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CONTRIBUTION TO THE THERMODYNAMICS OF THE Co-Sn SYSTEM

WKEAD W TERMODYNAMIKE, UKEADU FAZOWEGO Co-Sn

Comments on the available topological and thermochemical data of the Co-Sn system have been done. Updated data have
been used in order to obtain adjustable coefficients for phase diagram calculation. In the present work both CoSn; modifications
are modelled as different phases. The binary melt and the Co-based phases with face centred cubic and hexagonal structures
are modelled as substitutional solutions. The allotropic forms of tin (aSn, $Sn) as well as the intermediate phases CoSn,
CoSn;, aCoSn; and BCoSn; are modelled as stoichiometric compounds. The phases aCo,Sn; and BCo,Sn; are described by
four sublattice model: (Co);(Sn);(Co,Va)os(Co,Va)os in order to account for the order-disorder transition.

Reasonable agreement has been obtained between the calculated and the selected experimental thermodynamic and phase
equilibrium data.
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W artykule dokonano przegladu dostgpnych danych topologicznych i termochemicznych dla ukladu Co-Sn. Uaktualnione
dane wykorzystano w celu uzyskania wspéiczynnikéw dopasowania potrzebnych do obliczeri wykresu fazowego. W pracy
obie odmiany CoSn; zostaly zamodelowane jako réine fazy. Rozwtér ciekly, oraz fazy na osnowie Co o strukturze sze$ciennej
$ciennie centrowanej i heksagonalnej zamodelowano jako roztwory substytucyjne. Odmiany alotropowe cyny (0:Sn, BSn) a takze
fazy przejéciowe CoSn, CoSn,, aCoSn;s, BCoSn; potraktowano jako stechiometryczne zwigzki. W celu uwzglednienia przemiany
porzadek- nieporzadek fazy aCo,Sn; i $Co,Sn; zostaly opisane modelem czterech podsieci: (Co);(Sn);(Co,Va)gs(Co,Va)ys.

Wyselekcjonowane dane eksperymentalne oraz obliczone wykazywaly zadawalajaca zgodno$é.

1. Introduction

It is anticipated that future lead-free solders would
be based on tin-containing systems. Thus, the eutectic
Sn-Co-Cu alloys have been suggested as prospective sol-
ders by Liu et al. [1]. Moreover, this work is part
of a series of studies concerning prospective binary or
ternary systems consisting of low melting metals (Zn,
Sn, Bi, In) and elements of the Fourth or Fifth period
(Ti, Ni, Co, Cu, Ag). Except for joining materials, as
multicomponent solders or by the transient liquid phase
bonding, such alloys could be applied in the galvanizing
technologies or in specific for a system use. Particularly,
some Co-Sn-Se phases would be interesting bearing in
mind the optoelectronic and semiconductor properties of
the binary cobalt- and tin-selenides [2-6].

The equilibrium phase diagram of the Co-Sn system
is relatively well investigated [7—17]. The thermochemi-
cal properties of the binary liquid and solid alloys have
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also been studied [18-22] but some discrepancies (con-
cerning the liquid phase enthalpies of formation mainly)
exist.

Previous thermodynamic assessments of this system
are done by Ishida [23], Okamoto [24], by
Jiang etal [25], and by Liu et al. [26].

The equilibria between the liquid solution and the
solid phases have been studied by Lewkonja [7],
Zemczuzny and Belinsky [8], Hashimo-
to [9], and Darby and Jugle [10]. The latter
authors worked in the tin-rich side, where the liquidus is
very steep and the determination of the exact equilibrium
concentration of the liquid phase is rather complicated.

Reading carefully the original works of Le wkon -
ja[7},and Zemczuzny and Belinsky [8], we
concluded that corrections of the temperatures, reported
by these authors (and used as input data by Jiang et
al. [25]), must be done. Actually, the melting point of
the pure cobalt had been accepted to be 1440°C [7] and
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1502°C [8], while presently established value is 1495°C
(1768 K) [16]. The supposed Sn melting point had been,
respectively, 232°C [7] and 231.5°C [8], while the con-
temporary value is 231.93 (505.1 K) [27].

Therefore, the purpose of the present work is to re-
consider the topological and thermochemical data and
to re-optimize the phase diagram Co-Sn using corrected
(normalized) experimental values.

