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The Pb-Se-Sn ternary system is of interest to thermoelectric applications.
Nevertheless, no phase diagram exists for the entire compositional regime at
any temperature. Ternary Pb-Se-Sn alloys are equilibrated at 350°C and
500°C, and their equilibrium phases are determined. The isothermal sections
of the equilibrium Pb-Se-Sn phase diagram at 350°C and 500°C are proposed
based on the phase diagrams of the three constituent binary systems and
ternary phase equilibria results in the literature and those determined in this
study. No ternary compound is found. The phase relationships are similar at
350°C and 500°C. At both temperatures, binary compounds, «-PbSe and -
SeSn, have very significant ternary solubility, but the ternary solubility of Pb
in the Se,Sn phase is negligible. There are still unresolved questions about the
type and shape of the liquid phase at the Se corner.
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INTRODUCTION

Thermoelectric modules can enhance energy use
efficiency by recovering and converting waste heat
into electricity. They are also a renewable energy
source when used together with solar heating
modules. Because of their potential applications,
thermoelectric materials and thermoelectric mod-
ules have attracted very intensive research interest
and efforts.’™'° The Pb-Se-Sn ternary system is an
important material system for thermoelectric appli-
cations. a-PbSe, y-SeSn and PbSeSn are promising
thermoelectric materials, and Pb-Se-Sn is also a
subsystem of various promising thermoelectric
materials.* ¢

Phase diagrams provide basic material phase
equilibria information. They are fundamentally
important for the design and development of mate-
rials, processing route determination and product
reliability assessments. Experimental results and
CALPHAD-type modeling of phase diagrams of Pb-
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Se, Pb-Sn and Se-Sn binary systems have been
reported,'* ' but there are only very limited stud-
ies of the Pb-Se-Sn phase diagrams'’'® and no
phase diagrams exist for the Pb-Se-Sn ternary
system of the entire compositional regime. In the
present study, experimental measurements are
carried out to determine the Pb-Se-Sn phase equi-
libria isothermal sections at 350°C and 500°C.

EXPERIMENTAL PROCEDURES

Pb-Se-Sn alloys were prepared with pure con-
stituent elements, Pb (99.999 wt.%, Alfa Aesar,
USA), Se (99.999 wt.%, Alfa Aesar, USA) and Sn
(99.99 wt.%, Alfa Aesar, USA). Stoichiometric
amounts of elements were weighed using an elec-
tronic balance with 0.1 mg accuracy (Mettler,
AE200, USA), and the total amount of the prepared
alloy was about 1 g. They were then sealed in a
quartz capsule in a 10~® bar vacuum.

Sample capsules were heated to 800°C to ensure
complete melting and mixing of these constituent
elements. Sample tubes were quenched in ice water
and then placed back in a furnace at 350°C and
500°C for 1 to 8 months to equilibrate the alloys.
The sample capsules were removed from the
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furnace and quenched in water. The equilibrated
alloys were removed from broken capsules and cut
into two halves.

One half was ground into powder for x-ray
diffraction (XRD, Scintac, XDS-2000 V/H, USA).
The other half was mounted, polished and metallo-
graphically examined. Microstructures were exam-
ined using optical microscopy and scanning electron
microscopy (SEM, Jeol, JSM-5600, Japan). The
composition of the alloys was measured using
electron probe microanalysis (EPMA, Jeol, JXA-
8500F, Japan) with a WDS (wave-dispersive spec-
trometer). The voltage was 15.0 kV and current
density was 2 x 1078 A. ZAF (absorption factor A,
atomic number factor Z and characteristic fluores-
cence correction F) calibration was used with Se, Sn
and PbTe crystals as standards.

EXPERIMENTAL RESULTS
Pb-Se-Sn Isothermal Section at 350°C

Seventeen alloys were prepared and equilibrated
at 350°C. Their composition is listed in Table I and
shown in Fig. 1a. The liquid phase along the (Pb,
Sn) side is referred to as “liquid,” and that near the
Se corner is designated “liquid(Se).”

a-PbSe + Liquid Two-Phase Region

Figure 2a and b show respectively the BSE (back-
scattered electrons) image and elemental mapping
micrographs of alloy #1 (Pb-5.00 at.%Se-
10.00 at.%Sn) equilibrated at 350°C for 4 months.
Two-phase regions are observed. The composition of
the gray phase in Fig. 2a is Pb-48.5 at.%Se-
4.0 at.%Sn. Based on the binary Pb-Se phase dia-
gram,'! it is likely the «-PbSe phase with 4.0 at.%Sn
solubility. The bright region in Fig. 2a is a phase
mixture. Its average composition, measured by area
measurement, is Pb-0.5 at.%Se-10.3 at.%Sn. Based
on its microstructure and the Pb-Sn phase dia-
gram,'® this bright phase region was (Pb, Sn)-rich
liquid phase at 350°C. The liquid phase solidified
and decomposed, and Pb and Sn phases were
formed when the sample was removed from the
furnace. Figure 2¢ is the powder x-ray diffrac-
togram of alloy #1. The diffraction peaks of the Pb,
Sn and PbSe phases are observed. These experi-
mental results are consistent, and alloy #1 is
therefore in the «-PbSe + liquid two-phase region
at 350°C. Similar results are observed for alloys #9,
10, 11 and 16, and they are all in the a-PbSe + liquid
two-phase region at 350°C.

