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ABSTRACT OF THE THESIS
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Doped-Lead Telluride Thermoelectric Materials

By SEAN McCOY LANGAN

Thesis Director:
Dunbar P. Birnie III

Thermoelectric materials offer a potentially valuable source of energy by
converting a temperature gradient to electricity. Recent progress in alloying, doping, and
nanostructuring these materials has increased their figure of merit, bringing this
technology closer to widespread use. However, the costs associated with processing and
questions about fatigue reliability during long-term use could slow the development
process. Liquid phase microstructure shapes are critical for sintering; further
understanding of these shapes could potentially be used to improve mechanical response
and lower overall processing costs. Here we review our progress with respect to the
microstructure development of the material depending on heat treatment and
composition.

Thermoelectric materials made up of a PbTe/Ag2Te system were produced by
heat treatments aimed at producing a liquid phase in the material. These samples
were then examined through scanning electron microscopy, in an attempt to better
understand the microstructure and track the liquid phase.

This study was met with mixed results. While the process outlined does
seem to produce faster sintering than undoped samples, full densification was not
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achieved. Furthermore, though the silver telluride was identified in the sample
through the use of backscattering detection and EDS, the desired accuracy in finding
the liquid phase was not achieved. However, the silver telluride was found to
penetrate the grain boundaries, create secondary phases and form nano-
precipitates, a development that is extremely promising as these features could all

scatter phonons and raise the figure of merit of the material.
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1. Introduction

With many traditional means of producing energy becoming less attractive and
more costly, the search for alternative ways to provide power has intensified, and one
such alternative is thermoelectric materials. Through the Seebeck Effect, thermoelectrics
use temperature gradients to transform heat into useable electricity. When a
thermoelectric material pair (one n-type and one p-type) are placed in a temperature
gradient, the respective majority carriers, electrons and holes, both diffuse from the hot
to the cold side of the gradient, completing a circuit and combining to power external
systems.

One important thermoelectric material is lead telluride. Lead telluride is an
attractive material because it possesses a high figure of merit, as well as excellent
chemical properties [1]. However, all thermoelectrics, including lead telluride, possess
problems that are preventing their widespread use. Currently, many thermoelectric
materials have low efficiency for converting heat to electricity [2]. There are various
approaches being used to raise the figure of merit of the material, and therefore the
efficiency, such as lowering the thermal conductivity of the material or raising the
electrical conductivity; many of these approaches rely on creating phonon-scattering
textured microstructures. In addition, new faster processing routes are being
investigated, but many of these processing routes are sometimes problematic in terms
of capital cost and throughput rate. Some require multiple long annealings that can take
more than 70 hours [3], heat treatments over 1200 K [4], and some use processing
techniques that would be difficult to adapt to industry, such as spark plasma sintering

[5] and hot pressing [6].



Liquid phase sintering is a route that could potentially help to solve some of the
problems facing PbTe. From an industrial standpoint, liquid phase sintering is
advantageous because the faster diffusion through the liquid allows for shorter
processing times and lower temperatures than used for bulk crystal growth. It could
also potentially improve the performance of thermoelectrics because in liquid phase
sintering there are often precipitates in the grains, which has been shown to lower the
thermal conductivity of the material especially on the nanoscale [7], and it produces
intergranular second phases, which in some systems have been shown to lower the
thermal conductivity [8]. In one earlier study during mechanical alloying of PbSnTe a
phase similar to what develops in liquid phase sintering was found [9], and the authors
also noticed it in undoped mechanically alloyed PbTe [10]. In one sintering study of
undoped PbTe the authors believed under some conditions they were achieving liquid
phase sintering [11].

For the present work, a PbTe/AgoTe system was chosen to be studied because of
a favorable phase diagram for liquid phase sintering [12] as well as previous evidence

of numerous precipitates as well as good material performance [13].

2. Background
2.1 Thermoelectric Effect

Thermoelectricity refers to the electricity that can be generated from certain
materials when they are exposed to a temperature gradient. There are three
separate phenomena that all fall under the umbrella of thermoelectricity: the

Seebeck effect, the Peltier effect, and the Thompson effect.



When two conductors or semiconductors are joined, a temperature gradient
is applied, electricity is developed and this phenomenon is known as the Seebeck
effect. The effect was discovered in 1821 by its namesake, Thomas Seebeck [14].
Thermodynamically, it can be defined as the following (From [15]):

dV =S@bdT (D)

Were dV is the Voltage, dT is the temperature gradient, S(ab) is the Seebeck
coefficient, a and b being the two materials that form the junction. S can be defined
as the limit as dT approaches zero of dV/dT. The Seebeck coefficient is an important
parameter for any thermoelectric material because it plays a key role in defining the
figure of merit that measures its effectiveness.

The Peltier effect is the converse effect where heat is generated by passing a
current through the same junction that was mentioned before [16]. As with the
Seebeck effect, it can be defined thermodynamically (from [15]):

dQp oc Idt = maplab = Tapq (2)
where | is the current, dt is the duration that the current is applied for, mapb is the
Peltier coefficient, also known as the Peltier Voltage, and q is the charge. Itis the
Peltier effect that is harnessed for thermoelectric cooling [14].

The third effect, known as the Thompson effect, was discovered in 1855 and
is the heating or cooling that happens when both a temperature gradient and
electricity applied to a single thermoelectric material [14]. Thermodynamically, it
can be seen that the Thompson effect combines the Peltier and Seebeck effects [15]:

Tab= S(ab)T (3)

dQr oc IdtdT = tIdtdT = 1qdT (4)



where T is the temperature in Kelvin, dQris the Thompson heat, dt is the time, and t

is the Thompson coefficient.

