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Abstract 
 
To improve the mechanical properties of casting aluminum-copper alloy, the mixed rare earth (RE) was added to ZL206 and its properties 
and the enhanced mechanism of alloy were researched. The results showed that the strength and hardness of the composite were improved 
by 10.2% and 6.2%, respectively. After adding mixed RE, which was led by the heterogeneous enrichment area blocking the growth of the 
α-Al phase and making grain refinement during the solidification process. The simulation results of RE surface adsorption models by first 
principles also showed that the elastic constant calculation improved the bulk modulus, shear modulus, and Young's modulus of the material. 
The addition of mixed RE enhances the strength and hardness, although it adversely affects toughness and reduces the machining index. 
Also, the work function decreased, and the Fermi level increased, reflecting that the electron locality on each band was strong and the 
bonding state of the alloy system was covalent, which showed that the corrosion resistance was enhanced after adding mixed RE. It provides 
a new method for the mechanism of RE-modified aluminum-copper alloys and expands the direction of cast aluminum-copper alloy 
modification. 
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1. Introduction 
 
Casting aluminum-copper alloy has the advantages of low 

density, high specific strength, and high specific stiffness, which 
was widely used in vehicle engineering, aerospace, military 
equipment, and other fields, occupying an irreplaceable position in 
the lightweight production of complex internal cavity parts [1, 2]. 
However, aluminum alloy has low surface hardness and weak 
mechanical resistance, so its application field cannot be expanded 
in a broader range. Nowadays, many scholars try to obtain casting 
aluminum alloys with excellent properties by optimizing alloy 

formulas, improving the heat treatment process [3-5], optimizing 
processing technology [6, 7], and other methods. Modifying by 
adding active rare earth metal (RE) elements is a hot spot in current 
research. 

Regarding rare earth optimization alloy formulation, scholars 
have analyzed the effect of adding elements on the properties of the 
alloy by using experimental and simulation methods. Researchers 
have found that rare earth elements located in the third subgroup of 
the periodic table have particular 4f subaltern layer electrons, active 
chemical properties, low binding energy, and easy to react with 
external elements [8], and quickly form precipitated phases with 
high thermal stability with Al, Cu, Mg and other elements [9-12]. 
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Shikun [13, 14] studied the effects of adding Ce with a mass 
fraction from 0 to 6wt.% on the solidification zone, solidification 
volume change, hot cracking tendency, and casting structure of Al-
4.5Cu alloy. It was pointed out that the casting performance was 
significantly improved after the addition of 4wt.% Ce. Belov [15] 
used the element Ce to develop creep-resistant aluminum alloys 
and transition metals with high and low solubility, and his research 
results showed that aluminum solid solutions should be used. An 
alloy containing soluble transition metals (Zr, Mn, and Cr) and a 
second phase containing low soluble transition metals (Fe, Ni, Ce) 
results in an optimal combination of creep strength and casting 
properties. In addition, Nikolay A [16] carried out related research 
on alloys of the Al-Ce-Ni system, and the results showed that the 
Al-Ce-Ni ternary eutectic system (12wt.%Ce, 6wt.%Ni) showed 
good mechanical properties and excellent casting properties at 
room temperature and high temperature. The above studies verified 
the metamorphic effect of rare earth elements on aluminum alloys 
by experimental means. However, the deeper mechanism of action 
has not been explored, and the microstructural changes in the 
process of alloy property changes have not been explored, and the 
results have only been recorded from a macroscopic point of view. 
Although the above studies have guided the production practice, it 
is no doubt that there is still room for improvement. 

With the development of material calculation theory, the 
calculation of properties of aluminum alloy modified by adding 
rare earth has become more and more thorough. First-principles 
calculations, a simulation research method based on density 
functional theory, were more widely applied in materials research 
[17, 18]. Just as Yan, Yue, et al. [19, 20] studied the mechanism of 
Ce modifying the photoelectric properties and electronic structures 
of SiO2 and ZnO, The results show that the excitation energy of 
plasma is reduced by the introduction of Ce element, indicating that 
Ce doping is an effective strategy to improve the optical properties 
of SiO2. Zhang, Y.Hauang [21-23] calculated the electronic 
structure, elastic constants, and mechanical properties of Al2Cu and 
Al2CuMg, two typical precipitates in Al-Cu-Mg alloys. The results 
show that the Al2Cu phase has higher electronic structure stability 
and better mechanical properties as a strengthening phase in Al-Cu 
alloys. Based on the calculation of the surface adsorption model, 
P.Cornette et al. [24] found that the Al2Cu (001) surface exhibited 
higher work function and stronger corrosion resistance in the 
adsorption behavior of aluminum alloy surface. The application of 
first principles fills the gap in the microscopic study of aluminum 
alloy modification. However, the traditional first-principles 

research is used to analyzing the internal changes of alloys with a 
series of numerical simulation results, which needs more practical 
proof, so it is necessary to add physical verification experiments to 
the research process. 

In order to get the high performance aluminum alloys, it is not 
only necessary to carry out experimental verification studies but 
also to analyze the mechanism of adding alloying elements to the 
material modification. This study is based on the performance of 
casting aluminum-copper alloy ZL206 after adding rare earth (La, 
Ce). ZL206 is mainly used in the production field of medium-sized 
castings, which require high rigidity, static solid load capacity, and 
small deformation. The changes in strength, hardness and plasticity 
before and after adding rare earth were measured, and the 
metallographic structure and fracture morphology were observed. 
Then, the Al2Cu (001) surface model and the surface growth 
stacking model before and after the adsorption of mixed RE was 
established, and the model energy changes before and after the 
adsorption of mixed RE were analyzed for the stability of different 
adsorption modes and adsorption sites. The effects of mixed RE on 
the properties of cast aluminum-copper alloys are also reflected by 
the work function and elastic constants. Finally, the internal 
mechanism of mixed RE modified casting aluminum-copper alloy 
was explored by combining the experimental and calculation 
results. Compared to traditional research methods, this study 
combined the advantages of first-principles simulation and 
physical experiments. It carried out research and analysis from a 
dual perspective, found the bridge of communication between 
micro and macro phenomena. It is expected to find the essence of 
the mechanism of rare earth modified aluminum alloys. 

 
 

2. Experiment 
 
 
2.1. Experimental material composition, 
preparation process and testing methods 
 

Al-8Cu-2Re-Mn aluminum-copper alloy (ZL206) was 
prepared, and its chemical element composition is shown in Table 
1 [25]. The Al-La-Ce intermediate alloy containing a certain mass 
fraction of rare earth elements as a strengthening additive, and the 
intermediate alloy composition is shown in Table 2.         

