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The vapor pressure of mercury over molten Hg–In alloys was measured, and the results were used for the
activity determination. Thermodynamics assessment of the Hg–In binary system was conducted using
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eywords:

the Calphad approach based on the experimental results determined in this study as well as those found
in the literature. The Hg–In phase diagram was calculated using assessed thermodynamic models. It was
found that the calculated thermodynamic properties and phase diagram are in good agreement with the
experimental data.
hase diagrams
hermodynamic properties
hermodynamic modeling

. Introduction

Hg–In alloys could be a part of superconductor or semiconductor
ulticomponent systems [1–3]. The phase diagram and thermo-

ynamic properties of Hg–In binary system are fundamentally
mportant for applications, and have been investigated previously
4–28]. It is known that the mercury is toxic and has high vapor
ressure. In this study the vapor pressure of Hg–In alloys was mea-
ured using static method, and the obtained results were used for
he activity determination of mercury. Thermodynamic remodel-
ng of the Hg–In system is then conducted based on the Calphad
pproach [29] using the experimental data obtained in this study
s well as those taken from the literature [4–28].

. Literature information

The first diagram of the Hg–In binary system has been pub-
ished by Ito et al. [4]. The indium rich corner has been examined
y Spicer and Banick [5] and Tyzack and Raynor [6]. Very wide
escription of phase diagram is in Kozin’s [7] book about amal-
ams systems. Kozin’s proposition of phase diagram includes five
ntermetallic compounds: Hg6In, Hg4In, HgIn, HgIn2 and HgIn11;

owever, later study (Mahy and Gissen [8]) showed that Hg6In and
g4In are FCO phase. Another Kozin’s [9] work was experimental.
e studied phase diagram using thermal analysis. Eggert [10] in his
ork made review of liquidus curve of Hg–In binary system, after
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that Jangg [11] and Chiarenzelli and Brown [12] described phase
diagram based on thermal analysis. The phase FCC A1 has been
investigated by Coels et al. [13] who described phase boundaries
of this phase by superconductivity measurement. Finally, Moraw-
ietz [14] correctly determined phase diagram with homogeneity
region around HgIn intermetallic compound. The last change of the
phase diagram was made by Claeson and Merriam [15], who discov-
ered compound HgIn2 which forms from HgIn and FCC A1 phases at
218 K. The latest published version of phase diagram is proposition
made by Okamoto which has been adopted by Massalski in “Binary
Alloy Phase Diagrams” [16]. Crystal structure for composition up to
55 at.% of indium at temperatures between 12 and 183 K has been
examined by Heller and Musgrave [17].

Thermodynamic properties of the liquid phase were investi-
gated by many authors. The first work was done by Richards and
Wilson [18] who used EMF measurement. Butler [19] used also EMF
method for describing activity coefficient of indium in liquid Hg–In
at 298 K. Activities of mercury between 557 and 696 K have been
studied by Predel and Rothacker [26]. Activities of elements in liq-
uid phases at 298 K were examined also by Okajima and Sako [27]
and Damelincourt et al. [28].

Heat of mixing of liquid Hg–In alloys was determined by Kleppa
and Kaplan [20] at 433 K. In other works, Kleppa [21] and also
Witting and Scheidt [22] measured enthalpy of mixing of the liq-
uid phase at 313, 373, 423 and 473 K. Partial enthalpies of mixing
at 416 and 426 K were measured by Bros [23]. Enthalpies of for-

mation of solid alloys have been investigated by Singh and Misra
[24] who studied full range of composition at 192 K. Generally,
one can say that experimental information about the liquid phase
agreed with one other and show negative deviation from the Raoult
Law.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:gilu@uci.agh.edu.pl
dx.doi.org/10.1016/j.tca.2009.02.020
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Table 1
Crystal structures of the phases in Hg–In system [16].

