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Abstract: The increasing demand for high-performance current collectors of lithium ion secondary
batteries requires that the employed aluminum alloys have better mechanical properties and
superior electrochemical performance. The effect of Si addition on the microstructure, tensile
and electrochemical performance of Al-Fe-Cu-La alloy was investigated by optical microscopy, X-ray
diffraction, scanning electron microscopy, a tensile test, conductivity test and Tafel polarization curve
test. Experimental results indicated that Si addition to the Al-Fe-Cu-La alloy helped to refine the
longitudinal grain size of the alloy. The Si-containing phase (AlFeSi) nucleated and grew along the
surface of the AlFeLa phase. The Si addition to the Al-Fe-Cu-La alloy could greatly increase the
tensile strength in the temperature range of −20 ◦C to 50 ◦C and improve high temperature stability of
the alloy. Also, the addition of Si promoted the formation of the AlFeSi ternary phase, which helped
to improve the corrosion resistance of the alloy.
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1. Introduction

Although the electrical conductivity of aluminum is lower than that of copper, the weight of
aluminum is half that of copper required to deliver the same amount of electricity. Undoubtedly,
the use of aluminum current collectors helps to increase the energy density of lithium ion batteries.
In addition, aluminum is cheaper than copper. At the same time, since aluminum is a relatively active
metal, a dense oxide film is easily formed on the surface. During the charge/discharge cycle of the
lithium ion battery, the oxide film on the surface of the aluminum current collector improves the
corrosion resistance. Therefore, aluminum foil is often used as the current collector for positive active
material (LiCoO2, LiCo1/3Ni1/3O1/3, LiMnO2) of the lithium ion battery [1]. It is worth noting that
the drying temperature after coating the positive active material should be selected appropriately.
Under the condition that the aluminum alloy foil has a certain conductivity, we can reduce the thickness
of the aluminum alloy foil by increasing the strength of the aluminum foil, so that the surface of the
aluminum alloy foil can be coated with more active material. As a result, the battery weight can be
reduced and the specific energy of the lithium ion battery can be increased. Obviously, electrochemical
performance and mechanical properties are particularly important for current collectors.
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It is well known that the addition of rare earth elements to aluminum alloys can provide many
benefits, such as refining grain size [2–4], affecting precipitation reactions [5,6], and so forth. Tsai et al. [7]
found that the addition of less than 1.0 wt.% La resulted in complete modification of the eutectic
Si phase. The eutectic Si of the A356 alloy was not well refined before the La content was close to
1.0 wt.% and the microstructure showed a fibrous silicon structure which was similar to the Sr-modified
A356 alloy. The modification efficiency of the mechanical properties of the A356 alloy with 1.0 wt.%
La was similar to that of the commercial modifier, Sr. Huang et al. [8] found that the eutectic Si
crystals exhibited granular distribution and had the best mechanical properties when 0.3 wt.% La alloy
was added.

To date, the addition of Si to Al-Fe-Cu-La alloy has not been reported. Therefore, the purpose of
this paper is to evaluable the effect of Si addition on the microstructure, mechanical properties and
electrochemical properties of Al-Fe-Cu-La alloy by optical microscopy, scanning electron microscopy,
tensile test, conductivity test and Tafel polarization curve test.

