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ABSTRACT 

Reversible potentials of galvanic cells of the form 

PtI(Co-Sn)(alloy)+SnO,JZrO, +CaOlO,(air)lPt 

have been measured between 873 and 1323 K. The results have been used to derive the 
thermodynamic activities and the partial and integral free energies, enthalpies and entropies 
of formation of the y, y’, CoSn and CoSn, intermediate phases. Exothermic heats of 
formation and negative entropies of formation are observed throughout the system. The 
enthalpies of formation are compared with independent calorimetric and theoretical values 
and underlying factors influencing their values are considered. The possible contributions to 
the entropies of formation of the solid phases are discussed and their Debye temperatures are 
estimated; B,, values of approximately 273, 256 and 169 K are suggested for Co&, (y), 
CoSn and CoSn *, respectively. 

INTRODUCTION 

In a recent paper [l], systematic studies of the thermodynamic properties 
of alloys of transition metals with B-subgroup elements [2-71 were extended 
to the cobalt-zinc system. A similar investigation of cobalt-tin alloys is now 
described. 

The equilibrium diagram of the cobalt-tin system, as assessed by Hansen 
and Anderko [8], is shown in Fig. 1. Solid-state phase equilibria are not well 
established; generally the extent of the cobalt-rich terminal solution and the 
exact positions of the y-phase boundaries are subject to some uncertainty 
(shown as broken lines in Fig. 1). The high-temperature y-phase, which has a 
partially filled NiAs (B8,) type of structure [9], is formed congruently from 
the liquid at 1170°C and transforms to the more ordered y’-phase at 550°C. 
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Two possible structures have been suggested [lo] for the y’-phase. One is 
based on a hexagonal lattice, with parameters a = 16.39 A, c = 5.208 A, and 
the other on an orthorhombic unit cell, a = 8.20 A, b = 7.09 A, c = 5.21 A, 
but as single crystals could not be obtained, it was not possible to determine 
the structure definitely. The phase CoSn is formed peritectically from the 
liquid and y-phases at 936 f 9°C. It has a hexagonal B35 type of structure, 
isotypic with PtTl and with the lattice parameters a = 5.279 A, c = 4.259 A 
[lo]. The phase CoSn, is also formed peritectically, from the liquid and 
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Fig. 1. The cobalt-tin equilibrium diagram. 
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CoSn, at 525 f 10°C. The structure of CoSn, is tetragonal, of the CuAl, 
(C16) type, with a = 6.361 A, c = 5.451 A [lo]. 

The earliest investigation of the thermodynamic properties of cobalt-tin 
alloys is that reported by Korber and Oelsen [ll]. Using a simple calorimet- 
ric technique, based on the direct mixing of the liquid metals, they de- 
termined the heats of formation of both liquid and solid alloys containing 
between 11 and 80 atomic% Sn at 293 and 1773 K. For the solid phases their 
values are exothermic, showing compositional symmetry, that is with the 
maximum negative value occurring at the phase CoSn. They also observed 
exothermic heats of formation in the liquid alloys containing up to 60 
atomic% tin, but reported endothermic values beyond this composition. 

Eremenko et al. [12] also investigated the thermodynamic properties of the 
liquid alloys, at 1573 K, over the entire composition range using the 
Knudsen effusion method. They again reported exothermic heats of forma- 
tion in the cobalt-rich alloys and endothermic values in the tin-rich alloys; 
entropies of formation were reported to be positive throughout. Conflicting 
behaviour is, however, indicated by the results of a subsequent calorimetric 
determination of partial and integral entropies in cobalt-tin alloys at 1850 K 
made by Esin et al. [13]. They report endothermic values up to 80 atomic% 
tin and exothermic values at the higher tin contents. 

The most recently published measurements on this system are those made 
by Predel and Vogelbein [14] who have employed tin-solution calorimetry to 
determine the heats of formation of the solid phases Co&, and CoSn; large 
exothermic values are reported. 