Phase Pearson
system

Space group Strukturbericht
designation

Prototype

Rhombohedral (Hg) hR1 R3̄m A10 �Hg
FCO oF8 Fddd . . . �Pu

F
v

Fig. 1. The Hg–In binary system published by Hansen [41].

Activities of components of the solid phase have been studied by
MF method by Sunden [25] and Kozin and Tananaeva [9]. The pre-
ious calculation of the Hg–In binary system was done by Hansen
41]. As we mentioned he used liquid phase as a reference state
f all phases except for HgIn IMC which can make some expan-
ion to high-order systems difficult. Published by Hansen [41] phase
iagram is shown in Fig. 1.
In this work the following phases are considered: Liquid, Rhom-
ohedral A7, FCO, FCC A1, Tetragonal A6, HgIn and HgIn2. Description
f the crystal structure is given in Table 1. The system exhibits also
ve invariant reactions at 381, 253, 243, 236 and 218 K. The liquidus

ine is below 273 K for concentration up to 0.65 mole fraction of In.

ig. 2. Experimental arrangement. 1: silica vessel, 2: silica membrane, 3: vaporization c
acuum pump, B: pressure switch, C: pressure measurement device, D: computer, E: tem
HgIn hR2 R3̄m L11 CuPt
FCC cF4 Fm3̄m A1 Cu
Tetragonal tI2 I4/mmm A6 In

For higher content of indium liquidus line increases to the melting
point of pure indium. The system includes also two intermetallic
compounds: HgIn and HgIn2.

3. Experimental procedures

The activities of mercury in Hg–In alloys were determined using
the vapor pressure measurement method. Pure mercury (99.99%)
obtained from Polish Chemical Reagents was additionally distil-
lated in vacuum. Indium of 99.99% purity was also obtained from
Polish Chemical Reagents. Samples of alloys were prepared sep-
arately by weighing appropriate amounts of metals and melting
them in silica chamber at temperature so high that the Hg vapor
pressure reached about 0.9 bar. Under these conditions the system
has been kept for 3–4 h and then cooled. If the pressure in reac-
tor after cooling was greater than 1.5E − 2 hPa, the reactor had been
opened and evacuated and the whole procedure has been repeated.
Then, samples were used in further measurements of the vapor
pressure over liquid phase.

The scheme of the apparatus is shown in Fig. 2. The measure-
ments of pressure of metal vapors consist in the use of a glass
pressure gauge. This technique, developed years ago by Gibson [30],
and used for determination of dissociation pressure of cupric bro-

mide by Jackson [31], has been also successfully applied to the
determination of the parameters of ZnO reduction process [32,33],
and vapor pressure over Hg–Tl alloy [34]. Consequently, it can be
also applied to the vapor pressure determination of mercury over
liquid Hg–In alloy.

hamber, 4: silica rod, 5: transoptor, 6: silica tube, 7: furnace, 8: thermocouple, A:
perature regulator.
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Table 2
Description of vapor pressure [hPa] over liquid Hg–In system.

XHg a b T [K] measurement range

0.0314 −66,733.2 122.9754 600–945
0.0506 −66,604.3 127.443 520–890
0.06945 −66,250 130.147 565–910
0.1002 −65,808 133.1025 516–850
0.2008 −64,490 138.764 523–730
0.3002 −63,307.2 142.087 470–695
0.4001 −62,348.6 144.497 465–715
0.4502 −61,987.5 145.607 460–670
0.5001 −61,659.7 146.5915 460–690
0.5501 −61,172.5 147.2 480–680
0.6 −60,801.2 147.856 480–670
0.6989 −60,252.2 149.1365 470–670
0.8006 −59,853.2 150.251 470–660
0.8249 −59,777.2 150.508 480–640
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.85 −59,711.2 150.758 460–620

.875 −59,654.2 150.999 460–625

.8998 −59,607.5 151.312 470–620
−59,521.2 152.113 Ref. [35]

