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Abstract: Based on the Miedema model and Extended Miedema theory, the formation energies of different solute components in 
Er-X binary system and Al-Er-X ternary systems were calculated. The results show that the variation of erbium content has little 
influence on the chance rate of the formation Al-Er compound in the Al-Mg-Mn-Zr-Er system. The calculated formation energies in 
the Er-X binary system and Al-Er-X ternary systems indicate that Al3Er phase can take priority of depositing, Al-Er-Zr ternary 
compounds may also found which agrees with the experimental results in references. The consistency of calculation and experiment 
proves that the intermetallic compounds in the Al-Mg-Mn-Zr-Er system can be predicted directly by calculating the formation 
energies of the reactions in Er-X binary system and Al-Er-X ternary systems with the Miedema model and Extended Miedema 
theory. 
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1 Introduction 
 

The Al-Mg alloys are widely used in automotive, 
marine, construction industry due to their high strength 
to mass ratio, reasonable corrosion resistance and 
superelasticity[1−2]. However, the strength of the alloys 
is not high enough to be used as structural materials. 
Al-Mg alloys derive their strength primarily from the 
solid solution strengthening by magnesium element, and 
the strength is enhanced with the increment of 
magnesium. An alternative effective method for 
increasing the strength of aluminum alloys involves the 
addition of some suitable alloying elements such as La, 
Ce, Y and especially Sc, while the effects of other single 
elements are scarcely referred[3]. Recent studies show 
that erbium (Er) is a promising alloying element in 
aluminium (Al) alloys, and it has been shown that a 
small Er-addition can improve the material properties in 
several Al-alloy systems[4−7]. Most of the beneficial 
effects from the Er-addition are linked to the formation 
of the phase containing erbium in the alloy. 

Traditionally, formation energy for an alloy system 
plays an important role in the research and application of 

materials. Miedema model has been widely used to 
calculate some thermal properties of binary alloys[8−9]. 
OUYANG et al[10−11] calculated the formation 
enthalpies of alkaline metal binary alloys and Fe–Al–RE 
ternary alloys. GONCALVES and ALMEIDA[12] 
proposed an extended Miedema model to predict the 
formation energy of intermetallic compounds with more 
than two elements. In that scheme the crystalline 
structure of an alloy is used to determine the main 
parameters of the calculations. YAN et al[13] combined 
the Miedema model and the Toop model to calculate the 
formation energy for three alloy systems, but the 
agreement between calculations and experimental data 
still needs some improvement. ZHANG and JESSER[14] 
proposed a simple but effective method to extend the 
Miedema theory to ternary and n-component alloy 
systems. However, up to now the thermodynamic 
calculation of the intermetallic compounds in the 
modified 5083 aluminum alloy containing erbium (noted 
as Al-Mg-Mn- Zr-Er system) has not been reported. The 
purpose of this work is to calculate the formation 
energies of different solute components in Er-X binary 
system and Al-Er-X ternary systems and to analysis the 
deposited phases in the Al-Mg-Mn-Zr-Er system based 
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on the Miedema model and Extended Miedema theory. 
 
2 Calculation model 
 
2.1 Miedema model 

According to Miedema model[15], the formation 
energy, ΔHij, in the binary i−j alloys can be calculated as 
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Substituting Eqs.(2)−(7) into Eq.(1), it can be 

obtained 
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    (9)  
where xi and xj represent the molar fractions of 
components i and j, respectively; V is the molar volume, 
φ  is the electron negativity, nws is the electron density; α 
is the empirical constant; u, p, q, a and r are all empirical 
constants. In this paper, all the empirical constants are 
selected from Miedema model[16], in which, q/p=9.4, a 
equals 1.0 for solid alloys and 0.73 for liquid alloys 
containing a transition metal and a nontransition metal, 
respectively. As for u=0.14 for the alkali metallic 
elements, u=0.1 for the divalent metallic elements, 
u=0.07 for the trivalent metallic elements and Cu, Ag, 
Au. u=0.04 for the other metallic elements. For constant 
p, p=12.3 if i and j belong to transition and nontransition 

elements, p=14.1 if i and j are transition elements, 
p=10.6 if i and j are nontransition elements; r/p equals 0 
when i and j are both transition or nontransition elements. 
Otherwise, the value of r/p corresponds with the position 
of i and j in the periodic system of elements[17]. All the 
parameters above are obtained from Refs.[16−17]. where 
fij can be got from Eq.(9), and the formation energy of 
the binary system can be got from Eq.(8). 
 
