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Thermodynamic reassessment of the Sn-Y system
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Morocco

The phase diagram of the Sn-Y and thermodynamic system has been critically assessed by means of CALPHAD technique.
The solution phases (liquid, hcp and bcc) are modeled with the Redlich-Kister equation, and the intermetallic compounds
(SnaYs, SnioY11, SnzY, SnsY, and SngY) are treated as stoichiometric compounds. The SnsYs sub-stoichiometric
intermetallic compound, which have a homogeneity range, were treated with the formula (Sn)o.375(Sn,Y%)o625 by a two-
sublattice model with Sn on the first sublattice and Sn and Yon the second one. The calculated phase diagram and the

thermodynamic properties of the system are in satisfactory agreement with the majority of the experimental data.
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1. Introduction

The recent study of superconductivity in Sn;Y at 7K
can be explained by intermediate strength conventional
electron-phonon  coupling [1,2]. A complete
thermodynamic description of the Sn-Y system is needed.

The present work is a part of a thermodynamic
description of R-Sn(R=Sc [3], Yb[4] and La[5]) already
calculated in our laboratory which is required to give a
better understanding of the constitutional properties and
potential technological applications of these alloys.

The objective of this work is to develop a
thermodynamic description of the Sn-Y binary system by
means of the CALPHAD [6] technique.

2. Review of experimental data

The phase diagram of the Sn-Y system was first
investigated by Schmidt and McMaters [7] using
metallography, x-ray diffraction and differential thermal
analysis. Four intermetallic compounds were described:
Sn3Y5, SH4Y5, Snlan, SnzY and SH3Y. For the SH3Y5
compound a congruent melting was determined at 1940°C,
while the Sn,Ys, SnigY;;, Sn,Y and Sn;Y compounds, a
peritectic formation was reported, respectively, at 1790°C,
1600°C, 1140°C and 515°C.

Later, Palenzona and Manfrinetti [8] reinvestigated
the phase diagram in the range 60 to 100 at. % Y. A new
compound SnsY, with the peritectic reaction temperature
0f 430°C was discovered.

Recently, the evaluated Sn-Y phase diagram by
Okamoto [9] (Fig. 1) is based on the work of Schmidt and
McMaters [7] and Palenzona and Manfrinetti [8]
according to this assessment. Six intermetallic compounds
were reported: Sn;Ys, SngYs, SnigY;, SnyY, SnsY, and
Sn;Y. The crystal structures of various phases are reported
in Table 1.

Tang et al. [10] established a thermodynamic
optimization of the Sn-Y binary system with the Thermo-
Calc software [11], but without considering that the Sn;Yss
is a sub-stoichiometric intermetallic compound.

Borzone et al. [12] measured the enthalpies of
formation for the intermetallic compounds Sn;Y and Sn,Y
using the dynamic differential calorimetry method.
Witusiewicz et al. [13] determined the enthalpies of
formation of the SnsY,, SnyYs and Sn,Y. Meschel and
Kleppa [14] and Borsese et al. [15] measured the
standard enthalpy of formation of Sn;Ys using the
dynamic differential calorimetry method. Colinet and
Pasturel [16] calculated the enthalpies of formation for
four intermetallic compounds: Sn;Ys, SnsYs, Sn,Y and
SH}Y.

Gorbachuk and Bolgar [17] determined the molar
heat capacities of the compound Sn;Y in the range
298-2300 K.

Table 1. Symbols and crystal structures of the stable
solid phases in the Sn-Y system.