The above examination of the literature shows that thermodynamic 
knowledge of the system is somewhat contradictory and, in respect of the 
solid state, very limited. It was noted, in particular, that no information 
existed on the free energies of formation of the solids. A solid-electrolyte 
galvanic-cell technique has therefore been employed to obtain such data for 
the solid phases of the cobalt-tin system. 

EXPERIMENTAL DETAILS 

Alloy preparation 

The alloys were prepared from 99.99% pure cobalt (Centre dInformation 
du Cobalt Brussels) and 99.999% pure tin (Capper Pass Ltd.), using two 
different procedures. Cobalt-rich alloys, containing less than 40 atomic% tin, 
were prepared by induction melting of the elements in a recrystallised 
alumina boat and under an atmosphere of gettered argon. They were rapidly 
cooled after melting, by the water-cooled hearth, so as to give fine-grained 
samples and to minimise segregation. The resulting ingots were resealed in 
argon-filled silica capsules and homogenised at 1000°C for 14 days. 



Initially, alloys containing more than 40 atomic% tin were melted using 
the same method as used for the cobalt-rich alloys. However, metallographic 
examination and EMF results showed that inhomogeneity persisted even 
after prolonged annealing at the highest practicable solid-state temperatures. 
An alternative method of preparation, which may be described as a “rotat- 
ing-melting” technique, was therefore adopted. This method involved seal- 
ing the weighed, chemically cleaned and dried quantities of the pure metals 
in silica capsules, after evacuating to better than lop5 atm and re-filling with 
argon to a pressure of 0.3-0.4 atm. The sealed capsule was placed inside a 
closed-end silica tube which was attached, by means of an adaptor, to a 
small electric motor capable of one revolution per minute. A silica spacer-tube 
was inserted between the adaptor and the sample capsule to prevent the 
capsule moving during rotation. A schematic diagram of the rotating assem- 
bly is shown in Fig. 2. Alloys were prepared by placing the silica tube in a 
horizontal, resistance-heated furnace. The sample was rotated, and the 
temperature was raised gradually to 50°C below the liquidus temperature of 
the alloy, where it was kept for 48 h; after this the temperature was raised to 
50°C or more above the liquidus temperature where it was held for a period 
of 48-72 h, depending on the melting point of the alloy. Following this, the 
alloy was cooled slowly to SOO”C, allowing time for transformation, if any, 
and kept there for at least 1 week to homogenise. Finally, the alloys were 
quenched into cold water. There was no evidence of alloy contamination or 
reaction with capsules, and compositions were monitored by careful weigh- 
ing at each stage of preparation. Phase structure and sample homogeneity 
were confirmed by metallographic and Debye-Scherrer X-ray examination 
of samples taken from several different parts of the ingots. 

Galvanic-cell studies 

The EMF apparatus was identical to that employed in the thermodynamic 
study of the cobalt-zinc system described previously [l]. Sieved (200 mesh) 

H G F E D C 0 A 

Fig. 2. The rotating-melting apparatus. (A) motor; (B) adaptor; (C) rotating sample holder; 
(D) supporting tube; (E) heating coil; (F) sealed silica-alloy capsule; (G) alloy charge; (H) 
thermocouple. 
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powder samples the alloys, by filing a diamond or by 
in a and mortar, mixed with (99.5% purity) an 

approximately : 1 (w/w) ratio of alloy/oxide and tamped down into the 
small electrolyte crucible to form the electrodes. A platinum disc was placed 
on the tamped powder in the crucible in order to ensure good electrical 
contact between platinum lead-wire and sample. After assembly, the sealed 
system was alternately evacuated and flushed with argon at room tempera- 
ture before degassing at 200°C overnight. The purified argon atmosphere 
was then re-established and kept at a pressure slightly greater than atmo- 
spheric to avoid contamination of the cell by air. The cell was then rapidly 
heated to the highest temperature to be investigated. Cell potentials were 
then monitored until stable values were observed. Potentials were measured 
at approximately 20°C intervals on both heating and cooling cycles. Reversi- 
bility of the cells was demonstrated by the stability of the measured 
potentials, their insensitivity to temperature cycling or electrical disturbance 
and their reproducibility in repeated experiments with new samples. 

