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Abstract: The increasing application of lithium-ion batteries has led to higher requirements being
imposed on the performance of current collectors. In this work, the effect of La content on the
microstructure and properties of Al-0.2Fe-0.06Cu alloy was invested through optical microscopy,
scanning electron microscopy and mechanical/electrical/electrochemical performance tests. Experi-
mental results indicated that the addition of La was beneficial to grain refinement and promote the
formation of La-containing compounds. However, excessive La addition weakened the refinement
effect. Grain refinement played a major role in affecting the mechanical properties of the alloy, but
had little effect on the conductivity. In comparison with Al-0.2Fe-0.06Cu, the La-containing alloys
had lower corrosion potential, which indicated that the addition of La element could improve the cor-
rosion resistance of the Al-0.2Fe-0.06Cu alloy. The addition of La improved the mechanical properties
of the alloy at room temperature and 50 ◦C. When the La addition was 0.1wt.%, the alloy had the best
mechanical properties. The corrosion resistance of the alloy continued to improve with increases in
the La content.

Keywords: Al-Fe-Cu alloy; La addition; microstructure; mechanical properties; corrosion behavior

1. Introduction

Aluminum (Al) is the most abundant metal resource stored in nature, constituting
about 8wt.% of the entire crust. Aluminum has three very important advantages: (1) Light
weight and high specific strength. The density of aluminum is only 2.7 × 103 kg·m−3;
(2) Good electrical and thermal properties. Its electrical conductivity is about 60% of copper,
but if the electrical conductivity is calculated per unit mass, the electrical conductivity
of aluminum metal will exceed that of copper; (3) Excellent corrosion resistance. When
aluminum is in contact with air, it can quickly react with oxygen in the air, forming a dense
Al2O3 film on its surface to protect the aluminum inside. These advantages have led to Al
foil becoming one of the best choices for lithium-ion battery cathode current collectors.

Owing to many unique features, such as high hardness, low coefficient of friction
and average electrical conductivity [1–3], Al-Fe-Cu alloys have several applications. In
addition, different micro-alloying elements have different effects on the physical and
electrochemical properties of the current collector. Yang et al. [4] reported that the strength
and corrosion resistance of the Al-xFe-0.1Si-0.07La (x = 0.07, 0.2, 0.4wt.%) alloy foil were
enhanced as the Fe content increased. Zhu et al. [5] reported that the introduction of
La had the effect of refining grains and reducing the quantity of precipitates along the
grain boundaries. Additionally, corrosion pits became smaller and fewer when the alloy
contained more La. Fe, as one of the main elements of the alloy, can effectively improve
heat resistance of aluminum alloys [6,7]. Cu generally exists in the form of a solid solution
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state or precipitated state in aluminum alloy, which can increase the strength of the alloy.
In addition, different microalloying elements have different effects on the physical and
electrochemical properties of the current collector. Addition of La as an alloying element is
an effective way to improve the comprehensive properties of aluminum alloys [8–10]. For
example, it is beneficial to remove oxygen, hydrogen, sulfur, nitrogen and other impurity
elements during the alloy melting process.

Previous studies [11] have reported that adding rare earth compounds to the aluminum
solution can significantly reduce the hydrogen content and pinhole ratio. As a good
modifier, rare earth can also effectively inhibit the formation of coarse iron-rich phases in
aluminum alloys. Furthermore, rare earth elements easily react with alloying elements to
form refractory compounds. These refractory compounds can be uniformly dispersed
in the aluminum alloy matrix, and work for refining grains and strengthening grain
boundaries [12–14]. The rare earth element dissolved in the Al matrix can increase the
negative potential of the Al matrix, and the potential will decrease after forming compounds
with the rare earth element. Corrosion resistance of the alloy can thus be improved.

Jiang et al. [15] studied the effects of rare earth Ce and La on the microstructure tensile
properties and fracture behavior of A357 alloy under as-cast and T6 conditions. They found
that the addition of rare earth elements significantly reduced the sizes of the α-Al primary
phase and the eutectic Si particles, and improved the morphology of the eutectic Si particles.
Yao et al. [16] reported that when La was added to Al–Cu alloy, Al11La3 particles were
very stable, forming at grain boundaries and effectively suppressing dislocation and grain
boundary migration during creep. After 6xxx aluminum alloy was added with La [17],
the as-cast properties of the alloy could be improved, which promoted the precipitation of
α-AlFeSi phase while suppressing the precipitation of lath-like harmful β phase.