2.2 Thermoelectric Device Architecture

Aciive Cooling Heal Source

1
- |+ —
.
Refrigeration Maode Power-Gieneration Mode

Figure 1: Thermoelectric power generation and cooling.
Diagram from [17] showing how holes and charge
carriers move with a temperature gradient for both the
Seebeck and Peltier effect.

A schematic for a thermoelectric device, or thermoelectric module, is shown
in Figure 1. The device consists of “n” and “p” legs, and a “heat source”. For
thermoelectric power generation (right), the “heat source” and the “cool junction”
form a temperature differential across the device. As long as that temperature
differential exists, electricity will develop. For thermoelectric cooling (left),
electricity is applied to the device, allowing it to absorb heat from one side and

dissipate it on the other. Usually thermoelectric devices do not have just one of

these “p-n” couples but many, as seen in Figure 2. This is because single



thermoelectric couples produce small voltages at “hundreds of microvolts per

degree” [18].

Figure 2 A thermoelectric module. Image from [19]

highlighting the high number of thermoelectric legs. A

single thermoelectric couple does not produce much

power, so many are needed in a single device.
In some cases, it might be possible to construct stacked or composite p-type and n-
type sides as shown in Figure 3 [19]. This compensates for the marked temperature
dependence of the Seebeck coefficients of different materials and could help
improve overall device performance. Here, a lead telluride derivative was used on
the “hot” side, and a bismuth telluride derivative was used on the cold side; lead
telluride is a better material for hotter temperatures, while bismuth telluride is
better for colder temperatures. This distinction comes from the individual figures of
merit of the materials (see “Figure of Merit,” section 2.3) and leads to excellent
device efficiency. Even though the bismuth telluride derivative only had a figure of

merit of approximately 1.2, and the lead telluride derivative had a figure of merit of

approximately 1, which are both considered low figures of merit, the efficiency of



the device was found to be 6.56%, and the authors believe that this can be further
improved to 9%. This is excellent, and if materials with higher figures of merit can

be incorporated into the device this will only serve to further improve the devices’

efficiency.
6TOK
-
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Figure 3: Segmented thermoelectric module. While the
device architecture from [19] is more complicated, it
allows greater efficiency than a simpler thermoelectric
module.

“Functional grading” is also being used to increase the performance of
thermoelectric devices [18]. This is when the material is doped in different amounts
throughout to coincide with the best doping for the temperature that is likely to
apply when in service. This has been successfully done for bismuth telluride by the
Bridgman technique. This technique causes a gradient in the carrier concentration
in the sample, in turn causing a difference in the properties in the sample from one
end to the other. If this technique was successfully used, it could lead to higher
efficiencies because each part of the sample would be tailored to its environment.

With work being done to both improve the performance of the

thermoelectric materials and improve the overall device, the possibilities for



improving the efficiencies of thermoelectric power generation are exciting and

numerous.

2.3 Figure of Merit
Any thermoelectric material’s thermoelectric effectiveness can be
characterized with a figure of merit (20):

oS’T
K

Figure of Merit = ZT = (5)

where o is the electrical conductivity, T is the temperature in Kelvin, S is the
Seebeck coefficient, and « is the thermal conductivity. In order to maximize the
figure of merit, a high Seebeck coefficient and electrical conductivity, and a low
thermal conductivity are desirable. The researchers in [20] took advantage of this
and chose materials with high ZT’s at high temperatures for the hot side of their
module, and high ZT’s at lower temperatures for the cold side of their module. The
scientific community is seeking to raise the ZT of known thermoelectric materials,
but this is difficult because electrical and thermal conductivities are mechanistically
closely related to each other, which usually means that when one is raised, so is the
other.

The Seebeck coefficient is the same as is mentioned earlier in this document.
It is defined as dV/dT, but can also be defined as “the entropy transported with a
charge carrier divided by the carriers charge” [21], and is divided into two
components

S=Spresence + Stransport (6)



where Spresence “is the change of the net entropy of a solid attendant upon addition of
a charge carrier” and Stransport “is the energy transported in the transfer process
divided by the absolute temperature.”

It is often simpler to think of the Seebeck coefficient as the voltage that
comes from the change in temperature across the material. Obviously, the more
voltage that comes from the temperature gradient, the better the material is.
However, this is not the only thing that affects the performance of a thermoelectric
material, as the electrical and thermal conductivities also have an effect.

The electrical conductivity of a material is defined as

1
c=—
P (7)

where P is resistivity of a material. A high electrical conductivity means that
charge carriers will have an easier time moving through the material, which allows
the voltage that is being generated through the Seebeck effect to be delivered to the

load that it is powering. The resistivity of a material is defined as [22]

p=Et_"4
J Ji
(8)
where E is the electrical field, j is current density, V is change in potential, A is the

area of the sample, | is the length of the sample and ] is the total current in the

sample. The conductivity then would be:

E (9)



A little analysis here reinforces the idea that a high conductivity is valuable. In
powering a device, it is desirable to have a large current density over a small change
in potential, which coincides with a large current.