2. Thermodynamic optimization, results and
discussion

The phase stabilities of the pure elements phases are
those published by A. Dinsdale etal. [27, 28].

The solid solutions (aCo, €¢Co) and the liquid phase
have been modeled as disordered substitutional solutions
in the above mentioned recent works [25, 26]. The con-
centration dependence of the excess Gibbs energy in
such phases is describedby Redlich-Kister poly-
nomials, while the magnetic contributiontothe Gibbs
energy is calculated following an expression developed
by Hillert and Jarl [29].

The stoichiometric phases (Fig. 1) in the system are:
CoSn, CoSn,, aCoSn3, fCoSns, (aSn) and (fSn). Lin-
ear temperature dependences of their Gibbs energies of
formation have been accepted for all of them, except for
the BCoSn3, where one temperature independent term is
used only. (aSn) and (BSn) are considered as identical
with the corresponding pure substances.
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Fig. 1. Phase diagram of the system Co-Sn, up to Massalski
[16]. The dot line represents the Curie temperature

The compound Co3Sn; is nonstochiometric and ex-
hibits two modifications. The high-temperature form
(BCo3Sn;) is disordered (prototype Ni3Sny(r)), while
long-range ordering exists in the low-temperature form
(0Co3Sn;, prototype NiAs(h) or B8;) [30-32].

Waldner and Ipser [33] have developed an approach
to the thermodynamic modeling of B8y)-type com-
pounds. In such a crystal lattice the tin atoms form a
close-packed hexagonal sublattice, while the cobalt (1
and 2) atoms occupy the interstitial sites (e.g. Co(l)
atoms fill all the octahedral interstitial sites, equal by
number to the sites on the hexagonal sublattice; Co(2)
atoms occupy part of the trigonal bipyramidal interstices
of the Sn-atom array [30]). Due to the narrow $Co3Sn;
homogeneity range and in agreement with the chemical
composition, the occupancy of the latter sites must be
around 50+6%. Consequently, four-sublattice model is
needed in order to account for the order-disorder trans-
formation, as discussed in details previously [33, 34]:

(Co),(Sn);(Co, Va), 5(Co, Va), 5. D

Such an approach has been applied by Jiang et al.
[25] while Liu et al. [26] have modeled this phase as
stoichiometric compound. Besides, one should be aware
that the input information used in the present work (Ta-
ble 1) is different from that one of Jiang et al. [25],
because corrections of the experimental liquidus temper-
atures have been introduced by us, as mentioned.

In support of the normalization we would like
to notice that after temperature corrections, the
high-temperature eutectic invariant (Table 2) is estimated
to lie at 1414+7 K (by statistics of the normalized data
of Lewkonja [7]). This is in good agreement with
the recent measurements of Comert and Pratt
[14] giving a value of 1398+2 K. Similarly, good ac-
cord between both authors is observed for the peritectic
temperature P1 (1239 K) as well (Table 2).

The ferromagnetic transition in the cobalt-tin face
centered cubic (FCC) solid solutions has been studied
by Hashimoto [9] who found that tin additions
diminishe the temperature of the magnetic ordering.
Comert and Pratt [14] contributed largely to the
determination of the solvus. Low tin solubility (around
1 at. % Sn) in the FCC cobalt has been found, while
such a data is missing for the hexagonal cobalt. In the
latter, however, even inferior solubility is expected, like
in the Co-Zn system [35], for example.

The precise cobalt solubility in the solid tin (aSn)
or (fSn) is unknown, but it is anticipated to be negli-
gible. Such a behavior is in agreement with theoretical
considerations, taking into account that both, size- and
electronegativity- factors are unfavorable (the metallic
radii differ by about 25% (rc, = 125.2 pm and rg, =
162.3 pm [36]), while Co and Sn atoms exhibit similar
Pauling electronegativities (1.88 for Co and 1.96 for
Sn) [37]).
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TABLE 1
Experimental information used for the assessment of the Co-Sn system
Type of the data Reference
Topological data for the liquidus and the invariants (normalized temperatures) [71
Topological data for the liquidus and the invariants (normalized temperatures) [8]
Topological data for the liquidus and the invariants 9]
Topological data for the liquidus [10]
Activities of tin in the solid phases (1273, 1073, 773 K) [12]
and extrapolated activities in the liquid phase (1273, 1073);
Topological data about the phase boundaries.
Topological data about the phase boundaries and the invariants. [14]
Temperature of the Congruent melting point of Co3Sn,.
Temperature of the order-disorder transformation in Co;Sn,.
Thermochemical data about the melting temperature of CoSn; and CoSn; [17]
Enthalpy of formation of liquid alloys (1823, 1780, 1759, 1675, 1671 K) [19]
Enthalpy of formation of CoSn, Co3Sn, [20]
Enthalpy of formation of CoSn [21]
TABLE 2

