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The solvus lines of the PbTe and Ag,Te phases in the pseudo-binary PbTe-Ag,Te system have been
determined using diffusion couples and unidirectional solidification by the Bridgman method. The solubilities
of both Ag,Te in PbTe and PbTe in Ag,Te decrease with decrease in temperature. For the former, this change is
from 14.9 at% Ag (694 °C) to 0.5 at% Ag (375 °C), while for the latter it is from 12.4 at% Pb (650 °C) to 3.1 at%
Pb (375 °C). The decrease in solubilities leads to the formation of precipitates of Ag,Te in PbTe and PbTe in
Ag,Te. In particular, fast atomic diffusion in Ag,Te results in the precipitation of PbTe even in quenched
samples. From the temperature dependence of these solubilities, heats of solution have been determined. In
the diffusion couple, the phase boundary moves toward PbTe. In the region between the phase boundary and
the initial interface, PbTe transforms to -Ag,Te (cubic) retaining the cube-on-cube orientation relationship.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In thermoelectric materials, reducing the thermal conductivity
is one of the key ways to improve thermoelectric conversion
efficiencies. Microstructure formation with nanometer scales has
recently attracted much attention as an effective way to scatter
phonons, leading to lattice thermal conductivity reduction [1]. In
metals, semiconductors such as thermoelectric materials, and
ionic conductors, the electronic [2] or ionic [3] transport proper-
ties are largely affected by point defects. The knowledge on phase
diagrams is essential for fabrication processes, control of micro-
structure, practical use at high temperatures, and understanding
thermodynamic and point defect properties.

The pseudo-binary PbTe-Ag,Te system is composed of the excel-
lent thermoelectric materials PbTe and Ag,Te. The thermoelectric
properties in the PbTe-rich region have been investigated both within
the solid solution range [4-6] and at compositions exceeding the
solubility limit, where the lattice thermal conductivity is significantly
reduced due to the formation of Ag,Te precipitates [7]. The morpho-
logical evolution of Ag,Te precipitates as well as the interfacial
structure between the precipitates and the PbTe matrix have also
been studied [8]. Ag,Te is also known for the superionic conduc-
tion property [9,10] of the B-phase (cubic, space group: Fm-3m,
145 °C<T<802°C [11])! and the good thermoelectric properties
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! Note that we denote the middle temperature Ag,Te phase (145 °C <
T <802 °C) as the B-phase throughout this paper though it is sometimes referred
to as the a-phase [10-13].
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of both the a-phase [14-17] (monoclinic, space group: P2,/c,
T< 145 °C[11]) and the B-phase [18,19]. PbTe based materials in the
“LAST” (lead-antimony-silver tellurides) system are known for their
high thermoelectric figure of merit [20], which originates from their
nanodot structures. Recently, the nanodots have been found to be
consisting of Ag,Te inclusions [21]. The pseudo-binary PbTe-Ag,Te
system is also an important constituent of the LAST system, particu-
larly since LAST compositions close to the PbTe-Ag,Te pseudo-binary
line show the highest thermoelectric figure of merit. Regardless of the
importance of this system, the solubility ranges in the solid states
have not been extensively investigated. Fig. 1 shows the phase
diagram of the pseudo-binary PbTe-Ag,Te system. The maximum
existence ranges of both the PbTe and the Ag,Te phases have been
determined to be 11 and 52 at% Ag, respectively, by extrapolation of
the solidus lines measured by differential thermal analysis down to
the eutectic temperature (694 °C) [22]. While the latest assessment of
the phase diagram of this system [23] draws broken lines as
unknown for the solvus lines for both PbTe and Ag,Te phases, there
is one measured point at 500 °C for the PbTe side and there are
several points for the Ag,Te side [24].

In this paper, we determine the solvus lines for the dissolution
of Ag,Te in PbTe phase and those of PbTe in Ag,Te in the pseudo-
binary PbTe-Ag,Te system as functions of temperature using
Ag,Te/PbTe diffusion couples and unidirectional solidification by
the Bridgman method. The determination of solvus lines in this
system is essential particularly in controlling the precipitation
microstructure and knowing the stability of the precipitates at
high temperatures, the thermodynamic properties in the solid
solution regions, and the compositions of the matrix phases in the
precipitation microstructure, which are connected to the point
defect structure and hence thermal and electrical properties.
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Fig. 1. Phase diagram of the pseudo-binary PbTe-Ag,Te system. Open circles, for which solid curves are drawn, are the solubility ranges for PbTe and Ag,Te phases

determined in this work. The point with an arrow is the eutectic composition measured from the sample unidirectionally solidified by the Bridgman method. Other solid
lines are from the assessment by Grieb [24]. Broken lines were drawn as unknown in Grieb’s assessment [24]. Dashed-dotted line and triangles are taken from Wald [25].

2. Experimental
2.1. Diffusion couple experiments.

Ag,Te and PbTe ingots were synthesized by melting elemental
granules of Pb (99.999%, Alfa Aesar), Ag (99.9999%, Alfa Aesar), and
Te (99.999%, Alfa Aesar) in carbon coated quartz ampoules filled with
30 kPa of Ar at 950 °C for 10 min. Each ingot weighed 10 g. After
melting, the ampoules were quenched in water. They were then
annealed at 700 °C for 1 week for homogenization. The homogeneity
of the samples was checked by microstructure observation with field
emission scanning electron microscopy (FE-SEM, ZEISS 1550 VP).