To date, research on the microstructure, mechanical properties and electrochemical
properties of Al-0.2Fe-0.06Cu alloy with La content has not been reported. Therefore, the
purpose of our investigation is to evaluate the effect of La content on the microstructure
and properties of Al-0.2Fe-0.06Cu alloy through microstructural characterization, tensile
testing, electrical and electrochemical tests.

2. Materials and Methods

Al-0.2Fe-0.06Cu alloy foils with different La content (i.e., 0wt.% La, 0.1wt.% La and
0.15wt.% La) were used as the experimental materials. All the aluminum alloys used in
the experiments were fabricated from pure Al ingot, Al-75wt.% Fe, Al-50wt.% Cu and
Al-20wt.% La master alloys. After being melted in the vacuum induction furnace, the
aluminum alloy was casted in a metal mold with a size of 350 × 200 × 40 mm3 at 720 ◦C.
Then, the aluminum alloy ingots were homogenized at 590 ◦C for 8 h. Finally, the ingots
were hot rolled and cold rolled to a thickness of about 0.07 mm. In order to simulate the
effect of subsequent pole piece (coated current collector) drying process on the properties
of the alloy foils [18], we heat-treated the cold-rolled alloy foils at 120 ◦C for 10 h.

Room temperature tensile test of aluminum foil was performed with the Zwick/Roell
Z020 (Zwick Roell Group, Ulm, Germany) electronic universal testing machine. The gauge
length of the sample was set to 50 mm and the tensile rate was set to 2 mm/min. CMT
5105 (Meters Testing Machine Factory, Tianjin, China) microcomputer controlled electronic
universal testing machine was used for high temperature tensile test (50 ◦C). After the
temperature rose to the specified temperature, we hold it for 10 min before starting the
tensile test. Tensile rate was set to 2 mm/min. In order to ensure accuracy, at least four
parallel samples for each alloy were tested. We used SIGMATEST 2.069 to test alloy
conductivity; the test accuracy of this device was 0.01% IACS (International Annealed
Copper Standard).

A CHI 660C (Shanghai Chenhua Instrument Company, Shanghai, China) electrochem-
ical workstation was used to test the Tafel polarization curve. The experiment was carried
out using a three-electrode system. The working electrode, reference electrode, and counter
electrode were the aluminum alloy foil, the saturated calomel electrode and the platinum
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wire, respectively. The electrolyte used in the experiment was 3.5wt.% NaCl solution. The
voltage range of the Tafel polarization curve test was from −1 V to 0 V, and the scanning
speed was 0.001 V/s to obtain accurate electrochemical test results.

The microstructure along the rolling direction was observed with a polarization mode
optical microscope (OM, ZEISS imageAlm, Jena, Germany) after mechanical polishing and
anodic coating (at 25 V, the mixture of H3PO4, H2SO4 and H2O) of the as-rolled foils and
heat-treated foils in stacked form. The phase structure of the alloy was analyzed by X-ray
diffractometer (XRD, Rigaku D/max 2500, Tokyo, Japan). The metallographic structure
of the aluminum alloy foil was observed with optical microscope (OM, ZEISS imageA1m,
Jena, Germany). Secondary phase morphology and distribution of the alloy were observed
using scanning electron microscope (SEM, MIRA3, TESCAN, Brno, Czech Republic) in the
backscattering mode. At the same time, the composition of the precipitated phase was
determined in combination with the energy spectrum diffraction analyzer provided with
the scanning electron microscope. The tensile fracture morphology and corroded surface
were observed with scanning electron microscope (SEM, VEGA3 (LaB6), TESCAN, Brno,
Czech Republic) in secondary electron mode. The chemical composition of the remaining
substances in the corrosion pit was analyzed by energy dispersive X-ray spectroscopy (EDS,
Aztec X-MaxN80, TESCAN, Brno, Czech Republic).