RESULTS 

Fourteen alloys containing from 1 to 60 atomic% tin were investigated 
over temperature ranges between 873 and 1323 K using cells of the form 

PtI(Co-Sn)(alloy) + SnO,(ZrO, + CaOlO,(air)(Pt 

EMF data collected from multiple runs on each alloy composition were 
treated by least-squares analysis to yield the linearly temperature-dependent 
cell-potential equations recorded in Table 1. 

For the basic cell reaction 

Sn( alloy) + 0, (air) = SnO, (solid) 

the free energy, AG, at any temperature T (K) 

AG= -nFE (1) 

=AG&oz+RTln% 
%Iao, 

(2) 

where E is the cell potential (mv), n = 4 and F = 96.483 J mV_’ g-eqiv-‘, 

AGLo2 is the standard free energy of formation of SnO,, a,, is the activity of 
Sn in the alloy. Since aSnO, = 1 and ao2 = P,*(air), the above equations are 
re-arranged to yield the partial free energies of solution of Sn, and hence 

A?&, = RT In aSn = AG&oI + nFE - RT In Poz(air) (3) 

Required values for AG&, were calculated from the relation 

AG,,o* (J mol-‘) = - 573 462 + 204.451T (4) 
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TABLE 1 

Temperature dependence of the EMF of the cells Pt I(Co-Sn)+ SnO, IZrO, + CaO 1 O,(air) ) Pt 

XS” EMF (mV) Phase 

0.01 
0.02 
0.10 1391.8+0.260-(0.5260~0.0003) T(K) a+Y 
0.15 
0.30 

0.3895 1391.8 f 0.260 - (0.5260 f 0.0003) T(K) a a+Y 

0.3895 1274.3 f 1.407 b - (0.4336 &- 0.0011) T(K) Y 
0.405 1358.4 f 0.152 - (0.4856 + 0.0001) T(K) y 
0.411 1359.3 k 0.107 - (0.4782 f 0.0001) T(K) Y 
0.413 1354.9 + 0.212 - (0.4718 + 0.0002) T(K) Y 
0.415 1345.7+0.155-(0.4601 +O.OOOl) T(K) Y 
0.415 1146.9+ 1.698 - (0.213OkO.0022) T(K) Y’ 

0.450 

0.499 
1339.lkO.133-(0.4513*0.0001) T(K) y + CoSn 

0.511 

0.600 
1491.6&0.213-(0.5715 +0.0002) T(K) CoSn + liq 

0.499 
0.511 1559.1+ 2.284 - (0.6283 0.0018) + T(K) y liq + 

0.600 
0.600 1255.7 kO.933 - (0.2762 + 0.0012) T(K) CoSn + CoSn, 

a T<1270K. 
b T>1270K. 

Fig. 3. Thermodynamic activities of cobalt and tin at 1273 K. (Reference states: Co (FCC) 
and Sn (liq)). 
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TABLE 2 

Activities, partial free energies of solution and integral free energies of formation Co-Sn 

alloys at 1273 K (reference states: Co (FCC) and Sn (liq)) 

XSIl US” UC0 A&., GO 
(J g- (J g- 
atom-‘) atom-‘) 

AG 

(J g- 
atom-‘) 

Phase 

0.0125-0.389 0.185 0.988 
0.395 0.236 0.846 
0.400 0.290 0.735 
0.405 0.360 0.633 
0.410 0.475 0.525 
0.4145-0.7175 0.715 0.395 
0.74 0.737 = 0.367 
0.77 0.770 = 0.325 
0.80 0.800 = 0.283 
0.85 0.850 a 0.212 
0.90 0.900 a 0.141 
0.95 0.950 a 0.071 

-17860 
-15280 
-13100 
- 10810 

- 7880 
- 3545 
- 3230 
- 2765 
- 2360 
- 1720 
- 1115 

- 545 

-130 
- 1770 
- 3260 

- 4840 
- 6820 
- 9830 

- 10610 
- 11895 
- 13 360 
- 16415 

- 20730 
- 27 995 

-7110 

-7195 
- 7260 
- 7255 

-5150 
- 4865 
- 4560 
- 3925 
- 3080 
- 1915 

a+Y 
Y 

Y 

Y 

Y 
y +liq 
liq 
liq 
liq 
liq 
liq 
liq 

a Extrapolated. 