Diffusion couples between PbTe and Ag,Te were prepared as
follows. The ingots were cut into 3 mm pieces using a low speed
diamond saw. One plane of each sample was polished with 9 pm
diamond slurry followed by 1 pm slurry on grinding disks to obtain
a smooth surface. The polished planes of Ag;Te and PbTe samples
were brought into contact using a stainless steel clamp covered
with alumina power. The clamp holding one couple of Ag,Te and
PbTe samples was wrapped in Ti and Ta foil and sealed in a quartz
tube with an inner diameter of 22 mm filled with 30 kPa of Ar.

In this study, the phase boundary compositions at various
temperatures are determined from the chemical composition
profile after annealing at respective temperatures followed by
fast cooling. Therefore, the cooling rate must be high enough to
retain the chemical composition profiles at the given tempera-
ture. In the present system, there were some technical difficulties;

1) PbTe is a fragile material and cooling too fast leads to cracking
of the samples,

2) chemical diffusion in this system, especially in Ag,Te, which is
known for its superionic conduction of Ag, is so fast that Ag
diffusion during cooling could change the chemical composi-
tion profile before cooling if the cooling rate is not high
enough, and

3) fast diffusion causes solid state precipitation during cooling,
which is due to lower solubilities at lower temperatures.

Table 1
Annealing conditions and spot size used in EPMA. For methods of quenching,
see text.

Sample Temperature Annealing Spot size Quenching
no (°C) length (pm) method
0 375 104d 5 3
20h
1 450 8h 13 1
2 5d 15 2
3 20d 20 3
4 550 4h 13 1
5 16 h 13 3
6 64 h 20 3
7 10d 16 h 20 3
8 650 1h 13 1
9 16 h 12 2
10 64 h 20 2
11 Bridgman PbTe region 50

This makes it hard to obtain smooth composition profiles if the
microstructure size is too coarse.

Therefore, some different annealing methods were tested.
In initial attempts (Method 1, Samples 1, 4, and 8, see Table 1),
the samples were annealed with the clamp for the length of the
annealing. It was, however, found that this decreased the cooling
rate substantially as a lot of heat was retained in the steel clamps
even after the quartz ampoule was quenched in water. The large
diameter of the ampoule also decreased the heat transfer between
the sample and the cooling water. In order to increase the cooling
rate, the quartz glass was broken upon quenching in water
(Method 2, samples 2, 9, and 10). However, since the samples
are very fragile, diffusion couples were prone to cracking with this
method due to thermal stresses caused by the rapid cooling. The
remaining samples were bonded at 450 °C for 8 h. The heat
treatment was terminated by inserting the ampoule into water
without breaking it (Method 3, Samples 3, 5, 6, and 7). The
diffusion contribution at this temperature and time scale was low.
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The bonded couples were then resealed in quartz tubes with
10 mm diameter for annealing at various temperatures. As the
diffusion couple was annealed in a smaller quartz tube without
the presence of the steel clamp, the cooling rate is expected to be
higher than that for Method 1, limiting diffusion during quench-
ing. This diffusion, however, is difficult to avoid completely in
Ag,Te due to its superionic properties.

The samples were mounted on epoxy with conductive filler and
were polished with SiC sandpaper (#240-800), alumina pastes
(3-0.3 um), and a colloidal silica solution (~0.05 pm). They were
examined by FE-SEM with a backscatter electron detector for
microstructures. The crystallographic orientations in the vicinity of
the bonding interfaces were examined using the electron backscatter
diffraction technique (EBSD; HKL Technology, Inc.). The operating
voltage of the electron beam for EBSD was 20 kV. The surface of the
samples was inclined at 70° to the vertical direction with respect to
the electron beam. Electron backscatter patterns were analyzed
using a commercial software package, Channel 5™ (HKL Technology,
Inc.). Chemical composition profiles were measured by electron
probe microanalysis (EPMA) with wavelength dispersive detectors
(JXA-8200, JEOL) with a 15 kV acceleration voltage and 30 nA of
current. The spot sizes used for EPMA were chosen to be large
enough to average the composition of the two-phase (matrix and
precipitates) microstructure formed during cooling, and to be much
smaller than the overall lengths of compositional variation by
chemical diffusion. They are listed in Table 1. The PbTe sample that
was prepared by unidirectional solidification by the Bridgman
method and a piece of Ag were used as standards for ZAF correction
[25] from X-ray intensities, PbMa, TeLa, and AgLa, to compositions.

