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Abstract 

The thermodynamic properties of the intermetallic compound CeSn 3 and the tin-rich liquid tin-cerium alloys in equilibrium 
with CeSn 3 were studied by a high-temperature galvanic cell technique using the reversible concentration cell 

Ta, CeIICeCI 3, LiCI-KC1 (eutectic)llCe-Sn (two-phase alloy), Ta 

in the temperature range 723-873 K. The standard Gibbs energy of formation of CeSn 3 from pure solid cerium and pure liquid 
tin varies with temperature according to the equation 

o AGf(cos,3) = - 260.08 + 0.0476T ( --- 2) kJ mol J 

The activity coefficients, excess partial molar free energies, enthalpies and entropies of cerium in the saturated liquid alloys 
have been computed from the e.m.f, data obtained in this study and the data for the solubility of cerium in liquid tin. The 
activity coefficients of cerium in liquid tin with reference to solid cerium can be expressed as 

- - x s  
Gc~ = R T  In rce= -249 + 0.059T ( --+ 2) kJ mol 

Keywords: Formation enthalpy; Galvanic cell technique 

L Introduction 

Phase relations in the system Ce-Sn  are given in the 
literature [1]. In the tin-rich region of the phase 
diagram, the liquidus line rises with a high slope from 
a eutectic close to the melting point of tin. According- 
ly the solubility of cerium in tin is small (Xce = 0.045- 
0.067) over the temperature  range of measurement  
(723-873 K). The intermetallic phase in equilibrium 
with the liquidus has the fixed stoichiometry CeSn 3. 
The enthalpy of formation of the intermetallic com- 
pound CeSn 3 has been determined by high-tempera- 
ture calorimetry [2-4] .  The enthalpy of solution of 
cerium in liquid tin was obtained by Colinet and 
co-workers [2,5] by solution calorimetry in liquid tin. 
The purpose of the present investigation is to de- 
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termine the thermodynamic properties of the inter- 
metallic phase CeSn 3 and liquid cer ium-t in  alloys in 
equilibrium with CeSn 3 by using a molten-salt gal- 
vanic-cell technique. 

2. Experimental techniques 

2.1. Materials  

Analytical grade KCI, LiCI and CeCI 3 were ob- 
tained from Aldrich Chemicals (USA). Pure cerium 
(99.99%) and tin (99.9%) metals were obtained from 
Alpha Chemicals (USA). 

2.2. Electrolyte  

The electrolyte was prepared by dissolving CeCl 3 in 
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dried and purified KCI-LiCI eutectic in a recrystal- 
lized alumina crucible. The KCI-LiCI eutectic mixture 
was prepared and purified by using the method de- 
scribed by Laitinen et al. [6]. The KC1-LiCI mixture 
contained in a recrystallized alumina crucible was 
slowly heated to 673 K in a stream of dried HC1 gas 
until a homogeneous melt was obtained. The dried 
HCI gas was then bubbled through the melt for 1 h. 
The melt saturated with HC1 was then sparged with 
ultra-pure helium gas and filtered. The dried salt was 
then stored in an inert and moisture-free atmosphere 
until use. 

2.3. Electrodes 
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Cerium metal and cerium-t in alloy electrodes were 
prepared by melting pure cerium and cer ium-t in  
mixtures in separate tantalum crucibles (6 mm diam- 
eter by 10 mm high) welded to tantalum wire of 1/16 
inch diameter, under inert atmosphere in a vacuum 
induction melting unit (Leybold, Germany). The alloy 
electrodes contained approximately 15 mol.% cerium. 
The alloys were held in the molten state at 1473 K for 
1 h for homogenization and then cooled to room 
temperature.  Proper  electrical contacts between the 
leads and the respective electrode materials were 
ensured prior to the assembly of the cell. 
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Fig. 1. Schematic diagram of the high-temperature galvanic cell. 

2.4. E.m.f. measurements 

The thermodynamic properties of the tin-rich region 
of the cer ium-t in  system were determined from e.m.f. 
measurements of the cells of the type 

Ta, CelICeC13, LiCI-KC1 (eutectic)l[Ce-Sn (two- 

phase alloy), Ta 

in which the two-phase alloy was a mixture of satu- 
rated liquid and the solid intermetallic phase CeSn 3. A 
schematic representation of the cell is shown in Fig. 1. 

The electrochemical cell consisted of pure metallic 
cerium and cer ium-t in  alloy electrodes immersed in 
the molten electrolyte (CeCI 3 + KCI-LiCl(eutectic)) 
contained in a recrystallized alumina crucible. The cell 
assembly was enclosed in a stainless steel jacket with 
provisions for gas inlet and exit, electrode leads and 
thermocouple wires. The cell was assembled inside an 
argon glove-box with continuous argon purification. 
The argon gas was purified by passing it over a 
mixture of copper-based catalyst and molecular sieves 
to remove traces of oxygen and moisture respectively. 
The oxygen and moisture content of the box was less 
than 10 ppm. The cell was evacuated and flushed with 

pre-purified helium gas. The helium gas used to 
provide an inert blanket over the cell was 99.999% 
pure. It was further purified by passing it over a 
mixture of copper catalyst and molecular sieves, and 
anhydrous P20~ to remove residual oxygen and mois- 
ture. The entire assembly was suspended in the even 
temperature zone of a Kanthal wire wound vertical 
tube furnace. The temperature of the furnace was 
controlled wi th in_  1 K using a PID temperature 
controller. 