 
Table 1.  
Chemical element composition and content of Al-8Cu-2Re-Mn aluminum copper alloy (ZL206) (wt.%) 

Element Cu Mn Re Zn Zr Fe Others Al 

Content 7.6-8.4 0.7-1.1 1.5-2.3 0-0.4 0.1-0.25 0-0.25 0-0.15 allowance 
 
Table 2.  
Chemical element composition and content of Al-La-Ce intermediate alloy (wt.%) 

Element La Ce Fe Si Al 

Content 5.19 4.7 0.06 0.05 allowance 
 

The preparation process was as follows: the material of the 
ZL206 alloy was just like the aluminum ingots (99.99wt.%, 

Yunnan Al Co. LTD), copper rods (T2, 99.5wt%), Al-Zn 
intermediate alloy (10wt%, Chongqin Shunbo), Al-Zr intermediate 
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alloy (4.65wt%, Chongqin Shunbo) were added and melted in a 
graphite crucible. After the melt was prepared, the Mn was added 
by agent (75wt%, Yunnan Al Co. LTD) was pressed into the melt. 
And then, a motor agitator is used to stir the melt. The alloy without 
the addition of rare earth needed to be insulated by a nitrogen 
atmosphere for refining, slag removal and standing for 20 minutes 
before pouring the test rod. For the alloy liquid with rare earths, the 
temperature of the aluminum liquid needs to be reduced to about 
600°C and then the Al-La-Ce intermediate alloy (alloy element was 
shown in Table 2) was added. After the Al-La-Ce intermediate 
alloy was completely melted, the crucible temperature was raised 

to about 750°C and stirred with a motor agitator. After that, the 
refining, slag removal and pouring steps were repeated as for the 
normal alloy. Both different metal liquids were poured into the 
mold that had been preheated to 200-300℃, the target test rod was 
obtained after 5 minutes of air cooling. The main elements of rare 
earth modified alloy are shown in Table 3. The group containing 
rare earths is named Group A, while the group without rare earths 
is named Group B. The outline and dimensions of the test bars are 
shown in Fig. 1, which was satisfied with the Chinese standard 
GB/T228-2002 [26]. 

 
Table 3.  
Element composition and content of real casting ZL206 (wt.%) 

Element Cu Mn Zn Zr La Ce Others Al 
Content 8.0 0.85 0.3 0.2 1.0 1.0 0.02 allowance 

 

 
Fig. 1. Outline and dimensions of test bars 

 
Finally, experiments were conducted to investigate the tensile 

strength, elongation, hardness, metallographic structure, and 
fracture morphology of the two groups of test rods, and a series of 
data were collected for analysis. The tensile strength and elongation 
were tested by a testing machine (WAW-300). The hardness was 
tested by an HBRVU-187.5 Optical Blovey hardness tester. The 
metallographic structure before and after corrosion (Etching 
solution formula: 5mlHF+25mlHNO3+30mlH2O) was recorded by 
4XC-MS metallographic microscope. The fracture morphology of 
the sample was recorded by scanning electron microscope (Sigma 
300). 
 
 
2.2. Calculation model construction 
 
2.2.1. Model construction 

The Visualizer module of Materials Studio 2020 software was 
used to build the simulation calculation model of this study. As 
shown in Fig.2 (a), the adsorbent of the adsorption model is the La-
Ce molecule, La atom, and Ce atom. The adsorption substrate is 
shown in Fig.2 (b), the space group of Al2Cu is P4/mmm[26] 
belonging to the tetragonal-crystal system, and the lattice constants 
are: a=b=4.10518 Å, c=2.89131 Å, α=β=γ=90°, V=48.7259 Å3. 
The axial growth surface of Al2Cu (001) was selected as the 
adsorption surface. The selection was based on previous 
conclusions. P.Cornette [24] found that the surface of Al2Cu (001) 
has higher work function and stronger corrosion resistance, so the 

surface of Al2Cu (001) was selected in this study. The Al2Cu (001) 
surface is a polar surface, according to the different types of polar 
surface atoms, the Al2Cu (001) surface can be divided into two 
cutoff modes: Al-Al2Cu and Cu-Al2Cu, as shown in Fig.3 (a) and 
(b). 

In order to maximize the simulation of the actual surface 
adsorption state, a series of models were built to simulate the 
adsorption states of three adsorption substances. The La atom, Ce 
atom, and La-Ce compounds are respectively adsorbed at different 
positions on two cutoff surfaces of Al2Cu (001). 

Fig.4 (a) and (b) show the highly symmetric adsorption 
positions of La and Ce atoms on the two cutoff surfaces, namely 
the top (T), bridge (B), and vacancy (V), respectively. The tiny 
atoms represent the La and Ce atoms, and the large atoms are the 
surface atoms to be adsorbed. Fig.5 (a) and (b) show the highly 
symmetric adsorption positions of La-Ce molecules on the two 
cutoff surfaces. The two stacked atoms represent La-Ce molecules, 
the large atom representing the adsorbed surface atom. 

The adsorption models of different cutoff surfaces are shown 
in Fig.6 (a). It illustrates two adsorption modes of each adsorbent 
on the Al-Al2Cu (001) surface. The left model in Fig.6 (a) 
represents the adsorption of the La-Ce compound, while the right 
model depicts the adsorption of La or Ce elements as free atoms on 
the surface. Fig. 6 (b) demonstrates the behavior of various 
adsorbents on Cu-Al2Cu (001). Both models are shown with the 
adsorption site vacancy (V) as an example. 

Based on the above operation, the adsorption model of 18 kinds 
of mixed rare earth (La, Ce, La-Ce) on the surface of Al2Cu (001) 
was established. In the model, the number of atomic layers of the 
adsorption base is 9, the thickness of the vacuum layer is 10 Å, the 
middle three layers of the adsorption base are fixed, and the upper 
and lower three layers are used for surface relaxation. The length 
of the La-Al bond is 1.95 Å, the La-Cu bond is 2.05 Å, the Ce-Al 
bond is 1.75 Å, and the Ce-Cu bond is 1.85 Å. 
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(a) Adsorbent La-Ce molecules/La/Ce atoms        (b) Adsorption substrate Al2Cu protocell 

Fig. 2. Adsorption Model 
 

                                                                        
(a)Al-Al2Cu (001) Surface layer model                   (b)Cu-Al2Cu (001) Surface layer model 

Fig. 3. Surface layer model of Al2Cu (001) 
 

                                                  
(a) The adsorption sites of La or Ce on Al-Al2Cu (001)    (b) The adsorption sites of La or Ce on Cu-Al2Cu (001) 

Fig. 4. La or Ce atoms adsorbed at different cutoff surfaces 
 

                  
(a) The adsorption sites of La-Ce on Al-Al2Cu (001)     (b) The adsorption sites of La-Ce on Cu-Al2Cu (001) 

Fig. 5. Adsorption positions of Ce-La molecules at different cutoff surfaces 
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(a) Different adsorption modes of Al-Al2Cu (001)    (B) Different adsorption modes of Cu-Al2Cu (001) 

Fig. 6. Adsorption states of various adsorbents at different cutoff surfaces 
 

2.2.2. Calculation method 
The simulation calculations in this study were performed using 

the Vienna Ab initio Simulation Package (VASP) [27, 28], based 
on the first-principles method of density functional theory (DFT). 
The interaction between nuclei and valence electrons was described 
using the Projector Augmented Wave (PAW) method, and the 
electron wave function was developed using the plane wave group 
method. The exchange correlation between electrons was 
processed using PBE functional under generalized gradient 
approximation (GGA) [29], with all K-points in the Brillouin 
region taken as 8×8×1. Valence shell electron configuration is Al-
3s23p1, Cu-3d104s1, La-5d16s2, Ce-4f15d16s2. After conducting a 
convergence test, the plane wave truncation energy was determined 
to be 600 eV. The self-consistent cycle (SCF) was used to solve the 
Kohn-Sham equation. The energy convergence value was set at 
1×10-5 eV/atom, and force convergence was controlled within -0.01 
eV/nm. Additionally, traditional methods showed significant 
deviation for the outer orbits of La and Ce elements; hence, this 
research employed the DFT+U method to correct calculation 
results. The Hubbard U value for La/Ce elements is 6.0 eV [30, 31], 
while the J value remains at 0 eV. 
 
