  8.0  
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phase composition of the Al-6 %Li base alloy and specimens containing 
0.05 wt %V, 0.1 wt %V, 0.5 wt %V, and 1 wt %V, as a function of va
nadium (V) content. The XRD pattern of the base sample exhibits a sharp 
(111) peak at 2θ ~ 44.9◦, along with six relatively weaker peaks - (200) 
at 2θ ~ 52.3◦, (220) at 2θ ~ 77.3◦, (311) at 2θ ~ 94.2◦, and (222) at 2θ 
~ 98.8◦, corresponding to the aluminum phase. Additionally, (220) at 
2θ ~ 46.8◦ and (311) at 2θ ~ 54.6◦ peaks represent the AlLi phase. 
Moreover, the vanadium-alloyed samples exhibit a minor peak at 2θ ~ 
48.9◦. It is evident that the inclusion of vanadium leads to a change in 
the intensity of the Al(200) peak. The sample with the highest vanadium 
content displays the highest intensity of the Al(200) peak. Two potential 
reasons account for this intensified peak. First, the addition of vanadium 
could result in a higher degree of grain refinement. Second, it may cause 
preferential alignment of the grains (texture development). Supporting 
this notion, observations from light microscopy and electron backscatter 
diffraction (EBSD) confirm the development of columnar grains in the 
modified samples. Furthermore, EBSD analysis was employed to inves
tigate the phase composition of the Al-6 %Li base alloy and the V4 
specimens. 

Fig. 12 present phase distribution maps obtained from the EBSD 
analyses using a step size of 0.2 µm at a magnification of 500X. For the 
base alloy, the EBSD phase analysis verifies the presence of the 

aluminum phase (blue color, Fig. 12(a)) constituting 88.17 % of the 
analyzed area, along with the AlLi phase (green color) inhomogenously 
distributed within the aluminum matrix phase, constituting 11.83 % of 
the analyzed area. Conversely, the EBSD analysis of the V4 sample, 
Fig. 12(b), confirms the existence of three distinct phases: 84.47 % 
aluminum (blue color), 14.67 % AlLi (green color), and 0.86 % vana
dium (red color). These results are consistent with the findings derived 
from the XRD analysis. 

Energy dispersive X-ray spectroscopy (EDS) was used to investigate 
the chemical composition of the interdendritic regions in the cast Al-6 % 
Li alloy, incorporating 1 wt % vanadium. EDS point analyses were 
conducted on two distinct locations: the solidified molten pool (P1) and 
the grain boundary (GB), as shown in Fig. 13 The molten pool exhibited 
notable concentrations of Al (74.86 wt %) and Li (25.03 wt %), along 
with the presence of vanadium. Conversely, the grain boundary 
demonstrated a segregation of Li (61.80 wt %), Fe (2.02 %) and Al 
(36.10 wt %). This observation indicates the dispersion of Li within the 
Al matrix throughout the interdendritic phases, further corroborating 
the previous identification of the AlLi phase through EBSD and XRD 
analyses. EDS results are summarized in Table 6. 

4. Discussion 

The introduction of lithium into Al-based alloys induces micro
structural alterations and heightens the susceptibility of the resulting 
alloy to exfoliation corrosion. The microstructure, encompassing the 
quantity, dimensions, distribution, and chemical composition of 
precipitated phases, stands as a paramount determinant influencing the 
corrosion propensities of Al-based alloys [42,43]. Lithium, by nature, 
exhibits pronounced chemical reactivity [34,44]. Elevated concentra
tions of lithium in Al-based alloys foster the formation of δ (AlLi) pre
cipitates, which are highly reactive phases found within the molten pool 
matrix and grain boundary regions [45]. The δ phase is a key factor 
governing the formation of intermetallic compounds, such as Al4Li3, 
Al4Li9, and Al3Li, within the binary Al-Li alloy system. Previous studies 
by Okamoto [46] have established that the metastable Al3Li compound 
predominates when lithium content remains below 10 wt % in the Al-Li 
binary system. Whiles Tao et. al [47] have shown that artificial aging has 
a strong tendency to precipitate the Al3Li phase, additional research 
conducted by Liu et al. [48] suggests that natural ageing at room tem
perature can also facilitate the formation of the Al3Li intermetallic and 

Fig. 11. XRD diffraction pattern of the tested samples.  

