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Abstract CALPHAD-type theoretical assessment of the
Pb-Se-Sn system was carried out. This assessment is part of
a larger project aimed at developing an Ag-Pb-Se-Sn-Te
thermodynamic database which should serve for the
development of materials for thermoelectric applications.
The experimental results from the literature were used but
they are quite sparse and significant inconsistencies have
been found between experimental data published by vari-
ous authors, especially in the Se-rich regions. In general, a
reasonable agreement was obtained for the theoretical and
experimental sections of the phase diagram and for the
enthalpies of mixing of the liquid phase in the region with
low selenium content, but the agreement is rather qualita-
tive in the Se-rich region.

Keywords CALPHAD - critical reassessment - Pb-Se-Sn
phase diagram - ternary liquid phase

1 Introduction and Literature Review

Phase diagrams of thermodynamic systems are a crucial
tool for the description as well as understanding of
behavior and properties of both simple and
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multicomponent systems. As such they are important for
the development of new advanced materials and possible
prediction of their materials properties. Detailed knowl-
edge about the coexistence and stability of phases in
stable or metastable equilibrium significantly rationalizes
the design and preparation of complex materials with
desired properties. Because experimental studies of multi-
component phase diagrams are very time consuming, and
the extent of experimental work can be overwhelming,
theoretical modelling of multicomponent phase diagrams is
a very useful tool for materials development.

Interest in Se-based alloys has recently been renewed
due to their possible importance in thermoelectric appli-
cations.!"! The Pb-Se-Sn ternary system has been studied
since the 1960s but there are still significant discrepancies
in the results from different authors. A more detailed lit-
erature review is given below.

Wolley and Berolo!® proposed a pseudobinary section
PbSe-SeSn in their paper based on x-ray powder analysis.
Strauss!’! experimentally studied the PbSe-SeSn section in
the higher temperature range 700-1100 °C by thermal
analysis and directly from as-cast samples (directly frozen
ingots). Dal Corso et al.'® pointed to inconsistencies in
previous works and published vertical sections PbSe-SnSe
and PbSe-SnSe2 respectively in the whole temperature
range based on a combination of previous experimental
results from thermal analysis (DTA, DSC), microstructural
observations and their own experimental results. They
proposed stabilization of the phase SeSn-f (high-temper-
ature polymorph of SnSe intermetallic phase) to a lower
temperature (approx. 425 °C) in the presence of lead and
suggested significant solubilities of third elements in both
PbSe and the SnSe family of intermetallic phases.

The experimental Pb-Se-Sn phase diagram has been
published recently by Chen et al.,""! namely isothermal
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sections for 350 and 500 °C. They did not observe any
ternary phase in this system. The huge solubility of the
third element was also observed in this work in the binary
intermetallic phases PbSe and SeSn at the temperatures 350
and 500 °C in agreement with the work of Dal Corso
et al.”®! Chen et al."®! identified one polymorph of the
binary intermetallic phase SeSn at both studied tempera-
tures, probably low temperature SeSn-o. Nevertheless, this
finding does not contradict the previous result of Dal Corso
et al.'™ Only two samples have been studied in the region
where the phase change should appear, and it is not easy to
distinguish between the two phases.

Partial liquidus surface was studied by Zlomanov
et al.”! and the liquidus surface in the whole concentration
range was presented by Saveliev et al.l'”) Experimentally
measured enthalpies of mixing in liquid at 763, 845 and
970 °C were published by Kotchi et al.!'"!

An attempt to theoretically model a part of the Pb-Se-Sn
phase diagram was made by Laugier et al.""* who applied a
regular associated solution model to calculate the T-x
ternary liquid-solid phase equilibrium of the PbSe-SnSe
section of the phase diagram and the liquid surface of the
Pb-Se-Sn system. Good agreement with experiments was
obtained for the liquid-solid equilibrium between liquid
and PbSe intermetallic phase with rocksalt structure. Full
thermodynamic CALPHAD-based assessment of the tern-
ary phase diagram has not yet been published up to now.

The phases existing in the Pb-Se-Sn system together
with their crystallographic structures are listed in the
Table 1.

2 Thermodynamic Modelling

The CALPHAD approach!'*'*! was used for thermody-
namic modelling and calculation of phase diagrams. The
compositions of phases in equilibrium correspond to the
minimum total Gibbs energy of a closed system at constant
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using Thermo-Calc' ' and Pandal software, which solve
the constrained minimization problem to determine the set
of non-negative number of individual components in
equilibrium phases. The Gibbs energies are considered
relative to the Standard Element Reference state (SER).
The Gibbs energy data for pure elements were taken from
the SGTE database for pure elements ver. 5.0.'*!

2.1 The Solution Phases

The Gibbs energies of terminal solid solutions were mostly
modelled using a substitutional model with one sublattice.

The substitutional solution model with associates was
used for the thermodynamic description of the molar Gibbs
energy of the liquid phase. It assumes mutual mixing of
three elements Pb, Se, Sn and two associates PbSe and
SeSn (in agreement with the models for liquid in the
respective binary subsystems)

The molar Gibbs energy of the solution phase o« is
expressed as:

G(T.x*) =° G (T) +" G (T.x") +" G}, (T ,x")

(Eq 1)
where the first term is the molar reference Gibbs energy,
which is the weighted sum of the Gibbs energies of the
system constituents i in the crystallographic structure of the
phase « or in the liquid state relative to the selected ref-
erence state.