(1) Work function and adsorption energy 
 

Calculation of adsorption energy: In the simulation calculation, 
the structure of the established adsorption model is first optimized 
to ensure that the crystal cell is in its ground state. Subsequently, 
the energies of the adsorbent and adsorption substrate are 
calculated individually before and after they combined different 
adsorption sites on the Al2Cu (001) surface. The equation (1) is 
then employed to determine the adsorption energy of mixed rare 
earth elements (La, Ce) on the surface of Al2Cu (001) [32]. In 
equation (1), Ead represents the adsorption energy, EX/as denotes the 
total energy of the surface model after adsorption where X=Al/Cu 
signifies either an aluminum cutoff surface or a copper cutoff 
surface respectively, and as represents each specific type of 
absorbed substance. Eas refers to the energy of an individual 
Adsorbed substance. When X/as = Al-La-Ce, EX/as represents the 
total energy of La-Ce molecules adsorbed to the Al cutoff surface, 
And so it goes for other models. Lastly, EX is the energy of the 
surface model of the adsorption substrate Al2Cu (001). 

 
𝐸𝐸𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑋𝑋/𝑎𝑎𝑎𝑎 − 𝐸𝐸𝑎𝑎𝑎𝑎 − 𝐸𝐸𝑋𝑋                                                                            (1) 
 

The electron work function is defined as the minimum energy 
required for electrons to escape from the interior of a solid material 
to the surface of a solid [33]. It is also defined as the minimum work 
required for an electron to escape from the Fermi level to the 
vacuum level. The results show that the electron work function is 
closely related to the corrosion potential and can be used as a 
sensitive parameter to study the corrosion wear mechanism. This 
parameter reflects the corrosion tendency of the material itself and 
can be calculated by equation (2) [34]. 
 
𝑊𝑊𝑥𝑥/𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑉𝑉𝑎𝑎𝑎𝑎 − 𝐸𝐸𝐹𝐹                                                                                          (2) 
 

In the equation (2), Wx/as represents the electronic work 
function after adsorption of the Al2Cu (001) plane by mixed RE 
adsorbent. EVac denotes the vacuum energy level of the material, 
and EF is its Fermi energy level. To gain an intuitive understanding 
of how La and Ce adsorption on the surface affects the material's 
work function, we calculated the difference in work function before 
and after adsorption for analysis, as shown in equation (3). 
 
∆𝑊𝑊 = 𝑊𝑊𝑋𝑋−𝐴𝐴𝐴𝐴2𝐶𝐶𝐶𝐶 −𝑊𝑊𝑎𝑎𝑎𝑎                                                                                  (3) 
 

In equation (3), ∆W represents the difference in work function 
before and after the adsorption of each surface model, while WX-

Al2Cu denotes the electronic work function of the adsorption base. 
There are two different cutoff surfaces: WAl-Al2Cu =4.12 when X=Al, 
and WCu-Al2Cu =4.23 when X=Cu. Compared with the value 
calculated by previous researchers[36], WAl2Cu =4.10, the error is 
insignificant, and thus the calculated results are considered reliable. 

Fig.7 is an example of calculating the electronic work function 
on the surface of Al2Cu (001) without adsorption. Z on the X-axis 
represents the vertical height of the material surface, and V on the 
Y-axis represents electrostatic potential energy. The interval closer 
to the surface can be observed to exhibit periodic changes in 
electrostatic potential energy, which is due to the regular 
arrangement of electrons in the surface layer of the material. In the 
vacuum region away from the surface, the energy curve converges 
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because no electrons are present. The platform value corresponds 
to the value of the electron work function when the Fermi level is 
zero on the Y-axis. 

 

    
(a) Work function of Al-Al2Cu (001)            (b) Work function o Cu-Al2Cu (001) 

Fig. 7. Diagram of Work Function Calculation 
 

(2) Elastic constant and mechanical properties 
 

The elastic constant describes the stiffness of the crystal in 
response to the applied strain ε. When the strain is slight, the 
internal energy of the system is related to the strain in a quadratic 
linear way. Based on this energy strain relation, the relation 
between stress and strain can be obtained by loading the strain in 
different directions and sizes of the crystal, and the elastic constant 
of the crystal can finally be converted. 

Al2Cu crystal belongs to the tetragonal system and has six 
independent elastic constants Cij, (C11, C12, C13, C33, C44, C66). 

According to the requirements of Born mechanical stability 
conditions, the elastic constants can be used as the basis for judging 
the mechanical stability of intermetallic compounds. The stability 
standard of the tetragonal system is C11>0, C33>0, C66>0, C44>0, 
C11-C12>0, C11+C33-2C13>0, 2C11+2C12+C33+4C13>0 [36]. Only 
crystals with elastic constants meeting the above standards can 
exist statically. The calculated results of elastic constant of this 
study in Table 4 are basically the same as the calculated results of 
reference [37]. It means this the calculation method is reliable. 
Then, the elastic constants of other adsorption models after 
geometric optimization were calculated. 

 
Table 4.  
Comparison of the calculated results in this study with those in the references 

Calculated object C11/ (GPa) C12/ (GPa) C13/ (GPa) C33/ (GPa) C44/ (GPa) C66/ (GPa) 

References [37] 185.0 12.0 68.0 142.0 51.0 38.0 
This study 189.5 12.2 70.0 136.4 58.7 53.3 

 
The elastic properties of materials directly related to elastic 

constants can be represented by bulk modulus B, shear modulus G, 
Young's modulus E, and Poisson's ratio υ. The volume modulus B 
and shear modulus G can be obtained by Voigt Reuss Hill 
approximation, and the calculation method is shown in equations 
(4)-(8) [38]. 
 