The cell temperature was measured with a chromel -  
alumel thermocouple kept inside the alumina ther- 
mowell, well immersed in the electrolyte with its tip in 
level with the electrodes. The stainless steel jacket was 
earthed to minimize induced e.m.f, on the measuring 
leads. The cell was heated to the desired temperature,  
and e.m.f, measurements were carried out under 
flowing helium gas. The e.m.f, was measured by using 
a high-impedance electrometer.  At each temperature 
the cell voltage was monitored for at least 4 h. The cell 
e.m.f, was found to be reproducible on thermal cy- 
cling. The reversibility of the cell was verified by 
microcoulometric titration in both directions. The 
open-circuit e.m.f, was monitored after each titration. 
Reversibility was established when the e.m.f, returned 
to the same value after forward and reverse titrations 
at the same temperature.  
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Fig. 2. Temperature dependence of the e,m.f, of cell 1. 

3. Results and discussion 

The variation of the e.m.f, of cell 1 with temperature 
is shown in Fig. 2. The least-squares regression analy- 
sis of the e.m.f, data yields 

E = 907 - 0.18 T( _ 2) mV (1) 

The e.m.f, between the electrodes is a measure of the 
difference in the chemical potential of cerium in pure 
solid cerium and in a saturated solution in liquid tin. 
The thermodynamic properties of dilute solution of 
cerium in liquid tin and of the solid intermetallic 
compound, CeSn3, that was in equilibrium with the 
tin-rich liquid phase were computed from the e.m.f. 
data. 

The galvanic cell reaction consists of the transfer of 

cerium from pure solid metal to the liquid alloy, where 
the reaction with tin occurs to precipitate the solid 
intermetallic compound as follows; 

Ce(s) ~ Ce (soln.) (2) 

and 

Ce (soln.) + 3Sn (soln.) f f  CeSn3(s ) (3) 

The overall cell reaction may be written as 

Ce(s) + 3Sn (soln.) ~ CeSn3(s ) (4) 

Therefore the celle.m.f.,  E, the partial molar free 
energy of cerium, Gce, and the standard Gibbs energy 

0 of formation of CeSn3, AGf(ces,3), from pure solid 
cerium and pure liquid tin are related by the equations 

Gc~ - G°~ = - z F E  (5) 

and 

AG°(cCsn3) = - z F E  + 3 R T  In as. (6) 

where G°e is the free energy of cerium in the refer- 
ence state (pure solid cerium), z = 3 is the number of 
electrons participating in the electrode reaction, F is 
the Faraday constant and ash is the activity of tin. 

In the cerium-tin system the saturated solutions 
were sufficiently dilute that the term RTlnasn  could be 
estimated to the required accuracy by assuming that 
the solutions were ideal with respect to tin. The 
standard Gibbs energy of formation of CeSn3, 

0 
Aaf(cesn3) obtained from Eq. (6) is expressed as 

AG°(ces,3) = -260.08 + 0.0476T ( _ 2) kJ mol-~ (7) 

The enthalpy and entropy of formation are thus 
-260.08( _ 1) kJ mo1-1 and - 47.6( - 2) J mo1-1 K -1 
respectively. The enthalpy of formation obtained in 
this study is compared with those obtained from high- 
temperature calorimetry [2-4] in Table 1. The stan- 

Table 1 
Values of the enthalpy of formation of CeSn 3 and partial enthalpy of Ce in liquid Sn 

Compound Method T(K) AH ° (kJ mol-~) Ref. 

CeSn 3 Sn solution calorimetry 298 -248  [2] 
Precipitation in Sn 939 - 248 [2] 

298 -224  121 
Reaction calorimetry 300 - 234 [3] 
Reaction calorimetry 510 - 216 [4] 
e.m.f, technique 723-873 -260.08 ( _+ 1 ) This work 
e.m.f, technique 298 - 239.08 ( _+ 1) This work 

Element  Solvent T(K) AHc, (kJ mol -  J ) Ref. 

Ce Sn 930 -201 [2] 
999 -194  [5] 
723-873 - 249 ( -+ 1) This work 
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dard enthalpy of formation of CeSn 3 obtained by 
Colinet et al. [2] ( -  248 a n d -  224 kJ mol t) and by 
Borzone et al. [3] ( - 2 3 4  kJ mol ~) is in reasonable 
agreement with the value ( - 2 3 9  kJ mol-~) obtained 
in this study. Palenzona [4] obtained a value of - 216 
kJ mol ~ at 510 K by using low-temperature reaction 
calorimetry. One of the limitations of low-temperature 
reaction calorimetry is that the intermetallic com- 
pound may not be in thermodynamic equilibrium at 
the temperature of measurement. 