a-PbSe + y-SeSn + Liquid Tie-Triangle

Figure 3a and b are the BSE image and elemental
micrographs of alloy #2 (Pb-20.00 at.%Se-
60.00 at.%Sn) equilibrated at 350°C for 4 months.
Three-phase regions are observed. The composition
of the dark phase is Pb-48.1 at.%Se-38.8 at.%Sn,
and that of the bright phase is Pb-47.2 at.%Se-

4715

16.5at.%Sn. The gray region is a phase mixture. Dal
Corso et al.!” examined the (2-PbSe)-(7-SeSn) iso-
plethal section. They found that both «-PbSe and y-
SeSn have very significant ternary solubilities.
Based on these findings, it is likely that the bright
phase is the «-PbSe phase with 16.5 at.%Sn solu-
bility, and the dark phase is the y-SeSn phase with
13.1 at.%Pb solubility. The average composition of
the gray phase mixture is Pb-0.3 at.%Se-79.3
at.%Sn. With similar reasoning as mentioned above,
the gray phase mixture was a (Pb, Sn)-rich liquid
phase at 350°C. It solidified and decomposed during
quenching, and Pb and Sn phases were formed
when the sample was removed from the furnace.

Figure 3c is the x-ray diffractogram of alloy #2.
Since the ternary solubilities in the «-PbSe and y-
SeSn phases are very high, their lattice constants
and diffraction peaks are different from the pure
binary o-PbSe and y-SeSn phases. By assuming
ideal mixing, the lattice constants of the o-PbSe
with 16.5 at.%Sn solubility and 7y-SeSn with
13.1 at.%Pb solubility are calculated to be
0.607 nm and 1.1 nm, respectively. The two stron-
gest diffraction peaks of pure binary «-PbSe and y-
SeSn phases are 29.13°, 41.6° and 30.46°, 31.08° in
the JCPDS.2%?! The calculated diffraction peaks of
the two strongest peaks of the «-PbSe and y-SeSn
phases in this study are 29.94°, 42.73° and 30.57°,
31.7°, respectively, and are shown in Table II. The
calculated results are consistent with those
observed in Fig. 3c. It is concluded that alloy #2 is
in the a-PbSe +y-SeSn +liquid tie-triangle at 350°C.
Similar results are observed for alloy #12, and it is
also in the o-PbSe +y-SeSn +liquid three-phase
region.

y-SeSn + Liquid Two-Phase Region

Figure 4a is a BSE micrograph of alloy #3 (Pb-
25.00 at.%Se-70.00 at.%Sn) equilibrated at 350°C
for 4 months. Two-phase regions are observed. The
composition of the gray phase is Pb-49.0 at.%Se-47.6
at.%Sn. It is assumed that it is the y-SeSn phase'®
with 3.4 at.%Pb solubility. The bright phase region
is a phase mixture. The average composition is Pb-
95.4 at.% Sn with negligible Se solubility. It is
assumed that the bright region was a (Pb, Sn)-rich
liquid phase at 350°C, and Pb and Sn phases formed
when the sample was removed from the furnace.
Figure 4b is the x-ray diffractogram of alloy #3.
Diffraction peaks of y-SeSn, Sn are observed, but
the peak of Pb is too weak to identify. Similar
results are observed for alloy #13. Figure 4c is the x-
ray diffractogram of alloy #13, and the diffraction
peaks of y-SeSn, Sn, and Pb are observed in Fig. 4c.
The results are in agreement, and alloys #3 and #13
are in the y-SeSn +liquid two-phase region at 350°C.

SesSn + y-SeSn + Liquid(Se) Tie-Triangle

Figure 5a is a BSE micrograph of alloy #4 (Pb-
60.00 at.%Se-30.00 at.%Sn). Three-phase regions
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Table I. Nominal composition and equilibrium phases of Pb-Se-Sn ternary alloys equilibrated at 350°C

Alloy composition

Alloy no. Pb Se Sn
1 85 5 10
2 20 20 60
3 5 25 70
4 10 60 30
5 10 80 10
6 10 70 20
7 20 70 10
8 20 52 28
9 60 25 15
10 70 5 25
11 50 40 10
12 15 35 50
13 15 15 70
14 11.5 54 34.5
15 5 65 30
16 50 30 20

Composition equilibrium (at.%)

Phase Pb Se Sn
Liquid 89.2 0.5 10.3
o-PbSe 47.5 48.5 4
a-PbSe 36.3 47.2 16.5
y-SeSn 13.1 48.1 38.8
Liquid 20.4 0.3 79.3
y-SeSn 3.4 49 47.6
Liquid 4.6 0 95.4
SesSn 0 65.7 34.3
y-SeSn 124 48.7 38.9
Liquid(Se) 11.5 59.4 29.1
Liquid(Se) 10.1 79.5 10.4
SeySn 0 66.1 33.9
Liquid(Se) 12 73.7 14.3
Liquid(Se) 14 75.4 10.6
a-PbSe 47.3 47.2 5.5
a-PbSe 33.2 49.4 17.4
y-SeSn 11.1 49.6 39.3
Liquid(Se) 10.5 60.1 29.4
Liquid 75.4 0.4 24.2
o-PbSe 45.4 47.1 7.5
Liquid 28.9 0.1 71
o-PbSe 46.3 47.5 6.2
Liquid 70.6 0.8 28.6
o-PbSe 47.9 47.5 4.6
y-SeSn 12.3 48.3 39.4
o-PbSe 35.8 47.6 16.6
Liquid 20.3 0.6 79.1
y-SeSn 11.1 47.8 41.1
Liquid 15.8 0.2 84
Liquid(Se) 10 61.3 28.7
y-SeSn 12.1 49.6 38.3
SeoSn 0 66.3 33.7
Liquid(Se) 12.1 61.1 26.8
SeySn 0 65.6 34.4
Liquid 59 0.8 40.2
a-PbSe 43.6 46.7 9.7