Temperatures, types and notations of the invariant equilibria in the Co-Sn system. X; — calculated compositions (tin mol fractions) of the
coexisting phases; C.M. — congruent melting; PD1 — hypothetic peritectoid reaction; ED1 — hypothetic eutectoid reaction; P4 — degenerated
peritectic reaction; ED2 — degenerated eutectoid reaction; PD2 and PD3 - degeperated peritectoid (eutectoid) reactions

Invariant reaction Type Temperature, K Source
14144 [71
13784 Eg%
1381
L & (aCo) + pCosSn, Eutectic 1398 + 3 [141:
~1385 [23]
XL = 0230, XFCC = 0016, XﬁC035n2 =0.393 (El) 1376 [25]E
1381 [26]E
1400 this work®
1473 [14]E
1443 [23]
L CosS
X —x. B TS (CM.) 1454 [25)F
L = ABCo38n2 = V. 1472 [26]E
1472 this work
12394 [71
11964 [8]
L + BCo3Sn; & CoSn Peritectic 1%:;(9):;3 [[213:1]12
Xy = 0.729; Xpcoassz = 0.418; Xcosa = 0.500 D . 1238 (25
1216 [26]F
1240 this work
BCosSn, « aCosSn, )
unidentified compositions e ol 840417 [14]
aCo;Sn; < BC03Sny +(aCo) aud related 840 [26]F
Xacossnz = 0.397; XﬂCoBSlﬁ = 0.406; Xgcc = 8.3E-4 (PDI)B 826 this work
BCosSn; « aCo3Sn; + CoSn (ED1)? 793 this work
Xpcossnz =0-411; Xocossn2 = 0.399; Xcosa = 0.5
8194 E;}
7874
823 [14]
L + CoSn & CoSn, Peritectic 844+3 [17]
Xp = 0.959; Xcosn = 0.500; Xcosnz = 0.6667 (P2) 798 (23]
843 [25]F
798 [26]F

845 this work
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Table 2. (continuation)

Invariant reaction Type Temperature, K Source
694 [14]E
(aCo) « (eCo)+ aCo3Sn, Eutectoid ~669953 52{5
XFCC = 2.8E-4; XHCP = 3.5E-5; qu°3s,,2 =0.397 (ED2)C 696 [26]E
693 this work
L + CoSn, ¢« BCoSn; Peritectic g;g:gég%% H;{
XL = 0.996; Xcosn2 = 0.6667; Xpcosns = 0.75 (P3) 618 this work
BCoSn; & aCoSn; Polimorphic
Xgcosnz = 0.75; Xacosns = 0.75 transformation 548+5 [17]
and related
BCoSn; «» aCoSnz + L invariants 548 this work
Xpcosn3 = 0.75; Xacosns = 0.75; X = 0.999 P4)°¢
BCoSn; «» aCoSnz + CoSn 548 this work
XﬂCoSn3 = 0.75; Xacosns = 0.75; Xcosn = 0.5 (PD2)C
~502 [7]
~501 (8]
L & aCoSn; + (BSn) Eutectic 502 [23]E
Xy = 1; w3 = 0.75; Xgsm = 1 E2)C.D 505 [25]F
L XaCosn3 (BSn) (E2) 502 26
504 this work
BSn & asn Allotropic
Yo = 1t Xoo = 1 transformation 286 [15, 16]E
BSm = DfaSnag and related
aCoSn; + Sn & aSn Rt 236 this work
XaCosns = 0.75; X[BSn =1; Xasa = 1 (PDS)C

A
B
C
D _ the melting point of pure Sn is 505.08 K;

E _ assessed values

The intermediate phases denoted as B (BCoSns,
fCo3Sny) are high-temperature forms, correspond-
ing to the pertinent a phases (i.e. those stable at
room-temperature). Comert and Pratt [12, 14]
determined Co3Sn, homogeneity range (approx. 40 to
42 at. % Sn) using a variety of techniques (electro-
motive force measurements, X-rays, metallographic and
thermo-analytical methods). They have revealed that the
temperature of the transformation fCo3Sn; & aCo3Sn;
has the value of 567+17°C (or 840+17 K, Table 2) on
the Co-rich side of the compound.