Diagram | Compo | Pearson | Symbol used | Prototype
symbol sition | symbol | inthermo-
at%yY calc data file
(BSn) 0 tl4 BCT_AS B-Sn
(aSn) 0 cF8 Diamond C
Sn;Y 25 cP4 Sn;Y CusAl
SnsY, 28.6 oP14 SnsY, GesEr,
Sn,Y 333 oCl12 Sn,Y Si,Zr
Sni )Y, 52.4 tI84 Scy1Sny, GeoHoy
Sn,Ys 55.6 oP36 SnyYs GeySms;
Sn;Ys 62.5 hP16 Sn;Ys Si;Mnj;
BY) 100 cl2 BCC_A2 w
(@Y) 100 hP2 HCP_A3 Mg
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Fig. 1. The phase diagram of the Sn-Y system reviewed by
Okamoto [9].

3. Thermodynamic models

For the calculation of phase equilibria in a
multicomponent system, it is necessary to minimize the
total Gibbs energy G, of all the phases that take part in this
equilibrium:

p
G = n;G}(T) = minimum (1)

i=1

Where ni is the number of moles and Gfui'l'] the Gibbs
energy of phase ¢.

The Gibbs energy is represented as a power series in
terms of temperature T in the form:

G (T)=a+bT+cTIn(T)+ D dT"  (2)

Where a, b, ¢ and d are coefficients and n represents a set
of integers. A number of such expressions are usually
required for a given phase to cover the whole temperature
range of interest. From this expression for the Gibbs
energy other thermodynamic functions can be evaluated:

=—b—c—cTIn(T)- ) ndT"" (3)
H=a-cT-) (n-1)dT" )

C, =—c—Y n(n-1dT""! (5)

3.1 Pure elements

The Gibbs energy of the pure element i (i= Y, Sn) in
the phase ¢ (¢ =Liquid, HCP_A3, BCT_AS and
DIAMOND A4), referred to the enthalpy of its stable
state at 298.15 K, is described as a function of temperature
by

G?(T)=" G —H™ (298.15K)
=a+bT +cTnT +dT? + T3 +6T7 +
gl *+hT ™~ (©6)

Where H{®%(298.15 K} is the molar enthalpy of the
element i at 298.15 K in its standard element reference
(SER) state, HCP_A3 for Y and BCT_AS5 for Sn.

In this paper, The Gibbs energy functions are taken from
the SGTE compilation of Dinsdale [18].

3.2. Solution phases

The solution phases, (¢ =Liquid and HCP_A3) were
modeled as substitutional solutions according to the
polynomial Redlich—Kister model [19]. The solid BCT A5
(B-Sn) and Diamond_A4 (a-sn) with negligible solubilities
are considered as pure elements. The Gibbs energy of one
mol of formula unit of phase ¢ is expressed as the sum of
the reference part 'f3%, the ideal part 4%, and the excess
part EXC G :‘:

G& _ref G° +id G® 4% G (7)
As used in the Thermo-Calc software [11]:

'GP (T)=("GY (T)-HJ® (298.15K))xy +

(®)
(*G¢ (T)-H3 ® (298.15K))xg,

“G? =RT(xy Inxy +xg, Inxg,) Q)

Where R is the gas constant, T the temperature, in
Kelvin, % and %;,, are the fraction of elements Y and Sn,
respectively. The excess “**(G¥ energy part in Eq. 7 is
given by the Redlich-Kister polynomial [19] formula:

exc G(p

nyJZ* i(vi— (10)

With i and j are indices which correspond to the two
species Yttrium and Tin.
The binary interaction parameters of the *17 ; type assessed

in this study were temperature dependent as follows:
X
L}i=a, +b,T 1

3; and k. are the coefficients to be optimized.
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3.3 Stoichiometric compounds

The Gibbs energy of the stoichiometric compounds
(Sn4Ys, SnypY11, SnyY, SnsY; and Sn;Y) noted as "G, ApBg

was expressed as follows:

0 :pOGA+q

G L
ApBa " p g p+q

%Gy +a+bT (12)

Where °G; and "Gz are the Gibbs energy of the pure
elements Sn and Y, respectively, a and b are parameters to
be determined.