are observed, bright rods, dark rods and a contin-
uous matrix with a fine microstructure. The com-
position of the bright rods is Pb-48.7 at.%Se-38.9
at.%Sn. It is likely that this is the y-SeSn phase with
12.4 at.% Pb solubility. The composition of the dark
rods is Pb-65.7 at.%Se-34.3 at.%Sn, and this is the
Ses,Sn phase with almost negligible Pb solubility.
The experimental results of this study indicate that
both the binary compounds, «-PbSe and y-SeSn,
have significant ternary solubilities; however, the
Pb solubility in the SesSn phase is very limited.
Similar results were reported previously.'’

The average composition of the region of the fine
microstructure, the largest region, is Pb-59.4
at.%Se-29.1 at.%Sn. Based on the microstructure,
this region was a liquid phase, and it solidified when
the sample was removed from the furnace. Alloy #4
was in the SeoSn + y-SeSn + liquid(Se) tie-triangle
at 350°C. Figure 5b is the powder x-ray diffrac-
togram of alloy #4. Diffraction peaks of four phases,

SeoSn, y-SeSn, Se and a-PbSe, are observed. The
results indicate that there is no ternary compound,
and o-PbSe, Se,Sn, y-SeSn and Se phases were
formed during solidification. Similar results are
observed for alloy #14 (Pb-54.00 at.%Se-
34.50 at.%Sn). It is also in the SesSn + y-SeSn + lig-
uid(Se) tie-triangle.

Liquid(Se) Single-Phase Region

Figure 6a is a BSE micrograph of alloy #5 (Pb-
80.00 at.% Se-10.00 at.% Sn) equilibrated at 350°C
for 3 months. Unlike all the micrographs shown
above, this micrograph has a homogenous fine
microstructure without a larger phase. There are
three phases in this fine microstructure sample. The
composition of the bright phase is Pb-48.6 at.%Se-
1.0 at.%Sn, and it is the «-PbSe with 1.0 at.%Sn
solubility. The composition of the gray phase is Se-
32.5 at.%Sn, and this gray phase is the Se,Sn phase
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Fig. 1. Isothermal section of Pb-Se-Sn phase equilibria at 350°C: (a) superimposed with alloys examined; (b) a possible isothermal section
determined in this study; (c) another possible isothermal section determined in this study.

with no noticeable Pb solubility. The composition of
the dark phase is Pb-99.8 at.% Se, and the dark
phase is Se with 0.2 at.% Pb solubility. Figure 6b is
the powder x-ray diffractogram of alloy #5. Diffrac-
tion peaks of a-PbSe, Se and Se,Sn are observed. It
is assumed that this alloy is in the liquid single-
phase region, and «-PbSe, Se and Se;Sn phases
were formed during solidification after the sample
was removed from the furnace.

Se;Sn + Liquid(Se) Two-Phase Region

Figure 7a is the BSE micrograph of alloy #6 (Pb-
70.00 at.% Se-20.00 at.% Sn) equilibrated at 350°C
for 4 months. Two-phase regions are observed. The
composition of the dark phase is Pb-66.1 at.%Se-
33.9 at.%Sn. It is the Se,Sn’® with almost negligible
Pb solubility. The continuous matrix phase region is

a phase mixture. Its average composition is Pb-73.7
at.%Se-14.3 at.%Sn. Based on the microstructure,
this region was the liquid phase and it solidified
during sample removal from the furnace. Figure 7b
is its powder x-ray diffractogram. The diffraction
peaks of three phases, SesSn, «-PbSe and Se, are
found. As suggested by the results of alloy #5, the
liquid phase at the Se corner can form Se,Sn, o-
PbSe and Se phases during solidification. The
results indicate that alloy #6 was in the Se;Sn + lig-
uid(Se) two-phase region at 350°C, and «-PbSe and
Se were formed during solidification. Compared
with the diffractograms of alloys #5 and 6, the
intensities of the diffraction peaks of the Se,Sn
phase of alloy #6 are stronger. This is to be expected,
because there is more of the Se,Sn phase in alloy #6
than in alloy #5. Similar results are observed for
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Fig. 2. Alloy #1 (Pb-5.00 at.% Se-10.00 at.% Sn) equilibrated at 350°C for 4 months: (a) BSE micrograph; (b) elemental mapping micrograph; (c)

powder x-ray diffractogram.

alloy #15, and it is also in the Se,Sn +liquid(Se) two-
phase region at 350°C.