3. Results and Discussion
3.1. Microstructure

Figure 1 shows a typical metallographic micrograph of the Al-0.2Fe-0.06Cu alloy
ingot with different La content after homogenization. The samples had been corroded
by Keller reagent (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl and 1.0 mL HF) to show the
grain boundaries. Corresponding higher magnification images revealed that most of the
secondary phases tended to precipitate along the grain boundaries of the Al matrix. In
the La-free alloy (Figure 1a, Al-0.2Fe-0.06Cu), the grains seemed larger. When La addition
was 0.1wt.% (Figure 1b, Al-0.2Fe-0.06Cu-0.1La) and 0.2wt.% (Figure 1c, Al-0.2Fe-0.06Cu-
0.15La), the grains became finer. In order to quantitatively compare the grain sizes of alloys
with different La content, the software of IPP6.0 (Image Pro Plus 6.0, Media Cybernetics,
Rockville, MD, USA) was used to measure the grain size by the intercept method, which
evaluated more than 100 grains for each alloy. The statistical results are shown in Table 1. It
can be found that the grain size of the La-containing alloy was obviously reduced, and the
grain size was the smallest when the La content was 0.1wt.%. The grain refinement should
be attributed to the strong chemical activity of La element and heterogeneous nucleation of
Al-La compounds of intermediate alloy. During the solidification process of the alloy melt,
the La element was easy to gather at the solid-liquid front. It could form an activation film
on the surface of the grains, which could inhibit the growth of the grains and be favorable
for the grain refinement [12]. For the intermediate alloy of Al-20La, Al-La compounds had
a much higher melting temperature and good stability. Thus, in the Al-Fe-La alloy melt,
the above Al-La compounds could serve as heterogeneous nucleation points, which helped
to refine the grains of the alloy. However, when more La elements were added, the liquid
phase composition at the solid-liquid frontier would easily reach the eutectic composition
La-containing compounds.

Figure 2 shows longitudinal section microstructures of the foil alloy in different states.
Figure 2a–c are metallographic micrographs of different alloys in the cold-rolled state. It
can be observed that the grains (slender fibrous structure) of the alloys were stretched
and flattened along the rolling direction, showing fibrous tissue. In the La-free alloy
(Figure 2a, Al-0.2Fe-0.06Cu), the structure was relatively coarse. When La content was
0.1wt.% (Figure 2b, Al-0.2Fe-0.06Cu-0.1La) and 0.15wt.% (Figure 2c, Al-0.2Fe-0.06Cu-
0.15La), the microstructures were significantly refined, and strip-shaped fibrous tissue
was tighter. Figure 2d–f are the metallographic micrographs of Al-0.2Fe-0.06Cu alloy with
different La addition after heat-treatment of the cold-rolled alloy at 120 ◦C for 10 h. The
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variation of heat-treated alloy microstructure with La content was basically consistent with
that of the cold-rolled state.
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Table 1. Average grain size of the as-homogenized ingot alloys with different La contents.

Alloy Composition Al-0.2Fe-0.06Cu

La content 0wt.% La 0.1wt.% La 0.15wt.% La
Average grain size (µm) 80.80 ± 5.40 56.64 ± 5.13 60.57 ± 6.41

Comparing the metallographic images of the foil alloys in different states, it could be
found that the microstructure of the alloys did not change much. This indicates that a low
temperature heat-treatment process of 120 ◦C for 10 h had little effect on the microstructure
of Al-0.2Fe-0.06Cu alloy with different La addition. In addition, it had been observed that
after the rolling process of the alloy, the microstructure still kept the La-induced size effect
of the homogenized microstructure because the original grain size seemed to determine
the fineness of the as-rolled microstructure.