𝐵𝐵𝑣𝑣 = 𝐵𝐵𝑅𝑅 = 𝐶𝐶11+2𝐶𝐶12

3
                                                                      (4) 

 
𝐺𝐺𝑣𝑣 = 3𝐶𝐶44+𝐶𝐶11−𝐶𝐶12

5
                                                                         (5) 

 
𝐺𝐺𝑅𝑅 = 5𝐶𝐶44 (𝐶𝐶11−𝐶𝐶12)

4𝐶𝐶44+3 (𝐶𝐶11−𝐶𝐶12)
                                                                    (6) 

 
𝐵𝐵 = 𝐵𝐵𝑣𝑣+𝐵𝐵𝑅𝑅

2
                                                                                     (7) 

 
𝐺𝐺 = 𝐺𝐺𝑉𝑉+𝐺𝐺𝑅𝑅

2
                                                                                    (8) 

 

In the equations 4-8, Bv, Gv, BR, GR, B, G, and others are 
calculated using the Vogit, Reuss, and Hill methods for bulk 
modulus and shear modulus, respectively. There are also Young's 
modulus E and Poisson's ratio υ associated with parameters B and 
G, The calculation method is shown in the following equations 9 
and 10 [36]. 
 
𝐸𝐸 = 9𝐵𝐵𝐺𝐺

3𝐵𝐵+𝐺𝐺
                                                                                      (9) 

 
𝑣𝑣 = 3B−2G

2 (3B+G)
                                                                                (10) 

 
The bulk modulus and Young's modulus can evaluate the 

ability of the material to resist deformation under stable pressure. 
The higher the value, the better the stiffness of the material, and the 
less elastic deformation will occur. G and υ are often used to 
measure the ability of a material to resist shear deformation. The 
greater the values, the better the plasticity of the material. The 
change in ductility and tough-brittleness of the material can also be 
predicted by a general criterion introduced by Pugh [38]. That is, 
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when the ratio B/G of the bulk modulus B to the shear modulus G 
is more significant than 1.75, the material shows plasticity. 
otherwise, it is brittle. The greater the ratio, the better the 
plasticity[39]. 

In equation (11), HV represents the predicted Vickers hardness 
theory value of the material, which was calculated by Candan et al. 
[40] based on a new theoretical model proposed by Pugh modulus 
ratio k=G/B [38]. It can be calculated by equation (11). The 
changing trend of HV indirectly reflects the performance changes 
of the calculated material. 
 
𝐻𝐻𝑉𝑉 = 2 (𝑘𝑘2𝐺𝐺)0.585 − 3                                                              (11) 
 

Sun et al. [41] proposed a theoretical model to predict 
mechanical properties of materials based on elastic constants, and 
the calculated result value was called machining index uM. It can 
be calculated by equation (12), The higher the value, the better the 
material's machinability. For metal materials, the production not 
only puts forward the requirements on the material's performance 
but also needs good process performance, and excellent 

machinability significantly improves the scope of application of the 
material. 

 
𝑢𝑢𝑀𝑀 = 𝐵𝐵/𝐶𝐶44                                                                                                         (12) 
 
 

3. Result analysis 
 
 
3.1. Analysis of mechanical property results 
 

Table 5 shows the results of three kinds of mechanical 
properties of composite materials under the experimental design. 
In order to reduce the error caused by the experiment, three samples 
are taken for mechanical property testing. The experimental groups 
1-3 are three samples of Al-8Cu-2Re-Mn alloy, while the samples 
of Al-8Cu-2Re-Mn-0.5La-0.5Ce alloy after adding Al-La-Ce are 
groups 4-6. 

 
Table 5.  
Mechanical properties of composites before and after al La, Ce addition 
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1 185   83.7   4.6   
2 193 189 3.27 82.5 84.5 2.04 3.3 4.3 0.64 
3 189   87.3   4.7   
4 199   95.1   3.3   
5 213 211 9.09 98.5 97.2 1.50 2.7 2.9 0.28 
6 221   98.0   2.7   

 
As can be seen from Table 5, the strength and hardness of Al-

8Cu-2Re-Mn-La-Ce alloy are significantly improved after the 
addition of Al-La-Ce, while the elongation of Al-8Cu-2Re-Mn 
alloy is decreased. According to the average value of the data in 
Table 5, the strength and hardness of the composite material after 
adding Al-La-Ce are 211 MPa and 97.2 HV, which are respectively 
increased by 11.6% and 15%(189 MPa and 84.5 HV) compared 
with the original alloy material. Elongation is 2.9%, 33% lower 
than 4.3% of the raw material alloy. ZL 206 requires an external 
force to push out the work parts during the release process of 
casting. If the plastic deformation performance is good, which 
means the part will be easy to deform in the process of ejecting the 
workpiece, resulting in the shape and size of the workpiece 
changing. On the whole, adding mixed rare earth (La-Ce) is 
beneficial to improve the mechanical properties of cast aluminum 

alloy Al-5Cu-Mn, especially in terms of strength and hardness, but 
the elongation is somewhat reduced. 
 
 
3.2. Analysis of microstructure results 
 
3.2.1. Metallographic structure 

Fig. 8. shows the raw material of Al-8Cu-2Re-Mn and the 
composite material of Al-8Cu-2Re-Mn-La-Ce after adding Al-La-
Ce intermediate alloy. Among them, Fig.8 (a) and 8 (b) are the 
metallographic structure distribution of Al-8Cu-2Re-Mn (sample 
2) before and after the surface corrosion, and Fig. 8 (c) and 8 (d) 
are the metallographic structure distribution of Al-8Cu-2Re-Mn-
La-Ce (sample 6) before and after the surface corrosion. 
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(a)  (b)  
 

(c)  (d)  
Fig. 8. Metallography of samples before and after corrosion (a) the metallographic structure of the corroded Al-8Cu-2Re-Mn alloy, 

(b) the microstructure diagram of the corroded Al-8Cu-2Re-Mn alloy, (c) the microstructure diagram of the uncorroded Al-8Cu-2Re-Mn-
La-Ce alloy, (d) the microstructure diagram of the corroded Al-8Cu-2Re-Mn-La-Ce alloy 

 
It can be observed from Fig. 8 (a) that before corrosion, black 

clumps with different sizes and density distributions are scattered 
out on the surface of the aluminum matrix, showing chaos on the 
whole. With a high probability, the phases such as Al2Cu, Al6Mn, 
and Al3Re precipitated randomly and distributed uniformly on the 
surface of the aluminum matrix without apparent aggregation 
phenomenon [42, 43]. However, it can be observed from Fig. 8 (c) 
that after the addition of mixed RE aluminum alloy surface along 
the grain boundary, there are apparent long needle-long strip 
enrichment structures. The structure has a green color and strong 
contrast with the aluminum matrix, and the surface is smooth and 
uniform. In addition, the surrounding small point-like block 
structures are clustered, and there is an apparent second-phase 
concentration. 

H.c.Liao et al. [43] had confirmed that rare earth elements 
would preferentially precipitate along the grain boundary edge, and 
various second phases containing rare earth would also precipitate 
along the rare earth-rich area. It means that the addition of rare earth 
elements dramatically affects the process of grain boundary and 
second-phase formation in aluminum alloy. The growth 
distribution of this second phase also has a significant impact on 
the various properties of the material. The aggregation of the 
second phase strengthens the bonding tightness of the interface and 
enhances the strength and hardness of the material to a certain 
extent. 