3.4. Intermediate phases

The Sn;Ys intermetallic compounds have an
experimental small homogeneity range, they were treated
by a two-sublattice model as (Sn)y375(Sn,Y%)oes The
symbol % denotes the major component in the considered
sublattice. The Gibbs energy function per mole (m) of the
formula unit (Sn)g375(Sn,Y % )25 is the following:

0.3755n0.625Y _ ySER 1.2
G —Ho 3758006257 + = YsnYen

+y15ny€( 0GSmY 4 RT[0.375ylSn In ylSn +
0.625(y3, Inyg, +y3 Iny{)]+ G,

OGSn:Sn

(13)

H§E§375Y0.625 = 0-375H§ER + 0-625H§ER (14)

where yi, = 1 denotes the site fraction of tin the first
sublattice, y&, and w7 the site fractions of tin and Yttrium
in the second sublattice, “GP-2TEEr0EIEY {5 the Gibbs
energy of the hypothetical compound Sng375Y 625 G 1S
the excess Gibbs energy expressed by the following

expression:

XSGm = y52n yY2 (L}én:Sn,Y) (15)

Where L:,.:, -represents the interaction parameters
between the elements Sn and Y in the second sublattice
while the first sublattice is only occupied by the element
Sn.

These excess parameters are temperature dependent

as:
L}én:Sn,Y =a, +b,T (16)

In order to avoid the occurrence of the hypothetical
compound Sng37;sSngeys during the phase diagram
calculation, the value +5000 J/mol of atoms was added to
the function GHSERSN, see Table 2.

4, Results and discussions

The interaction parameters of the thermodynamic
assessment of the Sn—Y binary system were optimized
using the Parrot module [20] in ThermoCalc [11] with the
CALPHAD [6] technique. This module works by
minimizing the square sum of the differences between the
experimental data and calculated values.

Most of the experimental data which are mentioned in
“Review of experimental data’’ are used in this work. In
this parameter optimization procedure, for modeling the
liquid phase we first imposed the conditions d’G/dx*>0
(additional constraints to avoid the appearance of an
unwanted inverted miscibility gap in the liquid phase
during the phase diagram calculation as recommended in
[21-23]). The congruent intermetallic compound is going
to be investigated next. The other compounds were
consequently optimized by using phase diagram data
reported by Okamoto [9] and thermodynamic information
of the compounds. All the parameters were evaluated and
listed in Table 2.

The calculated Sn—Y phase diagram compared with
the experimental data is showed in Fig. 2. A satisfactory
agreement is noted in most of experimental data [7, 8].
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Fig. 2. Comparison of the Sn-Y calculated phase diagram
with the experimental data
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Table 2 The optimized thermodynamic parameters of the Sn-Y system

phase Thermodynamic models | Parameters in SI
Liquid (Sn,Y), °1la = 211504 + 19.353T

‘1Y9 = —58029 + 46.633T
2Me = guEsg — —2E4lel

HCP_A3 (Sn,Y)i(Va)yss CrHCEAZ = 2808 — 106.370T

BCC A2 (Sn,Y),(Va)s FLESETAT = _7117-51.579T

BCT_AS (Sn) No excess term

DIAMOND_ A4 (Sn) No excess term

Sn;Y (Sn)o2s: (Y)os GENEY _ .75 #EpBLTAs _ g o 2eepHtias
= 0.75GELT 4% 4 0,25GHP 4% — 52504 +7.055T

SnsY, (Sm)os6: (Vo714 GENSYT 0714 FERELTAT g ogg TEgHERAl
= 0.714GES T4 £ 0,286GHPA4* — 50873 + 9.151T

Sn,Y (Sm)o333: (Y)o.ee7 GEnA¥ - 667 EEECTAT 333 eEgflias
= 0.667GEC" - £ 0,333G5574° — 60319 4 11.015T

SnipY (Sn)o.s24: (Y)oare GERAFILt — 0,476 RS CT-A5 - 0,524 2SR fICRAS
= 0.476GEST-* £ 0,522GHPA% _ 72641 + 3.340T

