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Thermodynamic reassessment of Ga-Hg and Mg-Hg systems
FENG Yan(冯 艳), WANG Ri-chu(王日初), PENG Chao-qun(彭超群), LIU Hua-shan(刘华山)
(School of Materials Science and Engineering, Central South University, Changsha 410083, China)
Abstract: The Ga-Hg binary system was thermodynamically assessed by the CALPHAD method, but only configuration
contributions were considered to the entropy of the liquid. The Mg-Hg binary system has not been assessed yet. In the assessments of
the Ga-Hg and Mg-Hg binary systems, solutions including liquid and hcp (Mg) were treated as substitution solutions, of which the
excess Gibbs energies were formulated with the Relich-Kister polynomial. The intermetallic phases in the Mg-Hg binary system,
Mg3Hg, Mg5Hg2, Mg2Hg, Mg5Hg3, MgHg, and MgHg2, were described as stoichiometric compounds. Based on the reported
experimental data and thermodynamic properties of the phase diagram, sets of self-consistent parameters describing all phases in the
Ga-Hg and the Mg-Hg binary systems were obtained.
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1 Introduction
Magnesium alloys are used extensively as a sort of
anode materials in the seawater battery system for its
good performances such as rapid activation, high cell
voltage-wide voltage range, and high power density
capability [1−4]. As is known, pure magnesium electrode
can be polarized easily by a protective oxide or
hydroxide film. It has been reported that the alloying
elements Ga and Hg can enhance the electrochemical
activity of the Mg anodes because they can produce
uniform dissolution of Mg anodes in environments
containing aggressive ions [5−6]. Moreover, the addition
of Ga in the Mg-Hg alloys can decrease the driving force
of the galvanic couple corrosion and enhance the
corrosion resistance and the electrode efficiency of the
Mg-Hg anode materials [7]. In order to design alloy and
better understand the mechanisms of Ga and Hg
activating the Mg anode materials, the thermodynamic
assessments of the Ga-Hg and Mg-Hg binary systems are
necessary.
A review of the literature data on the Ga-Hg system,
which includes publications before 1993, has been
presented by GUMINSKI and ZABDYR [8]. Three
thermodynamic models were published for the Ga-Hg
liquid phase [9]. Using tetrahedral approximation for the
Ga-Hg liquid phase, GUBBELS [9] calculated the most
consistent results in extrapolation of the Ga-Hg-In
ternary system, but only configuration contributions were
considered to the entropy of the liquid. The newest
review of the Mg-Hg binary system was reported by
NAYEB-HASHEMI and CLARK [10], who summarized

the publications before 1987. There has not any
thermodynamic assessment on the Mg-Hg binary system
yet.
In view of these, the thermodynamic reassessments
of the Ga-Hg and Mg-Hg binary systems were performed
in the present work.

2 Evaluation of experimental data
2.1 Experimental data of Ga-Hg binary system
The liquidus in the Ga-Hg diagram was determined
using thermal analysis [9, 11−14]. These data are
consistent and used in the optimization. There is a
miscibility gap in the liquid of the Ga-Hg binary system
and no intermetallics exist. The largest solid solubility of
Hg in orthorhombic (Ga) was 0.02%, determined by
measuring the residual electric resistivity of the Hg-rich
alloys [15]. The largest solid solubility of Ga in
rhombohedral (Hg) was determined using the same
method [16].
By calorimetric measurements, mixing enthalpies of
the Ga-Hg liquid at 478 and 513 K were determined
[11,17−19]. These data are consistent except the larger
values on the Ga-rich region in Refs.[11,17−18], which
were confirmed by ZHANG and GUO [20] using
calculation. So the symmetric mixing enthalpy of the
Ga-Hg liquid in the whole composition range was not
accepted in this optimization [19]. Due to lack of other
new experimental data, no temperature dependence of
the mixing enthalpy of the Ga-Hg liquid was considered
in this optimization.
The partial molar enthalpies of mixing of the Ga-Hg
liquid at 483−523 K were determined by calorimetry [9]
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and calculation from EMF (electromotive force) data
[21]. Due to the large deviation of the data, they were not
used in this work. The vapor pressures of Hg over the
alloys in the temperature range from 460 to 700 K were
measured [19, 22−23], and some thermodynamic data
such as activities of the components in liquid phase were
calculated. The representations of the results make
quantitative comparison difficult, so they were not used
in this optimization.
The experimental data of Ga-Hg binary system are
summarized in Table 1.

in the present optimization due to its accuracy.
By measuring the vapor pressure of Hg, the
formation enthalpies of the Mg-Hg compounds at 298 K
and the Gibbs energy of formation of these compounds at
550 and 356 K were deduced by HILPERT [30]. These
data were used in the assessment. Because of lack of the
thermodynamic data of the liquid, the dependence of the
mixing enthalpy of the Mg-Hg liquid is not considered in
this assessment.
The experimental data of Mg-Hg binary system are
summarized in Table 2.