The main part of the apparatus consists of the silica vessel (1)
hich is divided into two parts by the silica membrane (2). A piece

f prepared earlier Hg–In alloy (or pure mercury) of approximately
g has been placed in the vaporization chamber (3) which was
vacuated and sealed under vacuum. In the upper part of the ves-
el a thin rod of silica was placed vertically on the membrane (4)
n such a way that its upper part goes through the slit of transop-
or (5). The rotary pump was connected with the upper part of the
essel through the silica tube (6). The vessel has been immersed
n the resistant furnace (7). Additionally, a thick-walled iron cru-
ible (8) was placed in the furnace to stabilize its thermal field. The
ccuracy of temperature has been less than 2 K, accuracy of mea-
ured pressure 1.5E − 2 hPa and accuracy of composition less than
.001 mole fraction. The accuracy was limited by temperature and
ressure measurement systems and by the balance used for sample
reparation.

If temperature increases, the pressure over liquid alloy also
ncreases. In this case, silica membrane (2) deflect and the rod
4) moves up, what changes mode of transoptor (5). Upon new

ode of transoptor the pressure over membrane (2) increases till
he pressures over and under membrane are equal to each other.
onsequently, the silica rod (4) moves down and changes mode of
ransoptor (5) to neutral state. Opposite way of work was used when
emperature of liquid alloy decreased, which means that the silica
od (4) moves down and changed mode of transoptor to the state
hen rotary pump was working. The pressure of a gas over silica
embrane (2) was measured by electronic device and registered

y computer.

. Experimental results and discussion

For constant alloy composition the vapor pressure of Mercury
ver liquid phase, can be described by Eq. (1):

T ln PHg = a + bT (1)

here R: gas constant [J/(mol K)], P: pressure [hPa], T: absolute
emperature [K], a and b: coefficients.

The pressure of indium is negligible at experiment tempera-
ures and equal 4.07E − 6 hPa at 900 K [9]. The temperature range
f experiment was depend on composition of sample and varied
etween 460 and 940 K.
The result of experiment is shown in Table 2, where one can find
et of coefficients for Eq. (1) obtained on the base of vapor pressure
easurement over 17 samples. In the same table, description of

he pressure of pure Hg vapor [35] is also shown. Values of a and b
oefficients were obtained by the Statgraphics software [36].
ca Acta 491 (2009) 29–34 31

The activity of Hg can be determined from the relation:

aHg = PHg

P0
Hg

(2)

where aHg: activity of mercury, PHg: vapor pressure of mercury over
liquid alloy, P0

Hg: vapor pressure of mercury over pure mercury.
For further calculation it is more convenient to rewrite Eq. (1):

ln PHg = a′

T
+ b′ (3)

where a′ = a/R and b′ = b/R and express activity in the form:

ln aHg = ln PHg − ln P0
Hg = a′ − a0

T
+ (b′ − b0) (4)

and from commonly known equation, partial Gibbs energy of mer-
cury is given by

�ḠHg = RT ln aHg = R(a′ − a0) + R

T
(b′ − b0) (5)

The partial heat of mixing and partial entropy of mercury can be
derived as well

�H̄Hg = −RT2 ∂ln aHg

∂T
= R(a′ − a0) (6)

�S̄Hg = �H̄Hg − �ḠHg

T
= −R(b′ − b0) (7)

As one can see it is very easy to calculate from Eqs. (5)–(7)
thermodynamic function of the liquid phase; however, for full ther-
modynamic description of binary alloys its better to use more
universal tool such a Calphad [29] method and Thermo-Calc [37]
software.

5. Thermodynamic assessment and phase diagram
calculation

The optimization of binary Hg–In system has been published
previously [41]; however, taking into account new experimental
information obtained in this work and reference states used by
Hansen in his work (he used liquid as reference state for all phases)
we decided to make optimization of this system again. Calphad [29]
method is a very powerful tool which can be also used for systems
in which the range of temperature includes values lower than 298 K
[38].