Fig. 12. EBSD phase distribution maps (a) base Al-6 %Li alloy, and (b) base Al-6 %Li alloy modified with 1 % of vanadium, respectively.  
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Guinier-Preston (GP) zones. Niskanen et al. [45] underscored the reac
tivity of the δ phase through the preferential leaching of many grain 
boundary precipitates during electropolishing. Thus, when δ becomes 
the prevailing microstructural feature, one can observe a notable anodic 
shift in the corrosion behaviour of Al-Li alloys. It is crucial to note that 
the corrosion resistance of Al-Li alloys diminishes rapidly following 
age-processing techniques such as rapid solidification. In this context, 
higher values of corrosion current densities have been documented for 
samples in their initial states. Notably, as indicated in the literature [23, 
49,50], the addition of vanadium to Al-based alloys engenders a 
commendable synergy between corrosion resistance and mechanical 
properties, encompassing hardness and wear characteristics. Esteves 
et al. [35] substantiated the beneficial influence of vanadium on the 
corrosion behavior of AA5083 alloy, evident through elevated corrosion 
and repassivation potentials. The enhanced corrosion performance of 
Al-V alloys can be attributed to the expanded solid solubility of vana
dium, resulting in the formation of V-ions within corrosion pits. Addi
tionally, vanadium is deposited onto cathodic particles, subsequently 
diminishing their capacity to sustain cathodic currents. Ozdemir et al. 
[23] have demonstrated a twofold increase in the hardness of 2024 alloy 
with the incorporation of vanadium, primarily attributable to solid so
lution strengthening and dispersion hardening induced by vanadium. 
Elevated hardness, in turn, augments tribological properties, a phe
nomenon underscored in our study and corroborated by the in
vestigations presented by Kumar et al. [50]. 

The observed trend in the hardness of the alloys after vanadium 
modification aligns seamlessly with the outcomes of previous research, 
which have consistently reported elevated hardness levels in alloys after 
the introduction of vanadium [49,51–53]. Furthermore, these studies 
have systematically documented a substantial refinement in grain 
structure upon vanadium alloying. The underlying mechanism 

responsible for this grain refinement effect can be attributed to the 
well-established Hall-Petch relationship, Eq. (7) [54]. 

σy = σi + kd− 1
2 (7)  

Where σy is the yield strength, σi is the lattice dislocation movement 
resistance, k is the grain boundary locking term for measuring the 
relative hardening contribution by grain boundaries, and d is the 
diameter of grain. In the context of hardness, the Hall-Petch relationship 
posits that the hardness of a material tends to increase proportionally 
with the refinement of its grain structure. This phenomenon arises from 
the greater number of grain boundaries in materials with smaller grains, 
which actively serve as barriers to dislocations, thereby contributing to 
strengthening the mechanical properties, including hardness. As such, 
the observed hardness improvements in our investigated alloys 
following vanadium incorporation can be rationalized by the notable 
grain refinement induced by the presence of vanadium. 

However, the influence of grain refinement on the corrosion resis
tance of aluminum alloys has become a subject of considerable attention 
in recent investigations, and yet poorly understood. In a notable study, 
Moustafa et al. [55] delved into the impact of grain refinement, achieved 
through the addition of TiB, on the corrosion resistance of 5052 
aluminum alloy. They reported an evident increase in corrosion resis
tance directly associated with the process of grain size refinement. 
However, contrasting findings were reported by Orłowska et al. [56] 
concerning commercially pure aluminum. Their investigations encom
passed variations in grain size, shape, and the fraction of high-angle 
grain boundaries (HAGBs), yet no significant difference in corrosion 
behavior was observed. However, noteworthy distinctions in corrosion 
pits were detected, suggesting a subtle influence of grain size on local
ized corrosion processes. Additionally, Tian et al. [57] conducted a 
comprehensive study on a naturally aged bimodal AA7075 aluminum 
alloy, revealing a positive correlation between increased ratios of fine 
grains and heightened pitting corrosion resistance. This relationship was 
manifested through a higher frequency of pitting current transients, 
indicating an overall improvement in pitting corrosion resistance. In the 
context of our own investigation, we focused on vanadium alloying as a 
means to induce significant grain refinement in the aluminum alloy. This 
microstructural transformation was evident in playing a key role in 
enhancing both corrosion resistance and tribological properties. These 
findings align consistently with prior research that have highlighted a 
direct association between grain refinement and corrosion and wear 

Fig. 13. SEM microstructure of base Al-6 %Li alloy modified with 1 wt %V showing grain boundaries and points in the molten pool (P1) and on the grain boundary 
(GB) subjected to energy dispersive X-ray spectroscopy (EDS) chemical analyses. 

Table 6 
Result of energy dispersive X-ray spectroscopy (EDS) point chemical 
microanalyses.  