2.2 Extended Miedema theory 

According to Refs.[18−20], the heat of mixing in a 
binary system consists of a negative contribution from 
the electronegativity difference between the two 
constituents, and a positive contribution from their 
difference in electron densities. For the alloy combined 
by i and j constituents, the energy of mixing is given by  
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For a ternary alloy, only the binary interaction 

between atoms is considered, and the ternary atomic 
interactions between the constituents are neglected when 
the Miedema model extends to the ternary alloys. Then, 
the chemical interaction contribution is given by  

C
ijk ij jk ikH H H HΔ = Δ + Δ + Δ                     (11) 
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Miedema and Coworkers have calculated the values 

of ΔHiinj for most binary alloy systems[8−11, 18−20]. 
The authors calculated the corresponding values that 
Miedema et al did not published. 

Similarly, only the binary contribution is considered 
in the elastic term, so the elastic contribution in a ternary 
alloy is given by 
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where ∆Hiinj

E is the size-mismatch contribution to the 
formation enthalpy in a binary system. The FRIEDEL 
formula[21] is used in the present study, which is given 
by  
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where Bi is the bulk modulus of the solute, and Sj is the 
shear modulus of the solvent. The values of B and S for 
elements have been tabulated by GSCHNEIDNER[22]. 
Ri and Rj are the radii for solute and solvent atoms, 
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respectively. 
The formation energy of a ternary alloy system can 

then be given by 
C E

ijk ijk ijkH H HΔ = Δ + Δ                         (16) 

in which the elastic contribution is also considered, 
otherwise it is represented by Eq.(11). 
 
3 Results 
 

In order to make the calculation representative, four 
classes of binary systems and three ternary systems have 
been calculated. They are the alloys with the addition of 
the transition element erbium, through all this 
thermodynamic calculation based on the above models, 
we can analysis the compounds that might be formed in 
the polynary system containing the promising alloy 
element erbium. 
 
3.1 Er-X(Al, Mg, Mn, Zr) binary system 

In this kind of binary system, Al-Er, Mg-Er, Mn-Er 
and Zr-Er compounds are considered for calculation of 
the formation energy. The molar fractions of component 
Er range from 0 to 1. The results are shown in Fig.1 
 

 
Fig.1 Calculated enthalpy of rare earth element Er reacting 
with Al, Mg, Mn and Zr, respectively 
 

One can see from Fig.1 that the calculated 
formation enthalpies mixing heats vs composition do not 
have intercross, which indicates that the variation of 
erbium content has little influence on the chance rate of 
the formation Al-Er compound in the Al-Mg-Mn-Zr-Er 
system. It can be seen from Fig.1 that Al has good 
compatible with Er, the minimum formation energy of 
Al-Er is −47 kJ/mol. Although the formation energy of 
Mg-Er, Mn-Er shows a negative value, the minimum 
formation energy of them is only −7 kJ/mol. The 
formation energy of Zr-Er alloy has a positive value, in 
which the Zr-Er intermetallic compound does not exist as 

far as the research concerned. The results from the 
formation energy of Er-X(Al,Mg,Mn,Zr) binary system 
show that Al-Er binary compounds have the minimum 
formation energy, therefore, the transition element 
erbium will priority bonding with aluminum to form 
intermetallic compound. According to Al-Er binary 
phase diagrams, the intermetallic compounds of which 
the melting point is higher than 928 K include Al3Er, 
Al2Er, AlEr, Al2Er3 and AlEr2, but the only intermetallic 
compound exists when the molar fraction of component 
Er below 0.26 is Al3Er, the possible reactions in Al-Er 
binary systems at 1 340 K can be given as liquid+ 
Al2Er=Al3Er. Hence, the intermetallic compound with 
erbium existing in the multivariant Al-Mg-Mn-Zr-Er 
system is likely Al3Er phase. 
 
3.2 Al-Er-X(Mg, Mn, Zr) ternary system 

Three ternary systems Al-Mg-Er, Al-Mn-Er and 
Al-Zr-Er compounds are considered for calculation of 
the formation energy by Extended Miedema model. The 
results are shown in Fig.2. 
 

 

Fig.2 Calculated enthalpy of Al-Er-X(Mg, Mn, Zr) ternary 
system 
 

For the above calculations, the elastic contribution 
has not considered, because of the lack of the data of 
bulk modulus of the solute, and the shear modulus of the 
solvent. We take the molar fraction of component Al is 
0.9, the molar fractions of other components Er and 
X(Mg, Mn, Zr) range from 0 to 0.1. As shown in Fig.2 
that a cross spider is formed when the molar fraction of 
component Er exceeds 0.09. The formation energy of 
Al-Er-Zr shows a negative value relative to Al-Er-Mg 
and Al-Er-Mn ternary compound when the molar 
fraction of component Er ranges from 0 to 0.09. And the 
formation energy of Al-Er-Zr is below −14 kJ/mol, 
which indicates that Al-Er-Zr ternary compound most 
likely exists. Al-Er-Mn ternary compound may also be 
found with very large amounts of erbium, which will be 
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only happen when the alloy elements accumulate 
together; the formation of Al-Er-Mg ternary compounds 
seems impossible from Fig.2 as the formation energy 
holds on a high lever. The results from the formation 
energy of Al-Er-X(Mg,Mn,Zr) ternary system shows that 
Al-Er-Zr ternary compounds have the minimum 
formation energy in all the ternary compounds with 
erbium, therefore, the element erbium will priority 
bonding with zirconium and aluminum to form ternary 
intermetallic compound. 
 