All intermediate phases melt peritectically (Table 2)
except $Co3Sn, that melts congruently at around 1200°C
[14]. In the present work, the latter value has been re-
tained, while in some previous assessments [15, 23] the
temperature of 1170°C is accepted. Jiang et al. [25]
and Liu et al. [26] accept this value (1200°C) as
well. The calculated congruent melting temperature of
BCo3Sn; is 1181°C [25] and 1199°C [26].

We have to note that Liu et al. [26] ignored the
existence of the CoSn; phase and have modeled both
Co3Sn, modifications as stoichiometric phases. More-
over, these authors seemed to be unaware about the liquid

— recalculated temperatures (normalized to the contemporary accepted value of the cobalt melting point);
~ equilibrium related with order-disorder transformation and nearly degenerated;
— degenerated three-phase equilibrium (the compositions of two coexisting phases are very close one to another);

phase enthalpy values obtained by Liick et al. [19].
That is why the assessment of Liu et al. [26] seems
not suitable for further comparison with the results of
the present work.

Another difference between the input data used in
this study and those of Jiang et al. [25] is that tin ac-
tivities (ag,) measured by Eremenko et al. [22] at
1573 K in liquid Co-Sn alloys, by the effusion method,
have not been fully accepted here by reasons discussed
below.

The technique used by Eremenko et al [22] is
related to the ratio between the evaporation rates of the
pure liquid Sn (vQ ) and that (vs,) of the alloyed liquid
phase.

)

0 _ 0
agn = Vsn / Vsn = pSn/ Psn

where ps, and pgn are tin partial pressures of the alloys
and the pure tin liquid, in the same order.

Thus, the method implies the admission that only
monoatomic species of Sn and of Co exist in the liquid
phase. The appearance of more kinds of species in the
binary melt (e.g. associates Co3Sn;) would make invalid



eqn. 1, because the dependence between vs, and ps,
would be no more correct.

The existence of such species in Co-Sn [38] and
Ni-Sn liquid phases [39] has already been discussed. The
formation of a metastable Co;Sn phase, by fast cooling
of binary melt, observed by Schluckebier et al
[11] also illustrates the aptitude of cobalt-tin melts to
form associates.

Moreover, short-range ordering is observed in amor-
phous Co-Sn alloys by Nabil et al. [40]. In addition,
Mudry et al. [41] reported X-ray investigations of
liquid Co-Sn alloys confirming the tendency to form
complexes or associates in the liquid state identified by
Komarnitsky etal [42].

Associates corresponding to the formula Co;Sn
(there is not such an equilibrium phase) have been ob-
served by us during current drop calorimetry studies of
the Co-Sn system. The nominal chemical composition
of the liquid alloys is 48 at. % Sn. This is experimen-
tal indication about the existence of associates in liquid
cobalt-tin alloys.

Partial molar dissolution enthalpies in infinitely di-
lute tin melts and CoSn formation enthalpy have been
determined by Torgersen et al. [21] using drop
calorimetry. These authors also suggest existence of
Co,Sny, clusters in order to explain their results.
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Thus, the results reported by Eremenko et al.
seem to be subject of some systematic experimental
uncertainties and have not been retained as input
data.

Korber and Oelsen [18] were the first to
study (at 1773 K only) the mixing enthalpy of the bi-
nary melts (Table 1). They reported positive values for
tin-rich alloys and negative — for cobalt-rich. Relatively
recent experiments by L ii ck et al. [19] in the tempera-
ture interval from 1671 K to 1823 K have not confirmed
this data. However, it has become clear that the sign of
the enthalpy of mixing changes as function of the tem-
perature (positive — above 1670 K and negative — below
this temperature). The results of L ii ck et al. [19] have
been selected for this work, while those of Kdrber
and Oelsen [18] have not been used.