By comparing Fig. 8 (b) and Fig. 8 (d), it can be observed that 
the addition of mixed RE on the corrosion performance of the 
material. Fig. 8 (b) shows that the surface of the aluminum matrix 
generally produces black shadows and shallow corrosion 
structures, and the corrosion path spreads along the grain 
boundaries to a certain extent. The depth of corrosion per unit area 
is not significant, but the coverage area of the corrosion area is vast. 

In Fig. 8 (d), the corrosion situation has changed significantly. 
It can be observed that there are apparent skeletal corrosion veins 
in the metallographic diagram, and the corrosion degree in the veins 
is more profound than that in Fig. 8 (b). Meanwhile, the surface of 
the aluminum matrix around the veins remains bright. It is shown 
that the aluminum matrix is protected preferentially in the corrosive 
environment. Combined with the observation results in Fig. 8 (c) 
and Fig. 8 (d), it is reasonable to believe that the priority corrosion 
is the second phase, such as Al8Cu4Ce, Al3CuCe, and Al6Cu6La in 
the rare earth enrichment region [44-46]. To a certain extent, this 
shows that in a corrosive environment, the second phase containing 
rare earth is preferentially corroded as the anode. At the same time, 
the aluminum matrix is protected as the cathode. The addition of 
mixed RE indirectly enhances the corrosion resistance of the 
material. 

 
3.2.2. Fracture structure 

In order to compare the reinforcement effect of mixed rare earth 
elements (La, Ce) on the alloy material, the fracture morphology of 
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the samples with the best strength and hardness (sample 2 and 
sample 6) of the alloy material after tension was photographed and 

analyzed. The characterization results are shown in Fig. 9 and Fig. 
10. 

 

   
(a) Fracture morphology sample 2                 (b) A zone enlarged 

Fig. 9. SEM of fracture morphology of sample 2 
 

      
(a) Fracture morphology sample 6                           (b) B zone enlarged 

Fig. 10. SEM of fracture morphology of sample 6 
 

Fig. 9 shows the fracture morphology of sample 2. The fracture 
morphology of sample 2 shows a scarp structure with uniform and 
dense fracture, and the scarp is attached to a flat platform structure. 
It can be seen that the platform grows along the scarp and 
preferentially fractures the scarp, leaving a large number of tearing 
rib structures. The angle of these tearing edges is sharp, and the 
cliffs in small areas are steep. This fracture surface makes the crack 
path more complicated, improves the strength of local areas, and 
limits the expansion of cracks, which is conducive to enhancing the 
material's ductility and improving the strength and hardness of the 
material. 

After adding Al-La-Ce intermediate alloy, the fracture 
morphology of the sample changes obviously. As shown in Fig. 10, 
the fracture of sample 6 shows a lot of cross-sectional platform 
structures. This kind of structure has a significant impact on the 
internal anisotropy of the material. This kind of platform structure 
is very resistant to the load perpendicular to the platform direction. 
Just like it is easier to snap a pencil from the side than pull a broken 
pencil from the front. At the same time, from the enlarged Fig. 10 
(b), it can be observed that the width of the material crack gradually 
expands from the middle of the platform to the periphery. It shows 
that the resistance of the structure to transverse load is weak, and 
the addition of rare earth materials reduces the transverse strength 

and shear resistance of the material and negatively affects the 
plasticity of the material. 
 
 
3.3. Analysis of calculation results 
 
3.3.1. Work function and adsorption energy 

Classify and summarize the data on the electronic work 
function and surface adsorption energy calculated in this study. 
Two tables were prepared based on different cutoff surfaces and 
adsorption points. Tables 6 and 7 show the calculation results of 
adsorption energy and work function for different adsorbents of 
mixed RE adsorbed on Al2Cu (001) surfaces with different cutoff 
surfaces. The difference ΔW between the work functions calculated 
in Tables 6 and 7 is calculated based on WAl-Al2Cu =4.12 and 
WCu-Al2Cu =4.23, respectively. The results show that the adsorption 
energy generated by the 18 adsorption modes of mixed rare earth 
elements (La, Ce) on the surface of Al2Cu (001) ranges from -1.43 
to -4.47 eV. All of these are lower than the physicochemical critical 
adsorption energy (-0.415 eV) [32], indicating that multiple 
adsorption modes of mixed rare earth elements on the surface of 
Al2Cu (001) can generate stable chemical adsorption.  

 

A zone 
 

B zone 
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Table 6. 
Work functions and adsorption energies of various adsorption modes on the Al cutoff surface 

Adsorption Position Fermi level 
EF (eV) 

Vacuum level 
EVac (eV) 

Work 
function 
Ex/as (eV) 

Work function 
difference 
ΔW (eV) 

Adsorption 
energy 

Ead (eV) 

Terminal atom 

 B 3.85 7.62 3.77 -0.36 -2.36 Al-Ce-La 
La-Ce V 3.76 6.98 3.22 -0.9 -2.59 Al-Ce-La 

 T 1.93 4.66 2.73 -1.39 -2.11 Al-Ce-La 
 B 2.98 6.56 3.58 -0.54 -2.34 Al-Ce 

Ce V 2.97 6.30 3.33 -0.80 -2.91 Al-Ce 
 T 2.78 6.53 3.75 -0.37 -2.31 Al-Ce 
 B 4.83 7.31 2.48 -1.64 -2.26 Al-La 

La V 2.46 6.08 3.62 -0.5 -2.81 Al-La 
 T 5.14 7.58 2.44 -1.68 -2.22 Al-La 

 
Table 7. 
Work functions and adsorption energies of various adsorption modes on the Cu cutoff surface 

Adsorption Position Fermi level 
EF (eV) 

Vacuum level 
EVac (eV) 

Work 
function 
Ex/as (eV) 

Work function 
difference 
ΔW (eV) 

Adsorption 
energy 

Ead (eV) 

Terminal atom 

 B 4.11 7.21 3.10 -1.13 -2.46 Cu-Ce-La 
La-Ce V 4.33 6.76 2.43 -1.79 -4.23 Cu-Ce-La 

 T 3.99 6.72 2.73 -1.50 -2.05 Cu-Ce-La 
 B 2.02 4.52 2.50 -1.73 -2.61 Cu-Ce 

Ce V 3.24 6.18 2.94 -1.29 -4.47 Cu-Ce 
 T 3.02 5.66 2.64 -1.59 -1.66 Cu-Ce 
 B 3.26 6.66 3.4 -0.83 -2.85 Cu-La 

La V 3.8 6.66 2.86 -1.37 -4.21 Cu-La 
 T 3.01 6.45 3.44 -0.79 -1.43 Cu-La 

 
The following biaxial columnar plot can be used to visually 

observe the comparison of different adsorption modes on the two 
cutoff surfaces based on the calculated data in the above Tables 6 
and 7. And Fig. 11 and Fig. 12 show the work function difference 
and adsorption energy data of each adsorption mode on the Al and 
Cu cutoff surfaces, respectively. The line chart represents the 
distribution of adsorption energy of the material Ead (eV), the bar 
chart represents the distribution of work function difference ΔW 
(eV), and the X-axis coordinates represent different adsorption 

points. For example, among the three brown cylinders in Fig. 11, 
the brown cylinder in the middle of the figure is the highest. This 
means that the work function difference ΔW (eV) is the largest 
when the Ce element is adsorbed alone at the V position. Because 
the values of work function and adsorption energy are negative, 
which is inconsistent with the trend of conventional coordinate 
axes, so the absolute values of the two series of data of the Y axis 
of Fig. 11 and Fig. 12 is used. 