A good thermoelectric material also requires a low thermal conductivity.
Thermal conductivity is made up of two parts, seen below:

K=K, +K, (10)
where ke is the electronic term of thermal conductivity, and «i is the lattice term.
The electronic term represents the heat associated with the movement of electrons
and electron holes, while the lattice term is for “phonons travelling through the
lattice” [23]. Most efforts to lower the thermal conductivity of a material
concentrate on the lattice term, since the electrical term of thermal conductivity is
proportional to the electrical conductivity of the material through the relationship
[23]

Ke =LoT (11)
L being the Lorentz factor. Because the electrical conductivity is proportional to the
electrical term of thermal conductivity, raising one raises the other, so most efforts
are devoted to lowering the lattice thermal conductivity, which is not connected to
the electrical conductivity.

Material selection for thermoelectrics based off the figure of merit is difficult

as well, and this difficult tradeoff is seen in Figure 4
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Figure 4. Thermoelectric properties of various
materials. A complex tradeoff exists in designing a
thermoelectric material. As shown, it is impossible for a
material to possess the most desirable performance for
all components of the figure of merit, so the engineer
must balance the three properties. Figure from [24].

Figure 4 does a good job of illustrating the difficulty in maximizing the figure
of merit of a material. Insulators have favorably low thermal conductivity, and an
extremely high Seebeck coefficient, but the price is a very low electrical
conductivity. The material is not conductive enough to effectively move the current
generated to the load. Conversely, metals have a high electrical conductivity, but
higher thermal conductivity and a lower Seebeck coefficient. While all materials

experience the Seebeck effect to some extent, it is very low for metals making them

less useful as thermoelectrics.
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Semiconductors have been found to be a happy medium. While they do not
possess the highest values of Seebeck coefficient and electrical conductivity, they

possess high enough values of both to make for a good thermoelectric material.

2.4 Raising the Figure of Merit

Though the Figure of Merit of a thermoelectric material is well understood, it
is important to raise that Figure of Merit as much as possible. Common
thermoelectrics have a figure of merit around or lower than one, while it is generally
accepted that the number that would produce efficient thermoelectrics is 3 [2].
Efforts at raising the figure of merit focus on improving all aspects, including the
Seebeck coefficient, the electrical conductivity, and the thermal conductivity.

While not as much effort is put into raising the Seebeck coefficient as is into
bettering the other thermoelectric parameters, it is nonetheless a valuable tool in
raising the figure of merit of a material. In one paper the Seebeck coefficient was

improved by a factor of 4 at low temperatures, as seen in Figure 5 [25].
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Figure 5: Nanostructurings effect on Seebeck
coefficient. The open circles are the baseline lead
telluride sample, and the other samples were
nanostructured. Nanostructuring allows for great gains
in the Seebeck coefficient of a material. Figure from
[25].

The group theorized that this increase seen in Figure 5 is from an increase in
what they call the “scattering parameter,” which in turn increases the Seebeck
coefficient. This scattering parameter is related to the density of states in the
system. The authors posit that this causes more electron scattering, which raises
the thermopower of the system by separating high and low energy electrons.

Improving the electrical conductivity of a sample usually requires doping.
Doping a material can increase in the number of charge carriers, which can increase
the electrical conductivity of the material. Since the electrical conductivity and part
of the thermal conductivity are tied together by the Lorentz factor, the two do need

to be carefully balanced, but doping remains an invaluable aspect in creating high

performance thermoelectrics.
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Lowering the thermal conductivity is mostly centered around scattering
phonons, the lattice vibrations responsible for heat conduction. If phonons are able

to move unobstructed through a material, it will have a high thermal conductivity.

ANAE  Bhot wavclongli pheton Bl Hiiit El3 1M
AP Mdong wovolangth phomon o=l Cold Eloxdron

Figure 6: Phonon scattering. A schematic from [7]
highlighting that different energy phonons may require
different sized scattering features
Different wavelengths of phonons require different sized obstructions to
hinder their path through a material, as seen in Figure 6. Small wavelength phonons
can be scattered by small microstructural features, such as atomic defects [7].
Phonons with a longer wavelength require larger features, such as grain boundaries
or nanoparticles.
This knowledge was used in [26] to engineer a high performance PbTe-SrTe

sodium doped thermoelectric. Since phonons of various wavelengths are scattered

by differing microstructural features, the material was designed to have features on
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the atomic scale, the nanoscale and the mesoscale, seen in Figure 7, leading to a

figure of merit of 2.2, one of the highest ever achieved.
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Figure 7: Feature sizes in raising the figure of merit. A
diagram of atomic substitutions, nanostructures, and
grains and the performance bonuses they provide.
Figure from [26].

A mixture of large and small grain sizes was used in [27] (reported in [28]) to

raise the figure of merit. In this study, the fraction of “fine” or smaller particles vs

“coarse” or large particles was varied.
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Figure 8: The effect of mixed grain sizes in
thermoelectrics. A diagram from [28] showing the paths
that carriers and phonons take through a material with
mixed grain sizes, and the resulting thermoelectric
boost.

It was found that a mixture of large and small grains, rather than exclusively
large or exclusively small, yielded the highest figure of merit. This is believed to be
because the charge carriers will travel along the large grains, which have the highest
conductivity, thus raising the electrical conductivity, while the phonons travel
indiscriminately through the sample, lowering the lattice thermal conductivity and
thus the overall thermal conductivity. If the ratio of grain sizes is correctly found, it
allows for enough of an increase in the electrical conductivity, with a relatively small
increase in the thermal conductivity by comparison. Improving the figure of merit

of a material almost always involves a tradeoff like this, finding the right balance

between competing properties, to improve the overall device
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2.5 Literature Review of Current Production Methods

2.5.1 Alloying

Alloying by combining 2 different samples has been proven to be an effective
way to raise the figure of merit of a thermoelectric. In 2011, Kim et al studied a
PbTe-Biz2Tes system [29] because Bismuth telluride is known to be effective at lower
temperatures, were lead telluride is not. The compound was synthesized by melting
at high temperature, then quenching it. The resulting material had distinct phases,

as is evident in Figure 9.