2.2. Unidirectional solidification by Bridgman method

Unidirectional solidification was performed on the composition
(PbTe)o.6470(Ag2Te)0 3520 (30 at% Ag). According to the reported phase
diagram for the PbTe-Ag,Te system [23], the primary solidification
of this alloy should occur with PbTe phase. Elemental Pb, Te, and Ag
(8 g in total) were sealed in a carbon coated quartz tube with an
inner diameter of 6 mm under Ar atmosphere at 30 kPa. The sample
was moved downwards in a Bridgman-type furnace holding 850 °C
at a speed of 0.41 mm h~'. The temperature gradient of the furnace
was ~20 Kmm™" at temperatures around the eutectic temperature
(~694 °C) [22,23]. The sample obtained from unidirectional solidi-
fication was cut in half in the longitudinal direction, mounted on a
conductive epoxy, and polished in the same manner as the diffusion
couples for observations by FE-SEM. The chemical composition was
analyzed by EPMA with a 50 pum probe size to average the composi-
tion’s heterophase microstructure.

3. Results and discussion
3.1. Phase assemblage and microstructure in diffusion couples

Fig. 2 shows the microstructure in the diffusion couple annealed
at 650 °C for 1 h. No compositional contrast is observed in the
regions far from the bonding Ag,Te/PbTe interface on both sides
(Fig. 2(d) and (e)). On the other hand, in the region close to the
interface in the diffusion couple for which the annealing was
terminated by quenching the ampoule in water without breaking
the quartz tube, island shaped light phase is dispersed across a wide
range on the Ag,Te side (Fig. 2(a) and (b)), and plate shaped dark
phase? is observed in the limited region in the vicinity of the

2 In the zone on the PbTe side within a few micrometers of the PbTe/Ag,Te
interface, fewer precipitates are observed. In this zone, the solute is thought to
have diffused into the Ag,Te side during cooling instead of during precipitation.

! Initial interface

PbTe o

Ag.Te (with PbTe precipites)

Fig. 2. Microstructures of PbTe/Ag,Te diffusion couples annealed at 650 °C for 1 h by
SEM in backscatter electron mode. The annealing runs were finished by quenching
the whole ampoule in water without breaking the quartz tube (a-e) or by quenching
the ampoule into water and immediately breaking the quartz tube (f). Figs. (a) and
(f) show the Ag,Te (with light PbTe precipitates)/PbTe interface. The regions
delineated by white rectangles in (a) are enlarged in (b) and (c) (rotated 90° in
clockwise). Figs. (d) and (e) show the regions far from the interface.

interface on the PbTe side (Fig. 2(a) and (c)). As Fig. 2 (a) and (d)
shows, the volume fraction of the light phase in Ag,Te is apparently
larger at closer distances to the interface. Also, a comparison of the
microstructures obtained using different cooling rates shows that
the size of the microstructure is finer for (f) than (b); the spacing
between precipitates is less than 1 um in (f), while it is roughly
~10 pum in (b). For the diffusion couple in (f), annealing (650 °C, 1 h)
was terminated by breaking the quartz tube in water, which is
expected to result in a higher cooling rate. These observations suggest
that the microstructure is formed due to solid state precipitation
during cooling. Such fast diffusion during the short time period of
cooling could be enabled by the very fast diffusion in «-Ag,Te phase,
which has superionic conduction capability. Therefore, for measure-
ments of chemical composition profiles in the diffusion couples by
EPMA, the electron beam spot sizes for individual samples shown in
Table 1 were chosen so that they would be large enough to average
the compositions of the two phases but quite small compared with
the overall length of the variation of the average compositions.

Fig. 3 shows examples of composition profiles measured in the
diffusion couples at various temperatures. No other phase than
PbTe or Ag,Te is formed in the examined temperature range of
375-650 °C, suggesting that no intermediate phase is stable in the
system. This is consistent with the previous studies [22-24].
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Fig. 3. Composition profiles obtained in the diffusion couples annealed under the conditions of 375 °C, 104 d 20 h (a and b), 450 °C, 20 d (c and d), 550 °C, 10 d 16 h (e and f), and
650 °C, 64 h (g and h). In the ternary plots (a, ¢, e, and g), the measured compositions are denoted by red circles, from which the phase boundary compositions (blue solid circles)
are determined. Graphs on the right hand side (b, d, f, and h) show the compositions as functions of distance. Solid curves are fitted to experimental profiles resulting in the error
range indicated by the bars at x=0 (the phase boundary). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. Determination of phase boundary compositions from
diffusion couples

Assuming a local equilibrium condition is held, compositions
at heterophase interfaces in diffusion couples should correspond
to the phase boundary compositions in the equilibrium phase
diagrams. However, phase boundary compositions determined by
single-point measurements can contain systematic error because
(1) chemical compositions vary as functions of position in general
with the steepest gradient around the phase boundary and (2) the
spatial resolution of chemical composition measurements is
limited. Also, single-point measurements can contain significant
statistic errors. In order to reduce errors as much as possible in
the determination, we decided to fit curves to experimental
profiles and extend them to the heterophase interface to deter-
mine the phase boundary compositions.

As Fig. 3 shows, all data points for compositions observed
in diffusion couples are close to the pseudo-binary line. Uphill
diffusion, which goes against a concentration gradient and is
peculiar to systems composed of more than two elements, is not
significant. This makes it possible to simplify the analysis as
follows.