The second term of Eq 1 is the contribution to the total
Gibbs energy resulting from the ideal mixing of the con-
stituents in the crystal lattice of the phase « or in the liquid,
where n is the number of constituents Eq 2.
4Gz =RTY x;-In(x) (Eq 2)

i=1

Third term, the excess Gibbs energy £G?, describes the
influence of the non-ideal behaviour of the system on the
thermodynamic properties of the phase and is given by the

temperature and pressure. Calculations were performed Redlich-Kister-Muggianu formalism.!>2

sTt?L?:furle th thggegstael:f;i%hii Common phase name Phase name in database Pearson symbol Structure type Ref.

the system (Pb) FCC_Al cF4 Pb Ref 22
(Se) HEX_AS8 hP3 Se Ref 13
(BSn) BCT_AS {14 BSn Ref 13
(0Sn) DIAMOND_A4 cF8 C(diamond) Ref 13
PbSe PBSE cF8 NaCl Ref 22
Se,Sn SE2SN hP3 CdL, Ref 13
SeSn-o SESN_ALPHA oP8 GeS Ref 13
SeSn-f SESN_BETA oC8 CrB Ref 13
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(Eq 3)

where zL;; are the temperature dependent binary interac-
tion parameters describing the mutual interaction between
constituent i and j, and L;;, is the interaction parameter
describing the possible ternary interactions. Their temper-
ature dependence is usually defined as:

L(T) = a +bT + ¢TIn(T) (Eq 4)

The substitutional solid solution phases of the elements
p-Sn (bct_AS5), o-Sn (diamond_A4) and Se (hexago-
nal_A8) were modelled by solid solution model described
above. With respect to very low solubilities of other ele-
ments (especially Se) in the terminal solid solutions, the
substitutional solid solution model for (-Sn) was defined
as (PB, SN)I and no solubility of other elements were
assumed for («-Sn) and (Se).

The substitutional model with associates for liquid used
in the database is labelled LIQUID and defined as (PB,
PBSE, SE, SN, SNSE)I.

The Pb (fcc_Al) terminal solid solution was modelled
by two-sublattice interstitial solid solution model. This
model assumed that the metallic elements could substitute
each other in the metal sublattice, and interstitial elements
and vacancies exist in the interstitial sublattice. Because
there are no interstitial elements in this system, the model
corresponds from the practical point of view to the above
shown substitutional model, nevertheless this model is
selected to be consistent with other databases containing
the fcc_A1 phase. The specific model for the solid solution
fcc_A1 (Pb) in the database was therefore named FCC_A1
and defined as (PB,SN)1(VA)I.

2.2 Intermetallic Phases

The Pb-Se-Sn ternary system contains 4 intermetallic
phases (PbSe, SeSn-o, SeSn-f5, Se2Sn), which are stoi-
chiometric in binary systems but exhibit the solubility of
the third element in their structures in the ternary system.
The Compound Energy Formalism is used to model
intermetallic phases. Basic principles for the case of two
sublattices are shown here, as two-sublattice models were
used in this assessment. Details of this approach can be
found e.g. in Ref 14,15

In the case of the PbSe phase each sublattice is occupied
by one basic element and Sn substitutes Pb in the relevant

sublattice ((PB, SN)1(SE)1). The name of the phase is
PBSE in the database. Similarly, Pb substitutes Sn in the
SeSn family of phases and the Se2Sn phase ((SE)0.5(PB,
SN)0.5 and (SE)0.66667(PB, SN)0.33333, respectively).
The names of the phases are SESN_ALPHA, SESN_BETA
and SE2SN in the database.

The reference Gibbs energy corresponding to the Eq 1
for constituents i and j is given as:

Gl =Y vi -2y %Gy (Eq 5)

where the pyi terms are the site fractions of each con-
stituent in the sublattice 1 or 2. The term G(i:j) describes

the Gibbs energy of formation of the so-called “end
member” ij.

The ideal mixing term is given by

o 2 n
G = Zp:lﬁ7 ' Zi:l *yi - In(y:) (Eq 6)

where fp is the stoichiometric coefficient for a sublattice p
and the second sum describes the effect of the ideal mixing
within the sublattice p. The contribution of the excess
Gibbs energy for the two-sublattice model with three
constituents i, j, k is defined as:

Gy = "y v kg + v e ik
(Eq7)

where
Liijx = ZZ Lin - (vi—y)° (Eq 8)

The parameters zL; j., describe the mutual interaction of
constituents i and j in the first sublattice when the second
sublattice is fully occupied by constituent k. This descrip-
tion can be extended to any number of sublattices.

The individual models of intermetallic phases are listed
in the Table 2. The two-sublattice model is used for all
phases.