Tin activities in solid cobalt-tin phases have been
measured at three temperatures by Cémert and
Pratt [12] by means of the electromotive force method
(Table 2).

Experimental data for the enthalpies of formation
of BCo3Sn; and CoSn have been obtained by Predel
and Vogelbein [20].

The lattice stabilities of the pure elements and the
optimised coefficients obtained in this work are presen-
ted in Table 3.

TABLE 3

Thermodynamic database file for calculation of the Co-Sn phase diagram

FUNCTION GREFCOCO = —-20739.5

FUNCTION GREFVAVA = -35292.4+11.5636*T

FUNCTION LOCOVADI = —34491.7

FUNCTION GOCOVAOR = —-10100+7.6252*T

FUNCTION L1COVADI = -9313.2

FUNCTION L1ICOVACO = 3471

Functions describing the contributions of the various configurations of the phase Co;Sn;

Contribution of the configuration Co:Co (on the third and the fourth sublattices)

Contribution of the configuration Va:Va (on the third and the fourth sublattices)

Interaction parameter of zero degree of the configuration Co:Va (on the third and the fourth sublattices) in disordered state

Contribution of the configuration Co:Va (on the third and the fourth sublattices) in ordered state

Interaction parameter of first degree of the configuration Co:Va (on the third and the fourth sublattices) in disordered state

Interaction parameter of first degree of the configuration Co:Va (on the third and the fourth sublattices) in ordered state
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TABLE 3. (continuation)

Description of the Gibbs energies of the binary Co-Sn phases

PHASE ACOSN3  (aCOSNj3)
2 SUBLATTICES, SITES .25: .75
CONSTITUENTS: CO : SN

G(ACOSN3,C0O:SN;0)-0.25 H298(HCP_A3,C0;0)~0.75 H298(BCT_AS5,SN;0) =
~1187542.5¥T+.25*GHSERCO+.75*GHSERSN

PHASE BCT_A5 (8SN)
CONSTITUENTS: SN

G(BCT-A5,SN;0)-H298(BCT_A5,SN;0) = 100.00<T<3000: +GHSERSN
Note: first arrangement is Co:Sn:Co,Va:Co,Va; second (ordered) is: Co:Sn:Co:Va;

PHASE CO3SN2

EXCESS MODEL IS REDLICH-KISTER_MUGGIANU
4 SUBLATTICES, SITES 1: 1: .5: .5
CONSTITUENTS: CO : SN : CO,VA : CO,VA

G(CO3SN2,CO:SN:C0O:CO;0)~ 2*H298(HCP-A3,C0;0)-H298(BCT_AS,SN;0) = +GREFCOCO+2*GHSERCO+GHSERSN
G(CO3SN2,CO:SN:VA:CO;0)~1.5%H298(HCP_A3,C0;0)-H298(BCT_A5,SN;0) =
+GOCOVAOR+.5*GREFCOCO+.5*GREFVAVA+.25*LOCOVADI+1.5*GHSERCO +GHSERSN
G(CO3SN2,CO:SN:CO:VA;0)-1.5%¥H298(HCP_A3,C0;0)-H298(BCT_A5,SN;0) =
+GOCOVAOR+.5*GREFCOCO+.5*GREFVAVA+.25*LOCOVADI+1.5*GHSERCO +GHSERSN
G(CO3SN2,CO:SN:VA:VA;0)-H298(HCP_A3,C0;0)-H298(BCT_AS,SN;0) =
+GREFVAVA+GHSERCO+GHSERSN
L(CO35N2,CO:SN:CO,VA:CO;0) = +.25*LOCOVADI+.375*L1COVADI-GOCOVAOR-L1COVACO
L(CO3SN2,CO:SN:CO,VA:CO;1) = +.125*L1COVADI+L1COVACO
L(CO3SN2,CO:8N:CO:CO,VA;0) = +.25*LOCOVADI+.375*L1COVADI-GOCOVAOR-L1COVACO
L(CO3SN2,CO:SN:CO:CO,VA;1) = +.125*L1COVADI+L1COVACO
L(CO3S8N2,CO:SN:VA:CO,VA;0) = +.25*LOCOVADI-.375*L1COVADI-GOCOVAOR+L1COVACO
L(CO3SN2,CO:SN:VA:CO,VA;1) = +.125*L1COVADI+L1COVACO
L(CO3SN2,CO:SN:CO,VA:VA;0) = +.25*LOCOVADI-.375*L1COVADI-GOCOVAOR+L1COVACO
L{CO3SN2,CO:SN:CO,VA:VA;1) = +.125*L1COVADI+L1COVACO