From the variation of the solubility of cerium in 
liquid tin [1] in the temperature range of measure- 
ment, and the data for e.m.f., the excess thermo- 
dynamic quantities of the saturated solutions could be 
computed using the equation 

~XScc : G ( ' c  _Gid(,c = R T  In rc~ 

= - 3 F E  - R T  In Xc~(satd. ) (8) 

where Xc~(satd. ) is the mole fraction of cerium in the 
saturated solution at temperature T. The computed 
values are given in Table 2. The data are reported for 
the first time. The extremely low value of activity 
coefficient of cerium, rc~, indicates strong interaction 
between cerium and tin atoms in the liquid alloy. The 
computed excess partial molar free energy and activity 
coefficients are based on solid cerium as the reference 
state; consequently they differ from the values based 
on the supercooled liquid (s 1) cerium as the standard 
state by the free energy for the reaction 

Ce(s) ~ Ce(s 1) (9) 

The thermodynamic quantities with respect to pure 
supercooled liquid cerium can be obtained by correct- 
ing the measured e.m.f, values by using the relation 

E~ = E s + A G f l z F  (10) 

where E~ and E~ are the cell potentials relative to the 
liquid and solid cerium respectively and AG, is the 
Gibbs free energy change corresponding to reaction 

(9). AGf for reaction (9) can be calculated from the 
following relations 

AG r = AH r - TASt- 

AH~ = f C~dr  + A H .  + 
l 

[" 

+ f C ; d T  
Jmp 

and 

Tmp 

f C"pdT 
l ' t  r 

+ AH m 

(11) 

(12) 

]tw Imp 
C' AH~r C" AHm 

1 r n 

/c'p 
+ j - f - d r  (13) 

T m p 

where AH r and ASf are the molar enthalpy and 
entropy change, respectively, from solid to liquid at 
temperature T. AH m and ASm, AHtr and mStr , and Trap 
and T,. are enthalpy and entropy of melting, enthalpy 
and entropy of transformation, melting temperature 
and transformation temperature, respectively, and C' p' 

1 C"p and Cp are the heat capacities of pure a (solid),/3 
(solid) and liquid cerium, respectively. The data of 
Kubaschewski and Alcock [7] were used in the 
calculations. 

From the e.m.f, values relative to the supercooled 
liquid (s 1) cerium, the excess partial molar free energy 
and activity coefficients, with respect to the same 
standard state, were computed by using-the relation 

- - x s  
G c.~(s 1) = R T  In roe = -3FE~ - R T  In Xce(satd. ) (14) 

The computed values are given in Table 2. 
The partial molar enthalpy of cerium in the satu- 

rated solutions with respect to pure solid cerium as 

Table 2 

Excess partial molar  free energy of cerium in saturated solution with respect to pure solid and supercooled liquid cerium as reference state 

T S(e  
(K) (sat&) 

( ~ = R T I n  y¢, (kJ mol ')  

With respect to 
solid cerium 

With respect to super- 
cooled liquid cerium 

723 0.045 -206.3 -208.8  
743 0.048 205.0 -207.5 
763 0.051 203.8 206.0 
783 0.054 202.7 -204.7  
803 0.057 2 0 1 . 6  203.5 
823 0.060 199.4 -202.1 
843 0.063 198.7 -200.8 
863 0.065 198.0 -199.5 
873 0.067 197.5 198.2 
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reference state is calculated from Eq. (8) using the 
relation 

d(AG/r)  d(R In ~) AH 
dT d------T--- - T 2 (15) 

The results are compared with the calorimetric values 
of Colinet and co-workers [2,5 ] in Table 1. The partial 
molar enthalpy of cerium in liquid tin obtained in this 
study is significantly more negative than those re- 
ported in the literature. In the present study the 
partial molar enthalpy of cerium in liquid tin was 
computed from the e.m.f, data and the variation of 
solubility of cerium in liquid tin. Therefore any error 
in the solubility data will introduce a corresponding 
error in the computed partial molar enthalpy value. 

From the results of this study, the variation of 
excess partial molar free energy of cerium, G ce, with 
respect to pure solid and supercooled liquid cerium 
are expressed as 

Gc~(solid) = -249 + 0.059T ( --- 2) kJ mol ~ (16) 

XS Gce(S 1) = -257 + 0.067T ( _ 2) kJ mol -~ (17) 

respectively. The partial molar quantities pertain to 
the liquid alloy in equilibrium with the intermetallic 
compound CeSn 3. 

CeSn3, in equilibrium with the liquid, have been 
investigated by an e.m.f, technique in the temperature 
range 723 to 873 K. The activity coefficients, excess 
free energies, enthalpies and entropies of cerium in 
liquid alloys were evaluated. The results agree satisfac- 
torily with the available calorimetric data. The tem- 
perature dependence of the standard Gibbs energy of 
formation of CeSn 3 from elements is reported for the 
first time. 
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4. Conclusion 

The tbermodynamic properties of saturated liquid 
t in-cerium alloys and the intermetallic compound, 