Table 1 Experimental data of Ga-Hg binary system
Experimental
Used in
Method
Ref.
data
optimization

Table 2 Experimental data of Mg-Hg binary system

[9]
[11]
[12]
[13]
[14]

Yes

Solubility of
Hg in (Ga)

Residual
electric
resistivity

[15]

Yes

Solubility of
Ga in (Hg)

Residual
electric
resistivity

[16]

Yes

1
∆H mix

Calorimetry

[11]
[17]
[18]

Yes

1
∆H mix

Calorimetry

[19]

No

1
∆H mix

Liquidus
invariant
equilibrium

Thermal
analysis

Calculation

[20]

Yes

1
∆H mix
1
∆Gmix
1
∆S mix

Vapor
pressure

[19]
[22]
[23]

No

1
∆H mix

EMF

[21]

No

1
1
Note: ∆H mix
means mixing enthalpy of liquid, ∆Gmix
means mixing
1
Gibbs energy of liquid, ∆S mix
means mixing entropy of liquid, and
1
means partial mixing enthalpy of liquid.
∆H mix

2.2 Experimental data of Mg-Hg binary system
The liquidus and invariant reactions of the Mg-Hg
binary system were determined by thermal analysis
[24−27]. Six compounds, Mg3Hg, Mg5Hg2, Mg2Hg,
Mg5Hg3, MgHg, and MgHg2, were detected using the
same method [25−26]. BRAUER et al [28] determined
the solid solubility of the six compounds to be minimum
using X-ray diffraction method, so these compounds
were considered to be stoichiometric compounds in this
optimization. The largest solid solubility of Hg in hcp
(Mg) was firstly measured as low as 0.43% (mole
fraction) Hg by thermal analysis [25−26] and revised to
be at least 1.165% (mole fraction) Hg by lattice
parameter measurements [29]. The latter datum was used

Experimental
data

Method

Ref.

Used in
optimization

Liquidus

Thermal analysis

[24]
[25]
[26]

Yes

Invariant
equilibrium

Thermal analysis

[27]

Yes

Solidus and
solvus of Mg

Thermal analysis
metallography

[29]

Yes

Stoichiometric
intermediate
compounds

XRD
thermal analysis

[26]
[28]
[29]

Yes

Vapor pressure

[30]

Yes

comp
∆H form
comp
∆G form

comp means formation enthalpy of compounds, and
comp
Note: ∆H form
∆G form
means Gibbs energy of formation of compounds.

3 Thermodynamic modeling
The lattice stabilities of pure elements Mg, Ga, and
Hg are taken from Ref.[31].
Three phases are involved in the optimization of the
Ga-Hg binary system, which are the solution phases of
liquid, the terminal phase of orthorhombic (Ga) and
rhombohedral (Hg). Nine phases involved in the
optimization of the Mg-Hg binary system, which are the
solution phases of liquid and HCP (Mg), the solution
compounds of Mg3Hg, Mg5Hg2, Mg2Hg, Mg5Hg3, MgHg
and MgHg2, and the terminal phase of rhombohedral
(Hg).
In the Ga-Hg binary system, the solution phase
liquid was described as substitution solution, and its
Gibbs energy is expressed as follows:

G liq =

∑

i = Ga, Hg

xGa xHg

xiΘ GiΦ + RT

∑

j = 0, 1, L

∑

i = Ga, Hg

xi ln xi +

( xHg − xGa ) j ( j ) Lliq
Ga, Hg

(1)

where
xi (i=Ga, Hg) are the mole fractions of
components Ga and Hg, respectively; Θ GiΦ is the mole
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Gibbs energy of pure element i in the standard state. The
interaction parameter of the solution is given below:
( j ) liq
LGa, Hg = A j + B j T + C j T ln T
where ( j ) Lliq
Ga, Hg means the j-order

(2)

interaction between
Ga and Hg atoms in the liquid state; Aj, Bj, and Cj are to
be optimized. When j=0, (0) Lliq
Ga, Hg stands for the
nearest-neighbor interaction between atoms Ga and Hg.
As no temperature dependence of the mixing enthalpy of
the liquid phase in this system is considered, Cj should
be zero.
The solid solubility of Hg in orthorhombic (Ga),
and that of Ga in rhombohedral (Hg) are negligible, thus
they are not considered here.
In the Mg-Hg binary system, the solution phases
including liquid and HCP (Mg) were all described as
substitution solutions, and their Gibbs energies are
expressed as follows:

GΦ =

∑

i = Mg, Hg

xMg xHg

xiΘ GiΦ + RT

∑

j = 0, 1, L

∑

i = Mg, Hg

xi ln xi +

( xHg − xMg ) j ( j ) LΦMg, Hg

(3)

where Φ denotes all the solution phases; xi (i=Mg, Hg)
are the mole fractions of components Mg and Hg,
respectively; and Θ GiΦ is the mole Gibbs energy of
pure element i in the standard state. The interaction
parameter of the solution is given below:
( j) Φ
LMg, Hg

where

= A j + B j T + C j T ln T

( j) Φ
LMg, Hg means

(4)

the j-order interaction between

Mg and Hg atoms in Φ state, and Aj, Bj and Cj are to be
optimized. When j=0, (0) LΦMg, Hg stands for the
nearest-neighbor interaction between atomic Mg and Hg.
As no temperature dependence of the mixing enthalpy of
the liquid phase in this system is considered, Cj should
be zero.
All intermediate phases in Mg-Hg binary system are
treated as stoichiometric compounds because of their
narrow homogeneity ranges. So the Gibbs energies of
these phases are formulated as
hcp
rhom
G Mg a Hgb = a Θ GMg
+ bΘ GHg
+ D + ET

where a and b are the mole fractions in these
compounds per one mole, and D and E are also
parameters to be optimized.
The solid solubility of Hg in HCP (Mg) is negligible,
thus it is not considered here.
The model parameters of the Mg-Hg and Ga-Hg
binary systems obtained in these optimizations are shown
in Tables 3 and 4, respectively.

4 Results and discussion
4.1 Calculated Ga-Hg binary system
Fig.1 illustrates the calculated phase diagram of the
Ga-Hg binary system, together with the experimental
boundaries. All invariant reactions in the system are
listed in Table 5. Satisfactory agreement is obtained
between the calculated and experimental phase diagram
data.

Table 3 Model parameters of Mg-Hg binary systems obtained in this work
Parameter

Value/(J·mol−1)

(0) liq
LMg:Hg

−82 826.0+25.40T

(1) liq
LMg:Hg

16 815.4−11.98T

(2) liq
LMg:Hg

12 147.2

HCP (Mg, Hg)

(0) hcp
LMg:Hg

−44 012.9+1.21T

Mg3Hg
(Mg)0.75:(Hg)0.25

Mg 0.75 Hg 0.25
GMg:Hg

hcp
rhom
−20 621.4+6.03T+0.75 Θ GMg
+0.25 ΘGHg

Mg5Hg2
(Mg)0.714:(Hg)0.286

Mg 0.714 Hg 0.286
GMg:Hg

hcp
rhom
−23 620.3+7.49T+0.714 ΘGMg
+0.286 ΘGHg

Mg2Hg
(Mg)0.667:(Hg)0.333

Mg0.667 Hg 0.333
GMg:Hg

hcp
rhom
−26 446.8+8.15T+0.667 ΘGMg
+0.333 ΘGHg

Mg5Hg3
(Mg)0.625:(Hg)0.375

Mg0.625 Hg 0.375
GMg:Hg

hcp
rhom
+0.375 ΘGHg
−27 115.7+7.66T+0.625 ΘGMg

MgHg
(Mg)0.5:(Hg)0.5

Mg0.5 Hg0.5
GMg:Hg

hcp
rhom
−28 122.0+5.74T+0.5 ΘGMg
+0.5 ΘGHg

MgHg2
(Mg)0.333:(Hg)0.667

Mg0.333 Hg 0.667
GMg:Hg

hcp
rhom
−20 150.1+4.52T+0.333 ΘGMg
+0.667 ΘGHg

Phase and model
Liq
(Mg, Hg)

Note: Lattice stabilities of elements Mg and Hg are taken from Ref.[31].

(5)
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Table 4 Model parameters of Ga-Hg binary systems obtained
in this work
Phase and model

Parameter

Value/(J·mol−1)

(0) liq
LGa:Hg

7 661.9+2.65T

(1) liq
LGa:Hg

120.0

(2) liq
LGa:Hg

1 050.2

Liq
(Ga, Hg)

Note: Lattice stabilities of elements Ga and Hg are taken from Ref.[31].