2. Materials and Methods

The experimental materials were cold-rolled foils of Al-0.25Fe-0.1Cu-0.1La (wt.%),
Al-0.25Fe-0.1Cu-0.1La-0.1Si (wt.%) and Al-0.25Fe-0.1Cu-0.1La-0.2Si (wt.%) aluminum alloy.
The thickness of the foils was 0.07 mm. Considering the influence of drying temperature of the
positive electrode coating process on the performance of the current collector, we conducted a pre-heat
treatment of the cold-rolled current foil to simulate the influence of the pole piece drying process.
The preparation process of the pole piece is followed by aluminum alloy piece, active material coating
and pole piece drying. The pole piece coating refers to the process of uniformly coating stirred slurry
on the current collector and drying the organic solvent in the slurry. The effect of the coating has an
important effect on battery capacity, internal resistance, cycle life and safety. The choice of coating
method and control parameters have an important effect on the performance of lithium ion batteries,
mainly in the coating drying temperature control. The purpose is to remove a large amount of NMP
(N-Methyl pyrrolidone) solvent in the slurry and the moisture therein. If the drying temperature is
too low during coating, the pole piece cannot be completely dried. If the temperature is too high, the
organic solvent inside the pole piece may evaporate too quickly and the surface coating of the pole
piece may be cracked or peeled off. For the above reasons, we heat-treated the aluminum alloy foil at
160 ◦C for 10 h [9] after cold rolling.

The phase structure analysis of the alloy was carried out with X-ray diffractometer (XRD,
Rigaku D/max 2500, Tokyo, Japan). The grain structure of the aluminum alloy foil was observed
by optical microscope (OM, ZEISS imageA1m, Jean, Germany) under polarized light conditions.
The microstructure of the alloy and the second phase particles were observed with scanning electron
microscope (SEM, MIRA 3, TESCAN, Brno, Czech Republic) in backscatter mode. The corroded surface
was observed by scanning electron microscope (SEM, VEGA 3 (LaB6), TESCAN, Brno, Czech Republic)
in secondary electron mode. The composition of the second phase particles and the corroded
surface is analyzed by energy dispersive X-ray spectroscopy (EDS, Aztec X-MaxN80, TESCAN, Brno,
Czech Republic). The fracture surface of the tensile specimen was observed with scanning electron
microscope (SEM, SIRION 200, FEI, Hillsboro, OR, USA), and the component of the fracture surface
was analyzed by energy dispersive X-ray spectroscopy (EDS, INCA X-Act, FEI, Hillsboro, OR, USA).

Tensile tests were carried out on the universal material testing machine (Zwick/ROELL Z020,
Zwick Roell Group, Ulm, Germany) at 25 ◦C. The tensile speed was 1 mm/min. The high/low
temperature tensile tests were carried out with the electromechanical universal testing machine (CMT
5105, Meters Testing Machine Factory, Tianjin, China). The corresponding tensile speed was 1 mm/min.
The conductivity of the material was tested by SIGATEST 2.069 at 25 ◦C.

The electrochemical performance was measured by Tafel polarization testing with 3.5 wt.%
NaCl solution at 25 ◦C. The test sample was obtained by ultrasonic cleaning with acetone. The Tafel
polarization curve test was performed with a three-electrode system with a CHI660C (Shanghai Chenhua
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Instrument Company, Shanghai, China) panel. The working electrode, the reference electrode and
the counter electrode are respectively sample, saturated calomel electrode and platinum, respectively.
The scan of the test was scanned from −1 V to 0 V at the rate of 1 mV/s.

3. Results and Discussion

3.1. Microstructure

Figure 1 shows the longitudinal section microstructure of Al-0.25Fe-0.1Cu-0.1La alloys with
different Si content. Due to the rolling force during the rolling process, the grains are shown along the
rolling direction. We could observe that the Si-containing alloys had uniform grain size distribution
and finer grain size compared to the matrix alloy without Si element, and the average grain size
obtained by using Image Pro Plus (IPP6.0, Media Cybernetics, Washington D.C., USA) software are
43.87 µm (0 wt.% Si), 16.66 µm (0.1 wt.% Si), 19.01 µm (0.2 wt.% Si), indicating that trace of Si element
can promote the grain refinement of the aluminum [10]. This also implied that alloys with Si element
may have better mechanical properties. Simultaneously, as the grain size decreased the number of grain
boundaries increased, which caused an increase of electron scattering, which adversely affected the
electrical conductivity of the alloy. Although the grain boundary was a factor affecting the conductivity
of aluminum alloy, grain boundaries had less influence on the conductivity. In this experiment, it was
also well verified that the conductivity of 0.1 wt.% Si-containing alloy (57.01% International Annealed
Copper Standard (IACS)) and 0.2 wt.% Si-containing alloy (58.45% IACS) is slightly lower than that of
Si-free alloy (60.45% IACS) at 25 ◦C.