In general, a concentration profile from an interdiffusion
experiment has a peculiar shape, exhibiting its steepest slope
around the middle point and a gentler slope towards the edges.
The following procedure is employed to obtain a good fitting to
such concentration profiles. In cases where a diffusion couple is
composed of two components that show a miscibility gap in the
composition range ¢y, .4 —cfbound for the concentration for species
i, and the diffusion coefficient D} is assumed to be composition-
independent, the concentration ci(x, t) at distance x from the
phase boundary in the diffusion couple after annealing for time t
is expressed as

Ci(X,t)*Ci,O _ Clg,{bound_ci-o |:1 (1a)

Ci1—Cio Ci1—Cio
where c;o and c¢;; are the minimum and maximum concentrations
of species i, respectively, in the diffusion couple for x <0 and

0 < ¢i(%,t) < ¢}y pung- Similarly, for x>0 and c{fbound <c¢ (x t)<ci:

il
Do _ (1 Choouna=6i0) || _orp[ % (1b)
Ci1—Cio Ci1—Cio 2./Dft

1

where D? is the composition independent diffusion coefficient in
the f phase [3]. In an actual case, since a diffusion coefficient is
dependent on composition in some degree, Eqs. (1a) and (1b) are not
expected to describe the whole variation of the concentration in a
diffusion couple. However, a limited part of the concentration profile
can be approximated by these equations. Therefore, in the present
analysis, Eq. (1a) or (1b) was fitted to the experimental concentration
profiles in the region close to the phase boundaries and extrapolated
to the boundary positions to determine the phase boundary composi-
tions. The range used in the fitting was selected so that the multiple
correlation coefficient (=R) for the measured profile and fitted curve
was higher than 0.9. However, for cases where the variation due to
interdiffusion was small ( < 1 at%) and hence the scattering of measu-
red concentrations was more significant, larger ranges of the con-
centration profiles were utilized in the fittings. Using Eq. (1a) or (1b),
the errors arising from the extrapolation of the profiles to the phase
boundary due to the peculiar shape of the concentration profiles were
minimized.

Examples of this analysis are shown in Fig. 3, where the curves
fitted using Eq. (1a) or (1b) are shown with experimental profiles.
The fitted curves reproduce the experimental profiles reasonably
well in their respective regions of fitting.
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The phase boundary compositions thus determined should not
depend on annealing time if they correspond to the equilibrium
compositions. To check the validity of this theory, diffusion
couples annealed for various time periods were analyzed. Fig. 4
shows the annealing time dependence of the heterophase inter-
face compositions on the PbTe side at various temperatures. At
650 °C, no significant variation of the composition is found. At 450
and 550 °C, the variations of the composition are not significant
for annealing lengths of 5d and 64 h or longer, respectively.
Therefore, in these periods, the heterophase interface composi-
tions determined using the diffusion couples can be regarded as
the equilibrium phase boundary compositions.

3.3. Unidirectional solidification by the Bridgman method

Unidirectional solidification by the Bridgman method under
conditions with a steep temperature gradient and a slow velocity
gives us useful information on phase diagrams, as has previously
been demonstrated [26,27]. Fig. 5 shows microstructures of the
sample with an initial composition of (PbTe)g 470(Ag2Te ) 3529 after
it has been unidirectionally solidified by the Bridgman method.
The total length of the sample is ~39 mm. The lower part is
composed of PbTe matrix with Ag,Te precipitates (Fig. 5(a) and (b))
and the upper part shows an eutectic structure composed of PbTe
and Ag,Te. The interface between the two regions is located
at 17.8 mm.

The largest precipitates in the PbTe matrix ( > 1 pm) appear to
take random shape (Fig. 5(a) and (b)) and are much larger in size
than those observed in hot pressed samples after being held at
500 °C for 3 days [7] From Fig. 6(b), the compositions of these
positions of Fig. 5(a) and (b) are ~7 and ~9 at% Ag, respectively.
The solvus temperatures for these compositions are roughly 650
(~7 at% Ag) and 670 °C (~9 at% Ag) from Fig. 1. Therefore, in the
sample prepared by the Bridgman method, the precipitation could
start at higher temperature and hence be subject to coarsening
more than in the hot pressed samples. Fine plate precipitates are
also observed in the Bridgman sample as shown in the box of
Fig. 5(b). These small precipitates could be formed at lower
temperatures due to further lowering of solubility of Ag,Te in PbTe.

Thus, the Ag,Te precipitation in PbTe in the lower part of the rod
proves that the solubility of Ag,Te decreases with decrease in
temperature. The primary solidification with PbTe phase is consistent
with the reported phase diagram [23]. The decrease in the solubility
of Ag,Te in PbTe is consistent with the observation by Pei et al. [7]
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Fig. 5. Microstructure of the PbTe-Ag,Te sample rod unidirectionally solidified by the Bridgman method in the PbTe region with Ag,Te precipitates (distance from the
bottom end of 2.1 mm (a) and 12.4 mm (b)), the interface of PbTe (with Ag,Te precipitates), eutectic (17.8 mm) (c), and the eutectic microstructure region (above the
interface (c)) (d). In all the images, the light region is PbTe phase and the dark region is Ag,Te phase.