Fig. 4. Thermodynamic activities of cobalt and tin at 1073 K. 
and Sn (liq)). 

(Reference states: Co (FCC) 
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This assessment of the standard free energies of formation of SnO, was 
obtained by combining the free energies of the reaction iSn(l) + NiO(s) = 
Ni(s) + +SnO,(s), calculated by averaging the results reported by Petot-Ervas 
et al. [15] and Seetharaman and Staffansson [16], with measurements of the 
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Fig. 5. Thermodynamic activities of cobalt and tin at 773 K. (Reference states: Co (FCC) and 
Sn (liq)). 

TABLE 3 

Activities, partial free energies of solution and integral free energies of formation of Co-Sn 
alloys at 1073 K (reference states: Co (FCC) and Sn (liq)) 

xsn as, ace G, AGO AG Phase 

(J g- (J g- (J g- 
atom-‘) atom-‘) atom-‘) 

0.0091-0.399 0.098 0.991 - 20720 -80 o+Y 
0.405 0.151 0.800 - 16865 - 1990 -8015 y 
0.410 0.205 0.653 -14140 - 3800 -8040 y 
0.415 0.282 0.521 -11290 - 5815 -8090 y 
0.417-0.500 0.321 0.476 -10135 - 6620 y + CoSn 
0.500-0.905 0.890 0.172 - 1040 - 15 700 CoSn + liq 
0.92 0.911 a 0.136 - 830 -17800 -2190 liq 
0.93 0.925 0.114 - 695 - 19370 - 2000 liq 
0.95 0.95 a 0.076 - 460 - 22 980 - 1585 liq 
0.98 0.98 a 0.030 -180 -31175 -800 liq 

a Extrapolated. 
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standard free energy of formation of NiO made in the present studies in 
order to test the apparatus. The values obtained for NiO [ AG’(J mol-‘) = 
- 232542 + 83.517T] are in excellent agreement with the many previous 
studies and provide confirmation of the satisfactory operation of the ap- 
paratus. An oxygen partial pressure of 0.2095 atm was assumed throughout 
for the air reference electrode; the effect of variations in atmospheric 
pressure on the oxygen potential was found to be negligible. 

Using the above relationships and cell potentials derived from Table 1, 
activities and partial free energies of solution of Sn at 1273 K were 
calculated. The corresponding quantities for the cobalt component were then 
obtained by integration of the Gibbs-Duhem relation and the integral free 
energies of formation of the alloys were yielded by the normal summation of 
the partials. The resulting activities are plotted in Fig. 3, whilst smoothed 
values of all the quantities are assembled in Table 2. Similar treatments were 

TABLE 4 

Activities, partial free energies of solution and integral free energies of formation of Co-Sn 
alloys at 773 K (reference states: Co (FCC) and Sn (liq)) 

XS” as, ace A%, A% AG Phase 

(J g- (J i+ (J g- 
atom-‘) atom-‘) atom-‘) 

0.0042-0.4040 0.020 0.996 -25140 -25 o+Y 
0.41 0.024 a 0.892 - 23 970 - 735 -10260 y’ 
0.416-0.500 0.028 0.800 -22980 - 1435 y’+ CoSn 
0.500-0.667 0.622 0.036 - 3050 - 21365 CoSn + CoSn 2 
0.667-0.967 0.967 b 0.015 -215 -26990 CoSn, + liq 

a Interpolated. 
b Extrapolated. 