Figure 1. Longitudinal section microstructure of the Al-0.25Fe-0.1Cu-0.1La alloy with different Si
contents: (a) 0 wt.%; (b) 0.1 wt.%; (c) 0.2 wt.%.

Figure 2 shows XRD patterns of Al-0.25Fe-0.1Cu-0.1La alloys with different Si content. We could
find that the α-Al matrix and Al3Fe phase [11] are present in the alloys. This indicated that the
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commonly dispersed phase such as Al3Fe phase cannot be completely dissolved in the α-Al matrix
during the smelting rolling process [12]. Due to the very low solid solubility of the Fe element in the
aluminum matrix, it is mainly in the form of second phase intermetallic particles. The phase diagram
of Al-Fe shows the maximum solubility of about 0.04 wt.% at 655 ◦C. Under equilibrium conditions,
supersaturated Fe will exist as Al3Fe phase. Usually, we could observe the most intense Al peak at
38 degrees. Compared to the Si-free alloy, we could find the new phase of AlFeSi in the Si-containing
alloy. The possible reason is that the growth free energy of the AlFeSi ternary phase was lower than
that of the AlFe binary phase [13–15]. Therefore, the addition of Si element can significantly reduce the
free energy of the whole system, and the AlFe binary phase tends to shift to the AlFeSi ternary phase.

Figure 2. X-ray diffraction (XRD) patterns of the Al-0.25Fe-0.1Cu-0.1La alloys with and without
Si addition.

The AlFeSi phase formed through the addition of Si to the Al-0.25Fe-0.1Cu-0.1La alloy.
To distinguish these phases, we used SEM observation and EDS analysis to define the phases
in the alloys. Figure 3 shows the backscattered photograph of three aluminum alloys.

Figure 3. Cont.
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Figure 3. The backscattered scanning electron microscopy (SEM) images and energy dispersive X-ray
spectroscopy (EDS) patterns of the Al-0.25Fe-0.1Cu-0.1La alloys with different Si content: (a,b) 0 wt.%;
(c,d) 0.1 wt.%; (e,f) 0.2 wt.%. (b,d,f) depict the EDS patterns of AlFeCu phase (M), AlFeLa phase (N)
and AlFeSi phase (O), respectively.

In Figure 3 we can see the gray α-Al matrix, white particles of different shapes, including the
tightness of the sphere, the rod shape and the irregularity in the three kinds of alloys. Combined with
the experimental results of XRD and EDS, in Figure 3, phase M was identified as the AlFeCu [16]
phase, phases N was confirmed to be the AlFeLa [17,18] phase, and phase O was determined as the
AlFeSi phase. As shown in Figure 3, we could see that due to the addition of Si, the bright white
near rod-shaped AlFeLa phases disappears. This might suggest that AlFeLa (Figure 3a), which was
bright white near rod-shaped, tends to transition to the pale white irregular AlFeLa (Figure 3c,e).
The difference in color appearance of the two kinds of AlFeLa and AlFeSi phases was caused by the
alloying of the higher atomic number La, which provides a simple method for distinguishing the
two phases. We observe that the AlFeSi phase tends to form around the AlFeLa phase. This might
promote the spheroidization of AlFeLa phase. As a result, it might be beneficial for the second
phase strengthening.

