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Abstract: A thermodynamic assessment of the Cu-Cd system has been carried out by CALPHAD technique. The liquid phase, 
FCC_A1(Cu) and HCP_A3(Cd) terminal phases are described by a simple substitutional model, their excess Gibbs energy is 
formulated with the Redlich-Kister expression. The system contains four intermediate compounds, including β(Cu2Cd), γ(Cu4Cd3), 
δ(Cu5Cd8) and ε(Cu3Cd10). The δ phase is described by a two-sublattice model and the other three intermediate phases are treated as 
stoichiometric phases. The optimization is carried out in the Thermo-Calc package. A set of self-consistent thermodynamic 
parameters are obtained. The calculated phase diagram and thermodynamic properties agree well with the available experimental 
data. 
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1 Introduction 
 

The copper based alloys with high strength and 
conductivity are the promising functional materials. 
Recently, there has been a remarkable progress for their 
research and development. So far, a series of copper 
based alloys with high strength and high conductivity 
have been developed, and Cu-Cd alloy is a typical one 
which shows the stage of the history to develop this kind 
of Cu-based alloy. According to Ref.[1], with 2% Cd 
(mass fraction) added, the crystal lattice of copper keeps 
unchanged, however, nor the conductivity of copper, but 
the strength has been increased considerably. Moreover, 
the Cu-Cd system is a subsystem of ternary Al-Cu-Cd 
system. Addition of a small amount of Cd into the Al-Cu 
alloy could significantly increase the nucleation rate of θ′ 
phase, this results in finer structure, and then the aging 
strengthening is improved. LI et al[2] studied the effect 
of Cd on the aging process of Al-Cu-Mg-Si system. 
Their result shows that the strength after aging is 
increased by 20% with 0.27% Cd (mass fraction) added. 

The Cu-Cd system has been reviewed by several 
authors[3−4], they gave a complete Cu-Cd phase 
diagram. Knowledge of phase relations in temperature- 
composition space of the Cu-related systems is 

particularly helpful to comprehend the interaction 
between different elements and promote the development 
of new Cu-based materials with superior properties. 
However, no thermodynamic assessment is available, 
and the purpose of this work is to optimize it through 
CALPHAD approach to obtain a set of self- consistent 
thermodynamic parameters. 
 
2 Experimental 
 

The Cu-Cd phase diagram was constructed by 
HANSEN et al[3] and SUBRAMANIAN et al[4]. Fig.1 
shows the result based on the phase equilibria assessed 
by SUBRAMANIAN et al[4]. The following phases are 
included in the Cu-Cd system: liquid, FCC_A1(Cu), 
β(Cu2Cd), γ(Cu4Cd3), δ(Cu5Cd8), ε(Cu3Cd10) and 
HCP_A3(Cd). The crystal structure data of these phases 
are given in Table 1. 

The liquidus was investigated by several researchers 
[5−7]. HEYCOCK and NEVILLE[7] first investigated 
the liquidus of the Cd-rich region ranging from 97.9% to 
100% Cd (mole fraction, the same below if not 
mentioned), while SAHMEN[5] and JENKINS and 
HANSON[6] investigated the entire composition range. 
The solidus and solvus in the Cu-rich region were 
determined by X-ray, metallography and microhardness  
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Fig.1 Cu-Cd phase diagram based on assessed phase equilibria from Ref.[4] 
 
Table 1 Condensed phases in Cu-Cd binary system[4] 

Phase x(Cd) Pearson symbol Prototype
FCC_A1(Cu) 0−0.206 cF4 Cu 
β(Cu2Cd) 0.333 hP24 MgNi2 

γ(Cu4Cd3) 
0.418−0.441 
(at 300 ℃) 

cF1124 Cu4Cd3

δ(Cu5Cd8) 0.522−0.660 cI52 Cu5Cd8

ε(Cu3Cd10) 0.756−0.769 hP28 Al5Co2 
HCP_A3(Cd) 0.998−1.000 hP2 Mg 

 
measurements[6−10]. SULONEN[10] determined the 
boundary by lattice constant measurements, and the 
assessed maximum solubility of Cd in FCC_A1(Cu) is 
2.56% Cd at 650 . The data ℃ from RAUB[9], 
SULONEN[10], and GLAZOV et al[11] were in good 
agreement with each other, but their results are different 
from those of POGODIN et al[12]. So the latter was not 
used in this optimization. The solubility of Cu in 
HCP_A3 (Cd) was reported by JENKINS and HANSON 
[6] as 0.12% Cu at 300  and 0.17% Cu at 270℃  ℃ by 
TAMMANN and HEINIEL[13]. MASSALSKI et al[14] 
reported the equilibrium solid solubility of Cu in (Cd) is 
about 0.2% Cu. 