4 Discussion 
 

Values of formation enthalpy calculated by the 
Miedema model and extended Miedema theory with the 
experiments for the Al-Mg-Mn-Zr-Er system were 
compared. Overall, the present calculations are in 
agreement with the experimental data. This intermetallic 
compound existing in Al-Mg-Mn-Zr-Er system is similar 
to that for the Er-X binary system and Al-Er-X ternary 
system calculated by Miedema and extended Miedema 
theory. 

It has been reported that erbium exists three forms 
in the Al-Mg-Mn-Zr-Er system[23−25]: resolved in α(Al) 
based solid solution, forming primary phase A13Er or 
eutectic compound distributing continuously and dis- 

continuously on grain boundaries, precipitated in the 
form of the fine A13Er and Al3(ZrEr) particles during 
hot-treatment. The solid solution Er would precipitate in 
the form of fine and dispersely distributed second phase 
with the size about 20 nm, which would act as effective 
strengthen phase in Al-Mg-Mn-Zr-Er system. The 
growth of grains would be hindered by grainy Al3Er 
distributed continuously and discontinuously on grain 
boundaries, they are broken during rolling which may be 
helpful for high-temperature mechanical properties of 
alloy. 

Fig.3 shows the possible compounds existing in 
Al-0.4Er, Al-4.5Mg-0.4Er, Al-4.5Mg-0.7Mn-0.4Er and 
Al-4.5Mg-0.7Mn-0.1Zr-0.4Er systems by XRD analysis, 
it can be seen from the experiment data that they all have 
the Al3Er phase after erbium addition. Fig.4 indicates 
that nano-Al3Er precipitation and Al3(ZrEr) phase with a 
lattice constant of 0.399 3 nm co-exist in the Al-Mg-Mn- 
Zr-Er system[25]. The results show that Zr dissolves in 
the Al3Er phase by replacing Er, thus forming Al3(Er1-x, 
Zrx), the exactly composition of this phase has not been 
reported. 

The consistency of calculation and experiment 
shows that the Er-intermetallic compounds in the Al 
alloy with erbium addition are Al3Er and Al3(ZrEr) 
phases. Of course the experimental data may also be the 

 

 

Fig.3 X-ray diffraction patterns of experiment alloys[23−25]: (a) Al-0.4Er; (b) Al-4.5Mg-0.4Er; (c) Al-4.5Mg-0.7Mn-0.1Zr-0.4Er;  
(d) Al-4.5Mg-0.7Mn-0.4Er 
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Fig.4 TEM image of Al-4.5Mg-0.7Mn-0.1Zr-0.4Er alloys[25]: (a) TEM image of Al3(ZrEr) corresponding with SAED; (b) EDS of 
Al3(ZrEr) 
 
source of some of the discrepancy. The experimental 
data not only are derived from different determinations 
by various authors, but even in the case they are found 
by the same authors for the determination of the same 
alloy, there is some variation in the values. Otherwise, 
we should also consider the content of the alloy elements 
and the process of the metallurgy, because they can 
affect the existing form of the alloy elements as it can 
effect the existing form of the alloy elements. 
 
5 Conclusions 
 

1) In the Er-X(Al, Mg, Mn, Zr) binary system, the 
calculation of formation energies of the Er-intermetallic 
compounds indicates that Er-Al binary compounds have 
the minimum formation energy. Thus, the possible 
binary Er-intermetallic compounds in the multivariant 
Al-Mg-Mn-Zr-Er system are likely Al3Er phase when the 
molar fraction of component Er is below 0.26. The 
quantity of erbium has little influence on the chance rate 
of the formation Al-Er compound. 

2) In the Al-Er-X(Mg, Mn, Zr) ternary system, 
Al-Er-Zr ternary compound has the minimum formation 
energy in all the ternary Er-compounds, therefore, the 
transition element erbium, zirconium and aluminum will 
priority bonding together to form compound; Al-Er-Mn 
ternary compounds may also found with very large 
amounts of erbium, this will be only happened when the 
alloy elements accumulate together. 

3) The experimental data are in good agreement 
with the calculation results, which indicates it is suitable 
to predict the deposited phases in the Al-Mg-Mn-Zr-Er 
system by calculating the formation energy of different 

Er-intermetallic compounds. 
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