a-PbSe + Liquid(Se) Two-Phase Region

Figure 8a is the BSE micrograph of alloy #7 (Pb-
70.00 at.% Se-10.00 at.% Sn) equilibrated at 350°C
for 4 months. The composition of the bright bulk
phase is Pb-47.2 at.%Se-5.5 at.%Sn, and it is the -
PbSe phase with 5.5 at.%Sn solubility. In addition
to the bright bulk phase, a mixture of bright and
dark phases can be observed. The darkest regions
are cracks. Compositional determination of the
larger dark phase indicates it is almost pure Se.
The average composition of the phase mixture is Pb-
75.4 at.%Se-10.6 at.%Sn. Based on the fine
microstructure, the composition, the results for
alloys #5 and 6, and the phase diagram of Pb-Se
and Se-Sn,''® it is concluded that the phase

mixture was the liquid phase, and alloy #7 is in
the «-PbSe + liquid(Se) two-phase region at 350°C.
Figure 8b is the x-ray diffractogram. The diffraction
peaks of a-PbSe, SesSn and Se are observed. As
discussed previously, «-PbSe Se;Sn and Se phases
were formed during solidification, and the diffrac-
tion peaks of o-PbSe are stronger than those in
Fig. 6b and 7b because there is more «-PbSe phase
in sample alloy #7.

y-SeSn + a-PbSe + Liquid(Se) Tie-Triangle

Figure 9a is the BSE micrograph of alloy #8 (Pb-
52.00 at.%Se-28.00 at.%Sn) equilibrated at 350°C
for 7 months. Three-phase regions are observed, a
bright bulk phase, a gray bulk phase and a phase
mixture. The composition of the bright bulk phase is
Pb-49.4 at.%Se-17.4 at.%Sn and this is the «-PbSe
phase with significant 17.4 at.%Sn solubility. The
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Fig. 3. Alloy #2 (Pb-20.00 at.%Se-60.00 at.%Sn) equilibrated at 350°C for 4 months: (a) BSE micrograph; (b) elemental mapping micrograph;

(c) powder x-ray diffractogram.

Table II. The calculated diffraction peaks of the
two strongest peaks of each sample at 350°C

Alloy no. Phase Main peak Second peak
1 PbSe 29.17° 41.83°
2 PbSe 29.94° 42.73°
SeSn 30.57° 31.7°
3 SeSn 30.46° 31.26°
4 SeSn 30.58° 31.8°
7 PbSe 29.29° 42.02°
8 PbSe 29.99° 42.8°
SeSn 30.58° 31.8°
10 PbSe 29.22° 41.88°
12 PbSe 29.94° 42.73°
SeSn 30.57° 31.7°
13 SeSn 30.56° 31.7°
14 SeSn 30.58° 31.8°

composition of the gray phase is Pb- 49.6 at.%Se-
39.3 at.%Sn, and this is the y-SeSn phase with 11.1
at.%Pb solubility. The average composition of the
phase mixture is Pb-60.1 at.% Se-29.4 at.% Sn.
Based on similar reasoning, it is concluded that the
phase mixture was liquid at 350°C and that alloy #8
is in the y-SeSn + ¢-PbSe + liquid(Se) tie-triangle.
Figure 9b is the x-ray diffractogram. The diffraction
peaks of Se, SesSn, a-PbSe and y-SeSn are observed.
Since ternary solubilities in both the o-PbSe and y-
SeSn phases are significant, the peak shifts result-
ing from alloying affects are calculated by assuming
an ideal mixture. The calculated first and second
strongest peaks of the o-PbSe and y-SeSn are at
29.99°, 42.8° and 30.58°, 31.8° instead of 29.13°,
41.6° and 30.46°, 31.08° as in the case of pure o-
PbSe and 7-SeSn in the JCPDS.%2%2?! The diffraction
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Fig. 4. Alloy #3 (Pb-25.00 at.% Se-70.00 at.% Sn) equilibrated at 350°C for 4 months: (a) BSE micrograph; (b) powder x-ray diffractogram. (c)
powder x-ray diffractogram of alloy #13.
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Fig. 5. Alloy #4 (Pb-60.00 at.% Se-30.00 at.% Sn) equilibrated at 350°C for 4 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 6. Alloy #5 (Pb-80.00 at.% Se-10.00 at.% Sn) equilibrated at 350°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 7. Alloy #6 (Pb-70.00 at.% Se-20.00 at.% Sn) equilibrated at 350°C for 4 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 8. Alloy #7 (Pb-70.00 at.% Se-10.00 at.% Sn) equilibrated at 350°C for 4 months: (a) BSE micrograph; (b) powder x-ray diffractogram.

peaks shown in Fig. 9b are consistent with the a-PbSe + Liquid Two-Phase Region
calculated results based on ideal mixing alloying

offects. Figure 11a is the BSE micrograph of alloy #17

(Pb-22.00 at.% Se-42.00 at.% Sn) equilibrated at
Pb-Se-Sn Isothermal Section at 500°C 500°C for 3 months.. ‘Two-phase regions —are
observed. The composition of the gray phase in

Seventeen alloys were prepared and equilibrated Fig. 11a is Pb-49.2 at.%Se-15.1 at.%Sn. Based on
at 500°C. Their composition is listed in Table III the binary Pb-Se phase diagram,'’ it is likely the a-
and shown in Fig. 10a. PbSe phase with 15.1 at.% Sn solubility. The fine
structure region in Fig. 11a is a phase mixture. The
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Fig. 9. Alloy #8 (Pb-52.00 at.% Se-28.00 at.% Sn) equilibrated at 350°C for 7 months: (a) BSE micrograph; (b) powder x-ray diffractogram.