EDS Point Concentration Li Al Fe V 

P1 Weight %  25.0  74.9 –  0.11 
Atom %  56.5  43.6 –  0.03 

GB Weight %  63.8  36.1 2.0  0.08 
Atom %  83.1  12.7 4.1  0.02  
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resistance in different structural alloys. For instance, in a recent inves
tigation conducted by Ji et. al [58], an exploration into the interplay 
between grain refinement and corrosion resistance was undertaken. The 
study focused on single α-phase Ti-Zr-based alloys, and notable ad
vancements in corrosion resistance were observed following the grain 
refinement process. Specifically, the grain refinement procedure was 
found to improve the stability of the passivation film as well as actively 
inhibit the appearance of corrosion pits inside the grains. This outcome 
aligns with the earlier findings reported by Jinlong [59], where a sub
stantial enhancement in corrosion resistance was ascribed to grain 
refinement in the case of Ni-based alloy 690. Also, Akbarpour et al. [60] 
achieved grain refinement in a nanostructured Al-SiC nanocomposite, 
with 4 % SiC additions, leading to a remarkable increase in wear resis
tance. This improvement was attributed to the synergistic effects of 
grain size refinement and the presence of nanoparticles in the alloy. Our 
investigations underscore the critical influence of grain size on the wear 
and corrosion resistance of aluminum-lithium alloys. By employing va
nadium alloying to facilitate substantial grain refinement, we observed 
an effective contribution to enhancing the corrosion resistance and 
tribological properties of the alloy with this approach. 

Nonetheless, the phenomenon of reduced porosity in the modified 
specimens can be attributed to the non-equilibrium segregation of solute 
elements at the grain boundaries. In this context, vacancy-solute com
plexes are formed resulting from a peritectic reaction Fe + Al21V2 ↔ 
(Al) [61]. This is as a result of the solubility of V in Al being 0.91 at % at 
735 ºC, 0.2 at % at 660 ºC, and 0.11 at % at 500 ºC. Consequently, the 
occurrence of the peritectic reaction, leading to the formation of 
vacancy-solute complexes containing Fe, can be traced back to the 
cooling process of the cast specimens from 750 ºC to room temperature. 
Zhang et al. [62] have postulated that two major conditions which un
derscore the formation of porosity in Al-li alloys are pressure and cooling 
rate. In our study, the large temperature range for the cooling process 
hampers the establishment of true equilibrium concentrations for the 
vacancy-solute complexes, except at vacancy sinks. Consequently, a 
vacancy concentration gradient develops in the cooled melt, facilitating 
the movement of vacancies towards these sinks, where solute atoms are 
deposited. The non-equilibrium segregation at the grain boundaries, as 
evidenced through EDS mapping (Fig. 6(b)), arises from the accumula
tion of excess solute atoms at these locations, as well as the accumula
tion of complexes at the vacancy sinks increases with higher vanadium 
content. Through ab initio calculations, Wang et al. [63] have success
fully demonstrated a strong binding effects of Li atoms to vacancies in 
the Al-Li-vacancy complex structures, using an Al-Li binary alloy con
taining 4 wt %Li. Furthermore, they discovered that vacancies situated 
in distinct sub-lattices manifest short- and long-range effects, specif
ically designed to influence the bonding strength of the constituent 
atoms. This cumulative complex effectively impedes the evaporation of 
Li during the solidification of the melt, providing a compelling rationale 
for the observed decline in porosity as the vanadium concentrations in 
the specimen increase. [64,65]. 

5. Conclusions  

• This study investigated the effects of vanadium alloying on the 
structure, corrosion and tribological performance of an Al-6 %Li 
alloy, considering varying V contents: 0.05 wt %, 0.1 wt %, 0.5 wt %, 
and 1.0 wt %.  

• The findings demonstrate that the addition of 1.0 wt % vanadium is 
optimal for enhancing the corrosion resistance and wear resistance of 
the alloy. Notably, the wear rate decreased from 3.6 ± 0.50 × 10− 2 

m3/m to 1.5 ± 0.07 × 10− 2 m3/m, the hardness increased from 51.7 
± 7.3 HV to 77.6 ± 4.1 HV, and the corrosion current density 
decreased from 43.6 µA/cm2 to 3.9 µA/cm2 upon incorporating 1 wt 
% V into the alloy, all while keeping the density low at 2.48 g/cm3.  

• The incorporation of vanadium into the alloy led to a notable 
decrease in its overall porosity. This reduction can be attributed to a 

peritectic reaction occurring among the constituents Fe, Al, and V, 
which subsequently resulted in the generation of vacancy-solute 
complexes along the grain boundaries.  

• Employing electron backscatter diffraction (EBSD) coupled with 
optical microscopy, significant grain refinement was observed in the 
alloy when vanadium was added. The average grain size reduced by 
36.7 % from 49 µm to 31 µm, and the dendrite arm spacing (DAS) in 
the microstructure decreased from 35 µm to 8 µm.  

• Phase and chemical composition analyses confirmed the formation 
and presence of δ (AlLi) phase within the interdendritic regions. 
Notably, this phase fosters the formation of Al3Li intermetallic which 
was more pronounced and intensified with the addition of 1 wt % V. 
This phenomenon significantly contributed to the observed im
provements in the corrosion resistance and tribological properties of 
the vanadium-modified alloy. 
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