and the examination of solubility in the present work, which will be
discussed in detail later. For the region of the PbTe matrix with Ag,Te
precipitates, the average compositions were measured by EPMA as
functions of the distance from the bottom of the sample and are
shown in Fig. 6. The compositions lie on the pseudo-binary
PbTe-Ag,Te line. The Ag concentration increases with increase in
distance from the bottom of the sample. This is again expected from
the phase diagram. As PbTe, which has a lower content of Ag than
that in the melt solidifies the composition of the melt changes in the
Ag-rich direction. Accordingly, the Ag content of the PbTe crystal
increases. Eventually, the liquid composition reaches the eutectic
composition and eutectic solidification begins. Since the Ag content is
smaller in the lower positions (Fig. 6(b)), the volume fraction of Ag,Te
precipitate is smaller as well (Fig. 5(a) and (b)). The maximum Ag
content in the PbTe phase, 14.9 + 1.6 at% Ag, shown in Fig. 6(b) could
correspond to the maximum solubility of Ag,Te in PbTe at the
eutectic temperature. Since interdiffusion in the longitudinal direc-
tion of the sample during cooling after solidification may have
lowered the maximum Ag content in the sample, the maximum
solubility in the equilibrium phase diagram could be equal or higher
than the value determined above. The average composition of the
region that exhibits the eutectic structure (Fig. 5(d)) is 43.4 + 5.0% Ag.
This composition should correspond to the eutectic composition of
the equilibrium phase diagram and does not contradict previous data
(Cag~47 + 1 at% [23]).

3.4. Temperature dependence of solubility ranges of PbTe and Ag,Te

In Fig. 1, the solubility ranges of both PbTe and Ag,Te in the
pseudo-binary PbTe-Ag,Te system determined in this work are
summarized including the data point determined through uni-
directional solidification by the Bridgman method. For the solu-
bility of Ag,Te in PbTe, only one point has been measured at
500 °C previously [24].3 The present data agree well with this

3 Although Wald [25] shows one more data point at ~700 °C, it is excluded
here since the experimental procedure is not found in the paper.

point but are located at significantly lesser Ag concentrations than
those on the curve drawn in the previous assessment [23]. For the
solubility of PbTe in Ag,Te, Wald [24] has drawn the dashed-
dotted line in Fig. 1. The present solubility is slightly larger than
that on the curve drawn by Wald. The reliability of Wald'’s curve is
however limited as the line does not appear to coincide with his
own experimental data points, showing a line with less solubility
than the data indicate. Recently, the phase diagram of the pseudo-
binary PbTe-Ag,Te system has been calculated with the CALPHAD
method [28]. The calculated phase diagram shows a liquid+
PbTe + Ag,Te region in the temperature range from ~450 to 700 °C.
In the present work, no evidence of the existence of liquid phase
was found in the diffusion couples, which show the compositional
variation along the pseudo-binary line between PbTe and Ag,Te
as discussed in Section 3.2, at least up to 650 °C. Therefore, the
parameters used in the calculation to describe the alloy system
may need to be reconsidered.

The solubility of Ag,Te in PbTe appears to be limited at low
temperatures, but increases exponentially with temperature.
While the solubility at the lowest temperature of the present
work, 375 °C, is only 0.5 + 0.2 at% Ag, the maximum solubility is
1494 1.6 at% Ag, as has been estimated from the Bridgman
sample in Fig. 6. The solubility of PbTe in Ag,Te also decreases
remarkably with decrease in temperature. The temperature
dependence of solubility is related to the thermodynamic proper-
ties of the system. For a moderately dilute solution in an eutectic
binary system consisting of elements A and B where A and B form
the o« and S phases, respectively, with different crystal structures,
the solubilities of B in the « phase, x§, and A in the § phase, x,f, are
expressed as functions of temperature T:

1 Xg \ _ ArSg AnHp
lnxcorr,B = 1_2}(% In (1—X§> - R - RT ' (2)

where R is the gas constant [29,30]. A/Sg and A,Hj are expressed as

AnHg = AHg +AH, 3)
AfSB = ASp+ Asg“, 4)
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Fig. 6. Distribution of average compositions in the PbTe phase with Ag,Te pre-
cipitates in a sample rod unidirectionally solidified by the Bridgman method and
plotted in the Ag-Pb-Te ternary diagram (a) as a function of the distance from the
bottom end of the rod (b). Squares indicate the ideal compositions of PbTe and Ag,Te.

where A,,Hp is the partial molar enthalpy of mixing B in the
o phase, ASp is the excess partial molar entropy of mixing B in the
A phase, and AHg“ and Asg“ are the molar enthalpy and entropy,
respectively, required to change pure B from the [ phase to the
o phase. Here, we call A,Hp the heat of solution. Therefore, the heat of
solution for a binary system with differing crystal structures is
composed of both mixing and phase change contributions.

Fig. 7 shows the plots of In X for the solubilities of PbTe in
Ag,Te and Ag,Te in PbTe obtained in this work together with the
plot of Sb,Tes in PbTe [26] as functions of inverse temperature.
For these pseudobinary systems, the molar fraction xg was
defined to be the atomic ratio belonging to the respective end
members of the systems such as (PbgsTegs) —xs(Ago.6671€0.333)xB
(PbgsTeqg.5)1-xe(Sbo.aTep6)xs, OF (AZo.667T€0.333)1—xB(Pbo.sT€0 5)x8
The negative slopes of these plots imply that the dissolution
reaction is endothermic. The plots show straight lines for all of
these systems. For this reason, lines are fitted to these plots by a
least squares method resulting in the molar enthalpies due to
mixing and phase change (Eq. (3)) listed in Table 2.