Figure 9: PbTe-Bi2Tes Microstructure. Alloys show a
complex microstructure. Figure from [29].

When the alloy was formed this way the two phase microstructure lowered
the electrical conductivity, but also decreased the thermal conductivity, again

showing the difficulty in improving the figure of merit of a compound.
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In a paper from Zhang et al. [30] lead telluride had tin ions introduced via ion
implantation at room temperature and was then annealed for an hour. Using XRD
and XPS it was shown that this process made a material with “graded interfaces
between Pb1-xSnxTe and PbTe substrate” [30]. These layers raised the electrical
conductivity and the Seebeck coefficient, and lowered the thermal conductivity,
raising the figure of merit by more than 25%.

Recently a group from Northwestern University was able to discover two
new PbTe alloyed systems, PbTe/CaTe and PbTe/BaTe, both doped with NazTe [31].
Both of these systems are found to develop precipitates upon being cooled from
above the melting point, which is a valuable feature in a thermoelectric material,

and is shown in Figure 10.

Figure 10: PbTe/CaTe and PbTe/BaTe microstructures.
On the left is PbTe alloyed with CaTe and on the right is
PbTe alloyed with BaTe. Both show high degrees of
nanostructuring, which contributes heavily to phonon
scattering. Figure from [31].

The study drew the conclusion that these nanostructures lowered the thermal

conductivity of the material, which led to a high figure of merit, seen in Figure 11.
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Figure 11: Effect of microstructure on thermoelectric

properties of PbTe/CaTe and PbTe/BaTe. On the left is

the ZT data from PbTe/CaTe and on the right is the data

from PbTe/BaTe. While the PbTe/CaTe system shows

greater values, both samples show large improvement

over a non-alloyed sample. Figure from [31].
It is worth noting that different levels of CaTe lead to the figure of merit for the alloy
to peak at different temperatures. This has potential to be useful for industry, since
in an industrial setting it is easier to vary the amount of CaTe to adjust the material
for different applications, rather than using different materials for different
applications.

In 2010 a group from France took advantage of the miscibility gap of the

PbTe-GeTe system to lower the thermal diffusivity of the compound [8] (thermal

diffusivity is closely related to the required coefficient, the thermal conductivity).
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Figure 12: The phase diagram and experimental
diagrams for PbTe/GeTe alloys. While all samples
stayed in the pure liquid and solutionizing for states the
same amount of time, they were allowed to age in the
miscibility gap for different amounts of time. Figure

from [8].

The PbTe-GeTe system includes a miscibility gap (as seen in Figure 12) that

the material was allowed to anneal in for various amounts of time (Figure 1), and

depending on the amount of time that a material was allowed to anneal for, very

different microstructures formed, as seen in Figure 13. This location within the

miscibility gap is susceptible to phase separation via a spinodal decomposition

process, which is known to give extremely small microstructural features.
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Figure 13: Microstructures of PbTe/GeTe alloys.
Samples from [8] annealed for 2(e), 10(f), 60(g), and
6000 (h) minutes. The longer the annealing, the larger
the microstructural features in the sample. Figure from

[8].

When these samples were tested for thermal diffusivity, it was found that the

lowest thermal diffusivity is for the sample annealed for 1 minute.
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Figure 14: Thermal diffusivity plotted against time for
PbTe/GeTe alloys. The lowest diffusivity corresponds
to the shortest time ageing. Figure from [8].

Though all the samples have a lower thermal diffusivity than unalloyed lead
telluride, the one that is allowed to anneal for the shortest amount of time has the
best properties. The authors speculate that this is because the smaller feature sizes
on the sample that was allowed to anneal for a shorter period of time allow for
better scattering of phonons, which lowers thermal diffusivity. This is useful

because long annealing times are unattractive to industry and if this could be

exploited in other systems similar results could possibly be obtained.

2.5.2 Doping
Doping is one of the most effective ways to change the thermoelectric

properties of a material, and, depending on how it is done, it can be a relatively
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simple procedure. In a study by Ao et al [32], lead telluride was doped with Cesium.
The synthesis was very similar to that of pure lead telluride, in that all the

components were melted, ball milled and sintered using SPS.
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Figure 15: Thermoelectric properties of lead telluride
doped with cesium. Graphs of temperature vs (from top
left clockwise) electrical resistivity, Seebeck coefficient,
thermal conductivity and carrier thermal conductivity.
Figure from [32].
As seen in Figure 15, how the amount of doping matters. For example, the
material doped with 0.03 atomic percent cesium has the best electrical conductivity,

but the highest thermal conductivity. However doping with 0.05 atomic percent

raises the figure of merit by more than .2 (as seen in Figure 16).
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Figure 16: Graph of figure of merit for Ce- doped and
undoped lead telluride. Figure from [32].

Doping here allows for a good gain in the electrical conductivity, though it decreases
the Seebeck coefficient. However, at higher cesium concentrations a CesTes phase
forms which scatters phonons and lowers the thermal conductivity of the material.
Doping is clearly a balancing act. The concentrations of the dopant have to be exact,
otherwise it will not improve the material.

One of the best results with doping was achieved with codoping by the
Mercouri Kanidis of Northwestern University [33]. The sample was prepared as an
ingot by melting and cooling the material. The study found that doping the sample
with both sodium and potassium gives a figure of merit with a value of 1.3, as seen

in Figure 17.
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Figure 17: Figure of merit values for potassium and
sodium doped lead telluride. Figure from [33].