Table III. Nominal composition and equilibrium phases of Pb-Se-Sn ternary alloys equilibrated at 500°C

Alloy composition Composition equilibrium (at.%)
Alloy no. Pb Se Sn Phase Pb Se Sn
17 36 22 42 Liquid 34.9 0 65.1
a-PbSe 35.7 49.2 15.1
18 20 30 50 Liquid 22.6 0 77.4
a-PbSe 31.1 47.5 21.4
y-SeSn 12.8 48.6 38.6
19 10 20 70 Liquid 10.5 0.2 89.3
y-SeSn 8.3 49 42.7
20 7.5 60 32.5 Liquid(Se) 10.5 59.7 29.8
SesSn 0 65.3 34.7
y-SeSn 11.8 49 39.2
21 10 80 10 Liquid(Se) 9.7 78.7 11.6
22 5 67.5 27.5 Liquid(Se) 13.3 66.5 20.2
SesSn 0 66.2 33.8
23 15 80 5 Liquid(Se) 0 96.8 3.2
o-PbSe 46.4 49.2 44
24 17.5 52.5 30 Liquid(Se) 10.7 60.2 29.1
a-PbSe 27.1 49.4 23.5
y-SeSn 12.1 50.3 37.6
25 70 10 20 Liquid 69.5 0 30.5
a-PbSe 43.4 48.7 7.9
26 50 20 30 Liquid 49.1 0.1 50.8
a-PbSe 36.6 50.3 13.1
27 30 20 50 Liquid 27.5 0.1 72.4
a-PbSe 32.1 49.2 18.7
28 20 25 55 Liquid 24.1 0.2 75.7
a-PbSe 30 47.9 22.1
y-SeSn 14.5 47.5 38
29 10 60 30 Liquid(Se) 10.2 60.4 29.4
y-SeSn 12.9 49.6 37.5
30 5 70 25 Liquid(Se) 9 79 12
SeoSn 0 66 34
31 5 80 15 Liquid(Se) 4.1 83.1 12.8
SesSn 0 66.1 33.9
32 25 60 15 Liquid(Se) 16.2 64.4 194
a-PbSe 47.5 46.9 5.6
33 20 51 29 a-PbSe 27.3 49.4 23.3

+-SeSn 12.8 498 37.4
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Fig. 11. Alloy #17 (Pb-22.00 at.% Se-42.00 at.% Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.

average composition is Pb-65.1 at.%Sn. Based on phases were formed when the sample was removed
the microstructure and the Pb—Sn phase diagram,'? from the furnace. Figure 11b is the powder x-ray
this fine structure phase region was a liquid phase diffractogram of alloy #17. The diffraction peaks of
at 500°C. The liquid phase solidified, and Pb and Sn Pb, Sn and «-PbSe phases are observed. These
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Fig. 12. Alloy #18 (Pb-30.00 at.%Se-50.00 at.%Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.

Table IV. The calculated diffractions peaks of the
two strongest peaks of each sample at 500°C

Alloy no. Phase Main peak Second peak
17 PbSe 29.88° 42.67°
18 PbSe 30.18° 43°
SeSn 30.58° 31.82°
19 SeSn 30.52° 31.55°
20 SeSn 30.57° 31.76°
23 PbSe 29.24° 41.97°
24 PbSe 29.7° 42.47°
SeSn 30.75° 32.6°
25 PbSe 29.44° 42.18°
26 PbSe 29.77° 42.54°
27 PbSe 30.07° 42.89°
29 SeSn 30.59° 31.8°
32 PbSe 29.3° 42.03°
33 PbSe 30.34° 43.17°
SeSn 30.59° 31.84°

experimental results are consistent, and alloy #17 is
in the a-PbSe + liquid two-phase region at 500°C.
Similar results are observed for alloys #25-27, and
they are all in the a-PbSe + liquid two-phase region
at 500°C.

a-PbSe + y-SeSn + Liquid Tie-Triangle

Figure 12a is the BSE micrograph of alloy #18
(Pb-30.00 at.%Se-50.00 at.%Sn) equilibrated at
500°C for 3 months. Three-phase regions are
observed. The composition of the bright phase is
Pb-47.5 at.%Se-21.4 at.%Sn, and it is the «-PbSe
phase with significant 21.4 at.%Sn solubility. The
composition of the dark phase is Pb-48.6 at.%Se-
38.6 at.%Sn, and it is the y-SeSn phase with
12.8 at.% Pb solubility. The average composition of
the gray phase mixture is Pb-77.4 at.% Sn. With
similar reasoning as mentioned above, the gray
phase mixture was a liquid phase at 500°C. It

solidified, and Pb and Sn phases were formed when
the sample was removed from the furnace.