 

 
Fig. 11. Work function and adsorption energy of each adsorption mode on Al cutoff surface  
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Fig. 12. Work function and adsorption energy of each adsorption mode of Cu cutoff surface 

 
It can be seen from Fig. 11 and Fig.12 that compared with other 

highly symmetric sites, vacancy (V) exhibits relatively large 
adsorption energy on different adsorption quality models of the two 
cutoff surfaces, among which vacancy (V) on the Cu-Al2Cu (001) 
surface exhibits the largest adsorption energy and the most stable 
adsorption results. The adsorption energies of La, Ce and La-Ce 
molecule are V-Ead-La= -4.21 eV, V-Ead-Ce= -4.47 eV, V-Ead-La-Ce= -
4.23 eV, respectively. The above three models with high stability 
will be used to calculate the band structure, state density, and elastic 
constant in the next step. 

It can also be observed that the adsorption energy of each 
adsorption mode on the cutoff surface of Cu-Al2Cu (001) is smaller 
than that of the transverse comparison object on the Cutoff surface 
of Al-Al2Cu (001). It shows that the mixed RE is more stable at the 
Cu cutoff surface when Al2Cu (001) is adsorbed on the surface. 
This also indicates that the mixed rare earths (La, Ce) will 
preferentially bond with Cu atoms in the reaction. 

It is observed in Fig. 12 that when each adsorbent is adsorbed 
on the top of the cutoff surface of copper, the adsorption energy 
results are inconsistent with the above conclusions. This is because 
the model of Cu-Al2Cu (001) cutoff surface presents a structural 
symmetry problem at top position (T). Because the adsorbent of 
mixed RE has a larger atomic radius than that of Cu atom, the 
adsorbent is located at the edge of the crystal cell at the top position, 
and the boundary of the crystal cell escapes a lot of electron energy 

from La and Ce atoms, resulting in a phenomenon of low 
adsorption energy. 

From the numerical point of view, the overall work function of 
Al2Cu after adsorption presents a sizeable downward trend. The 
work function difference ∆W (eV) of the Al cutoff surface ranges 
from -0.36 to -1.68 eV, and the transversely compared work 
function difference ∆W (eV) of the Cu cutoff surface ranges from -
0.79 to -1.79 eV. The difference in the minimum peak value shows 
that the Cu cutoff surface reduces the work function more 
obviously. From the bar chart of work function difference in Fig. 
11 and Fig. 12, it is also evident that the work function difference 
∆W (eV) on the Cu cutoff surface is also more larger on the whole, 
indicating that the adsorption behavior of mixed RE on the Al2Cu 
(001) crystal surface has a more prominent effect on reducing the 
work function when it occurs on the Cu cutoff surface. 
 
3.3.2. Energy band and density of states 

In order to better understand the electronic structure and 
characteristics of the Al/Cu-Al2Cu (001) surface system adsorbed 
by mixed rare earth (La Ce), the energy band and density of 
electronic states (DOS) before and after adsorption on the surface 
of Cu-Al2Cu (001) were calculated, as shown in Fig. 13. Fig. 13 (a) 
shows the state energy band and state density before Cu-Al2Cu 
(001) adsorption; Fig. 13 (b), Fig. 13 (c), and Fig. 13 (d) show the 
state energy band and state density of La-Ce co-adsorption, Ce 
single adsorption, and La single adsorption. 
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                                    (a） Band+TDOS of unadsorbed Al2Cu                      (b） Band+TDOS diagram of La Ce co adsorption 
 

       
(c） Band+TDOS diagram of Ce adsorption                 (d） Band+TDOS diagram of La adsorption 

Fig. 13. Band+TDOS diagrams for various adsorption modes 
 

Firstly, both before and after adsorption, the conduction band 
intersects with the Fermi level, and the atomic state density of the 
whole system at the Fermi surface is not 0. Electrons in the 
conduction band can move freely, and conduction current is formed 
by the valence band passing through the Fermi level into the 
conduction band. This phenomenon indicates that the conductivity 
of Al2Cu is not affected by the addition of rare earth. Because 
electrons in orbits far away from the Fermi surface do not 
participate in bonding, the effect on the electronic structure and 
material properties is small, so only the electronic structure of 
Fermi-level attachments is discussed in this study. 

The comparison of the band structure before and after 
adsorption shows that the conduction band density of the system 
increases significantly after adsorption, and the high energy part of 
the conduction band is mainly provided by the adsorbent atoms 
(La, Ce). Through the previous research results on the electron 
localization of the outer layers of rare earth elements, we can even 
know that the dense electrons in the conduction band come from 
the outer d and f orbitals of adsorbate atoms (La, Ce) [47]. This 
results in a narrow bandwidth of the conduction band and a shift 
towards the Fermi level, with robust electron localization and a 
relatively large effective mass in the conduction band. 

Secondly, the total density of states (TDOS) shows the specific 
composition of electronic states in the band structure, and the 
minimum peak of valence band energy in each adsorption mode 
appears steadily at -10.1eV. The densest peaks of the energy state 

appear near -4.15 eV in the non-adsorption state, and new peaks 
appear above the Fermi level after adsorption. They are 1.22 eV 
when La-Ce is adsorbed together, 0.33 eV when Ce is adsorbed 
alone, and 1.33 eV when La is adsorbed alone. The pseudo-energy 
gap can also be found in the DOS diagram. That is, the DOS values 
between the left and right peaks at the Fermi level are not 0, which 
reflects the covalence of the bonding state of the alloy system [48]. 
 