2.3 Binary Systems

Binary data of constituting subsystems are necessary for
modelling the ternary system and they are used for ternary
extrapolation of the Pb-Se-Sn system. The prediction pro-
vides us with basic knowledge about the phase equilibria in
the system but cannot provide information about the sol-
ubility of the third element in the binary phases or the
existence of a possible ternary phase. Thermodynamic
descriptions of binary subsystems are known and accepted
from the literature.

Se-Sn binary phase diagram was published by Feute-
lais et al.’*!! It contains a family of intermetallic phases
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Table 2 Thermodynamic parameters for optimized phases in the Pb-Se-Sn ternary system and binary subsystems

Phase name (Sublattice model) Parameter Value Ref.
LIQUID (PB,PBSE,SE,SESN,SN) 0GH . — 91032.45 + 29.88*T + G, + GM19g, Ref 22
O0GHM e — 134591.86 + 278.59972*T — 32.99*T*In(T) + G- Qp+G %, Ref 21
LM 60 +6204.5—0.67981*T Ref 23
LM s + 791.7 — 1.5219*T Ref 23
LM%, pose + 19500.32 Ref 22
LM, ppse — 1003.26 + 0.58+T Ref 22
LM% pose + 835221 — 5.64*T Ref 22
LM se + 17503.24 — 7.95*T Ref 22
LM% e se + 4201.24 — 6.42*T *
LM e se + 16498.24 — 3.61*T Ref 22
oL, gnse + 15432.8 — 19.06391*T Ref 22
LM, gnse +8995.55 Ref 21
oL, snse + 43462.43 — 21.6074*T Ref 21
LM, Snse — 10325 Ref 21
LM se.sesnse  + 1.916923E 4 05 — 307.69%T i
L™ se.sesnse  —1.079120E4-06+420.5%T *
LM e sesnse  — 3.032750E + 05 + 175*T *
LMy posessnse  — 80000 *
'LY%pp ppse.snse  — 80000 — 30*T *
2LLIQPb,PbSe,SnSe O *
LM se snse —0.208615E + 04 — 33.8461*T *
LM e snse — 30.584615E + 03 + 15.3846*T &
2L se snse + 1.041846E + 04 — 21.5385*T *
OLM% snse — 1207.69 — 7.692*T o
"Ly snse 0 *
2LL[QPb.SnSe 0 *
BCT_A5 (Sn-p) (PB,SN) OLBCT A sn + 19700 — 15.89%T Ref 23
DIAMOND_A4(Sn-a) (SN); GPIA-Ad GPIA-Ad Ref 18
FCC_A1 (Pb) (PB,SN) ; (VA), OLFCCAl snva  + 71453 — 2.30237*T Ref 23
HEX_AS8 (Se) (SE), GHEX-A8 GHEX-A8_ Ref 18
PBSE (PbSe) (PB,SN),(SE), 0G5, <o — 99783.25 + 22.52*T + GMSER, 4 GHSERg *
()GPbSeSn:Se + 5000 + GHSERSrl + GHSERSe %
OLPbSer, snise — 3.125758E + 05 + 68.34*T *
LPPSep Snise — 92000 + 92*T *
2LPPSep, snise — 10000 + 15*T ¢
SE2SN (Se,Sn) 0GSe250g 6n — 46104.05 + 121.16205*T Ref 21
(SE)o.66667(PB,SN)0.33333 — 24.84*T*In(T)—0.00164*T> + 39347+*T~" + 1.185733E — 07+T°>
0GSe2Sng by 0.66667* GMSER. .+ 0.3333* GHSER,, 4+ 15000 #
OGSeZSnSEIPb,Sn — 60000 %
SESN_ALPHA (SeSn-o) OGSeSnalpha, _ 63171.87 4+ 134.4964*T — 26.31*T*In(T) — .00182* Ref 21
(SE)o.5(PB,SN)y 5 T? 4 61422.5% T~! + 1.1076E — 07* T°
OGSeSnfalphase:Pb + 15000 + O.S*GHSERSE + O.S*GHSERPb %
OpSeSn_alphag o sn —1710004-65%T *
I Sesnalpha o sn — 40000 — 10%T *
2L SeSn-alphay b osn —88850450%T g
SESN_BETA (SeSn-p) 0GSesn-betag e — 62529.58 + 133.69002*T —26.31*T*In(T)—.00182* T? + 61422.5% Ref 21
(SE)o.5(PB,SN)y T™!' + 1.1076E — 07* T*
OGSeSn,belaSe:Pb + 15000 + 0_5*GHSERSe + O_S*GHSERPb %
OLSeSn,beta *

Se:Pb,Sn

—171284 + 65*T
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Table 2 continued
Phase name (Sublattice model) Parameter Value Ref.
ILSesnbetay ppsn — 40000 — 9.8%T *
SeSnbetn bsn — 88850 + 50%T *
Unary data are from SGTE database!"®
*Parameter assessed in this work
1000 1200
Lig+Liq2
900 o
Liquid 1000 Lig+Lig2
800 Liquid+B-SeSn
700 . P-SesSn 800
600 | B-SeSn+Se2Sn .
%) £ 600 Liquid+PbSe
= 5001/ Liquid+Se2sn =
Liquid+a-SeSn Liquid+PbSe
400 Se2Sn
I 400
300 a-SeSn
200 Se2Sn+a-SeSn 200
00 —t (Pb)+PbSe (Sey+PbSe
(Se)+a-SeSn (Sn)+a-SeSn 5
00 01 02 03 04 05 06 07 08 09 1.0