PHASE COSN
2 SUBLATTICES, SITES .5: .5
CONSTITUENTS: CO : SN

G(COSN,CO:SN;0)—0.5*H298(HCP_A3,C0;0)-0.5¥H298(BCT_A5,SN;0) =
~21200 +5.223*T+.5*GHSERCO+.5*GHSERSN

PHASE COSN2
2 SUBLATTICES, SITES .3333: .6667
CONSTITUENTS: CO : SN

G(COSN2,CO:SN;0)~0.3333*H298(HCP_A3,C0;0)—0.6667*H298(BCT_AS5,SN;0) =
~15170+2.741*T+.3333*GHSERCO+.6667*GHSERSN
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TABLE 3. (continuation)

PHASE COSN3  (BCOSN3)
2 SUBLATTICES, SITES .25: .75
CONSTITUENTS: CO : SN

G(COSN3,CO:SN;0)-0.25 H298(HCP_A3,C0;0)~0.75 H298(BCT-AS5,5N;0) = —~10505+.25*GHSERCO+.75*GHSERSN

PHASE DIAMOND.A4  (aSN)
CONSTITUENTS: SN

G(DIAMOND_A4,SN;0)-H298(BCT_A5,SN;0) =
100.00<T< 298.14: ~9579.608+113.992361*T-22.972*T*LN(T)
—.00813975*T**2+2.7288E-06*T**3425615*T**(—1)
298.14<T< 800.00: ~9063.001+104.831115*T-21.5750771*T*LN(T)
~.008575282*T**2+1.784447E-06*T**3—-2544*T**(~1)
800.00<T< 3000.00: —10909.351+147.381111*T-28.4512*T*LN(T)

PHASE FCC_A1

EXCESS MODEL IS REDLICH-KISTER_MUGGIANU

ADDITIONAL CONTRIBUTION FROM MAGNETIC ORDERING
Magnetic function below Curie Temperature
+1-.860338755*TAO**(—1)~.17449124*TAO**3— 00775516624*TAQ**9
—.0017449124*TAO**15 Magnetic function above Curie Temperature
—.0426902268*TAO**(—5)~.0013552453*TAQ**(~15)—2.8460151 2E-04*TAQ**(-25)

2 SUBLATTICES, SITES 1: 1

CONSTITUENTS: CO,SN : VA

G(FCC_A1,CO:VA;0)~H298(HCP_A3,C0;0) = +GCOFCC

TC(FCC_AL,CO:VA;0) = 1396

BMAGN(FCC_A1,CO:VA;0) = 1.35 i .
G(FCC_A1,SN:VA;0)~H298(BCT_A5,SN;0) = 298.14<T< 3000.00: +5510~8.46*T+GHSERSN
TC(FCC_A1,CO,SN:VA;0) = ~1720

L(FCC_A1,CO,SN:VA;0) = —19000+24.672*T

PHASE HCP_A3

EXCESS MODEL IS REDLICH-KISTER_MUGGIANU

ADDITIONAL CONTRIBUTION FROM MAGNETIC ORDERING
Magnetic function below Curie Temperature
+1-.860338755*TAO**(~1)—.17449124*TAO**3~ 00775516624*TAQ**9
—.0017449124*TAO**15 Magnetic function above Curie Temperature
—.0426902268*TAO**(—5)—.0013552453*TAO**(—15)—2.84601512E—04*TAO**(—25)

2 SUBLATTICES, SITES 1: .5

CONSTITUENTS: CO,SN : VA

G(HCP_A3,CO:VA;0)~-H298(HCP_A3,C0;0) = +GHSERCO
TC(HCP_A3,CO:VA;0) = 1396
BMAGN(HCP_A3,CO:VA;0) = 1.35
G(HCP_-A3,SN:VA;0)~H298(BCT_A5,SN;0) = +GSNHCP
TC(HCP_A3,CO,SN:VA;0) = ~1720
L(HCP_A3,CO,SN:VA;0) = +9000
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TABLE 3. (continuation)