It was found that the potassium doping changed the “heavy-hole” valence band of
the material, and doping with sodium adjusted the Fermi level of the material.
These effects, according to the authors, enhance the figure of merit “purely on
account of the enhancement in electronic properties and without a marked
reduction in thermal conductivity”. This could potentially be exploited to further
increase the figure of merit by combining it with an approach that decreases the

thermal conductivity without markedly changing the electrical conductivity.

24
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2.5.3 Powder Advances

Several techniques have arisen to create a finer powder that can be used
when synthesizing the PbTe sample. In [34] it was found that the powder could be
made finer with the use of a laser. The starting material was synthesized
traditionally, broken with a mortar and pestle into powders ranging from 20 - 100

micrometers, then suspended in water.
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Figure 18: Setup to reduce particle size via laser. The
stir bar provided constant stream of particles to the
surface to ensure maximum fragmentation. A focal
point of 1cm above the bottom of the test tube was
found to provide the best results. Figure from [34].

When the powder was subjected to 5 minutes of a laser at 400 m], the particle size

being reduced to approximately 4-10 nm, as shown in Figure 19.
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Figure 19: TEM and particle size distribution from laser

particle size reduction. Aside from a few above 20nm,

the distribution is good. Figure from [34].
This represents a fast method to reduce particle size, however, the authors admitted
that it is low yield and only suitable for small batches.

Brock et al [35] found it possible to synthesize aerogels and gels of lead

telluride. The synthesis did not require temperatures over 170°C, though it did
require about a week overall. However, the process gave small powder sizes as

demonstrated in Figure 20. The extremely small powder sizes are promising,

particularly in areas where a sol-gel method of production is preferable.
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Figure 20: TEM’s showing the resulting nanoparticles
from laser particle size reduction. The particles exhibit
a high degree of agglomeration. Figure from [35].
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2.6 Liquid Phase Sintering

Traditional solid phase sintering is the consolidation of a powder into a
dense body during a heat treatment. Its driving force is a reduction in the surface
energy associated with the powder. It is a common technique to form ceramics due
to their high melting points, but is also used for metals and even some polymers.

Liquid phase sintering is different because it occurs in a part of the phase
diagram that contains a liquid as well as a solid phase, meaning that there is a liquid
present during sintering. This is often from a eutectic system [36]. Liquid phase
sintering has a fundamentally different driving force from solid state sintering,
because there are three different surface energies competing, though the overall
surface energy reduction remains important. When a liquid is in contact with a
pore, it generates a pressure on the pore, which can be described by the Young-

27
v

Laplace equation [36] Ap =— (12). This pressure can be large, and can drive the

densification of the system. Liquid phase sintering can also enhance the rate of
sintering (vs solid state) through “enhanced rearrangement” and “enhanced matter
transport” [36]. The liquid phase reduces the friction between the powder grains,
allowing for “easier rearrangement” and “Enhanced matter transport” because there
is much faster diffusion in a liquid than in a solid.

Liquid phase sintering typically occurs in 3 stages: rearrangement, solution-

precipitation, and densification all of which are illustrated in Figure 21.
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Figure 21: Phases of liquid phase sintering. While the
phases are similar to that of solid state sintering, the
liquid phase makes for a more complicated process.
Figure from [37]

Rearrangement is the first step in liquid phase sintering [36]. A liquid forms,
and exerts a pressure on the material causing the powder particles to rearrange
themselves to lower the pressure, and any gaps between the particles are filled with
the liquid, to the extent possible given the constraint of the solid grain sizes and

packing. Some of the solid will dissolve into the liquid, which allows for better

packing.
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Solution-precipitation is the second step in the process, and is when the
particles of the powder stop moving mechanically and atomic movement is through
dissolution and precipitation [36]. At points in the solid with a higher chemical
potential, due to either capillary stress from the liquid or a range in particle sizes
(smaller particles will have a higher chemical potential), the solid will dissolve into
the liquid and deposit onto sites with lower chemical potential. This leads to grain
growth as it would in solid state sintering.

The last stage, densification, is when the material comes to the “minimum
energy grain shapes” [38], and these grain shapes depend on the dihedral angle

[36].
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As seen in Figure 23, the dihedral angle is the angle “of the grain-grain

contacts with the liquid phase” [37] and it comes from the energy balance of the
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surface energies between solid-solid and the solid-liquid. It is worth saying that the
dihedral angle is not always uniform across a sample, there can be a distribution.

This is caused by anisotropic surface energies and various misorientation angles
N L , . @
[38]. As seen in Figure 23 it is defined by the equation y,, =2y, cos(z) (13) where

7., is the surface energy between the two solid surfaces, ,,, is the surface energy

' Ys
between the two solid and the liquid, and @ is the dihedral angle.

Liquid phase sintering has several advantages, and disadvantages, compared
to solid state sintering. One of the biggest advantages is a reduction in sintering
time. The liquid phase involved allows for much faster diffusion than solid state
sintering, which relies on diffusion through a solid, a much slower process. Liquid
phase sintering can often be done at a much lower temperature than solid state
sintering of the pure compound alone. Some materials, such as Silicon Nitride, are
difficult to sinter in a traditional pressureless solid state sintering route. Because of
the material’s covalent character it has a low diffusivity [38] making it difficult to
sinter. However, with the addition of various additives that produce a liquid phase,
the material has been sintered to 99% theoretical density [38].