Figure 12b is the x-ray diffractogram of alloy #18.
By assuming ideal mixing, the lattice constants of
the a-PbSe with 21.4 at.%Sn solubility and y-SeSn
with 12.8 at.%Pb solubility are calculated to be
0.606 nm and 1.1 nm, respectively. The two stron-
gest diffraction peaks of pure binary «-PbSe and y-
SeSn phases are 29.13°, 41.6° and 30.46°, 31.08° in
the JCPDS.?%?! The calculated diffractions peaks of
the two strongest peaks of the a-PbSe and y-SeSn
phases in this study are 30.18°, 43.0° and 30.58°,
31.82°, respectively, and are shown in Table IV. The
results are consistent with those observed in
Fig. 12b. It is concluded that alloy #18 is in the o-
PbSe + y-SeSn + liquid tie-triangle at 500°C. Simi-
lar results are observed for alloy #28, and it is also
in the a-PbSe + y-SeSn + liquid three-phase region.

y-SeSn + Liquid Two-Phase Region

Figure 13a is a BSE micrograph of alloy #19 (Pb-
20.00 at.% Se-70.00 at.% Sn) equilibrated at 500°C
for 3 months. Two-phase regions are observed. The
composition of the gray phase is Pb-49.0 at.% Se-
42.7 at.% Sn. It is assumed that it is the y-SeSn
phase'® with 8.4 at.%Pb solubility. The fine struc-
ture phase region is a phase mixture. The average
composition is Pb-89.3 at.%Sn with 0.2 at.% Se
solubility. It is assumed that the fine structure
region was a liquid phase at 500°C before the
sample was removed form the furnace. Figure 13bis
the x-ray diffractogram of alloy #19. Diffraction
peaks of y-SeSn, Sn and Pb are observed. The
results are in agreement, and alloy #19 is in the y-
SeSn + liquid two-phase region at 500°C.

SeySn + y-SeSn + Liquid(Se) Tie-Triangle

Figure 14a is a BSE micrograph of alloy #20 (Pb-
60.00 at.%Se-32.50 at.%Sn). Three-phase regions
are observed, a bright bulk phase, a dark needle-like
phase, and a continuous matrix with fine
microstructure. The composition of the bright bulk



Phase Diagram of the Pb-Se-Sn System

4725
(b)
3000 - M
Sample 19
2500 4 % Pb
+Sn
~ 2000 v, v SeSn
3
N2
2 1500
7]
s
g 1000 -
500
0 4
T T T T 1

20 40 60 80 100
26 (deg.)

Fig. 13. Alloy #19 (Pb-20.00 at.% Se-70.00 at.% Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 14. Alloy #20 (Pb-60.00 at.% Se-32.50 at.% Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 15. Alloy #21 (Pb-80.00 at.% Se-10.00 at.% Sn) equilibrated at 500°C for 1 month: (a) BSE micrograph; (b) powder x-ray diffractogram.

phase is Pb-49.0 at.%Se-39.2 at.%Sn. This is likely
the y-SeSn phase with 11.8 at.% Pb solubility. The
composition of the dark needle-like phase is Pb-65.3
at.%Se-34.7 at.%Sn, and this is the Se;Sn phase
with negligible Pb solubility. The average composi-
tion of the region of the fine microstructure is Pb-
59.7 at.% Se-29.8 at.% Sn. Based on the microstruc-
ture, this region was the liquid phase, and it

solidified when the sample was removed from the
furnace. Alloy #20 was in the SesSn + y-SeSn + lig-
uid(Se) tie-triangle at 500°C. Figure 14b is the
powder x-ray diffractogram of alloy #20. Diffraction
peaks of four phases, SesSn, y-SeSn, Se and a-PbSe,
are observed. The results indicate that there is no
ternary compound, and «-PbSe, Se,Sn, y-SeSn and
Se phases were formed during solidification.
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Liquid(Se) Single-Phase Region

Figure 15a is a BSE micrograph of alloy #21 (Pb-
80.00 at.% Se-10.00 at.% Sn) equilibrated at 500°C
for 1 month. Similar to alloy #5 at 350°C, this
micrograph has a homogenous fine microstructure
without a larger phase. There are three phases
across this region. The composition of the bright
phase is Pb-50.3 at.% Se-5.1 at.%Sn, and this is the
a-PbSe with 5.1 at.%Sn solubility. The composition
of the gray phase is Se-32.2 at.%Sn, and the gray
phase is the SesSn phase with no noticeable Pb
solubility. The composition of the dark phase is Pb-
99.3 at.% Se, and the dark phase is Se with
0.7 at.%Pb solubility. Figure 15b is the powder x-
ray diffractogram of alloy #21. Diffraction peaks of
o-PbSe, Se and SesSn are observed. It is concluded
that this alloy was in the liquid single-phase region,
and o-PbSe, Se and Se,Sn phases were formed when
the sample was removed from the furnace.

SesSn + Liquid(Se) Two-Phase Region

Figure 16a is the BSE micrograph of alloy #22
(Pb-67.50 at.% Se-27.50 at.% Sn) equilibrated at
500°C for 3 months. Two-phase regions are
observed. The composition of the dark phase is Pb-
66.2 at.%Se-33.8 at.%Sn. It is the Se,Sn'® with
almost negligible Pb solubility. The matrix phase
region is a phase mixture. Its average composition is
Pb-66.5 at.%Se-20.2 at.%Sn. Based on the
microstructure, this region was the liquid phase,
and it solidified when it was removed from the
furnace. Figure 16b is its powder x-ray diffrac-
togram. The diffraction peaks of the three phases
are SeoSn, a-PbSe and Se. The results indicate that
alloy #22 was in the SeySn + liquid(Se) two-phase
region at 500°C, and the «-PbSe and Se were formed
during solidification. Compared with the diffrac-
tograms of alloys #21 and 22, the intensities of the
diffraction peaks of the Se,Sn phase of alloy #22 are
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stronger. This is to be expected, because there is
more SeoSn phase in alloy #22 than in alloy #21.
Similar results are observed for alloys #30 and #31,
and they are also in the SeySn + liquid(Se) two-
phase region.