As for thermodynamic properties, the mixing 
enthalpy of liquid Cu-Cd alloys was measured through 
calorimetry at 723 K by KLEPPA[15]. The activities of 
Cd in liquid Cu-Cd alloys were measured by 
NIKOLSKAYA et al[16] with the EMF method at 575, 
600, 625 and 650 ℃, respectively. Also, RICCOBONI 
et al[17] (EMF method) as well as JELLINEK and 
ROSNER[18] and AZAKAMI and YAZAWA[19] 
(vapor pressure measurements) measured the activities of 
Cd in liquid. Most activity values selected or calculated 
by HULTGREN et al[20] were reliable and used for 
comparison. 

The Cu-Cd binary system reported by 

SUBRAMANIAN et al[4] had two eutectic reactions, 
three peritectic reactions and one congruently melting 
reaction. The (Cu)+Liquid ⇔ β peritectic reaction 
occurred between 545 and 552 ℃ was first reported by 
SAHMEN et al[5] using DTA measurements. The 
peritectic temperature was confirmed at 547 ℃  by 
JENKINS and HANSON[6], SULONEN[10] and 
GLAZOV et al [11] through thermal, lattice parameter, 
and microhardness measurements, respectively. 
JENKINS and HANSON[6] also reported the peritectic 
reaction L+β⇔ γ, which was described as 44.8% Cd of 
liquid at 547 ℃. SAHMEN et al[5] and JENKINS and 
HANSON[6] reported the congruent formation of δ at 
563 ℃. And they first described δ as Cu2Cd3, while 
recent studies showed that δ has Cu5Cd8 prototype. The 
peritectic reaction L+δ ⇔ ε was first reported by 
JENKINS and HANSON[6], who showed that ε-phase 
forms at 397  and 92.7% Cd of liquid. ℃ He also reported 
the eutectic points near pure Cd and in the central part of 
the phase diagram, which was 314 ℃, 97.9% Cd and 544 
℃, 47.3% Cd respectively. All data concerning invariant 
reactions used for the assessment procedure are shown in 
Table 2. 
 
3 Thermodynamic modeling 
 

The Cu-Cd system includes seven phases: three 
solution phases such as liquid, FCC_A1(Cu), and 
HCP_A3(Cd), one solution compound δ(Cu5Cd8), and 
three stoichiometric compounds such as β(Cu2Cd), 
γ(Cu4Cd3), and ε(Cu3Cd10). 
 
3.1 Solution phases 

The solution phases concerning liquid, FCC_A1(Cu) 
and HCP_A3(Cd) in the system were described by 
substitutional solution model. The Gibbs energies of the 
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Table 2 Invariant reactions in Cu-Cd system 

Reaction x(Cd) T/K 
Reaction 

type 
Reference 

L+(Cu)→Cu2Cd 
0.444 0 
0.446 2 

0.020 7 
0.021 8 

0.333 3 
0.333 3 

822.0 
822.0 

Peritectic 
Peritectic 

[4] 
This work 

L+Cu2Cd→Cu4Cd3 
0.448 0 
0.448 6 

0.333 3 
0.333 3 

0.428 6 
0.428 6 

820.0 
821.0 

Peritectic 
Peritectic 

[4] 
This work 

L→Cu4Cd3+Cu5Cd8 
0.473 0 
0.463 3 

0.429 0 
0.428 6 

0.522 0 
0.540 3 

817.0 
820.7 

Eutectic 
Eutectic 

[4] 
This work 

L→Cu5Cd8 
0.615 4 
0.615 4 

0.615 4 
0.615 4 

 
836.0 
840.0 

Congruent 
Congruent 

[4] 
This work 

L+Cu5Cd8→Cu3Cd10 
0.927 0 
0.956 4 

0.660 0 
0.654 7 

0.764 0 
0.769 2 

670.0 
670.0 

Peritectic 
Peritectic 

[4] 
This work 

L→Cu3Cd10 +(Cd) 
0.979 0 
0.989 7 

0.768 0 
0.769 2 

0.998 0 
0.997 8 

587.0 
590.0 

Eutectic 
Eutectic 

[2] 
This work 

 
solution phases are expressed as follows:  
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where φ