Liquid phase sintering however can have disadvantages [38]. A larger
percentage in liquid phase can lead to a lower hardness and elastic modulus values,
because the liquid phase is often softer than the solid phase upon hardening. Liquid
phase sintering can also have a deleterious effect on the electrical conductivity of a
material, because the intergranular second phases may not be as conductive as the

host grains.
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A liquid phase sintered thermoelectric material theoretically would have
several benefits. As seen earlier, thermoelectric materials can be difficult to make,
and often can require high heating temperature and long processing times, or can
require techniques that are better for small scale samples, not for large scale
production (such as hot pressing or spark plasma sintering). Liquid phase sintering
could allow the production of thermoelectrics at lower processing temperatures and
over a shorter length of time. Furthermore, it could be applied to a process that
makes large numbers of thermoelectrics efficiently in an industrial setting.

The liquid phase itself could have several benefits for the thermoelectric
properties of the material. Grain boundaries and secondary phases have been
shown to lower the thermal conductivity of a material through scattering of
phonons. Furthermore, if a transient liquid phase develops that can penetrate into
the grains, it could be used to dope the material and possibly raise the electrical
conductivity. This would be advantageous because the lowering of thermal
conductivity could lower the electrical conductivity, but doping the material could
retard this and serve to further raise the figure of merit of the material.
Furthermore, though excessive grain coarsening may be a concern, it has been
shown that nanoscaled materials can be made through liquid phase sintering. Ji
Woo Kim et. al. were able to make a nanoscaled TiN/TiBz/Fe-Cr-Ni material through

liquid phase sintering, seen in Figure 24.
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Figure 24: Nanostructured TiN/TiB2/Fe-Cr-Ni by liquid
phase sintering. Figure from [39].

The material was prepared by mechanical alloying, then dry pressing and sintering.
For thermoelectrics to reach their full potential they are likely going to need to be
nanostructured, and the study from [39] shows that liquid phase sintered samples
can be nanostructured, giving hope that this can be replicated for thermoelectric

materials.

2.7 SEM/EDS
Scanning electron microscopy is an invaluable technique for determining the

microstructure of many polymers, ceramic, and metallic materials. These materials
often have microstructural features that are too small to be observed with an optical

microscope, necessitating an electron microscope.
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Figure 25: Diagram of a scanning electron microscope.
Shows the path of the electron from the source, to the
specimen, to the detector. Figure from [40].

The first step is to generate an electron in the electron gun, usually by
passing a current through a filament made of lanthanum hexaboride or tungsten, or
from a field emission electron gun [41]. The type of source impacts the final
resolution of the sample, with lanthanum hexaboride and tungsten providing a
resolution of 5 nanometers, while field emission guns provide a resolution of 1 nm
[41]. From there several lenses (seen in figure 25) focus the electron beam through

magnetic fields [42] to the sample. The beam is often so large that a good quality

image could not be produced from it, so it is rendered smaller with the lenses.
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Figure 26: Electron penetration depth. This
demonstrates the multiple modes that can be used in an
electron microscope and their corresponding sampling
depth. Figure from [41].
The electron then enters the sample, and can come out of the sample in
several different modes. Secondary electron is the most commonly used, and
provides topographical information about the sample. Secondary electrons (seen in

figure 27) are knocked out from atomic orbitals by the incoming electrons.

Figure 27: Secondary electron displacement
mechanism. Figure from [41].

Some electrons from the microscope do not hit the electrons in the sample,
but collide with the nucleus of the sample and are scattered back towards a
detector. These are called “backscatter electrons” from which phase information
can be gleaned [41]. Since atoms of various elements have different atomic masses,

the backscattered electrons appear differently, from which phase information can
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be gleaned. This is invaluable for characterizing samples that have been liquid
phase sintered, because usually the liquid phase has a different composition than
the solid phase, so backscattered electrons can be used to distinguish the phases.
Energy-Dispersive X-ray Spectroscopy (EDS or EDX) can be used to identify
elements within a sample. In this technology, an electron beam is used to create X-

rays in the sample [42] by the mechanism seen in Figure 28.
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Figure 28: Mechanism for generating x-rays from a

sample. EDS takes advantage of the phenomenon to

identify elements within a sample. Figure from [43].

If the sample is hit with a sufficiently high-energy electron beam, an electron

is ejected from a core level in the sample, while another electron drops from a
higher energy level to fill the vacated spot. The difference in energy is ejected as the
form of an x-ray, and this energy is characteristic of individual atoms and the
specific energy transition (Figure 28 shows a L-K transition [43]). This L-K
transition is called a Ko x-ray [44], and each one is characteristic of the element it
comes from. This is then detected, and can be plotted against the raster-scanned

image to plot where individual elements are within the sample. Between secondary

electrons giving topographical information, backscattered electrons giving phase
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information, and EDS giving the identification of these phases, a complete

microstructural picture can be gleaned from the sample.

2.8 PbTe/Ag2Te System

Recently, G. Jeffery Snyder and his research group have published several papers on

a PbTe/Ag2Te system that has shown a great deal of potential. It is the system that

we have chosen for study, so it is worth discussing.
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Figure 29: Phase diagram highlighting steps in the
synthesis of PbTe/AgzTe. This figure, from [13], also
highlights the microstructures at several of these points.

This material is synthesized in a three-step process [45], each of which gives

a different phase equilibrium as seen in Figure 29. First the material is melted, 1 in
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Figure 29, and then cast and allowed to homogenize (2). The material is then
brought into the solid region of the phase diagram, where phase separation occurs
(3). This approach allows for a high number of precipitates to form, as seen in
Figure 30. These precipitates lower the materials thermal conductivity by deflecting

phonons as discussed earlier.