0
00 01 02 03 04 05 06 07 08 09 1.0

X(Sn)

Fig. 1 The Se-Sn phase diagram calculated using the data of
Feutelais et al.”*"

SeSn, low-temperature SeSn-o and high-temperature
SeSn-fi modification. There is also Se2Sn intermetallic
phase in the system. All three phases are modelled as
stoichiometric. The liquid phase contains the SNSE
associate. In the Sn-rich region, there is a small misci-
bility gap in liquid.

Thermodynamic assessment of the Pb-Se system was
published by Liu et al.”?! The assessment was slightly
modified in the scope of this work, as there was a slight
disagreement between the invariant temperature for the
L1 — PbSe + L2 published in Ref 22 and obtained by
calculation using original dataset from the same work. The
reason for this discrepancy might be caused by a typo-
graphical error. There is one intermetallic phase PbSe in
the system and the liquid phase model includes the PBSE
associate. The Pb-Se phase diagram also exhibits a liquid
miscibility gap in the Se-rich region.

ALPHAD modelling of the Pb-Sn binary subsystem is
adopted from Ohtani et al.'** This phase diagram is of
simple eutectic type.

The calculated phase diagrams of the binary subsystems
are shown in Fig. 1, 2 and 3. The thermodynamic param-
eters and models of the existing phases for all binary
subsystems are summarized in Table 2.

x(Se)

Fig. 2 The Pb-Se phase diagram calculated using the data of Liu
et al.l??

3 Theoretical Results

The thermodynamic assessment of the ternary system was
carried out using the Thermo-Calc and Pandat software
packages. The above-mentioned binary assessments were
used together with the experimental phase data from Ref
3,8 and 10. Experimentally measured enthalpies of mixing
of liquid presented in Ref 11 were also used. As already
mentioned in the Introduction, there are significant incon-
sistencies between the experimental data, and therefore not
all data in the literature were accepted in the assessment. A
more detailed discussion can be found in the relevant part
of Sect. 4 (Discussion). The thermodynamic parameters for
the ternary system assessed in this work and the parameters
for the binary subsystems are listed in Table 2.

Two isothermal sections at 350 and 500 °C were pre-
sented in Ref 3 and a quasi-binary PbSe-SnSe section was
established in Ref 8. The PbSe-Se2Sn vertical section was
also studied in Ref 8 however, there is very strong incon-
sistency between the phase equilibria in this vertical sec-
tion and the relevant phase equilibria in the isothermal
sections from Ref 3. The results from Ref 3 were used for
the assessment because there is a good consistency
between the two experimental isothermal sections and the
results obtained after long-term annealing are supported by
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A

Fig. 3 The Pb-Sn phase diagram calculated using the data from
Ohtani et al.>)

micrographs, x-ray analysis and EDX composition mea-
surements. The quasi-binary section from Ref 8 was also
used as it is consistent with results from Strauss'’). These
sections of phase diagrams are shown in Fig. 4, 5 and 6.

In the following text, the Se-rich liquid phase is referred
to as Liquid(Se), the (Pb,Sn)-rich liquid is designated as
Liquid(Pb), and the liquid phase with content of about
10 at.% Pb and 10-20 at.% Sn is labelled as Liquid(ter).

The thermodynamic properties of the Pb-Se-Sn system
were studied in Ref 11 The authors measured the enthalpies
of mixing of liquid in the system at 763, 845 and 970 °C
for different xPb/xSn and xSe/xPb ratios. Unfortunately,
they did not publish all the obtained experimental data,
they only presented the results for selected sections with
different concentration ratios and temperatures in the form
of tables and figures. The comparison of the experimental
results with the calculated enthalpies of mixing was per-
formed for characteristic sections and the results are pre-
sented in Fig. 7, 8, 9, 10, 11, 12, 13 and 14.

The complete liquidus surface of the Pb-Se-Sn system
was presented in Ref 10 Unfortunately, this paper is very
concise, and no details are published in the paper. The
authors did not provide any information on the experi-
mental condition other than that the DTA method was
used. No sample compositions and other necessary data are
available. On the other hand, the liquidus surface looks
reasonable for most of the concentration regions. The
calculated and experimentally established liquidus surfaces
are shown in Fig. 15(a), (b) and (c).

Invariant reactions containing liquid phases existing in
the Pb-Se-Sn system are listed in the Table 3.