Figure 3 shows electrical conductivity of the cold-rolled and heat-treated foil alloys
with different La additions. The conductivity of the Al-0.2Fe-0.06Cu alloys in different
states had little difference. The electrical conductivity of the heat-treated alloys was higher
than that of corresponding cold-rolled alloys. This may be due to the motion of dislocation
at a given temperature. Under different treatment conditions, the influence of La content on
the conductivity was almost the same. As the La content increased from 0wt.% to 0.1wt.%,
the conductivity decreased. When the La content increased from 0.1wt.% to 0.15wt.%,
the conductivity slightly increased. This was consistent with the change in grain size.
This also shows that the grain size had a minor influence on the electrical conductivity,
and the decrease in the grain size will reduce the electrical conductivity of the alloy to a
certain extent.
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Figure 4 shows X-ray diffraction patterns of the as-homogenized ingot and heat-treated
foil alloys. As can be seen in Figure 4, α-Al matrix existed in the alloys with different La
content. Compared to the XRD pattern of the as-homogenized alloy, the phase peak
strength of α-Al in the heat-treated foil alloys was greatly weakened, and the phase peaks
of the second phases almost disappeared, which indicated that during the rolling process,
a large number of α-Al matrix and second phases were broken, and their phase peaks
were weakened.

1 

 

    

(a) (b) 

 Figure 4. XRD patterns of the alloys: (a) as-homogenized ingot; (b) heat-treated foil.

Figure 5a–c present SEM images of Al-0.2Fe-0.06Cu alloys with different La addition
after heat treatment at 120 ◦C for 10 h. The polished surface was parallel to the rolling
direction. There were many micrometer-sized particles dispersed in the Al matrix in the
three alloys and their shapes were various, including rod-shaped bars, quadrangles, ellip-
soids and irregular shapes. It could be determined through the energy X-ray spectrometer
(EDS) patterns (Figure 5d,e) that the particles indicated by the arrow and cross marks
in Figure 5a–c were AlFe and AlFeLa phases, respectively. Combined with the testing
results of the XRD diffraction pattern (Figure 4), it could be further determined that the
AlFe particles were Al13Fe4 and Al6Fe [19–21]. The morphology of particles with different
compositions was also different. Most of the AlFe phases had a rod-shape and the size
was relatively large. The AlFeLa phases were ellipsoidal and smaller. Compared to the
La-free alloy (Figure 5a, Al-0.2Fe-0.06Cu), the AlFeLa phase appeared in the La-containing
alloy (Figure 5b, Al-0.2Fe-0.06Cu-0.1La) and the number of AlFe particles was significantly
reduced with a smaller size. As the La content increased to 0.15wt.% (Figure 5c, Al-0.2Fe-
0.06Cu-0.15La), it was simultaneously observed that the number of AlFeLa phase began to
increase. The quantity of AlFe particles was further reduced. With the addition of La, the
size of the Al3Fe phase decreased as the rare earth La had strong chemical properties and
was easy to gather around the second phase [4,5].
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and AlFeLa phase (cross mark).
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3.2. Mechanical Properties

Lithium-ion batteries used in terminal equipment can be used in the range of 0 ◦C
to 35 ◦C. The ideal operating temperature range is 16 ◦C to 25 ◦C. Under certain limited
conditions, they can be stored between −20 ◦C and 45 ◦C [22]. Charging or storing
in a high temperature environment may permanently damage the battery capacity and
further accelerate the reduction of battery cycle life. Therefore, we simulated the extreme
use/storage of current collectors for lithium-ion batteries by subjecting the heat-treated
alloys to a high-temperature tensile test at 50 ◦C. Table 2 lists the room temperature and
high temperature tensile properties of the Al-0.2Fe-0.06Cu alloy with different La additions
after heat-treatment at 120 ◦C for 10 h. From Table 2, it can be seen that the tensile strength,
yield strength and elongation of alloys under different tensile temperature were close. Both
the tensile strength and yield strength decreased, and elongation increased. This could be
due to the increase in tensile temperature leading to the thermal activation energy being
increased, and the dislocation cross-sliding becoming easier, resulting in a decrease in
tensile strength and yield strength. On the other hand, the α-Al matrix softened and the
elongation slightly increased [23].