Figure 30: SEM of PbTe/Ag2Te material. The dark
phases are the Ag2Te precipitates capable of scattering
phonons. Figure from [13].

When the material is synthesized without doping, the figure of merit is increased,
reaching a maximum above 1 [46]. However, it has been found that by doping the
material even better figures of merit can be achieved. In [13] the material was
doped with Na, which led to a figure of merit of 1.5 at approximately 650K. This is

because the inclusion of sodium increases the density of states at the Fermi level
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[47], raising the Seebeck Coefficient, which in combination with the nanostructuring
increases the figure of merit of the system to 1.5.

A similar system with similar results can be developed when the PbTe/Ag:Te
system is doped with lanthanum [3]. The lanthanum increases the carrier
concentration of the material, increasing the electrical conductivity by more than an
order of magnitude (compared to undoped samples). The thermal conductivity is
improved, due to “alloy scattering in the PbTe solution matrix and boundary
scattering from the nano-precipitates” [3]. This is an excellent accomplishment,
because it allows for separation of electrical and thermal conductivities, which are
usually coupled.

This doping makes for an n-type material, which is useful because a
thermoelectric couple requires both p-type and n-type legs. This further develops
this useful system, as the result from [13] was p-type. Were this system brought to
market, it would allow the manufacturer to easily make thermoelectric modules,
since only one “variable” (i.e. the dopant) would need to be changed. This gives
hope to the idea that this system could be industrially robust.

This system has been continually studied and better understood. The Snyder
group published a paper [12] that explored the exploring the phase diagram of the
system, finding the solvus line as well as important solubility information.

The group was also able to attempt to optimize the carrier concentration for
the material [46], allowing the material, which is already very customizable, to be
engineered so it is better suited to the application. Figure 31 shows this effect,

where the optimum carrier concentration is shown for several temperatures.
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Figure 31: A graph comparing extrinsic carrier
concentration to the corresponding figure of merit at
several temperatures. This graph could be used to
optimize the carrier concentration at application
specific temperatures to achieve the maximum figure of
merit. Figure from 46.

These calculations for optimum carrier concentration could be used to
“grade” the material [46], and improve its performance in a thermoelectric module.
As previously mentioned, compound legs of a module can be made to take
advantage of materials that are better at particular temperatures. However, this is
only two materials. If the leg of the module could be engineered to have more than
2 materials or one material with an increasing gradient of charge carriers, this figure

could be improved even more. Clever device design would be necessary, because

diffusing the dopant across several millimeters of compound to get the graded
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material would be impractical. However, if this could be overcome, it could lead to
devices of greater efficiency.

This system was chosen for our present work because it matches several of
the criteria necessary for our research. We were looking for a lead telluride system,
with good thermal and electrical characteristics. More than that, it had to be a
system that could be sintered with a liquid phase sintering approach. Many good
lead telluride based systems exist now, such as PbTe/PbS and PbTe/PbSe, but for
the most part they possess phase diagrams that would not allow for liquid phase
sintering. They are either non-eutectic or have a liquid phase that would not work
since the section of the phase diagram containing the liquid phase is too narrow.
The PbTe/Ag:Te phase diagram has a large solid plus liquid phase on the lead
telluride side, allowing for many liquid phase configurations to be used. Further the
work of Pei, et al had shown the beneficial internal precipitation process that
lowered the thermal conductivity. So working with a Ag-rich liquid phase could lead
to composition conditions that would also promote internal precipitation during

processing.
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Figure 32. Phase diagram for the PbTe/Ag2Te system.
This system features a large S + L region, colored red,
which was a factor in choosing this system. Figure from

[12].

3. Experimental
Reduction of Particle Size:

Lead telluride was obtained from Sigma-Aldrich and silver telluride from
Fisher Scientific in the form of chunks. These were then separately ground in a
grinder from Janke and Kunkel. The resulting powder was then collected and mixed
into powder containing ten atomic percent silver (or not mixed for the undoped
sample). These powders were then placed in plastic Nalgene bottles with hexane
and zirconia milling media, and then ball milled. The undoped sample was milled

for 20 hours, and the doped sample was milled for 5 hours. The resulting powder
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was then sieved to separate it from the milling media, and allowed to dry. As much

of this as possible was performed in a fume hood to prevent lead contamination.

Pressing
The mixed powder was taken and placed into a circular pressing die,
diameter 10mm. This was then transferred to a Carver press, and was pressed at

521 MPa.

Heat Treatment

The pressed samples were placed in alumina crucibles, and placed into tube
furnaces with fused silica tubes and water cooled stainless steel end-caps. The
samples were then heated, to 650°C for the undoped sample and to 750°C for all
other samples under flowing argon to prevent oxidation of the samples. The furnace
ramp rate was 150°C per hour, and it was cooled at 150°C per hour. The “quenched”
sample and the “grid” sample were not cooled at these rates, instead the furnace
was shut off and the gas flow rate was increased to cool the sample at a much faster

rate.

Preparation for SEM

Samples were prepared for the SEM in one of two ways. Some were either
wrapped in a paper towel, then fractured using a razor blade and a hammer. Other
samples were mounted on a polishing die and then polished, using progressively

smaller diamond pastes down to a % micron diamond paste. The polishing was by
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hand, placing the paste on a piece of glass with a small amount of lubricant and

polishing against that.