3.3.3. Calculation of elastic constant 

Table 8 shows the calculation results of the elastic constants 
of Al2Cu in different adsorption states, according to which the 
mechanical properties of the materials in Table 9 can be calculated. 
It can be seen from the calculation results in Table 9. That Al2Cu 
in the presence of the P4/mmm space group shows the 
characteristics of plastic material, which is consistent with the 
results of the tensile test of the test rod. The elastic constants of the 
surface model Al2Cu (001) are calculated, and the results show that 
the bulk modulus, Young's modulus, and shear modulus are slightly 
reduced compared with the data of the original cell. It is concluded 
that the size gap between the a, b, and c axes in the surface model 
of Al2Cu (001) is too large, and the upward response of all parties 
is not as balanced as that of the Al2Cu cells when the stress-strain 
method is used to calculate the elastic constant. The influence of 
mixed rare earth adsorption on the elastic constant of the material 
was then calculated, and the numerical results of the Al2Cu (001) 
surface were used as the reference. 
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Table 8.  
Calculation results of elastic constants of each model 

Computational Object C11/ (GPa) C12/ (GPa) C13/ (GPa) C33/ (GPa) C44/ (GPa) C66/ (GPa) 

References [37] 185.0 12.0 68.0 142.0 51 38 
Al2Cu 189.5 12.2 70.0 136.4 58.7 53.3 

Al2Cu (001) 214.8 5.73 36.8 119.9 42.2 30 
Ce 233.1 23.7 37.6 112.8 50.0 59.7 
La 242.7 19.6 41.3 140.1 42.3 60.2 

La-Ce 227.3 26.7 40.4 83.0 70.7 74.3 
 
Table 9.  
Calculated mechanical properties of each model 

Computational 
Object 

B/ (GPa) E/ (GPa) G/ (GPa) υ B/G HV/ (GPa) uM 

Al2Cu 91.3 138.9 55.8 0.246 1.64 8.78 1.55 
Al2Cu (001) 77.3 123.1 49.8 0.235 1.55 8.78 1.80 

Ce 82.5 146.9 61.0 0.203 1.35 12.4 1.64 
La 90.3 147.1 59.9 0.228 1.51 10.4 2.13 

La-Ce 76.3 155.9 67.2 0.159 1.13 17.0 1.08 
 

The calculated values of Vickers hardness HV and machining 
index uM before and after adsorption of Al2Cu primitive cell and 
mixed rare earth in Table 9 above are shown in Fig. 14, where the 
blue bar chart represents the numerical distribution of calculated 

Vickers hardness HV, corresponding to the Y-axis unit on the left. 
The yellow bar chart represents the calculated machining index uM, 
corresponding to the right Y axis. 

 

     
Fig. 14. Vickers hardness HV and machining index uM of pure surface adsorption models 

 
A comprehensive analysis of the results of Table 9 and Fig. 14 

shows that the bulk modulus, shear modulus, and Young's modulus 
of the material have a certain amount of increase after the 
adsorption of La element. The increases were ΔB=13 (GPa), 
ΔG=10.1 (GPa) and ΔE=24 (GPa). The results show that the 
compressive resistance, shear resistance, and stiffness of the 
material are enhanced. The calculated results of B/G and υ after La 
adsorption of Al2Cu (001) alone have little difference from the 
results of the comparison basis. Moreover, the machining 
performance is improved from HV =8.78 to HV =10.4 compared to 
before adsorption. In addition, the machining index has improved 
significantly (uM increased from 2.13). This series of results shows 
that under the influence of La element alone, the mechanical 
properties of the material are improved, and the machinability of 

the material is enhanced under the premise of maintaining the 
plasticity of the material. 

The results show that the elastic modulus of the adsorbed 
material increases by ΔB=5.2 (GPa), ΔG=11.2 (GPa) and ΔE=23.8 
(GPa), respectively. According to the calculation results of the 
hardness Hv of the material, the hardness HV of the material 
increases to 12.4 (GPa) after the adsorption of Ce, which is 41% 
higher than that without the addition of rare earths. However, the 
adsorption of Ce also reduced the Poisson's ratio υ by 13.6% to 
0.203, and the calculated uM value was also reduced. This shows 
that the elastic modulus and hardness (mechanical strength 
properties) of the material are significantly increased after the 
adsorption of Ce, but the machinability coefficient of the material 
is reduced.  
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Last but not least, when La-Ce adsorbs Al2Cu (001) in the 
compound state, the interaction between La and Ce elements is 
pronounced. From the change of elastic constant, Young's modulus 
and shear modulus are extremely increased under the condition that 
the bulk modulus is basically unchanged, and the increases are 
ΔG=17.4 (GPa) and ΔE=32.8 (GPa) respectively. The Vickers 
hardness was strengthened to HV =17 (GPa), an extremely high 
increase, but this adsorption mode caused the Poisson ratio υ of the 
material to drop sharply to 0.159, and the machining index uM fell 
sharply to 1.08. The results show that La-Ce molecule adsorption 
of Al2Cu can extremely increase the strength and hardness of the 
material, and extremely reduce the plasticity of the material. 
 
 
 
 
 
 
 
 
 

4. Mechanism analysis 
 
 
4.1 Strengthening mechanism of mechanical 
properties 
 

Fig. 15 shows the microstructure, energy spectrum 
distribution of elements, and analysis results of elements content of 
test rod 6, Al-8Cu-2Re-Mn-La-Ce, with rare earth elements added, 
under an electron microscope. Fig. 15 (a) is the microstructure of 
test rod 6, Fig. 15 (b) shows the distribution of elements of test rod 
6. Fig. 15 (c) is the total energy spectrum of this surface of Fig. 15 
(a), as well as the percentage of element mass (wt%) and the 
percentage of atom number (at%). 

 
 
 
 

 

 

 
Fig. 15. SEM microstructure and EDS analysis of Al-8Cu-2Re-Mn-La-Ce alloy 

 
In Fig. 15 (a), it can be observed that the second phase forms 

a grid-like boundary, which makes the radius of the lattice smaller. 
The distribution of this surface element can be observed in Fig. 15 
(b), where the Cu element is the dominant component in the second 
phase. As shown in Fig. 15 (b) and Fig. 15 (c), the content of rare 
earth elements in the test rod is 1.28wt% of La and 1.03wt% of Ce, 
and the content of Cu element is 8.76wt.%, which is the same as 
the content designed by our experiment. In addition, it can be seen 

from Fig. 15 (b) that rare earth elements are enriched in the region 
where Cu and Al form the second phase, indicating that rare earth 
elements prefer reacting with Cu elements in ZL206's second phase 
containing copper. This phenomenon coincides with the calculation 
result of adsorption energy in Chapter 3.3.1. The calculation results 
in Chapter 3.3.1 show that rare earth elements are more likely to 
bind to the Cu cutoff surface of Al2Cu (001). That is, rare earth 
elements are more likely to react with Cu elements. This 

a b 

c 
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phenomenon shows that rare earth will be enriched in the 
surrounding region of the second phase containing copper, such as 
Al2Cu, after adding ZL206, forming a rare earth enrichment region. 

Metallography observation found that the composite material 
with mixed RE had a prominent needle structure. According to the 
growth inhibition theory, the solubility of rare earth elements in Al 
alloys is limited, which usually preferred enrichment and 
precipitation in the solidification process and hindered the grain 
growth of α-Al phase [49]. This is because the atomic radius of La 
and Ce is larger than that of Al and Cu, and the crystal structure 
difference is large, so the solid solubility of rare earth elements in 
aluminum alloys is small, and it is easier to enrich at the grain 
boundaries. 