Several thermodynamic models were used for the description
of phases in Hg–In binary system:

5.1. Substitutional solution

The Gibbs energies of pure elements with respect to temperature
0Gi(T) = Gi(T) − HSER

i
are represented by Eq. (1):

0Gi(T) = a + bT + cT ln(T) + dT2 + eT−1 + fT3 + iT4 + jT7 + kT−9

(8)

The 0Gi(T) data are referred to the constant enthalpy value of the
standard element reference HSER

i
at 298.15 K and 1 bar as recom-

mended by Scientific Group Thermodata Europe (SGTE) [42]. The
accepted reference states are: Liquid (Hg) and Tetragonal A6 (In).
The 0Gi(T) expression may be given for several temperature ranges,
where the coefficients a–f and i–k have different values. The 0Gi(T)

functions are taken from SGTE Unary (Pure elements) TDB v.4 [42].
The SGTE Unary database is defined from 298.15; however for this
work we extrapolated Gibbs energy down to 200 K. The same trick
was used during previous optimization by Hansen [41] and Gier-
lotka et al. [38].
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Table 3
Gibbs free energies of Hg–In system.

Phase Parameters

Liquid L0 = −9691.195

Rhombohedral A10 GRhombohedral A10
In = GHSERIN + 800

0LRhombohedral A10
HgIn = −6038.819

1LRhombohedral A10
HgIn = −6682.800

FCO GFCO
Hg = GHSERHG + 4258.238

GFCO
In = GHSERIN + 900

0LFCO
HgIn = −12993.501 + 132.436T

1LFCO
HgIn = −83669.322

HgIn GHgIn
Hg:Hg = GHSERHG + 5439.268 − 11.736T

GHgIn
In:In = GFCCIN∗

GHgIn
Hg:In = 0.5GHSERIN + 0.5GHSERHG − 4786.312 + 6.422T

GHgIn
In:Hg = 0

LHgIn
Hg,In:Hg = −92.8785

LHgIn
Hg:In,Hg = −2154.2429

LHgIn
In:In,Hg = −1580.8171

LHgIn
Hg,In:In = 1746.7951

HgIn2 GHgIn2
Hg:In =

0.333GHSERHG + 0.667GHSERIN − 5000 + 10.958 ∗ T

FCC A1 GFCC A1
Hg = GHSERHG + 5439.268 − 11.736 ∗ T

0LFCC A1
HgIn = −20922.892 + 90.228 ∗ T

1LFCC A1
HgIn = 178.385 + 68.866 ∗ T

Tetragonal A6 0LTetragonal A6
HgIn = 11507.390 + 6.134 ∗ T

1LTetragonal A6
HgIn = 25000.000

GHSERHG 200.00 < T < 234.32:
82,356.855 − 3348.19466*T + 618.193308*T*LN(T)
−2.0282337*T**2 + 0.00118398213*T**3 − 2366,612*T**(−1)
234.32 < T < 400.00:
−8961.207 + 135.232291*T − 32.257*T*LN(T)
+0.0097977*T**2 − 3.20695E − 06*T**3 + 6670*T**(−1)
400.00 < T < 700.00:
−7970.627 + 112.33345*T − 28.414*T*LN(T)
+0.00318535*T**2 − 1.077802E − 06*T**3 − 41,095*T**(−1)
700.00 < T < 2000.00:
−7161.338 + 90.797305*T − 24.87*T*LN(T) − 0.00166775*T**2
+8.737E − 09*T**3 − 27,495*T**(−1)

GHSERIN 200 < T < 429.75:
−6978.89 + 92.338115*T − 21.8386*T*LN(T)
−0.00572566*T**2 − 2.120321E − 06*T**3 − 22,906*T**(−1)
429.75 < T < 3800.00:
−7033.516 + 124.476588*T − 27.4562*T*LN(T)
+5.4607E − 04*T**2 − 8.367E − 08*T**3
−211,708*T**(−1) + 3.53116E + 22*T**(−9)