@ Springer

A Lig(Pb)+PbSe

<& Ligq(Pb)+PbSe+SnSe-o
O Lig(Pb)+SnSe-o

@ Lig(ter)+PbSe

A Lig(ter)+PbSe+SnSe-a
+ Lig(ter)+SezSn

V Liq(ter)

X Liq(ter)+Se2Sn+SnSe-o

Pb
1.0

0.9,/

0.8
Lig(ter)*PbSe+SeSn_a

Liq(Pb)+PbSe+SeSn_a

Lig(Se)+PbSe

Liq(Se)+Liq(ter)+Pb! 2 i
02" 4
Lig(Se)+Liq(ter) .,
P\ Cciiincs mans
0.0 ’ 4 i i %
Se 0501 02
A ig(Se)+Liq(ter)+Se2Sn x(Sn)

) (S
Lia(ter) \Liq(ter)+Se2Sn+SeSn_a

Fig. 4 Isothermal section of phase diagram Pb-Se-Sn at 350°C with
superimposed experimental data from Ref 3. The legend describes
experimental equilibria. The numbers of samples correspond to the
samples listed in Table 1 in Ref 3.

A Liq(Pb)+PbSe

< Lig(Pb)+PbSe+SnSe-p
Pb 0O Lig(Pb)+SnSe-p
@ Liqg(ter)+PbSe
A Lig(ter)+PbSe+SnSe-p
O Liqg(Se)+PbSe
+ Liq(ter)+Se2Sn
V Liq(ter)
X Liqg(ter)+Se2Sn+SnSe-B
+ Lig(ter)+SnSe-p
X PbSe+SnSe-f

\ -~ Liq(Pb)+SnSe-p

05 06 07\08 09 1.0°5n
Lig(ter)+SezSn+SnSe-p Liq(Pb)+SnSe-o

Fig. 5 Isothermal section of phase diagram Pb-Se-Sn at 500 °C with
superimposed experimental data from Ref 3. The legend describes
experimental equilibria. The numbers of samples correspond to the
samples listed in Table 3 in Ref 3.

4 Discussion

The analysis of present results and their comparison with
experiments shows only an average agreement for some
calculations. One of the main reasons for the worse
agreement is the inconsistency of experimental results from
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Fig. 6 Pseudobinary vertical 1200
section between PbSe and SnSe.
The experimental data from
DTA measurements are from
Ref 8 1000
800
9 600 PbSe PbSe+SeSn-f3 SeSn-
4
a A&
400 =
SeSn-a
200
PbSe+SeSn-ou
0 T T
0 0.2 0.4
o
x(Pb)ix(Sn)=1/4 0 X(Pb)/x(Sn)=9/1
0 T=163°C T=763°C
1
i
i
10000 ' : -10000
i Y
%\ >
= \ % *\\
o
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g -20000 \\ s \\
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[
\ i -40000 N
-40000 \ Pt \ 7
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I
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00 041 02 03 04 05 06 07 08 09
x(Se)

A

Fig. 7 Calculated enthalpy of mixing of liquid for the ratio Pb/Sn=1/
4 at the temperature 763 °C in comparison with experimental data
from Ref 11. Dot-dashed lines indicate the extent of pure liquid phase
obtained from calculation., + indicates experimental data for single
phase liquid and * indicates data for a two-phase mixture with
liquid.""" Pure liquid elements at the temperature of measurements
are selected as reference states

different authors. In general, the agreement is worse for Se-
rich regions both for the phase diagram sections and the
thermodynamic measurements.

The calculated isothermal sections at 350 and 500 °C
from Ref 3 show a very good agreement for the region with
less than 50 at.% Se. Here, all experimental results agree
well with the calculated phase equilibria. There is only a

-50000
0.0

A

Fig. 8 Calculated enthalpy of mixing of liquid for the ratio Pb/Sn=9/
1 at the temperature 763 °C in comparison with experimental data
from in Ref 11. Dot-dashed line indicate the extent of pure liquid
phase obtained from calculation., + indicates experimental data for
single phase liquid and * indicates data for a two-phase mixture with
liquid.!"" Pure liquid elements at the temperature of measurements
are selected as reference states

01 02 03 04 05 06 07 08 09 1.0
x(Se)

qualitative agreement in the Se-rich corner, all experi-
mentally found phase fields are correctly modelled, but the
discrepancy is in the positions of specific phase fields
especially in 350 °C isothermal section.

The key discrepancy exists in the shape and size of the
pure liquid region, which exists around 10 at.% Pb and
10-20 at.% Sn. Two variants for the extent and position of
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0EO0

x(Se)x(Pb)=2/3
T=845°C
-5E3

-1E4

-1.5E4

Hmix (J/mol)

-2E4

-2.5E4

-3E4

-3.5E4
00 01 02 03 04 05 06 07 08 09 10

x(Sn)

Fig. 9 Calculated enthalpy of mixing of liquid for the ratio Se/Pb=2/3
at the temperature 845 °C in comparison with experimental data from
Ref 11. Dot-dashed line indicate the extent of pure liquid phase
obtained from calculation., 4 indicates experimental data for single
phase liquid and * indicates data for a two-phase mixture with
liquid."""! Pure liquid elements at the temperature of measurements
are selected as reference states

0EO0

x(Se)x(Pb)=1/1
-5E3 T=845°C

-1E4
-1.5E4
-2E4

-2.5E4

Hmix (J/mol)

-3E4
-3.5E4

-4E4 i

-45E417

A

Fig. 10 Calculated enthalpy of mixing of liquid for the ratio Se/Pb=1/
1 at the temperature 845 °C in comparison with experimental data
from Ref 11. Dot-dashed line indicate the extent of pure liquid phase
obtained from calculation., + indicates experimental data for single
phase liquid and * indicates data for a two-phase mixture with
liquid.""" Pure liquid elements at the temperature of measurements
are selected as reference states.