TABLE 5 

Partial and integral entropies and heats of formation of Co-% alloys (reference states: Co 
(FCC) and Sn (liq)) 

XS* AS,, As,, AS AH,, A&,, AH Phase 
(JK-‘g- (JK-‘g- (JK-‘g- (Jg- (J g- (J g- 
atom-‘) atom-‘) atom-‘) atom- ‘) atom-‘) atom-‘) 

0.0091 - 14.38 + 0.09 - 0.04 - 36150 +20 -310 = 
0.405 - 30.01 + 10.65 - 5.82 - 49 060 +9440 -14250 y 
0.410 - 31.74 + 11.73 - 6.08 -48 160 + 8790 -14560 y 
0.415 - 39.84 + 17.46 - 6.32 -54040 +12920 -14870 y 
0.500 - 12.80 -22100 CoSn 
0.667 - 7.23 b -14730 b CoSn, 

* a/a + y phase boundary. 
b Interpolated. 
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Fig. 6. Enthalpies and entropies of formation of solid cobalt-tin alloys. (Reference states: Co 
(FCC) and Sn (liq)). 

made of data for 1073 and 773 K in order to obtain information for the 
CoSn and CoSn, phases; the corresponding results for these temperatures 
are presented in Figs. 4 and 5 and Tables 3 and 4. Partial entropies of 
solution and integral entropies of formation were derived by analogous 
procedures starting from the temperature coefficients of Table 1 and of eqn. 
(4). Finally, partial and integral heats of formation were obtained from the 
free-energy and entropy data by means of the Gibbs-Helmholtz relation. 
The various entropy and enthalpy values are given in Table 5 and shown in 
Fig. 6. 

DISCUSSION 

Since the solid solubility of tin in cobalt is less than 1.5 atomic% Sn, it 
may be assumed in treating the data that the activities of tin throughout the 
a-solid solution obey Henry’s law. The activities of cobalt show positive 
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deviations from ideality in the cobalt-rich composition range, but these are 
negative in the central regions of the system. Deviations of the activity of tin 
are of variable sign. The large changes in activity on crossing the single-phase 
regions of CoSn and CoSn, are characteristic of the behaviour of ordered 
line compounds. Similar rapid variations of activity across the y-phase field 
are also indicative of a highly ordered but less rigidly stoichiometric inter- 
mediate phase. The composition dependence of the free energies of forma- 
tion is essentially symmetrical with maximum negative values corresponding 
to the CoSn compound. 

Heats of formation values obtained in the present investigations are 
compared, in Fig. 6, with the results of the calorimetric studies by Korber 
and Oelsen [ll] and Predel and Vogelbein [14], and with values calculated 
using the Miedema model [17]. The agreement of present results with 
calorimetrically determined values is satisfactory and demonstrates the gen- 
eral reliability of the EMF investigation. 

The maximum exothermicity in the cobalt-tin alloys is of a similar 
magnitude to that previously observed in the cobalt-zinc system [l], but it is 
noteworthy that this now occurs at a lower concentration of the 4-valent 
element. This is consistent with the more rapid filling of the Co d-states in 
the present case. This is also indicated by the more rapid decrease in 
magnetic susceptibility with tin content exhibited by the phases of this 
system [l&19]. Though quantitative values are not well established, the 
magnetic studies suggest that few Co d-states remain to be filled beyond 
CoSn. Thus, while intercomponent electron transfer will have been increas- 
ing up to this stage, continuously enhancing the degree of heteropolar 
(exothermic) bonding, contributions to the molar heats of formation from 
this mechanism will fall with decreasing cobalt content for compositions 
where the d-states are completely filled. Hence, one may account for the fall 
in enthalpy of formation from CoSn to CoSn,. It is interesting to note the 
quite rapid variation of the heats of formation across the limited homogene- 
ity range of the y-phase which indicates a high degree of sensitivity to the 
state of occupation of the trigonal interstitial sublattice involved in the 
“filled” N&-type structures. 