Figure 4 shows the EDS mapping of Al, Fe, Cu, La, Si elements of Al-0.25Fe-0.1Cu-0.1La-0.1Si
alloy. It can be seen that the black AlFeSi phase tended to be dispersed around the white AlFeLa
phase. The establishment of the black-white duplex phase indicated that the AlFeLa phase acted as a
favorable nucleation site for the AlFeSi phase. The nucleation and growth process of the AlFeSi phase
could be described as follows. First, the AlFeSi phase nucleated on the surface of the AlFeLa phase
during solidification and then the AlFeSi phase grew along the surface of the AlFeLa phase. The AlFeSi
phase grew around AlFeLa phase to form the core/shell structure similar to the core/shell structure of
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Ce-containing aluminum alloys [19]. As a result, the growth of the AlFeLa phase could be suppressed
and the size of the precipitate could be refined in the Si-containing alloy. It is well known that the
formation of large compounds not only reduced the strength but also adversely affected fatigue and
impact toughness. At the same time, the finely distributed phase inhibited recrystallization, while the
coarsely distributed phase promoted recrystallization.

Figure 4. SEM image and EDS mapping of Al, Fe, Cu, La, Si elements for
Al-0.25Fe-0.1Cu-0.1La-0.1Si alloy.

3.2. Mechanical Properties

The results of the tensile test at different temperatures are presented in Table 1. With the addition
of 0.1 wt.% Si, the yield strength and tensile strength of the Si-containing alloy tested at 25 ◦C increased
by more than 30% and 23%, respectively, compared to the Si-free alloy. The main reason for the
increase in strength was that the effect of fine grain strengthening enhanced due to the addition of Si.
Meanwhile, we see that the elongation has dropped by less than 1% due to the addition of Si element.
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Figure 5 shows an SEM image of the fracture surface in the longitudinal direction tested at 25 ◦C.
Compared to the Si-free alloys, Si-containing alloys had more deep dimples and more residual phases
were observed in the dimples. Combined with the SEM image (Figure 5) and EDS analysis of the
fracture surface, we determined that the locations P and Q in Figure 5 were residuals of AlFeCu phase
and AlFeSi phase, respectively. It is well known that brittle fracture is more likely to occur around
hard intermetallic compound dispersed in the matrix than homogeneous matrix.

Figure 5. Room temperature tensile fracture of the Al-0.25Fe-0.1Cu-0.1La alloys with different Si
contents: (a) 0 wt.%; (b) 0.1 wt.%; (c) 0.2 wt.%, (d) and (e) are EDS pattern of the AlFeCu particle (P),
AlFeSi particle (Q).
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Table 1. Mechanical properties of the alloys tested at −20 ◦C, 25 ◦C and 50 ◦C.