-5E4
00 01 02 03 04 05 06 07 08 09 1.0

x(Sn)

this phase field were proposed in the work,"*! one where a
very narrow phase field connected with the pure liquid
selenium exists (Fig. 1(b) in Ref 3) and second where a
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X(Pb)/x(Sn)=1/4
T=970°C

-10000

-20000

Hmix (J/mol)

-30000

-40000

01 02 03 04 05 06 07 08 09 1.0
x(Se)

Fig. 11 Calculated enthalpy of mixing of liquid for the ratio Pb/
Sn=1/4 at the temperature 970 °C; + indicates the experimental
results from Ref 11. Pure liquid elements at the temperature of
measurements are selected as reference states.

5000

x(Pb)/x(Sn)=9/1
0 T=970°C

-5000

-10000

-15000

-20000

Hmix (J/mol)

-25000

-30000

-35000

-40000

-45000
0.0

A

Fig. 12 Calculated enthalpy of mixing of liquid for the ratio Pb/
Sn=9/1 at the temperature 970 °C in comparison with experimental
data from Ref 11. Dot-dashed line indicate the extent of pure liquid
phase obtained from calculation., 4 indicates experimental data for
single phase liquid and * indicates data for a two-phase mixture with
liquid“”. Pure liquid elements at the temperature of measurements
are selected as reference states.

01 02 03 04 05 06 07 08 09 10
x(Se)

separate liquid phase field connected with the Se-rich lig-
uid by two-phase field labelled (Liquid(Se) + Liquid(ter))
as shown in Fig. 1(c) in Ref 3. The selection of a more
likely phase equilibrium was not done due to the lack of
experimental samples in that region. Theoretical modelling
strongly supported the existence of the two-phase field
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Fig. 14 Calculated enthalpy of mixing of liquid for the ratio Pb/Se=2/
3 at the temperature 970 °C in comparison with experimental data
from Ref 11. Dot-dashed line indicate the extent of pure liquid phase
obtained from calculation., 4+ indicates experimental data for single
phase liquid and * indicates data for a two-phase mixture with
liquid[“]. Pure liquid elements at the temperature of measurements
are selected as reference states

(Liquid(Se) + Liquid(ter)), nevertheless, the extent of the
experimentally found Liquid(ter) phase field does not
correspond to the calculated one. The calculated one is

$e0.0 /0.1
Lig.2 x(Sn) SnSe

02 03 04 05

Fig. 15 (a) Calculated liquidus surface of Pb-Se-Sn phase diagram,
(b) detail of the liquidus surface in the Se-rich corner, (c) the
experimentally established liquidus surface from Ref 10

significantly smaller and shifted slightly towards a higher
Sn content. It has been found that any attempt to model a
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Table 3 The calculated

. . . .. Type of reaction T (°C) Invariant reaction Overall composition

invariant reactions containing

liquid phases in the system Pb- x(Pb) x(Se) x(Sn)

Se-Sn
Ul 465.4 SeSn-f + Se,Sn => Liq + SeSn-a 0.072 0.696 0.232
U2 431.9 Liq 4+ SeSn-f => PbSe + SeSn-u 0.125 0.674 0.201
El 431.9 SeSn-f => Liq. + PbSe + SeSn-o 0.223 0.001 0.775
U3 315.8 Liq + Se,Sn => SeSn-a + Liq 0.082 0.722 0.196
U4 220.84 Liq + PbSe => Liq + (Se) 0.112 0.721 0.167
us 220.85 Liq + Liq => SeSn-o + (Se) 0.104 0.720 0.175
D1 220.7, Liq + SeSn-o => Se,Sn +(Se) 0 0.999 0.001
E2 205.3 Liq => (Se) + PbSe 4 SeSn-uo 0.110 0.718 0.172
[8[) 203.6 Liq + SeSn-a => PbSe +(Sn) 0.129 0 0.871
D2 183.0 Liq => (Pb)+PbSe+(Sn) 0.260 0 0.740

Italic values indicate the amount of this element in given IR is smaller than 0.001

larger phase field, especially extended in the direction of
Sn axis, leads to an expansion of the liquid phase well
below 200 °C and to the existence of a very complicated
multiple liquid miscibility gap structure at high tempera-
tures not only in the Se-rich region.

Thus, the agreement is only qualitative for the section at
350 °C, all experimentally determined phase fields are
present in the calculated section, however, their shape and
position are to some extent different.

Rather better agreement was obtained for the isothermal
section for 500 °C. Here, too, the agreement is very good
for the Se-poor region, with only one exception. The SnSe-
f was not identified in Ref 3 They did not consider the HT
modification, probably because the transition temperature
for binary SnSe-o/ff intermetallics is well above 500 °C.
However, according to the work,l8J the high solubility of Pb
in the SnSe family of phases leads to the stabilization of the
HT modification of the SnSe intermetallic phase in the low
temperature region below 500 °C.