GFCCIN 200.00 < T < 429.75:
−6816.829 + 92.338115*T − 21.8386*T*LN(T)
−0.00572566*T**2 − 2.120321E − 06*T**3 − 22,906*T**(−1)
429.75 < T < 3800.00:
−6871.455 + 124.476588*T − 27.4562*T*LN(T)
2 W. Gierlotka et al. / Thermo

Solid and liquid solution phases (Liquid, Rhombohedral A7, FCO,
CC A1, Tetragonal A10) are described by the substitutional solution
odel [39]:

m(T)=
∑

i
x0

i Gi(T)+RT
∑

i
xi ln(xi)+

∑
i

∑
j>i

xixj

(∑
v

�Lij(xi−xj)
v

)

(9)

here the
∑

i

∑
j>ixixj

(∑
v

�Lij(xi − xj)
v

)
part is the

edlich–Kister polynomial describing excess Gibbs energy.

.2. Two-sublattice model

The HgIn phase is formed in L11 structure with CuPt prototype.
description of the Gibbs energy of this phase is a two-sublattice
odel, (Hg,In)0.5:(Hg,In)0.5 [40]:

HgIn
m (T) = yI

HgyII
Hg

◦
GHgIn

Hg:Hg + yI
HgyII

In
◦
GHgIn

Hg:In + yI
InYII

Hg
◦
GHgIn

In:Hg

+yI
InyII

In
◦
GHgIn

In:In + 0.5RT(yI
Hg ln yI

Hg + yI
In ln yI

In)

+0.5RT(yII
In ln yII

In + yII
Hg ln yII

Hg) + xsGHgIn
m (10)

here xsGHgIn
m represents excess Gibbs energy:

sGHgIn
m = yI

HgyI
InyII

HgLHgIn
Hg,In:Hg + yI

HgyI
InyII

InLHgIn
Hg,In:In + yI

HgyII
InyII

HgLHgIn
Hg:In,Hg

+yI
InyII

InyII
HgLHgIn

In:In,Hg + yI
InyI

HgyII
InyII

HgLHgIn
In,Hg:In,Hg (11)

n which yN
i

denotes the site fraction of element i on sublattice
, symbol “:” indicates separation of elements on the different
ublattices, and “,” indicates separation of elements on the same
ublattice.

.3. Line compound model—HgIn2

Stoichiometric compound HgIn2 is described as the line com-
ound using the following equation:

HgIn
m (T) = a + bT + 0.667GHSERIN + 0.333GHSERHG (12)

here GHSERIN and GHSERHG are Gibbs energies of In in Tetrago-
al A10 and Hg in liquid phases, respectively.

. Calculated results and discussion

The thermodynamic parameters for all phases in the system
ere optimized by the Calphad [29] method using Thermo-Calc

37] software. The optimization was carried out in agreement
ith Schmid-Fetzer et al. [43] guideline. For this optimization,

hermochemical data for the liquid phase, invariant reactions
nd liquidus/solidus information were used. To each piece of the
elected information a certain weight was given by personal judg-
ent. The optimization was carried out step by step. At first,

ptimization of the liquid phase was performed. Next, solid phases
ere assessed. Intermetallic compound HgIn was treated as line

ompound at first; however after initial optimization the descrip-
ion of this phase has been changed to two-sublattice compound
nergy model.

Finally all parameters were evaluated together to yield the best
escription of the system. The calculated interaction parameters

re shown in Table 3.