At room temperature, when the La element content was 0wt.%, the tensile strength,
yield strength and elongation of the alloy was 202.61 MPa, 190.75 MPa and 1.09%, respec-
tively; when the La content was 0.1wt.%, the tensile strength, yield strength and elongation
of the alloy were 220.50 MPa, 208.75 MPa and 1.43%, respectively. Compared to the La-
free alloy, the tensile strength increased by 8.83%, the yield strength increased by 7.62%
and the elongation increased by 31.19%. When the La content increased from 0.1wt.% to
0.15wt.%, the tensile strength, yield strength and elongation of the alloy slightly decreased.
Compared to the 0.1wt.% La addition alloy, the tensile strength decreased by 3.58%, the
yield strength decreased by 4.93% and elongation increased by 3.50%. Change of the tensile
strength, yield strength and elongation at 50 ◦C were similar to the tensile results at room
temperature. It showed that the addition of La element was beneficial to the improvement
of mechanical properties of Al-0.2Fe-0.06Cu alloy. In addition, the degree of grain refine-
ment of the alloy was consistent with the final mechanical property results. The higher
the degree of grain refinement, the better the mechanical properties were. This indicated
that for the Al-0.2Fe-0.06Cu alloy with different La content, the degree of refinement of the
microstructure played a major role in affecting the mechanical properties.

Table 2. Mechanical properties of foil the alloys under different conditions.

Alloy Composition La Content
(wt.%)

σb (MPa) σ0.2 (MPa) δ (%)

25 ◦C 50 ◦C 25 ◦C 50 ◦C 25 ◦C 50 ◦C

Al-0.2Fe-0.06Cu
0 203 ± 2 191 ± 4 193 ± 1 171 ± 2 1.1 ± 0.1 1.3 ± 0.1

0.1 221 ± 1 209 ± 2 208 ± 1 181 ± 5 1.4 ± 0.1 1.6 ± 0.1
0.15 213 ± 1 203 ± 5 198 ± 1 175 ± 5 1.5 ± 0.1 1.6 ± 0.1

Figures 6 and 7 show the fracture surfaces of the alloys under different tensile con-
ditions. Regardless of the tensile temperature, the microscopic morphology of the tensile
fracture surface of the alloys was mainly composed of dimples, which belongs to the
ductile fracture. The dimples were irregularly shaped and unevenly distributed along a
particular direction. Figure 6 shows the tested tensile fracture surface of the alloys at room
temperature. A large number of dimples were observed at the tensile fracture surface of
the alloys with different La content. With the addition of La, the dimple area tended to
become larger. This means that the La addition was beneficial to improve the plasticity of
Al-0.2Fe-0.06Cu alloy. In general, fine-grain metals have better plasticity than coarse-grain
metals. When fine grains are plastically deformed by external forces, multiple grains are
deformed at the same time. The plastic deformation is evenly distributed so that stress
concentration does not easily occur, thus yielding better plasticity.
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Figure 7 shows the fracture surface of the alloys after the tensile test at 50 ◦C. The
microscopic morphology of the tensile fracture was very similar to that of the room-
temperature tensile fracture, i.e., the ductile-dominated fractures with dimples as the main
morphology. With the increase in testing temperature, the area of the dimples increased.
Comparing Figures 6 and 7, it could be further found that the fracture morphology of the
alloy under different tensile conditions was similar. As the testing temperature increased,
the number of dimples at the fracture surface increased. Therefore, the plasticity of the
alloy was better at 50 ◦C.
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3.3. Electrochemical Performance

Corrosion is the process that slowly, progressively or rapidly damages the appearance,
surface or performance of metals under the influence of the surrounding environment,
such as atmosphere, water, seawater, different solutions and organic environments [24–27].
Different types of corrosion can occur on the aluminum surface, such as uniform corrosion,
pitting corrosion and stress corrosion [28,29]. The form of local corrosion is defined by the
formation of irregular corrosion pits on the metal surface [30]. Aluminum is susceptible to
pitting corrosion in near-neutral medium environments, which includes almost all natural
environments, such as surface moisture, seawater and humid air [31–33]. The process
of pitting corrosion can be roughly summarized as the passivation cracks and forms the
metastable pit. The pit continues to grow and become the steady state pit [34].