SnyYs (Sn)o.sss: (Y)o.aas GEN4YE _ 0444 FERELTAT g 554 TEgHLRA
= 0.444GEST-* £ 0,556GEP4% — 72709 + 2.908T

Sn;Ys (Sn)o.e25: (Y)o.375 Goy® PRI SR
GEBYS _ 037528 HECTAS _ () 6257 HHICP-AS
=0.375Ge ™ +0.625GY A — 73000+ 3.4303T
CLyeny =—22205-5.347T

Table 4. Calculated and measured enthalpies of

formation of the intermetallic compounds 0 AI Colinet l:md Pasrulrel [16] I
Phase AHormation Technique | Reference i L . i
(kJ mol! at™) used v 20 + Meschel and Kleppa [14] |
SmYs | -72.8429 Calorimetry | [14] oy ¥ Temeieatal 0o}
287.944.2 Calorimetry | [15] g X Borzone etal. [12) .
-63 Estimation [16]
-73 Optimization | This work E 401 i
SnsYs -69.3+6.5 Estimation [13] ,E 50- i
-69 Estimation [16] g
-72.7 Optimization | This work S 604 .
Sm,Y 71.8+0.9 Emf [12] ﬁ
-60 Estimation | [16] 104 -
-65.95+4.2 Calorimetry | [13]
-69.3 Optimization | This work 80 i
Sn;Y -52.3+2.1 Calorimetry | [12] 90 : : =z :
-46 Estimation | [16] & @ ©.2 ©.4 8.6 0.8 1.0
-52.5 Optimization | This work i Factiia Vikidas
SnsY, -62.6+5 Calorimetry | [13] :
-59.8 Optimization | This work
SnyoY 1, 12,6 Optimization | This work Fig. 3. Calculated and measured enthalpies of formation

of thei ntermetallic compounds.
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The calculated invariant reactions of the Sn-Y system
are listed in table 3 and compared with the experimental
results from [7, 8].

The calculated standards of formation of the
intermetallic compounds compared with experimental
measurements are presented in Fig. 3 and Table 4. The
calculated enthalpies agree well with the experimental data
[12-16].

Table 3 Invariant reactions in the Sn-Y system

Reactions T (K) 1':,:':" Reference
503 0.001 [7]
Liq < BSn+ Sn;Y 503 0.001 [8]
505 0 This work
qu + SH3Y > Sn5Y2 703 0.004 [8]
704 0.001 | This work
0.014
qu + Sn5Y2 d SHQY 798 . [8]
798 0.013 | This work
) 1413 0.31 [7]
Lig+SmY < SnoYur 2657032 | This work
) 1873 0.445 [7]
Lig + Sn;Y Sn,Y
19T o S ts Frees T 043 | This work
. 2063 0.52 [7]
Lig+8neXs < Sns¥s 757077052 | This work
. 2213 - [7]
Lig & SnsYs 2217 - | This work
1533 Liq:0.89 [7]
. aY 0.98
Lig & aY + Sn;Ys Lia 0.88
1528 qr This work
aY 0.97
1633 BY 0.94 7]
. aY 0.97
BY < aY + Liq BY 0.96
1633 ’ This work
aY 0.98

As mentioned in [24], in order to check that the
optimized thermodynamic parameters of the intermetallic
compounds are satisfactory, we verified that when the
liquid phase is suspended during the calculation of the Sn-
Y phase diagram, the stoichiometric phases disappear at
high temperatures. A terminal solid solutions and a two-
phase domain existing between them are found to be stable
(see Fig. 4).

5. Conclusions

The present work reviewed critically the experimental
information on phase diagram and thermodynamic
properties. A consistent set of thermodynamic parameters
has been optimized and most of the experimental
information can be satisfactorily reproduced on the basis
of the optimized thermodynamic parameters.
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Fig.4. Calculated Sn-Y phase diagram when the liquid
phase is suspended
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