PHASE LIQUID
EXCESS MODEL IS REDLICH-KISTER_MUGGIANU
CONSTITUENTS: CO,SN

G(LIQUID,CO;0)-H298(HCP_A3,C0O;0) = 298.14<T< 1768.00: +15085.037—-8.931932*T-2.19801E-21*T**7 +GHSERCO
1768.00<T< 6000.00: +16351.056—9.683796*T—9.3488E+30*T**(-9) +GHSERCO

G(LIQUID,SN;0)-H298(BCT-A5,SN;0) = 100.00<T< 3000.00: +GSNLIQ

L(LIQUID,CO,SN;0) = —113890+568.4038*T—68.169*T*LN(T)

L(LIQUID,CO,SN;1) = -56193.26+283.7657*T—-33.6875*T*LN(T)

In Fig. 2 experimental [20, 21] and calculated in this
work integral molar enthalpies of formation (AHF) of the
solid Co-Sn phases are represented, showing good agree-
ment between both kinds of values. The AHF values, es-
timated by Cé6mert and Pratt [14], on the basis of
electromotive-force measurements, are plotted too. The
latter authors have assessed the entropies of the Co-Sn
compounds as well (Table 5 of ref. [14]), thus we were
able to calculate the relevant molar Gib b s energies of
formation at 298.15 K. We found that Co3Sn, Gibbs
energy of formation, estimated according to these data, is
not large (negative) enough to keep it stable at 298.15 K.
Thus, care has been taken during the optimisation to as-
sure the stability of this phase relatively to the adjacent
(eCo) and CoSn. That is why, as one can see in Figs.
3A,B the optimised values of Sn partial chemical poten-
tials in Co3Sny are larger (by absolute value) than these
foundby Cémert and Pratt [14], while calculated
and measured chemical potentials of tin, in the other
phases (including the liquid) are in good agreement.
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Fig. 2. Integral molar enthalpies of formation at 298.15 K (AHF
kJ.mol-!) of cobalt-tin alloys calculated in this work (1 — HCP Co;
2 — aCo3Sny; 3 — CoSn; 4 - CoSny; 5 — aCoSn;; 6 — (BSn); 7 —
BCo3Sn;) compared with experimental values of Predel and Vo -
gelbein [20] (o) and of Torgersen et al. [21] (¢). Calculated
and experimental [20] values for fCo3Sn; at 1083 K are symbolised

by A and ©, respectively. The enthalpies of formation derived by
Comert and Pratt [12] are represented by the symbols: ¢, *
and *. Mole fractions of tin are plotted along the abscissa. Reference
states are HCP Co and (fSn) at 298.15 K
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Fig. 3. Calculated (line 1) and measured (line 2) by Cémert and
Pratt [6] partial Gibbs energies of tin at 1273 K (3A) and
at 1073 K (3B). Reference state is liquid Sn at the corresponding
temperatures

In Fig. 4 the calculated and experimental [19] inte-
gral molar enthalpies of formation (AHF) of the liquid



phase are juxtaposed. Sign-variable temperature depen-
dence of the integral molar enthalpies of formation is
observed (the AHF values at 1573 K are added in order
to illustrate the change of the sign). The calculated values
are in good agreement with the experimental ones tak-
ing into account possible scattering of the calorimetric
values.
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Fig. 4. Integral molar enthalpies of formation (AHF kJ.mol—1) of the
liquid cobalt-tin solutions at 1873 K, 1773 K, 1673 K and 1573 K
(solid lines) compared with experimental data of L iick et al. {13]:
© - 1873 K; » — 1780 K; O - 1759 K; A - 1675; V — 1671 K.
Reference states are liquid Co and Sn at the respective temperatures

According to some liquid phase thermochemical da-
ta [18, 22] strong concentration dependence of the sign
of deviation from ideal behavior exists. Such deviations
have not been reproduced, because priority has been giv-
en to the data of L iick et al. [19]. It is of worth noting
that the extremum on the curve, representing the concen-
tration dependence of the liquid solutions enthalpies of
formation, coincides with the composition of the con-
gruently melting phase BCo3Sn, as expected from theo-
retical considerations.