-2.0 | I |
25 e -
PbTe in AgzTe
-3.0 -1
o
&
x -35F -
= SbQTe3 in PbTe
-4.0 -
45 - -
Ag.Te in PbTe
-5.0 | | | |
1.1 1.2 1.3 1.4 1.5 1.6
1 3,1
T /107K

Fig. 7. Temperature dependence of the corrected composition at the solvus lines
defined by Eq. (2) for the PbTe and Ag,Te phases in the PbTe-Ag,Te system (this
work) and the PbTe phase in the PbTe-Sb,Tes system [27]. Linear regression to the
plots gives the heat of solution, A,Hp, defined by Egs. (2) and (3).

Table 2
The values of A,Hg defined by Eq. (3) for dissolution of Ag,Te in PbTe, PbTe in
Ag,Te, and Sb,Tes in PbTe.

Solute Matrix AyHg (k] mol~1)
Ag,Te PbTe 419+ 10.6
PbTe Ag,Te 11.0+43
Sb,Tes PbTe 21.8 +1.0°

2 Since the solubility of PbTe in Sb,Tes is unknown, it is assumed to be zero
(xﬁ =0 in Eq. (2)) in this estimation.

3.5. Heat of solution

Among the combinations of the solute and matrix phases
listed in Table 2, A,Hp for Ag,Te dissolution in PbTe is signifi-
cantly larger than that for the others. For isostructural systems, in
general, four main factors could affect the heat of solution: (1) size
difference, (2) covalency (ionicity) difference, (3) valence, and
(4) electron configuration [31]. Of these, size difference, which
causes strain in the crystal, is generally the most important
[31,32]. In addition to these factors, for non-isostructural systems,
defect structure needs to be considered.

Here we first compare the dissolution of Ag,Te and Sb,Tes in
PbTe. In the solid solution PbTe in the pseudobinary PbTe-Ag,Te
system, it has been suggested that half of the Ag atoms occupy
interstitial sites while donating one electron and compensate for
the remaining Ag substituting for Pb atoms [4,7]. This means that
one interstitial defect and one substitutional defect are intro-
duced per dissolution of three atoms of Ag,Te. In dissolution of
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Sb,Te; in PbTe, Sb*3 substitutes for Pb?* [33] introducing a
vacancy on a Pb2+ site. Therefore, one vacancy and two substitu-
tional defects are likely formed per dissolution of five atoms of
Sb,Tes. Comparing these two cases, the total number of point
defects introduced per dissolution of one solute atom is slightly
larger for Ag,Te dissolution (0.667) than Sb,Tes (0.6). The Shannon
ionic radius of Ag* (0.115 nm [34]) is similar to that of Pb®*
(0.119 nm [34]), while that of Sb®>* (0.076 nm [34]) is significantly
smaller. Therefore, the size effect cannot explain the larger A,Hp
of Ag,Te dissolution. Covalency is related to electronegativity.
The electronegativities for Pb, Te, Sb, and Ag are 3.08, 3.59, 3.34,
and 2.59, respectively, by Sanderson’s definition® [36]. The differ-
ence in Pb-Ag electronegativities is larger than that of Pb-Sb. The
higher energy of dissolution of Ag,Te in PbTe could be attributed
to the difference in the bonding character. The present result is
also qualitatively consistent with an ab initio calculation study
that predicts the energy to replace a Pb atom on a Pb site with an
Ag atom is 0.6371 eV, while that to replace a Pb atom on a Pb site
with a Sb atom is 0.4028 eV [37]. Thus, the substitution of Pb with
Ag requires more energy than substitution with Sb.

Ag,Te is in the B-phase (145°C<T<802°C [11]) and shows
superionic conductivity in the temperature range of the present
solubility measurements [9,10]. In this phase, silver ions randomly
occupy both the tetrahedral and octahedral sites in a tellurium face-
centered cubic structure, leaving these sites only partially filled [12],
causing the fast Ag* ion conduction. The radius of Pb®* ions is
similar to that of Ag*, as mentioned above. It is therefore likely that
Pb?* ions behave in a similar manner to Ag™ ions. Since there are
many unoccupied sites for Ag* ions, the additional energy to place
Pb*2 jons in those sites is expected to be small. This could lead to the
small heat A,,,Hp for PbTe dissolution in Ag,Te.

It should be noted that the driving force of precipitation is
related to the heat of solution [38]; the chemical driving force for
nucleation AGcpem is expressed as

AGchem = 7AH5(AT/T5), (5)
where AH; is the heat of solution, AT is supercooling, and T is the
solvus temperature. Larger heat of solution leads to larger
chemical driving force of precipitation and contributes to higher
nucleation rates. In the present cases, A,Hg in Eq. (3) is regarded
as the heat of solution AH,.