a-PbSe + Liquid(Se) Two-Phase Region

Figure 17a is the BSE micrograph of alloy #23
(Pb-80.00 at.% Se-5.00 at.% Sn) equilibrated at
500°C for 3 months. Two-phase regions are
observed, a bright bulk phase and a phase mixture.
The composition of the bright bulk phase is Pb-49.2
at.% Se-4.4 at.% Sn, and it is the «-PbSe phase with
4.4 at.%Sn solubility. The average composition of
the phase mixture is Pb-96.8 at.% Se-3.2 at.% Sn.
Based on the fine microstructure, the results for
alloys #21 and 22, and the phase diagram of Pb-Se
and Se-Sn,'"!® the phase mixture was the liquid
phase, and alloy #23 is in the o-PbSe + liquid(Se)
two-phase region when at 500°C. Figure 17b is the
x-ray diffractogram. Diffraction peaks of «-PbSe,
SeoSn and Se are observed. As discussed previously,
a-PbSe, SesSn and Se phases were formed during
solidification, and the intensities of the diffraction
peaks of «-PbSe are stronger than those in Fig. 15b
and 16b because there is more o-PbSe phase.
Similar results are observed for alloy #32, and it is
also in the «-PbSe +liquid(Se) two-phase region at
500°C.

y-SeSn + a-PbSe + Liquid(Se) Tie-Triangle

Figure 18a is the BSE micrograph of alloy #24
(Pb-52.50 at.% Se-30.00 at.% Sn) equilibrated at
500°C for 3 months. Three-phase regions are
observed, a bright bulk phase, a gray bulk phase
and a phase mixture. The composition of the bright
bulk phase is Pb-49.4 at.% Se-23.5 at.% Sn, and it is
the o-PbSe phase with significant 23.5 at.%Sn
solubility. The composition of the gray phase is Pb-
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Fig. 16. Alloy #22 (Pb-67.50 at.% Se-27.50 at.% Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 17. Alloy #23 (Pb-80.00 at.% Se-5.00 at.% Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 18. Alloy #24 (Pb-52.50 at.% Se-30.00 at.% Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Fig. 19. Alloy #29 (Pb-60.00 at.%Se-30.00 at.%Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.

50.3 at.%Se-37.6 at.%Sn, and it is the y-SeSn phase
with 12.1 at.%Pb solubility. The average composi-
tion of the phase mixture is Pb-60.2 at.% Se-29.1
at.% Sn. Based on similar reasoning, it is concluded
that the phase mixture was liquid at 500°C, and
alloy #24 is in the y-SeSn + o-PbSe + liquid(Se) tie-
triangle. Figure 18b is the x-ray diffractogram.
Diffraction peaks of Se, Se,Sn, a-PbSe and y-SeSn

are observed. Since ternary solubilities in both the
a-PbSe and y-SeSn phases are significant, the peak
shifts caused by the alloying affects are calculated
by assuming an ideal mixture. The calculated first
and second strongest peaks of the a-PbSe and y-
SeSn are at 29.7°, 42.47° and 30.75°, 32.6° instead of
29.13°, 41.6° and 30.46°, 31.08° as in the case of the
pure «-PbSe and 7-SeSn in the JCPDS.2%2! The
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diffraction peaks as shown in Fig. 19b are consis-
tent with the prediction by calculation.

y-SeSn + Liquid(Se) Two-Phase Region

Figure 19a is a BSE micrograph of alloy #29 (Pb-
60.00 at.%Se-30.00 at.%Sn) equilibrated at 500°C
for 3 months. Two-phase regions are observed, a
gray phase and a phase mixture. The composition of
the gray phase is Pb-49.6 at.%Se-37.5 at.%Sn. It is
assumed that it is the y-SeSn phase'® with 12.9
at.%Pb solubility. The average composition of the
phase mixture is Pb-60.4 at.% Se-29.4 at.% Sn.
Based on similar reasoning as that for alloy #23, it is
concluded that the phase mixture was liquid at
500°C. Figure 19b is the x-ray diffractogram.
Diffraction peaks of Se, SesSn, a-PbSe and y-SeSn
are observed, and the peak shifts resulting from
alloying affects are calculated by assuming an ideal
mixture. The calculated first and second strongest
peaks of the y-SeSn are at 30.59° and 31.8° instead
of 30.46°, 31.08° as in the case of pure y-SeSn in the
JCPDS.2%2! The diffraction peaks as shown in
Fig. 19b are consistent with the prediction by
calculation. Alloy #29 is in the y-SeSn + liquid(Se)
two-phase region at 500°C.

y-SeSn + a-PbSe Two-Phase Region

Figure 20a is a BSE micrograph of alloy #33 (Pb-
51.00 at.%Se-29.00 at.%Sn) equilibrated at 500°C
for 3 months. Two-phase regions are observed, a
gray phase and a dark phase. It is worth mentioning
that the darkest regions are not phases but holes.
The composition of the gray phase is Pb-49.4
at.%Se-23.3 at.%Sn. It is assumed that it is the o-
PbSe phase with significant 23.3 at.%Sn solubility.
The composition of the dark phase is Pb-49.8
at.%Se-37.4 at.%Sn. It is the y-SeSn'® with 12.8
at.%Pb solubility. Figure 20b is the x-ray
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diffractogram of alloy #33. Diffraction peaks of a-
PbSe and 7-SeSn are observed, and the two
strongest peaks of the «-PbSe and y-SeSn phases
are in agreement with the calculated results, which
are 30.34, 43.17 and 30.59, 31.84, shown in Table -
IV. Alloy #33 is in the y-SeSn + «-PbSe two-phase
region at 500°C.