Calculated thermodynamic properties of liquid phase are shown
n Figs. 3–5. Fig. 3 shows calculated activity of mercury and indium
ompared with the experimental results of Damelincourt et al. [28],
unden [25] and Predel and Rothacker [26] and this work. As can
+5.4607E − 04*T**2 − 8.367E − 08*T**3
−211,708*T**(−1) + 3.53116E + 22*T**(−9)

GFCCIN: Gibbs free energy of In in FCC A1 structure.

be seen from that figure, modeled activities of components show
negative deviation from Raoult’s Law and very good agreement with

experimental data at very wide temperature range 298–696 K. Fig. 4
shows calculated at 500 K Gibbs energy of mixing and chemical
potentials of mercury and indium superimposed with experimental
information obtained in this work. Calculated heat of mixing super-
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Fig. 3. Calculated activities of mercury and indium at 500 K and mercury at 298 K superimposed with experimental points.

f mer

i
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u
fi
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e
g
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several authors.
Detailed information about calculated invariant reactions is col-
Fig. 4. Calculated Gibbs energy of mixing and chemical potentials o

mposed with experimental points is shown in Fig. 5. Difference
etween calculated line and experimental data of Kleppa [20,21]
nd Bros [23] is less than 200 J/mol, which is comparable with the
ncertainty of experimental enthalpy data. One can find from the
gure, that enthalpy of mixing was not dependent on temperature
nd used model describes the heat of mixing well.
Fig. 6 shows the calculated phase diagram compared with
xperimental data. Generally, calculated phase diagram is in
ood agreement with the experimental data. The only difference
etween calculated and measured liquidus line is seen around the

Fig. 5. Calculated enthalpy of mixing of the liquid phase.
cury and indium at 500 K superimposed with experimental points.

composition of HgIn intermetallic compound. However, taking into
account invariant reactions between HgIn and other phases, one cay
say that IMC phase is modeled well. Liquidus line on indium side
is reproduced well and agrees with experimental data obtained by
lected in Table 4. In the same table literature information about
invariant reaction is gathered. The comparison of calculated and
measured values suggests good agreement between experiments

Fig. 6. Calculated phase diagram of Hg–In system superimposed with experimental
points.
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Table 4
Invariant reactions.

Reaction Experiment Calculation

X (In) T [K] Lit. X (In) T [K]

L + Rhombo ⇔ FCO ≈0.16 253 [21] 0.168 253.6
L ⇔ FCO + HgIn 0.34 236 [21] 0.346 235.6
HgIn + FCC A1 ⇔ HgIn2 0.667 218 [21] 0.667 218
L
L
L
L
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[
[

[

[
[
[
[41] S.C. Hansen, Calphad 22 (3) (1998) 359–372.
⇔ HgIn + FCC A1 0.61 243 [21] 0.61 243.7
+ Tetra ⇔ FCC A1 0.939 381 [21] 0.938 380.8
⇔ Rhombo 0.14 236 [21] 0.138 235.6
⇔ HgIn 0.5 254 [21] 0.5 252.6

nd calculation. As compared with previous assessment done by
ansen [41] we obtained the same agreement with experimen-

al description of the phase diagram. The biggest difference is
hat we used different reference state which allows to expand the
escription to high-ordered systems without additional calcula-
ions. Calculated activity of mercury based on our approach is in
etter agreement with experimental data than Hansen’s [41] propo-
ition and shows very good reproduction of Damelincourt et al. [28]
ata. Opposite to Hansen [41], we did not use Okajima and Sako’s
27] data because the experimental points show unexpected, con-
tant values for concentration between 0.3 and 0.4 mole fraction
f In. Calculated enthalpy of mixing shows slightly lower values
han measured one. However, the same situation one can find in
ansen’s work. Generally, our assessment shows the same repro-
uction of the phase diagram and enthalpy of mixing as Hansen’s
41] work, and better agreement with experimental information
bout activities.

. Conclusions

The activities of Hg in the binary Hg–In system were experi-
entally determined by vapor pressure method at 460–940 K. The

ctivities show negative deviation form the Raoult’s Law. Using the
xperimental results of this study and literature information, the
hermodynamic model of the Hg–In systems was re-optimized and
new set of interaction parameters was found. It was found that

he calculated thermodynamic properties and phase diagram are
n good agreement with the experimental data.
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