Therefore, it is expected that among the precipitation of Ag,Te
in PbTe, PbTe in Ag,Te, and Sb,Tes in PbTe, Ag,Te precipitation in
PbTe matrix will gain the largest contribution to the driving force
of nucleation from the heat of solution. In order to discuss the
nucleation rate of precipitation quantitatively, one also needs to
take into account the strain and interfacial energies associated
with the precipitation and diffusivities of atoms. However, the
evaluation of these quantities is beyond the scope of this work.
Also, the microstructures one observes after heat treatments
reflect a coarsening process to some degree in addition to the
nucleation process. Here, we attempt to make a rough compar-
ison of the number density of precipitates for the three cases. It is
obvious from Fig. 2 that the number density of Ag,Te precipitates
in PbTe is higher than that of PbTe precipitates in Ag,Te, matching
the larger chemical driving force expected from Eq. (5). For Ag,Te
and Sb,Te precipitates in PbTe, there are quantitative data on the
number density as shown in Table 3. In this comparison, the
annealing conditions were picked to give a similar degree of
supercooling (AT/T). The number density of Ag,Te precipitates,
55+ 30 um~3, is significantly higher than that for Sb,Te; pre-
cipitates, 15 +3 um 3,

4 Sanderson’s definition is chosen here because it can illustrate the anomaly in
the electronegativities of the posttransition elements [35].

Table 3
Chemical driving force for the precipitation (—A,Hp(AT/T;), Eq. (2), and number
density of precipitates of Ag;Te and Sb,Tes in PbTe after isothermal annealing.

Precipitate Annealing T AT AT|Ts —AHg (AT|T;) Ny Ref.

condition (°C)  (K) (k] mol—1) (um~3) for Ny
Ag,Te 500°C3d ~630* 130 0.144 -6.0 55430 [7]
Sb,Tes 450°C38h ~575” 125 0.147 -3.2 15+3 [45]

¢ Evaluated from the solvus determined in this work.
b Evaluated from the solvus reported in [27].

a Initial interface Phase boundary
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Fig. 8. The microstructure in the vicinity of the initial interface and phase
boundary in the diffusion couple annealed at 550 °C for 16 h after diffusion
bonding at 450 °C for 8 h (a). The EBSD measurements have been performed at the
points shown in (a) resulting in the pole figures for planes and directions
of a-Ag,Te (for points 1-3 in (a)) and PbTe (for point 4 in (a)) shown in (b).
The number indicated in (b) corresponds to the point number in (a). The points for
2 (O) and 3 (O) (in the region between the initial interface and the phase
boundary, where PbTe phase transformed to Ag,Te phase during annealing) and 4
(in the PbTe phase region) are located close to each other in the pole figures.

(1-1-2), [0-2-1]

3.6. Phase growth and chemical diffusion behavior in the
diffusion couples

In all the diffusion couples, the Ag,Te phase grew into the PbTe
phase as shown in Fig. 2(a). This can be understood as a result of the
fact that the solubility of PbTe in Ag,Te is larger than that of Ag,Te
in PbTe. This experimental fact implies that, in the region between
the phase boundary and the initial interface, the PbTe crystal has
transformed into a-Ag,Te crystal during annealing and then the
newly formed -Ag,Te has transformed to o-Ag,Te at ~145 °C [11]
upon cooling after annealing. To examine the orientation relationship
among the original PbTe phase, newly formed Ag,Te phase, and
original Ag,Te phase, an EBSD experiment has been performed.
Electron backscatter patterns were collected at the four points shown
in Fig. 8(a). Points 2 and 3 are located in the newly formed Ag,Te
phase while point 1 is in the original Ag,Te region. Point 4 is in the
PbTe region, which is close to points 2 and 3. Fig. 8(b) shows that the
crystal orientation of the newly formed Ag,Te phase (points 2 and 3)
is correlated to that of PbTe (point 4), while that from the original
Ag,Te region (the point 1) is not. The orientation relationship
between point 4 from PbTe (cubic, space group: Fm-3m) and points
2 and 3 from the a-Ag,Te crystal (monoclinic, space group: P24/c)
that has transformed from PbTe is {111} of PbTe//(—100), (1—-1-2),
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(—=1-12) of a-Ag,Te, and <001 of PbTe//[ —20—1], [0-2-1], [0-21]
of B-Ag,Te. Since the transformation from the high temperature cubic
B-AgoTe to the low temperature o-Ag,Te requires only small local
atomic shifts because of the relationship between cubic B- and
monoclinic a-Ag,Te crystals [39], at high temperature the B-Ag,Te
crystal should possess a cube-on-cube relationship with PbTe. This
orientation relationship is the same as that observed between Ag,Te
precipitates and PbTe matrix [8] or AgSbTe, [40] matrix, and for
the transformation between o~ and (-Ag,Te [39]. Thus, the region in
the diffusion couple where PbTe has transformed to Ag,Te due to the
chemical composition change maintains the crystal orientation before
the transformation but does not have a crystallographic orientation
relationship with the Ag,Te phase from which the transformation
grew. The present result suggests that the transformation from PbTe
to B-Ag,Te occurs via the change in chemical composition on the
cation sublattice in PbTe. The precipitation of Ag,Te in PbTe and the
transformation from PbTe to Ag,Te in a diffusion couple are expected
to be different in some viewpoints, such as stress distribution and
ratio of interfacial area to volume. The fact that the same orientation
relationship as the precipitation of Ag,Te was confirmed in a diffusion
couple gives an insight into the precipitation mechanism in PbTe.

