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Abstract- Thermodynamic modeling of the Cu-Sr system was carried out via a hybrid approach of CALPHAD (CALculation 
of PHAse Diagrams) and ab-initio calculations. The enthalpies of formation of Cu5Sr and Cu-Sr are computed via ab-initio 
calculations by using the Wien2k code. The CALPHAD assessment of Cu-Sr system was then performed by considering both 
the ab-initio computed enthalpies of formation and the experimental phase equilibrium data. The liquid phase was modeled 
with Redlich-Kister polynomial and the two intermetallics compounds were described as stoichiometric compounds. A 
consistent thermodynamic data set and phase diagrams for the Cu-Sr system are obtained. 
 
Index Terms- CALPHAD; ab-initio calculations; Cu-Sr system; phase diagram.  
 
I. INTRODUCTION 
 
The alloy systems or intermetallic compounds 
composed of copper and alkaline-earth metals have 
attracted much attention for the theoretical study of the 
solid state and for many industrial purposes, 
particularly in the high temperature superconducting 
field.  
The CALPHAD method, which is a powerful tool to 
cut down on cost and time during development of 
materials [1], effectively provides a clear guideline for 
materials design. In order to design high-performance 
alloys with rare earth elements, it is important to 
develop a thermodynamic database including 
alkaline-earth elements alloys. 
In this work, the available experimental data of the 
Cu-Sr system are critically assessed and used to 
evaluate the model parameters defining the Gibbs 
energies of the phases in the system. To supplement 
the experimental information, ab-initio calculations of 
the formation enthalpies of the intermetallics 
compounds in this binary system are also included. 
 
II. EXPERIMENTAL DATA 
 
The experimental information on the Sr-Cu system is 
very limited. The phase diagram has been studied by 
Bruzzone [2] using thermal analysis and X-Ray 
diffraction (Fig. 1). Two intermediate phases are 
reported, Cu5Sr and CuSr. There are two peritectic 
transformation at 1118 K and 859 K associated with 
the decomposition of the Cu5Sr and CuSr phases, an 
eutectic transformation at 780 K and a polymorphic 
transformation αSr↔βSr at about 828 K. No solubility 
data on the solid phases are available. The crystal 
structure of Cu5Sr has been identified to be isotopic 
with CaCu5 while CuSr has a hexagonal structure 
which is isotypic with BaCu [2; 3] (Table 1). 
The enthalpy of mixing in the liquid at 1373 K has 
been measured by Mikhailovskaya and Sudavtsova [4] 
in an isoperbolic calorimeter. 

 
Fig. 1. Phase diagram of the Cu-Sr system from Ref. [2]. 

 
Chakrabati and Laughlin [5] calculated the Cu-Sr 
system based on the phase boundary of Bruzzone [2] 
but without any thermodynamic data and gives a 
predicted phase diagram. In 1996 Risold et al. [6] 
reassessed this system by taking into account the 
thermodynamic data measured by Mikhailovskaya and 
Sudavtsova on the liquid phase. Because the 
enthalpies of formation of the Cu5Sr and Cu-Sr 
compounds are not determined experimentally or 
theoretically, the two assessments remains incomplete 
especially in the assessment of Risold et al. [6] were 
the entropies of formation of the two intermediate 
phases are are taken equal to zero 
 
So in order to obtain a complete thermodynamic 
description of the Cu-Sr system a reassessment is 
necessary taking into account the ab-initio calculation 
of the enthalpies of formation of Cu5Sr and CuSr 
compounds. 
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TABLE 1: CRYSTAL STRUCTURES DATA OF THE CU-SR SYSTEM. 