The crystal solidification process is shown in Fig. 16. During 
the crystallization process of the composite material, the α-Al 
phase will be preferred out. At this time, a few rare earth elements 
dissolved in the α-Al phase will spontaneously cause a certain 
matrix lattice distortion due to its large radius, resulting in an 
increase in energy and a decrease in system stability. Based on the 
principle of minimum energy, the rare earth atoms are enriched on 
the grain growth surface, and along grain boundaries to form the 
Rich RE (Rich rare earth region) in the Fig. 16, which accords with 
the characteristics of the needle structure observed in the 
metallographic experiment. 

 

 
Fig. 16. Schematic diagram of precipitation in heterogeneous enrichment area 

 
 

Literature studies [21-23] have shown that, due to the active 
chemical properties of rare earth elements, it is easy to react with 
metal elements. The adsorption simulation calculations of this 
study are also consistent with this conclusion. Therefore, it can be 
seen that the second phase structure modified by mixed rare earths 
(La, Ce) will be precipitated in the vicinity of the rare earth rich 
area, such as Al8Cu4Ce, Al3CuCe, Al6Cu6La, and other 
heterogeneous structures, forming a heterogeneous structure rich 
area with tiny grains. The normal second phase in this region has 
not been modified by rare earths and also exhibits limited growth 
and small grain size due to space constraints. 

This series of phenomena also leads to the growth of the α-Al 
phase in this area of the annex being greatly hindered, the closer to 
the rare earth rich area, the smaller the space for α-Al phase growth, 
the smaller the grain size, so as to play a fine grain effect. 
Moreover, because the calculation results proved that the strength 
of the second phase after rare earth modification was improved, a 
high strength strengthening zone was formed along the grain 
boundary inside the material after the addition of mixed rare earth, 
which improved the strength and hardness of the material. In 
addition, because there are many interfacial intervals between this 
region and the aluminum matrix region, and the plasticity of the 
regional organization itself is weak, based on this mechanism, the 
plasticity of the material is reduced to a certain extent. 
 

4.2. Corrosion resistance mechanism 
 

The influence mode of mixed RE on the electronic work 
function of Al2Cu surface is explored by simulation calculation in 
chapter 3.3.1. The results show that the electronic work function of 
Al2Cu can be reduced by rare earth elements. From the forming and 
solidification process of the above composite materials, we know 
that the second phase containing rare earth will be concentrated in 
the rare earth rich area after adding rare earth. Among them, the 
work function of Al-Cu-Re (Rare Earth), which is dominated by 
content, is less than that of Al matrix. The work function of mixed 
RE is also lower than that of Al matrix (WLa=3.5 eV, WCe=2.9 eV) 
[33]. 

The thickness of the semitransparent region in Fig. 17 (a) 
represents the work function of the material. There is a significant 
gradient between the work function of the rare earth rich region and 
the surrounding matrix. This phenomenon leads to a significant 
difference in the physical properties of the two regions. In the 
Fig.17 (a), work function. 1 represents the work function of the α-
Al phase, and work function. 2 represents the overall work function 
of the rare earth rich area. (The work function of the rare earth rich 
area in the Fig. 17 (b) is taken as an example of a data point in the 
previous article WX=3.22 eV, EVac=6.98 eV, EF=3.76 eV).
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(a) Step distribution diagram of work function                             (b) Schematic diagram of cathodic protection mechanism 

Fig. 17. Schematic diagram of corrosion mechanism 
 

Studies[50] have shown that in a chemical corrosion 
environment, if the work function of the inclusion or the second 
phase material in the material is lower than that of the aluminum 
matrix, they will be preferentially dissolved as the anode, while the 
aluminum alloy matrix acts as the cathode to be protected. As 
shown in Fig. 17 (b), the rare earth rich area is more likely to lose 
electrons and be preferentially corroded in a corrosive 
environment, while the Al matrix is protected. From the above 
calculation results, it can be seen that the addition of rare earth 
causes a general decline in the electronic work function of the rare 
earth rich area, indicating that the area as a whole will be 
preferentially corroded to protect the aluminum matrix. (Aluminum 
matrix work function reference value is WAl=4.28, the 
experimental results calculated is WAl=4.20, EVac=6.85, EF=2.65 
[32].)  

It is also known from the above calculation results that the 
Fermi level value of the material after adding rare earth has an 
upward trend compared with that before modification. At non-
absolute zero, electrons spontaneously escape, and the Fermi level 
is the most electron dense level in the material at this time. A higher 
value of the Fermi level means that the highest energy potential of 
the electron filling increases, and the orbital energy of the 
outermost electron also increases, which also means that the 
material's surface is more likely to lose electrons. 

A preliminary mechanism was obtained. The work function of 
the material was reduced by increasing the Fermi level inside the 
material by adding mixed RE. As a result, in the chemical corrosion 
environment, the modified second-phase material is more likely to 
lose electrons as the anode and be preferentially corroded. At the 
same time, the Al matrix is protected, which indirectly strengthens 
the corrosion resistance of the aluminum copper alloy material. 
 
 

5. Conclusions 
 
Casting experiments were conducted to study the casting 

aluminum-copper alloy ZL206, and the properties of the alloy were 
analyzed after the addition of mixed RE, and the mechanism of 
strengthening aluminum-copper alloy with mixed rare earth was 
explored. To further explore its enhanced mechanism, the first 
principles method was used to model and calculate the work 
function, elastic properties, and electronic structure of mixed RE 
after adsorption in the second phase Al2Cu (001). The following 
research conclusions were obtained. 

(1) According to the experiment results, the strength and 
hardness of the composite material increased 10.2% and 6.2% 

respectively after the addition of mixed RE, while the elongation 
and machinability coefficient of the material were affected. 

(2) The simulation results show that rare earth elements La and 
Ce have active chemical properties and can stably adsorb on the 
surface of Al2Cu and react with Al and Cu elements to form 
covalent bonds. The adsorption of rare earth elements generally 
reduces the work function of the second phase of Al2Cu. Adding 
rare earth increases the Fermi level value of the second phase, 
which strengthens the strength and hardness of the second phase 
but sacrifices some toughness and machining properties. 

(3) Two kinds of RE modification mechanisms were evaluated. 
First, because of the sizeable atomic radius of RE, the precipitation 
would be concentrated on the grain boundary surface according to 
the minimum energy theorem, which would make the grains be 
refined. Second, the second phase containing rare earth is also 
increased, which due to the RE adding could hinder the growth of 
the α-Al phase. So the mechanical properties of the material are 
improved. And the work function and higher Fermi level value is 
low in this zone and the preferentially corroded in a chemical 
corrosion environment, and the aluminum matrix will be protected. 

During this study, the microscopic structure and macroscopic 
properties are linked through atomic simulations. The 
strengthening mechanism of material properties was discussed with 
a new method, and the material properties were explained from 
different angles. However, the relationship between 
microstructures and macroscopic properties remains to be further 
explored. 
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