Interestingly, precipitates of PbTe in Ag,Te in the region close
to the phase boundary (Fig. 8(a)) are partly aligned, forming a
grain boundary-like structure. While this suggests that there is a
substructure, it should not be with grain boundaries in the usual
sense but could be with small angle tilt boundaries since EBSD
gives similar orientations for the two points belonging to different
cells. Because of faster atomic diffusion along the boundaries and/
or smaller energy requirements for nucleation of precipitates due
to the defective nature of the boundaries, the precipitates could
preferentially be formed on them.

Four independent interdiffusion coefficients can be defined for
interdiffusion in a ternary system. At least two such diffusion
couples with differing compositions of the end members giving a
cross point on a ternary diagram are needed to measure inter-
diffusion coefficients [41]. In this work, we do not determine
interdiffusivities but instead give qualitative insight into the
diffusion behavior in this system.

As seen in Fig. 3, the slope of the concentration profiles of Pb in
Ag,Te is gentler than that of Ag in PbTe. This means that the
interdiffusivity in Ag,Te is higher than that in PbTe. Ag,Te is a
superionic conductor in the temperature range used in this work
[9,10]. The cause of the fast diffusion can be explained by Ag* ions
diffusing in both octahedral and tetrahedral sites in the tellurium
fcc base structure [12]. Interdiffusion in a pseudobinary ionic
compound system is subject to the constraint of electroneutrality;
for cases where anion diffusion is much slower than cation
diffusion, interdiffusivity is dominated by the diffusion of the
slower cation [42]. In Ag,Te, the diffusivity of Te? is much slower
than that of Ag* [14]. Therefore, the interdiffusivity is expected
to be dominated by the diffusion of the slower cation: either Ag*
or Pb*2, In either case, the high interdiffusivity observed in the
present study suggests that Pb*2 is also a very fast diffuser in the
Ag,Te phase. The size of the Pb?>* ions is similar to that of the Ag*
ions, as discussed above. It is therefore possible that Pb?* ions
diffuse in a similar manner to the fast-diffusing Ag™ ions. In Ag,Te
phase in the diffusion couples, precipitates are formed during
cooling. Such fast formation of precipitates could be attributed to
the high interdiffusivity of B-Ag,Te.

4. Conclusions and remarks
The solvus lines of the PbTe phase and Ag,Te phase in the

pseudobinary PbTe-Ag,Te system have been determined by
diffusion couple experiments and a unidirectional solidification

experiment. The solubilities of both Ag,Te in PbTe and PbTe in
Ag,Te decrease with decrease in temperature from 14.9 at% Ag
(694 °C) to 0.5 at% Ag (375 °C) for the Ag,Te dissolution in PbTe
and from 12.4 at% Pb (650 °C) to 3.1 at% Pb (375 °C) for the PbTe
dissolution in Ag,Te. The decrease in solubilities leads to the
formation of precipitates of Ag,Te in PbTe and PbTe in Ag,Te
during cooling for saturated solutions. In particular, the fast
atomic diffusion in Ag,Te results in the precipitation of PbTe
even in quenched samples. From the temperature dependence of
solubilities, heats of solution have been determined. The larger
heat of solution for the Ag,Te dissolution in PbTe than that for the
Sb,Tes dissolution in PbTe determined based on previous experi-
mental data results in the formation of Ag,Te precipitates in PbTe
with a larger number density than Sb,Tes precipitates in PbTe. In
the diffusion couple, the phase boundary moves toward PbTe.
In the region between the phase boundary and the initial inter-
face, PbTe transforms to B-Ag,Te (cubic) while retaining the cube-
on-cube orientation relationship.

When attempting to reduce the lattice thermal conductivity of
thermoelectric materials, it is important to control the size scale of
the microstructure, especially the interfacial area per unit volume
[43]. For microstructures with plate precipitation of bulk materials,
this can be done through control of the number density of
precipitates on the basis of nucleation theories [44]. In a previous
paper [44], it has been shown that the number density of pre-
cipitates can be controlled through several parameters (tempera-
ture and time in cases of isothermal heat treatments, and cooling
rate and concentration of solute in cases of cooling heat treatments)
in a given material system. In this paper, we emphasize that the
heat of solution should be taken into account in selecting the
material system. There are three energies in the expression describ-
ing nucleation rate that could be manipulated: interfacial energy,
strain energy, and chemical driving force [45]. There is a typical
range for interfacial energies that many material combinations
fall into: 0.2-0.8 for semicoherent interfaces and 0.8-2.5 ] m~2 for
incoherent interfaces [46]. In an analogous way, we could expect
some typical range for strain energies because very high strain
energy would trigger some kind of relaxation mechanism. In
contrast, chemical driving force, AGchem, Which is expressed using
the heat of solution for cases of precipitation as in Eq. (5), can vary
from negative to positive values depending on the material system.
We would expect manipulating the heat of solution to have a large
impact on the number density of precipitates.
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