 
 
III. MODELING 
 
A. Ab-initio calculation 
During the last decade, the ab-initio methodology for 
calculating total energies of solids has become 
increasingly sophisticated, where the relative lattice 
stability between some different crystal structures and 
the formation energy of a compound can be evaluated 
at 0 K [8]. In this work, ab-initio calculations based on 
density functional theory (DFT) [9] were performed 
by using WIEN2k package [10] to get the energy of 
formation for the Cu-Sr compounds. 
The PAW method is almost as fast as the usual Ultra 
Soft Pseudo Potential (US-PP) method [11-13], and 
gives very close energies to the best full-potential 
linearized augmented plane wave (FP-LAPW) 
calculations [8]. All-electron DFT calculations using 
the FP-LAPW method are considered to give the most 
accurate results apart from the errors associated with 
the exchange-correlation functional, but they are 
computationally intensive.  
WIEN2k calculations are based on the Full Potential 
(Linear) Augmented Plane Wave Plus local orbitals 
(FP-(L)APW+lo) [14] method. The GGA-PBE [15] 
was employed for the exchange and correlation 
potential. Muffin-tin radii of 2.1 and 2.3 a.u were 
assumed for Cu, and Sr, respectively. The value of 
RKmax was fixed at 9.0, which almost corresponds to 
the 15.05 Ry (204.67 eV) cutoff energy. The modified 
tetrahedron method [14; 16] was adopted for the 
k-space integration. The convergence of total energy 
was carefully checked by 0.001 mRy/(formula unit). 
The total energy of the intermetallic compounds 
(Cu5Sr and CuSr) and the pure elements (Cu, and Sr) 
was calculated as a function of volume, and was fitted 
to the second order Birch-Murnaghan [17] state 
equation. An energy convergence criterion of 10-4 Ry 

for electronic structure self-consistency was used in all 
calculations.  
The energy of formation at 0 K (which also 
corresponds to the enthalpy of formation) for the 
compounds (Cu5Sr and Cu-Sr) is obtained by the 
equation: 

.)Sr(yE)Cu(xE)SrCu(E)SrCu(E yxyx   (1) 
Where E(CuxSry), E(Cu) and E(Sr) are the total energy 
for CuxSry, pure FCC_A1 (Cu), and pure BCC_A2 
(Sr) at 0 K, respectively. 
 
B. Thermodynamic models 
Pure elements: The Gibbs energy functions 

)K15.298(HGG SER
iii

0    or the Cu and Sr 
elements in the phase   are expressed by the 
following equation: 

-97-132
i

0 hT+gT+fT+eT+dT+cTLnT+bT+aG   (2) 
Where H୧

ୗୖ(298.15K) is the molar enthalpy of the 
element i at 298.15 K in its standard element reference 
(SER) state. G୧

  and G୧
 are the absolute and the 

relative Gibbs energy of the element i in the φ state, 
and T is the absolute temperature. In the present 
modeling, the Gibbs energies for pure elements were 
taken from the compilation by Dinsdale [18]. 
Intermetallic compounds: The intermetallic 
compounds in the Cu-Sr systems present no solubility 
range according to the available experimental data. 
Thus, they have been treated as stoichiometric 
compounds: 
The Gibbs energy of the CupSrq intermediate phases, 
can be expressed as: 

qpqpqp SrCu
f

SrCu
f

SrCu STHG         (3) 

The enthalpy and entropy of formation ( qpSrCu
fH and

qpSrCu
fS ) of the CupSrq phase were considered as 

temperature independent optimizing parameters. 
 
Solution phase: The liquid phase was modeled as 
substitutional solutions and the Gibbs energy is 
described by the following formalism: 

excide

i
i

0
i GGGxG          (4) 

where xi is the molar fraction of the component i in the 
φ phase (i=Cu  or Sr), 

i
0G  is the molar Gibbs energy 

of pure component in the   phase, which are taken 
from the compilation of Dinsdale [18]. The terms Gide 
and Gexc stand for the molar Gibbs energy of ideal and 
excess mixing. 
The ideal Gibbs energy Gide can be calculated 
according the theoretical relationship 

Gide = RT[xCuLn(xCu)+ xSrLn(xSr)]      (5) 
Where R is the gas constant, xCu and xSr are the mole 
fraction of elements Cu and Sr respectively. 
Whereas the excess term Gexc can be expressed as an 
empirical Redlich Kister polynomial [19]: 
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     (6) 

Where Liq
Sr;CuL is the   interaction parameters 

expressed as 
 TBALLiq

Sr;cu   and A  and B  are 
model parameters to be evaluated. 
 