For the phases CoSn, and CoSn the Miedema model yields heats of 
formation in very reasonable agreement with experiment, but in the case of 
the y-phase the calculated value deviates considerably from that observed. It 
is suggested that the failure of the model to reflect the observed trend 
completely may be a consequence of its treatment of the sp-d hybridisation 
effects, which the model, like the above discussion, postulates to be responsi- 
ble for large negative enthalpy contributions in systems such as this. In the 
Miedema calculations the hybridisation energy, present in alloys of transi- 
tion metals with a polyvalent non-transition-element partner, is described by 
means of a single-valued parameter, determined solely by the combination of 
elements involved. The thermodynamic and magnetic data on the present 
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and previously investigated systems [1,5,6], however, demonstrate that elec- 
tron transfer/hybridisation effects require to be recognised 

s conf = -R[(l - 2x,,) ln(1 - 2x,,) +(3x,, - 1) ln(3x,, - 1) - xsn In xSn] 

which yields a value of 2.335 J K-’ mol-’ at Co+,. 
Electronic entropies have been calculated using the relation, Selec = 

jar y,,d T, using temperature-independent electronic specific heat coefficients 
( yO). Values for the latter were calculated using the free-electron approxima- 
tion, y,, = 9.62 x lop5 ( P”/n)2/3 J K-2 (mol elec)-‘, where VA is the atomic 
volume and n the number of free electrons per atom. Atomic volumes were 
derived from the lattice-parameter values reported by Nial [lo]. Valencies of 
zero for Co and 4 for Sn were assumed throughout, although magnetic 
properties [18,19] suggest that Co could effectively exhibit negative valencies 
in the higher Sn phases; however, y0 estimates are not significantly affected 
by such an alternative assumption. The values derived assuming free-electron 
behaviour may nevertheless be overestimates, remembering the hybrid nature 
of the bonding of these phases. 

Magnetic entropies may be calculated using the half-integral, localised-spin 
model whence Smag = R ln(2S + 1) [20]. A value for the y(Co,Sn,) phase has 
been obtained using the magnetic data of Asumana [18]-which indicates for 
the high-temperature y-form a Curie temperature of 680 K and, assuming 
quenching of the orbital moments, a localised spin, S = 0.9/2 per Co atom. 
Work by Michel [19] shows a rapid, progressive decrease in magnetic 
susceptibility from y to CoSn to CoSn, and on the basis of the relatively low 
values shown by the last two, their magnetic entropies have been assumed to 
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TABLE 6 

Analysis of the entropies of Co-Sn intermediate phases (entropy units. J K-’ mol-‘) 

Co,&, (1000 K) CoSn (1000 K) Co%, (750 K) 

S elements 

S alloy 
‘config 

S elec 
S mas 
‘vib + dd 

0 tK) Debye 

BD (Lindemann) 

80.12 82.98 79.88 
73.80 70.18 72.65 

2.34 0 0 
0.7 0.8 0.68 
3.03 0 0 

67.73 69.38 71.97 
273 2.56 169 

270 230 172 

be negligible. Michel’s results do, however, suggest complex magnetic be- 
haviour for all three intermediate phases, involving significant variation with 
temperature of the numbers of unpaired Co spins, and it is possible that 
magnetic entropies could be larger than the above estimates. 

Total entropies of the phases at the selected temperatures were calculated 
from the present experimental entropies of formation and the corresponding 
entropies of the elements as assessed by Hultgren et al. [21]. After deducting 
the foregoing estimates of the configurational, electronic and magnetic 
contributions, Debye temperatures have been derived from the remainders 
by using the Debye entropy function [22] and Debye internal energy 
function ( X 10w4) to describe the vibrational and dilatational entropies, 
respectively. The results of this entropy analysis are assembled in Table 6. 

While most uncertainty in this treatment attaches to the electronic and 
magnetic entropy values, the effect on the subsequently derived Debye 
temperatures is probably slight, since these contributions are mostly com- 
paratively small and, fortuitiously, the likely associated errors are of opposite 
sign. Some support for the validity of the Debye temperatures obtained is 
provided by the corresponding values indicated by application of the Linde- 
mann formula [23], 8, = C,_T~/2V~11/3M-1’2, where V, is the atomic volume, 
M the molar mass, T, the melting temperature and C, a constant; a value of 
CL=160 cm g ‘I2 K’/’ mol-5/6, suggested by Kaufman [24] for metallic 
phases, was employed. Since CoSn and CoSn, do not melt congruently, their 
peritectic decomposition temperatures were used as first approximations for 
T, for these phases. 
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