Fig.2 Comparison of calculated mixing enthalpies of Ga-Hg
liquid at 478 K with experimental data

Fig.1 Calculated phase diagram of Ga-Hg binary system,
together with experimental data
Table 5 Invariant reactions in Ga-Hg binary system
Reaction

Composition of
Temperature/
respective phase,
K
x(Hg)/%
2.30 0.02 96.70

L1↔(Ga)+L2
0.97 0.03 96.90

L2↔(Hg)+ (Ga)

299.7
299.9
300.7
299.7

99.60 99.60 0.02

233.3

99.50 100

233.4

0

50.00 50.00 50.00

476.5

50.00 50.00 50.00

473.9

L↔ L1+L2

Ref.
[9]
[13]
[14]
This work
[9]
[13]
[14]
This work
[9]
[14]
This work

Fig.2 shows the calculated mixing enthalpies of the
Ga-Hg liquid at 478 K and the experimental values [11].
The calculated results are consistent with the
experimental results.
4.2 Calculated Mg-Hg binary system
The calculated phase diagram of Mg-Hg binary
system with experimental phase boundaries is illustrated
in Fig.3. Combined with Table 6 that lists all invariant
reactions and congruent transformations in Mg-Hg
binary system, it is clear that reasonable agreement is

Fig.3 Comparison of calculated phase diagram of Mg-Hg
binary system with experimental data

realized between the calculated and experimental phase
diagrams.
The calculated and experimental formation
enthalpies of the Mg-Hg intermetallic compounds at 298
K are shown in Fig.4. Fig.5 shows the calculated Gibbs
energies of formation of the Mg-Hg intermetallic
compounds at 550 and 356 K in comparison with
experimental data. Obviously, the measured enthalpies
and Gibbs energies of formation are reasonably
reproduced except the values of MgHg. Considering the
deviation of experiment, the measured enthalpy and
Gibbs energy of formation of the MgHg compound can
be accepted.

5 Conclusions
(1) The phase diagram of Ga-Hg binary system is
modeled on the basis of experimental phase diagram and
thermodynamic data from literature. A set of selfconsistent model parameters describing Ga-Hg binary
system are obtained, which satisfy the experimental
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Table 6 Invariant reactions and congruent transformations in Mg-Hg binary system
Reaction

L↔(Mg)+Mg3Hg

Compositions of respective phases x(Hg) /%

Temperature /K

Ref.

731.00
721.00
727.00
719.60

[25]
[26]
[27]
This work

781.00
771.00
781.70

[26]
[27]
This work

788.00
790.00
791.00

[25]
[27]
This work

33.33
33.33
33.30

853.00
843.00
847.00

[25]
[26]
[27]

33.30

842.00

This work

831.00
831.00
833.50

[25]
[28]
[27]
This work

835.00
835.00
834.00

[25]
[27]
This work

833.00
832.00
831.00

[25]
[27]
This work

903.00
900.00
889.00
899.00

[25]
[26]
[27]
This work

442.00
443.00
444.00
443.10

[24]
[26]
[27]
This work

232.00
232.00
234.00

[24]
[27]
This work

17.00
17.50

0.45
1.20

25.00
25.00

14.60

2.00

25.00

24.00

28.57

25.00

22.30

28.60

25.00

25.00

33.33

28.57

23.70

33.30

28.60

L+Mg5Hg2↔Mg3Hg

L+Mg2Hg↔ Mg5Hg2

L↔ Mg2Hg

36.20

33.33

37.50

37.10

33.30

37.50

L↔ Mg2Hg+ Mg5Hg3

37.50

L ↔ Mg5Hg3
37.50
40.00

37.50

50.00

39.80

37.50

50.00

L↔ MgHg+ Mg5Hg3
50.00
50.00
50.00
50.00

L↔ MgHg

L+MgHg↔MgHg2

80.60
80.66

50.00
50.00

66.67
66.67

81.20

50.00

66.70

~100.00

66.67

100.00

66.70

L↔Hg+MgHg2
99.90

Fig.4 Calculated formation enthalpies of Mg-Hg compounds at
298 K in comparison with experimental data

Fig.5 Comparison of calculated Gibbs energies of formation of
Mg-Hg compounds at 550 and 356 K with experimental data
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data in a reasonable manner.
(2) The phase diagram of Mg-Hg binary system is
modeled on the basis of experimental phase diagram and
thermodynamic data from literature. A set of selfconsistent model parameters describing Mg-Hg binary
system are obtained, which satisfy the experimental data
in a reasonable manner.
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