The concentration dependence of the o/ff transition
temperature was modelled with respect to the data® and
the phase boundaries are shown for the SnSe-o + SnSe-
f + Liq(Pb) phase field in Fig. 5 (the liquid phase rich in
Pb and/or Sn is labeled Liquid(Pb) in the text and figures in
this paper). It can be seen from Fig. 5 that the samples were
only available in the assumed SnSe-f + Liq(Pb) phase
field.

Better agreement was obtained for the Se-rich region of
the 500 °C section compared to the 350 °C section. Espe-
cially the samples 23 and 32 agree well with the experi-
mental results and confirmed the existence of a liquid
miscibility gap in this region. The sample 23 clearly
showed the existence of (Liquid(Se) + PbSe), where the
liquid phase contained almost 99 at.% of Se. Sample 32
consists of PbSe phase together with Liquid(ter) with a
composition of Pb-64.4 at.% Se-19.4 at.%Sn.

@ Springer

The PbSe-SnSe-o/ff quasi-binary section is shown in
Fig. 6. Here, a reasonable agreement was obtained for the
liquidus line and the concentration dependence of the
SnSe-o/ff transition temperature with the experimental
results from Ref 8. The value of eutectic temperature also
agreed well with the experiment. Nevertheless, there is a
significant difference for the PbSe/(PbSe + Liq) phase
boundary. Thermodynamic modelling predicts much lower
solubility of Sn in the PbSe intermetallic phase especially
around the eutectic temperature. The values of Sn solu-
bility in PbSe at 350 and 500 °C were accepted from Ref 3
because no other data are available for such low tempera-
tures. The attempt to model high Sn solubility in PbSe at
high temperatures led to a very strong temperature
dependence for the relevant interaction parameters and
consequently it was not possible to model a reasonable
liquidus surface for the ternary system. Pseudo-ternary
(Pb,Sn)Se phase was stabilized by tin at very high tem-
peratures above 1500 °C and as mentioned above, all
attempts to model the correct liquidus surface and the
correct stability of (Pb,Sn)Se led again to multiple misci-
bility gaps and very unlikely shape of the liquidus surface.

The enthalpies of mixing for the three temperatures and
various Pb/Sn and Pb/Se ratios were measured by Ref 11
The experimental difficulties encountered in this system
were demonstrated in the published results and it can be
concluded that a higher amount of Se usually meant a
greater discrepancy between experiments and modelling.
Some of the presented experimental results are question-
able, which is also demonstrated here.

Figure 7 and 8 show a comparison between two sections
with x(Pb)/x(Sn)=1/4 and 9/1, respectively, for the tem-
perature 763 °C. Here, a single liquid phase exists in two
separate concentration intervals and good agreement was
obtained only for a low concentration of Se in this limited
interval. Experimental data for the liquid phase in the
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concentration region of approx. x(Se) = 0.55 — 0.7 show
worse agreement. Experimental data are not available for
high selenium content (approx. x(Se) > 0.7), where the
liquid miscibility gap exists. Experimental difficulties are
probably the reason for the lack of data. Dot-dashed lines
indicate the calculated position of the phase boundary
between the liquid and the two-phase field. The experi-
mentally established phase boundary is in the interval
between two measurements labeled by symbols + (single
phase liquid) and * (two-phase with liquid). The agree-
ment is good considering the small amount of experimental
data and the uncertainty of the experimental liquidus sur-
face (to be discussed later). Dashed line shows the calcu-
lated values of the enthalpy of mixing of liquid in the
metastable region.

Figures 9 and 10 show a comparison between experi-
mental and calculated values for two sections with x(Se)/
x(Pb) =2/3 and 1/1, respectively, at the temperature
845 °C. Here the tendency is well reproduced by calcula-
tions, but the differences between the experimentally and
theoretically determined boundaries of the liquid phase
field are worse.

The experimental results at 970 °C were presented for
several sections both for Se/Pb and Pb/Sn ratios in.!'"! The
results for the x(Pb)/x(Sn) = 1/4 and 9/1, respectively, are
shown in Fig. 11 and 12. Only a liquid phase exists for the
first ratio at this temperature and the excellent agreement of
the measured and calculated enthalpies of mixing was
obtained for x(Se) < 0.5. There is also a very good
agreement for the limiting enthalpy of mixing in the binary
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Fig. 16 Calculated enthalpy of mixing of liquid for the binary Pb-Se
system at the temperature 970 °C in comparison with experimental
data from Ref 11. The dashed line marked two phase region, [J—
extrapolated values from Ref 11. Pure liquid elements at the
temperature of measurements are selected as reference states.
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Fig. 17 Calculated enthalpy of mixing of liquid for the binary Se-Sn
system at the temperature 970 °C in comparison with experimental
data from Ref 11. Pure liquid elements at the temperature of
measurements are selected as reference states