The Tafel polarization curves of the heat-treated alloys in 3.5wt.% NaCl solution were
measured to characterize the alloy’s electrochemical characteristics. The polarization curve
is shown in Figure 8. It can be seen that the shape of the polarization curves of the alloys
with different La content had little difference. As the La content increased, the polarization
curve shifted to the positive direction. Self-corrosion potential and corrosion current
density are two major parameters of electrochemistry. The more positive the self-corrosion
potential, the less prone the alloy is to electrochemical corrosion. A smaller corrosion
current density means slower corrosion rate when the alloy undergoes electrochemical
corrosion [35]. Table 3 shows the electrochemical parameters of the alloys obtained from
Tafel polarization curves [36], where Ecorr and Icorr represented the self-corrosion potential
and corrosion current density, respectively. It can be seen in Table 3 that, as the La content
increased, the alloy’s self-corrosion potential became more positive, and the corrosion
current density of the alloy became smaller. This indicated that, with the increase in La
content, the tendency of electrochemical corrosion of the alloy became weaker, and the rate
of electrochemical corrosion of the alloy became slower.
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Figure 9 shows the corroded surfaces of the heat-treated alloys after Tafel testing
in the 3.5wt.% NaCl solution. Obviously, corrosion of the presented alloys appeared as
pitting of aluminum alloy and further developed into local corrosion. Dimples with similar
morphology were observed at the corroded surfaces of the alloys with different La additions.
Compared to the La-containing alloys, the La-free alloys had more pits and larger pit areas.
When the La content increased from 0.1wt.% to 0.15wt.%, fewer corrosion pits were found
in the Al matrix and the distribution of corrosion pits was more dispersed. This was
consistent with the Tafel testing results of the electrochemical parameters in Table 3.
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Figure 10 shows high-magnification images of the corrosion surfaces and energy
spectrum analysis of residual materials in the corrosion pits. The morphology of the
residual material in the corrosion pits of the alloys with different La content was very
similar, and the inside of the corrosion pits were all rough microstructures. Combined with
EDS analysis, it could be concluded that the residual materials M and N in the pits were the
AlFe phase and the AlFeLa phase, respectively. And the area of the pit where the AlFeLa
phase was located was smaller. The Fe-rich phase had a high corrosion potential [37], which
was the catalytic site of the cathodic reaction and the site of pit nucleation [38]. The La
addition was beneficial to improve the corrosion resistance of the Al-0.2Fe-0.06Cu alloy,
which was mainly attributed to the following points: (1) The rare-earth elements dissolved
in the Al matrix could increase the negative potential of the Al matrix and reduce the Al
potential difference between the matrix and the precipitated second phase. (2) Compared
to the AlFe compounds, the potential of the AlFeLa compounds was lower, which further
reduced the potential difference between the Al matrix and the second phase, and thus
improved alloy corrosion resistance. The La addition promoted the formation of the second
phase of AlFeLa, while it reduced the number ofAl3Fe in the second phase in the Al matrix.
Therefore, the corrosion resistance of the three alloys was improved after the addition of La.
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4. Conclusions

In this work, the microstructure, mechanical properties and electrochemical properties
of Al-0.2Fe-0.06Cu alloys with different La content were systematically investigated. The
La addition had the effect of refining grains and reducing the number of precipitates at the
grain boundaries. It could be determined through the EDS analysis that the particles were in
AlFe and AlFeLa phases, respectively. The electrical conductivity of the heat-treated alloys
was higher than that of the corresponding cold-rolled alloys. The fracture morphology
of the alloy under different tensile conditions was similar. As the testing temperature
increased, the number of dimples at the fracture surface increased.

The electrochemical test reflected the corrosion resistance of the alloy. Compared
to the La-containing alloys, the La-free alloys had more pits and larger pit areas. As
the La addition increased from 0.1wt.% to 0.15wt.%, fewer corrosion pits were found on
the Al matrix and the distribution of corrosion pits was more dispersed. This indicates
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that the addition of La element could significantly improve the corrosion resistance of
Al-0.2Fe-0.06Cu alloy.

Owing to the high strength, good corrosion resistance and sound electrical conduc-
tivity, La-containing Al-Fe-Cu alloys are promising for application as current collectors of
lithium-ion batteries.
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