DISCUSSION
Pb-Se-Sn Isothermal Section at 350°C

The Pb-Se-Sn isothermal section at 350°C can be
determined by the experimental phase equilibria
results of ternary alloys, as mentioned above, and
the phase diagrams of the three constituent binary
systems.'’™% Figure 1b shows the determined
isothermal section. There is no ternary compound
in the Pb-Se-Sn system. There are three tie-trian-
gles, liquid + y-SeSn + a-PbSe, liquid(Se) + y-
SeSn + SesSn and  p-SeSn + a-PbSe + liquid(Se).
Both y-SeSn and o-PbSe have very significant
ternary solubility, but the Pb solubility in the Se;Sn
is negligible.

As can be seen in Fig. 1b, the liquid(Se) phase
region has a peculiar shape. A different illustration
of the experimental results is shown in Fig. 1c. The
main difference between Fig. 1b and c is that there
are two liquid phases at the Se corner in Fig. 1c, but
only one in Fig. 1b. The liquid phase shape is no
longer strange in Fig. 1c, but there is no clear
experimental evidence to support the two liquid
phases. It is worth mentioning that the two liquid
phases are close to the Se corner, and it is extremely
difficult to examine the composition and metallog-
raphy of the samples at these regions due to the
high Se vapor pressure. As summarized in Table I,
both isothermal sections as shown in Fig. 1b and ¢
are possible if liquid 1 and liquid 2 cannot be clearly
differentiated.
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Fig. 20. Alloy #33 (Pb-51.00 at.%Se-29.00 at.%Sn) equilibrated at 500°C for 3 months: (a) BSE micrograph; (b) powder x-ray diffractogram.
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Pb-Se-Sn Isothermal Section at 500°C

The Pb-Se-Sn isothermal section at 500°C can be
determined by the experimental phase equilibria
results of ternary alloys, as mentioned above, and
the phase diagrams of the three constituent binary
systems. 16 Figure 10b and ¢ show the two possi-
bilities of the determined isothermal section. There
is no ternary compound in the Pb-Se-Sn system. In
Fig. 10b, there are three tie-triangles, liquid + y-
SeSn + «-PbSe, liquid(Se) + y-SeSn + Se,Sn and y-
SeSn + a-PbSe + liquid(Se). The primary difference
between Fig. 10b and c is if there are two liquid
phases at the Se corner. Comparing the isothermal
section at 350°C, the solubility of Sn in a-PbSe at
500°C increases substantially, the solubility of Pb in
y-SeSn is about the same, and the Pb solubility in
the SesSn remains negligible.

The Shape and Position of the Liquid
Single-Phase Region

The experimental results in the Se-rich corner
indicate the existence of an extensive liquid field at
both studied temperatures. The composition of the
liquid phase in samples #23 and #7 in the adjacent
fields a-PbSe + liquid(Se) differs significantly from
the position in the phase diagram. Sample #7
contains a significant amount of Sn and Pb, and
the composition of the liquid phase in this sample is
very close to the pure liquid sample #5. On the other
hand, sample #23 is very close to the pure selenium.
This, together with the phase composition of other
samples in adjacent phase fields, seems to indicate a
very narrow and prolonged liquid single-phase
region directed towards the corner of the y-SeSn +

a-PbSe + liquid(Se) three-phase region. This shape

of the single-phase field is not very likely, and a
second possibility exists: the existence of a liquid
miscibility gap in the ternary phase diagram. Both
Pb-Se and Se-Sn binary phase diagrams have strong
tendencies to form stable and/or metastable misci-
bility gaps in the Se-rich region of the phase
diagrams, and it is quite possible that the miscibil-
ity gap will appear in the ternary system at lower
temperatures. The preliminary CALPHAD-type cal-
culations carried out by one of the authors indicate
the existence of the miscibility gap, but do not allow
us to model the extremely prolonged liquid single-
phase region from the pure Se-liquid to the above-
mentioned three-phase region.

CONCLUSIONS

Phase diagrams of the Pb-Se-Sn ternary system of
thermoelectric importance are determined at 350°C
and 500°C. No ternary compounds are observed.
There are three tie-triangles: liquid + y-SeSn + o-
PbSe, liquid(Se) + y-SeSn + SesSn and y-SeSn + o-
PbSe + liquid(Se). 7-SeSn and «-PbSe have very
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significant ternary solubility, but the ternary solu-
bility in the Se,Sn is negligible. There is one
unresolved issue at the Se corner. If there is only
one liquid phase, the liquid—phase region has a
peculiar shape. More clear evidence is needed if
there are two liquid phases.
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