Pb-Sn system. The experimental data are only available for
x(Se) < 0.643, but in the Se-rich region, the agreement is
significantly worse. A slightly worse agreement was
obtained for the second ratio, but the tendency is still well
reproduced. This discrepancy can be caused by significant
problems in measuring the respective enthalpies of mixing
in liquid for samples with a high selenium content. Such
problems also occur in binary systems, where there are
significant differences between the experimental enthalpies
of mixing of liquid in the binary Pb-Se system measured in
Ref 11 and the calculated mixing enthalpies from the
accepted theoretical evaluation of binary Pb-Se.*?! The
values for x(Se) > 0.35 published in Ref 11 are only
extrapolated. This is shown in Fig. 16. An analogical
problem exists for x(Se) > 0.5 also in the Se-Sn binary
system, a comparison between the experimental measure-
ments for the Se-Sn system from Ref 11 and accepted
theoretical assessment from Ref 21 is shown in Fig. 17.
The experimental results for x(Pb)/x(Se) = 1/1 and 2/3
ratios are shown in Fig. 13 and 14. The agreement between
the experiments and calculations for the first Pb/Se ratio is
again reasonable, considering relatively high content of
selenium for small Sn contents, where the discrepancy is
more pronounced. On the other hand, the experimental and
theoretical boundary between the liquid and the (Liq +
PbSe) two-phase field is very close. An example of a sig-
nificant discrepancy between experiment and modelling is
demonstrated in Fig. 14. Here the samples have a relatively
high selenium content, especially in the region with a low
tin content. Nevertheless, there is big difference between
the experiment and the calculation in the whole region and
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the experimental data are problematic even in the Sn rich
region. The values of the enthalpy of mixing do not go to 0
for pure tin. Since all previously presented results in Fig. 7,
8,9, 10, 11, 12 and 13 show good or at least reasonable
agreement between the experiment and the calculation, it
can be assumed that the experimental values for the x(Se)/
x(Pb) = 3/2 ratio are influenced by some systematic error.
Since a less reasonable agreement between calculation and
experiment in all presented figures was usually obtained for
samples with high selenium content, the reason for this
disagreement may be the effect of the evaporation of Se in
the Se-rich samples above the boiling point of pure sele-
nium at 685°C.

The partial liquidus surface of the Pb-Se-Sn system was
studied by Zlomanov et al.”! and the liquidus surface in the
whole concentration range was presented by Saveliev
et al."” Unfortunately, both papers are very brief and no
detailed information is provided about the samples, the
experimental method, and the evaluation of results. Save-
liev et al.'"” presented only one figure in their paper, where
the liquidus surface is shown. On the other hand, their
results look reasonable and presented features are broadly
consistent with the calculated liquidus surface. Experi-
mental results"'”! suggest the existence of two liquid mis-
cibility gaps, which agrees well with the calculations. The
complex structure of the calculated liquidus surface with
multiple strangely shaped miscibility gaps was mentioned
in the discussion of Fig. 4 and 5. This structure appeared
when a better agreement was sought for the position of
Liquid(ter) phase field at low temperatures and high Sn
solubility in the PbSe phase around 800°C and such char-
acter of the liquidus surface is not acceptable.

A comparison of the experimental and calculated lig-
uidus surface is shown in Fig. 15(a) and (c), the detail of
the region around Liquid(ter) is presented in Fig. 15(b). It
can be stated that despite the experimental uncertainties, all
key features are in good qualitative agreement in both
figures. Theoretical calculations suggest the existence of a
miscibility gap in the Se—rich corner up to high temper-
atures, but the equilibria at high temperatures are
metastable at ambient pressure as there will be selenium
gas in equilibrium with liquid and no information is
available for this region.

The invariant reactions containing the liquid phase are
listed in Table 3. The two ternary invariant reactions des-
ignated as D1 and D2 are degenerate reactions in nature.
They lie extremely close to the binary low-temperature
invariant reactions in the Pb-Sn and Se-Sn systems and the
Pandat software has not been able to describe the nature of
these reactions. It only lists the phases involved, not the
type of reaction. After careful analysis of many calcula-
tions of isothermal sections and isopleths, the ones listed in
Table 3 were identified as the most likely, but the

@ Springer

designation of the reactions as degenerate was retained
because there is no clear evidence to support the analysis.

5 Conclusion

The literature related to the Pb-Se-Sn phase diagram is
relatively sparse and there are considerable inconsistencies
between the various authors. Many phase equilibria have
not been well defined. The current study presents the the-
oretical assessment which is based on the little experi-
mental information considered to be reliable enough to
contribute to the thermodynamic modelling of Pb-Se-Sn
phase diagram in whole concentration and temperature
range. This assessment is part of an effort to develop a
thermodynamic database for quinary Ag-Pb-Se-Sn-Te
system, which is important for the further development of
materials for thermoelectric applications.

The calculated phase diagram agrees reasonably with
the experimental sections at 350 and 500 °C from Ref 3
especially in the region with low selenium content and a
reasonable agreement was obtained with sparse informa-
tion about experimental liquidus surface. Similarly, the
calculated enthalpies of mixing in liquid reasonably agree
with the experimental data for lower selenium content.

Despite of this, a new experimental program for the Pb-
Se-Sn system focused on significant inconsistencies
between older experimental works is necessary to improve
the thermodynamic assessment.
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