ix  represents the mole fraction of component i 
in theφ phase; φ

iG0  is the mole Gibbs free energy of 
pure component i; φ

CdCu,L  is the binary interaction 
parameter between Cu and Cd, which can be expressed 
in the form of a Redlich-Kister polynomial as 

∑
=
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n
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where φ
CdCu,

)( Lj  is the interaction parameter and can be 
expressed as temperature dependent terms as follows: 
 

++++++= − 312
Cu,Cd

)( )ln( fTeTdTTcTbTaLj φ  
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where a, b, c, d, e, f, g and h are the coefficients to be 
optimized. In most cases, only the first one or two terms 
of the above equation are used. Lattice stabilities of 
elements Cu and Cd are referred to DINSDALE[21], but 
there is no data available for Cd in FCC_A1(Cu), so 

FC
Cd

EG  is treated as 5 kJ/mol in the present assessment. 
 
3.2 Compound δ with homogeneity range 

The phase δ with Cu5Cd8-type cubic structure 
exhibits a considerable range of homogeneity. Several 
researchers have studied its crystal structure[22−24]. 
BRADLEY et al[22] and HEIDENSTAM et al[23] 
showed 20 Cu and 32 Cd atoms distributed in different 
sites as follows: 16 Cu atoms in the inner and outer 
tetrahedral sites, the remaining 4 Cu and 32 Cd atoms 
distributed in the octahedral and distorted cubo- 
octahedral position, respectively. To simplify the 
sublattice model, (Cu,Cd)5(Cd,Cu)8 was used to describe 
δ-phase. 
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where 85CdCu

:
0

jiG (i, j=Cu, Cd) represents the Gibbs free 
energy of the corresponding compounds in the Cu5Cd8 
structure. I

iy  and II
iy  are the site fractions of 

component i (i=Cu, Cd) in the first and second 
sublattices. 85CdCu

:Cu,Cd
0

kL  and 85CdCu
Cd,Cu:

0
kL  (k represents Cu or 

Cd) are the interaction parameters between Cu and Cd in 
the first and the second sublattices. In order to reduce the 
number of parameters in the Gibbs energy expression, it 
is supposed that 8585 CdCu

Cu:CdCu,
0CdCu

Cd:CdCu,
0 LL = and =85CdCu

CuCd,:Cu
0L  

85CdCu
Cd,Cu:Cd

0L  in the present assessment. 
 
3.3 Stoichimetric compounds 

The β(Cu2Cd) phase was described as a 
stoichiometric compound because it possesses no 
composition range. Also, the intermetallic phases, 
γ(Cu4Cd3) and ε(Cu3Cd10) are treated as  stoichiometric 
compounds due to their small homogeneity range. 
According to Neumann-Kopp rule, the Gibbs free energy 
of each compound xxCdCu1− is formulated as  

BTAGxGxG
xx

+++−=
−

HCP
Cd

0FCC
Cu

0
CduC )1(

1
        (7) 

 
where FCC

Cu
0G  and HCP

Cd
0G  are the Gibbs energies of 

elements Cu and Cd at their respective standard states, 
which are taken from DINSDALE[21]. A and B can be 
evaluated using thermodynamic and phase diagram data. 
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4 Results and discussion 
 

Using the lattice stability parameters of the element 
Cu and Cd cited from DINSDALE[21], the phase 
diagram of the Cu-Cd binary system was optimized by 
Thermo-calc software developed by SUNDMAN et al 
[25]. The phase diagram and thermochemical data were 
used as input to the program for the optimization. Each 
piece of selected information was given a certain mass 
by personal judgment, and verified by trial and error 
method during the assessment, until most of the selected 
experimental information was reproduced within the 
selected uncertainty limits. 