Temperature
Alloy

σ0.2 (MPa) σb (MPa) δ (%)
Base Si Addition

−20 ◦C Al-0.25Fe-0.1Cu-0.1La
0 141.0 154.8 2.34

0.1 169.7 184.1 1.43
0.2 160.7 175.4 1.51

25 ◦C Al-0.25Fe-0.1Cu-0.1La
0 129.7 141.9 2.50

0.1 169.0 175.3 1.54
0.2 160.3 168.7 1.63

50 ◦C Al-0.25Fe-0.1Cu-0.1La
0 104.6 132.0 2.50

0.1 148.1 163.4 1.66
0.2 139.5 155.3 1.88

Like all rechargeable batteries, lithium ion batteries are also limited in terms of use but lithium
ion batteries are different from ordinary rechargeable batteries. They were very delicate and more
demanding than other batteries. Lithium ion batteries used in terminal equipment could be used in
the range of 0 ◦C to 35 ◦C, 16 ◦C to 25 ◦C was the ideal operating temperature range and they could
be stored in the range of −20 ◦C to 45 ◦C under certain restrictions. Charging or storing in the high
temperature environment might permanently damage the battery capacity and further accelerated
battery life degradation. Therefore, we simulated the current environment of the current collector by
performing high temperature stretching at 50 ◦C and low temperature stretching at −20 ◦C for the
above three alloys. The results are also shown in Table 1. It showed that the mechanical properties
of the Al-0.25Fe-0.1Cu-0.1La alloy were greatly improved when 0.1% Si was added. At 50 ◦C, the
elongation of the Si-free and Si-containing alloys remained almost the same as that at 25 ◦C, and the
tensile strength decreased by 6.98% (0 wt.%Si), 6.79% (0.1 wt.%Si) and 7.94% (0.2 wt.%Si), respectively.
The tensile strength increased by 9.09% (0 wt.%Si), 5.02% (0.1 wt.%Si) and 4.01% (0.2 wt.%Si) at −20 ◦C
compared to that at 25 ◦C. Compared to the market using the current collectors of 1070Al, 1090Al, etc.,
the mechanical properties of the Si-containing aluminum alloy could still meet the requirements of the
current collector (σb ≥ 150 MPa). In addition, at the high temperature of 50 ◦C, the yield strength of
the Si-free alloy was only 79.2 percent of the tensile strength combined with high yield strength of the
Si-containing alloys (above 89 percent of the tensile strength). It suggested that the high temperature
reliability of the Al-0.25Fe-0.1Cu-0.1La alloy was greatly improved due to the addition of Si.

The addition of Si element could effectively repair the AlFeLa particles, thereby improving
the mechanical properties of the alloy. When too much Si element was added to the alloy, a large
intermetallic phase (Figure 3e) was formed, resulting in a decrease in the tensile properties of the
alloy. With increase of tensile temperature, the heat activation energy increased, dislocation cross-slip
became easier, which resulted in a decrease in tensile strength and yield strength. At the same
time, the elongation increased due to the softening of the Al matrix [20]. To further understand the
tensile fracture mechanism, the tensile fracture surfaces of the alloys tested at different temperatures
were examined by SEM. Figures 6 and 7 show SEM micrographs of the Si-free alloy and 0.1 wt.%
Si-containing alloy after tensile testing at −20 ◦C, 25 ◦C and 50 ◦C. The fractured surfaces of the alloys
tested at different temperatures exhibited similar dimple formation characteristics. As the temperature
increased, the number of dimples increased. It could be found that the fracture surfaces of the Si-free
alloy and the 0.1 wt.% Si-containing alloy were slightly different. For the fracture surface of the
0.1 wt.% Si-containing alloy (Figure 7), micrometer sized dimples increased by 75% compared with the
Si-free alloy.
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Figure 6. Tensile fracture of the Si-free alloy tested at (a) –20 ◦C, (b) 25 ◦C and (c) 50 ◦C.

Figure 7. Tensile fracture of the 0.1 wt.% Si-containing alloy tested at (a) −20 ◦C, (b) 25 ◦C and (c) 50 ◦C.

3.3. Electrochemical Performance

Figure 8 shows Tafel polarization curves of the three kinds of alloys tested in 3.5 wt.% NaCl
solution. The corrosion potential (Ecorr) and corrosion current density (Icorr) obtained by analyzing the
Tafel polarization curve are shown in Table 2 [21]. The polarization curves of the three alloys exhibited
similar shapes. A low corrosion potential implied that the alloy was more susceptible to corrosion
and a high corrosion current density means faster alloy corrosion processes [22]. Combined with the
results of Table 2, it can infer that, with the addition of the Si element, the Si-containing alloy had a
higher corrosion potential and lower corrosion current density than that of the Si-free alloy. It was
obvious that the addition of Si improved the corrosion resistance of the Al-Fe-Cu-La alloy.
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Figure 8. Potentiodynamic polarization curves of the alloys tested in the 3.5 wt.% NaCl solution.

Table 2. Potentiodynamic polarization curves parameters of the alloys tested in 3.5 wt.% NaCl solution.