C. Assessment procedure 
Most of the experimental data mentioned above were 
used in the thermodynamic evaluation. The 
optimization was carried out by using our computer 
program [20; 21]. Each piece of the selected 
information was given a certain weight by personal 
judgment, and changed by trial and error during the 
assessment, until most of the selected experimental 
information was reproduced within the expected 
uncertainty limits. All the parameters were evaluated 
together to give the best description of the system. 
 
RESULTS AND DISCUSSION 
 
Lattice parameters for Cu, αSr, Cu5Sr and Cu Sr, 
obtained from ab-initio calculations, are reported in 
table 1. The calculated lattice parameters are in good 
agreement with experimental data, with a maximum 
difference of about 1%. Table 2 lists the optimized 
thermodynamic parameters of each phase in the Cu-Sr 
system. 
Figure 2 shows the calculated Cu-Sr phase diagram, 
and compared with the experimental data of Bruzzone 
[2], predicted by Chakrabati and Laughlin [5] and 
optimized by Risold et al. [6] in figure 3. A 
satisfactory agreement is noted between our result and 
the experimental. Comparison of the calculated 
invariant reactions with the experimental, predicted 
and optimized ones in this system is listed in table 3. 
All reactions are reproduced with experiment 
uncertainties. Table 4 and figure 4 shows the evaluated 
enthalpies of formation of the Cu-Sr intermetallics by 
Calphad method together with the predicted data 
obtained by the Chakrabati and Laughlin [5], 
optimized by Risold et al. [6], as well as the calculated 
values determined by ab-initio calculations.  
 

TABLE 2: THE OPTIMIZED PARAMETERS OF CU-SR SYSTEM. 

 

TABLE 3: THE INVARIANT REACTIONS IN THE CU-SR SYSTEM 

 

 
Fig. 2. Calculated phase diagram of the Cu-Sr system. 

 
As we can see that the convex hull for compounds is 
stable. The optimized enthalpies of formation agree 
well with ab-initio results. 
The enthalpy and the Gibbs energy of mixing of liquid 
phase calculated at 1373 K are shown in figures 5 and 
6 and compared with results of Risold et al. [6]. The 
two calculated Gibbs energy are in agreement, while 
the mixing enthalpies are different. This discrepancy is 
due to the difference in the enthalpy of formation of 
compounds calculated in this work and optimized 
Risold et al. [6]. 
 

TABLE 4: ENTHALPIES OF FORMATION OF THE  
INTERMETALLIC COMPOUNDS IN THE CU-SR SYSTEM. 
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a ab-initio calculation  b Calphad optimization 

 
Fig. 3. Calculated phase diagram of the Cu-Sr system compared 

with the literatures data. 
 

 
Fig. 4. Enthalpies of formation of intermetallic phases in the 

Cu-Sr system. 
 

 
Fig. 5. Enthalpy of the liquid phase in the Cu-Sr system. 

 
Fig. 6. Gibbs energy of the liquid phase in the Cu-Sr system. 

 
CONCLUSION 
 
Thermodynamic data of strontium alloys are very 
limited following the high reactivity of the strontium 
which makes the experimental investigations of these 
systems very difficult. Ab-initio calculation has 
allowed us to obtain the enthalpies of formation of 
Cu5Sr and Cu-Sr compounds. These enthalpies are 
used in the Thermodynamic assessment of the Cu-Sr 
system. A consistent set of thermodynamic parameters 
has been derived, and calculated phase diagram was 
compared with the experimental data. A good 
agreement between the calculated results and 
experimental data was obtained. 
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