Firstly, the thermodynamic parameters for the liquid 
phase were optimized by using the mixing enthalpy of 
liquid and the activities of Cd in liquid, then the 
parameters of the intermetallic compounds and the 
terminal solution phases were optimized by using phase 
diagram data. All the parameters were finally optimized 
simultaneously to give a reasonable description of this 
system. The same set of parameters was verified with 
Pandat software[26], and it is found that the calculated 
results by Pandat software are in good agreement with 
those by Thermo-Calc. All the evaluated parameters are 
listed in Table 3. 

The calculated phase diagram of the Cu-Cd system 

compared with experimental data is illustrated in Fig.2. It 
is clear that the calculated results are in good agreement 
with experimental data reported by SUBRAMANIAN et 
al[4]. Table 2 lists the invariant reactions in the Cu-Cd 
system. An agreement within 5 K between the calculated 
and experimental temperatures has been obtained. As 
shown in Fig.3, the calculated mixing enthalpies of 
liquid at 723 K agree well with the experimental data.  
 

 
 
Fig.2 Calculated Cu-Cd phase diagram together with 
experimental data[4−6, 10] 

 
Table 3 Thermodynamic parameters of Cu-Cd system 

Phase Thermodynamic parameter 

Liquid 
(Cd, Cu) 

TL 557.3630 4Liq
Cd,Cu

0 +−=  

TL 261.2819 5Liq
Cd,Cu

1 −=  

968Liq
CuCd,

2 =L  

FCC_A1 
(Cd, Cu)1(VA)1 

HCP
Cd

0FCC
VA:Cd

0 000 5 GG +=  

TL 11185 23FCC
VA:CuCd,

0 −=  

HCP_A3 
(Cd,Cu)1(VA)0.5 

346 19HCP
VA:CuCd,

0 =L  

CdCu2 
(Cd)0.3333:(Cu)0.6667 

601 267 666.03 333.0 FCC
Cu

0HCP
Cd

0CdCu2 −+= GGG  

Cd3Cu4 
(Cd)0.4268:(Cu)0.5174 

285 34 571.08 426.0 FCC
Cu

0HCP
Cd

0CuCd 43 −+= GGG  

Cd8Cu5 
(Cd,Cu)0.6154:(Cd,Cu)0.3846 

101 19HCP
Cd

0CuCd
Cd:Cd

58 += GG  

TGGG 5.1600 46 384.04 615.0 FCC
Cu

0HCP
Cd

0CuCd
Cu:Cd

58 +−+=  

700 54 615.06 384.0 FCC
Cu

0HCP
Cd

0CuCd
Cd:Cu

58 ++= GGG  

494 8FCC
Cu

0CuCd
Cu:Cu

58 += GG  

TLL 19500 128558 CuCd
Cu:Cd,Cu

0CuCd
Cd:Cd,Cu

0 +−==  

TLL 19000 88558 CuCd
Cd,Cu:Cu

0CuCd
Cd,Cu:Cd

0 −−==  

Cd10Cu3 TGGG 9.0600 38 230.02 769.0 FCC
Cu

0HCP
Cd

0CuCd 310 +−+=  
Gibbs free energies are expressed in J/mol; VA means vacancy. 
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Fig.4 shows the calculated activities of Cd in liquid 
at 873 K together with the experimental data, and they 
are in good agreement with each other. Enthalpies of 
formation of intermetallic alloys at 298 K are shown in 
Fig.5. 
 

 
Fig.3 Enthalpies of mixing of liquid Cu-Cd alloy at 723 K 
(Reference states are liquid components[15]) 
 

 

Fig.4 Calculated activity of Cd in liquid Cu-Cd alloys at 873 K 
compared with experimental data referred to liquid Cd[16, 20] 
 
5 Conclusions 
 

1) On the basis of the reported experimental data, 
using the CALPHAD method, a self-consistent 
thermodynamic description describing all the phases of 
Cu-Cd system is obtained. 

2) Extensive comparisons between the calculated 
and experimental data are presented. The present 
description gives a good agreement with most of the 
experimental data. 

 

 
Fig.5 Enthalpies of formation of intermetallic alloys at 298 K 
compared with experimental data referred to FCC(Cu) and 
HCP(Cd)[20] 
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