Other experimental and assessed quantities that can
be compared are the partial molar dissolution enthalpies
of cobalt in infinitely dilute tin melts, determined by
Torgersen et al. [21] at 874 K (12 kJ-mol™!) and
1173 K (32 kJ-mol™1). The corresponding values ob-
tained in this work (12 and 32 kJ-mol™!, respective-
ly) are in excellent agreement with the experimental
ones.

The calculated phase diagram (for temperatures
above 250 K) is presented in Figs. SA and 5B. The
calculated temperatures of the invariants are juxtaposed
with experimental data in Table 2. The most radical dif-
ference with some previously accepted variants of the
Co-Sn phase diagram [8~10] consists in the admittance
that the eutectic invariant E1 is situated at around 15 K
higher temperature (i.e. at 1398+2 K). We must concede
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that some authors have already adopted the recent value
[23, 24]. The experimental data of Lewkonia [7],
as normalized in this work, indicate this temperature as
well.
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Fig. 5. a) Co-Sn phase diagram calculated in this work. The dashed
line represents the Curie temperature
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Fig. 5. b) The calculated Co-Sn equilibrium phase diagram with se-
lected topological experimental data: Lewkonja [7]-0; Zem -
czuzny and Belinsky [8] —; Hashimoto [9]-%; Dar-
byand Jugle[l0]-0O; Comertand Pratt[l1]-+;Comert
and Pratt [14]- A; Lang and Jeitschko [17]1- 0

We would like to emphasize that, studies concerning
the exact compositions of the eutectic and the peritectic
points are lacking, and the literature data about them
have merely been assessed. That is why, in Tab. 2 are
shown calculated concentrations only.

The low-temperature equilibrium E2 could be con-
sidered as degenerated one, because the compositions
of two coexisting phases (liquid solution and $Sn) are
practically equal.

The equilibrium (aCo) « (eCo)+aCo3Sn, (denoted
as ED2 in Table 2) is resolved in this work as (degener-
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ated) eutectoid decomposition. Taking into account that
the polymorphic transition of the pure cobalt is sluggish
(see also [36]) it would be useful but not easy to get re-
liable experimental information about the characteristics
of this equilibrium.

Another group of degenerated three-phase equilibria
are these at 548 K (PD2 and P4, Fig. 5A) and at 286.2
K (PD3, Fig. SA). They are due to the polymorphic
transformation BCoSn; «aCoSn; and to the allotropic
transformation (BSn) (aSn), respectively.

According to the calculations, the order-disorder
transition of Co3;Sn, engenders two equilibria that
are rather complicated for experimental investigations:
0CosSn; & PCosSny+(aCo) (PD1 at 826 K) and
BCos3Sn; « aCo3zSny+CoSn (ED1 at 793 K). The rea-
son is that $Co3;Sn, exhibits some homogeneity range
(around 0.4 to 0.42 mole fractions Sn) while the ordered
form (aCo3Sny) is nearly stoichiometric. Consequently,
the equilibrium compositions of both coexisting modifi-
cations are very close one to another.

Experimental data about the temperature of the
above mentioned order-disorder transition have been ob-
tained [8] by differential thermal analyses. The appear-
ance of thermal effects (i.e. discontinuity of the enthalpy)
indicates that this phenomenon should be classified as
first order phase transition. It is of worth noting that
the experimentally found transition temperatures [14] are
higher (up to 861 K) for alloys containing less than 40
at. % Sn than these for an alloy containing 40.5 at. % Sn
(834 11 K). This is in conformity with the calculated
phase diagram (see Fig. SA, invariants PD1 and EDI,
respectively). In the works of I.ewkonia [7], and
Zemczuzny and Belinsky [8], thermal effects
in the region 40-50 at. % Sn, have been reported at
similar temperatures as well.

3. Conclusions

The thermochemical information about the binary
Co-Sn system seems abundant at a first glance. However,
different literature sources contradict one to another and
some of them need to be updated with the contemporary
value of the melting temperature of pure cobalt. The ac-
curacy of the assessed peritectic points could hardly be
estimated due to lack of precise data. Similar concerns
are valid for the invariants related with the order-disorder
transformation of Co3Snj,.

Nevertheless, the CALPHAD method has been used
successfully and coefficients for reasonable description
of the phase equilibria and thermodynamic properties of
the stable Co-Sn phases have been obtained.
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