Alloy
Ecorr (mV vs. SCE) Icorr (10−6 A/cm2)

Base Si Addition

Al-0.25Fe-0.1Cu-0.1La
0 −739 6.376

0.1 −679 5.414
0.2 −695 5.615

The corrosion resistance of the present alloys depended on the passivation film and its ability to
self-heal after the passivation film was broken. The destruction of the passivation film was likely to
occur at the microdefects of the alloy. During the etching process, intermetallic particles resulted in
the potential difference between the second phase particles and the α-Al matrix in the present alloys.
When the alloys were exposed to a solution containing chloride ions, these second phase particles may
have caused localized erosion and enhanced the sensitivity of the alloy to pitting. Figures 9 and 10
present corrosion surface images of the alloys in 3.5 wt.% NaCl solution. It was obvious that the alloys
corrosion was in the form of aluminum alloy pitting. Pits with similar morphology were observed on
the surface of three alloys. Compared to the Si-containing alloy, Si-free alloy had more pits and the
larger pitting area. This further confirmed that the corrosion resistance of the alloys improved with
the addition of Si. Combined with EDS analysis, we can find that the residual substance in the pit
was the Fe-containing phase (see the R and S regions of Figure 10) [23]. The presence of Fe-containing
intermetallic compound particles adversely affected corrosion resistance, since the Fe-rich phase was
the catalytic site for the cathodic reaction and the site for pit nucleation [24,25].

Since the corrosion potential between the Fe-containing intermetallic phase and the matrix was
different, the etching pit preferably started at the location of the Fe-containing second phase particles.
The Fe-containing particles of the local cathode enhance the cathodic reaction [11,26], resulting in local
corrosion near the Fe-containing site. As a result, the α-Al matrix was preferentially dissolved in the
vicinity of the Fe-containing second phase particles. The high Fe content of Al3Fe was advantageous
for the cathodic reaction, typically oxygen reduction, which results in an increase of the local PH of
the solution adjacent to the intermetallic particles. Local alkalization caused the Al matrix around the
Al3Fe particles dissolved while the inclusions remain inert (Although in some cases, local dissolution
of the matrix destroyed the particles, causing particles to be lost from the surface) [23]. The Al3Fe
phase transition to the AlFeSi phase due to the addition of Si, which reduced the effect of Fe on the
anode and cathode reaction rates [27]. Thus, the formation of AlFeSi phase may help to improve the
corrosion performance of the Al-Fe-Cu-La alloy.
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Figure 9. Corrosion surface morphology of the Al-0.25Fe-0.1Cu-0.1La alloys with different Si contents:
(a) 0 wt.%; (b) 0.1 wt.%; (c) 0.2 wt.%.

Figure 10. Cont.
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Figure 10. Corrosion surface morphology of the Al-0.25Fe-0.1Cu-0.1La alloys with different Si contents:
(a) 0 wt.%, (b) 0.1 wt.%, (c) 0.2 wt.%, (d) EDS pattern of AlFe particle at R region, and (e) EDS pattern of
AlFeSi particle at S region.

4. Conclusions

In this work, the effects of Si addition on the microstructure, mechanical properties and corrosion
behavior of Al-Fe-Cu-La alloy were systematically studied. Grain size was strongly influenced by the
addition of Si. The addition of Si resulted in the formation of AlFeSi particles and the AlFeSi phase
nucleated and grew along the surface of the AlFeLa phase.

The addition of Si promoted the refinement of the grain in the Al-Fe-Cu-La alloy. Due to Si
addition, the strength of the alloy in the temperature range of −20 ◦C to 50 ◦C was greatly improved
and the high temperature stability of the alloy was also greatly enhanced. Meanwhile, the effect of Si
addition on the alloy conductivity was acceptable. Compared with Si-free alloys, Si-containing alloys
have more micrometer sized dimples on the fracture surface in the temperature range of −20 ◦C to
50 ◦C.

Smaller and fewer pits on the corroded surface were found with the Si-containing alloy.
The addition of Si promoted the conversion of AlFe binary phase particles to AlFeSi ternary phase
particles, which helped to improve the corrosion resistance of the alloy.

In view of this article, the addition of silicon to aluminum alloys greatly enhances their mechanical
and electrochemical properties. The above studies do not fully explain the mechanism. The mechanism
of improving properties by adding silicon needs further study.
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