Microscopy:

Fractured and polished samples were examined using a ZETA scanning
electron microscope. Multiple modes of scanning were used, including a secondary
electron mode to look at topography, a backscatter mode to look at different phases,
as well as energy dispersive spectroscopy to identify the various phases within the

material.

4. Results:

As mentioned in the Experimental section, all samples were subjected to the
same initial treatment, grinding, ball milling, sieving, cold pressing, and sintering
under flowing argon. Several samples were made. The first sample was an undoped
sample, to see what the microstructure of a “normal” sample would be when the
experimental procedures were applied. Doped samples were run with increasing
sintering times to see how the microstructure evolved with heating. Some samples
were subjected to a slow cool after the heat treatment, while others were cooled at
an increased rate to try and “freeze” the microstructure and achieve a greater
understanding of how the liquid phase behaved in the sample. All samples were
examined with a scanning electron microscope to see how the addition of silver

telluride and how differing heat treatments change the microstructure.
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Furthermore, an experiment was attempted to see how the liquid moved in a more

controlled grain sizes.

4.1 10-Hour Undoped Sample

The first sample that was produced for the study was an undoped sample of
PbTe to establish a microstructural baseline for the material. It was important to
understand how the material acts during sintering, to see areas that could be
improved. Bouad [48] laid out several processing conditions to choose from, from
which we chose the “mildest”. It involved pressing the material at 420 MPa, and
then heating at 650 °C for 10 hours. The resulting structure was studied by SEM of
fractured surfaces.

The fracture surface was relatively uniform, and as seen in Figure 33, it
contains uniform porosity. Though the porosity is present, there is also excellent

adhesion between the grains.
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Figure 33: Scanning electron microscope view of 10-
hour undoped sample fracture surface, 921 X
magnification. This image highlights extensive but
uniform porosity.

At higher magnifications, more information can be gleaned about the

microstructure. Large dihedral angles are displayed in Figure 34 which is

detrimental for achieving a dense ceramic microstructure.

46
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Figure 34: Scanning electron microscope image of 10-
hour undoped sample, 2.70 K X magnification. Of
particular note are the pores running parallel to the
sides of the grains.
From the SEM micrographs, clues can be deduced about how the material

fails under stress. Transgranular fractures are seen in Figure 35. This is consistent

with brittle fracture, which is logical for an intermetallic ceramic like PbTe.
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Figure 35: Scanning electron microscope image of 10-

hour undoped sample, 2.03 K X magnification. This

image illustrates transgranular fracture that occurs in
the material.

Throughout the microstructure, and seen in Figure 36 there are “holes” in the
middle of grains. These are trapped pores, which are the result of grain growth in a
sample. This also indicates that even after 10 hours, this is still in the early stages of
sintering,. Trapped pores are usually eliminated as sintering continues. The large
amount of porosity supports this theory as well, as does a study by Breschi and Fano
it was found that after 90 hours at this temperature the sample was still not “well
sintered” [49], making it unlikely that the sample in this study was well into the

sintering process.
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Figure 36: Scanning electron microscope image of 10-
hour undoped sample, 7.03 K X magnification. This
image is a good view of trapped pores and pores
running parallel to the grains

On the inside of larger pores the outside of grains was able to be visualized.

Surface faceting can be seen on the grains in Figure 37.

WD = 65mm  File Name = 10.24.12.ss.1 fracture1.41.tif Mag= 11.17 KX
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Figure 37: Scanning electron microscope image of 10-hour undoped sample, 11.17
K X magnification. An open area within the sample before fracture, showing high
degrees of surface faceting
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This faceting is most likely from surface diffusion. According to [36] this is
most likely the “Intermediate Stage” of sintering, since “the radius of the neck
between the particles has reached a value of 0.4-0.5 of the particle radius,” as they
appear to in the above micrographs. This analysis seems to be logical, as the
intermediate stage is where a sintered material spends most of its time. The
compact does not seem to be in the “Final Stage” of sintering. According to [36],
during the “final stage begins when the pores pinch off and become isolated at the
grain corners.” This does not appear to be uniformly the case, as many of the pores
are parallel to the long sides of the grains (this is particularly evident in Figure 34).

It was clear from this sample that without doping, long sintering times would
be needed (though this was done at a lower temperature than the doped samples
experimented on later). Furthermore, while some desirable characteristics were
found, particularly the uniformly good adhesion, there were several undesirable
characteristics in this sample, such as the high porosity and the fact that it was still

in the intermediate stages of sintering.

4.2. 1-Hour Unquenched Sample

A sample was produced with the powder processing conditions laid out in
the experimental section, and sintered for one hour at 750°C under flowing Argon,
and allowed to cool at the usual rate, while another, which will be talked about next
(Section 4.3), was also sintered for an hour and then cooled at a much faster rate. It

was then fractured and examined with SEM.
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The sample is distinctly different than the undoped sample from above. As
seen in Figure 38, there is porosity throughout, but it is not as uniform as the
undoped sample’s porosity. It does display a similar amount of densification as the
undoped sample did; it is sintered for 9 hours less, but at a slightly higher
temperature.
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Figure 38: Scanning electron microscope image of 1-

hour unquenched sample, 3.85 K X magnification. The

microstructure exhibits a similar amount of

densification and porosity to the undoped sample.

As seen somewhat in Figure 38, but more in Figure 39, the sample contains a

mix of large and small grains, whereas in the undoped sample the grains are all of a
similar size. Some grains in Figure 39 are very small and seem to have just started
necking. In Figure 39 pores do not seem to have formed yet, there are merely

spaces between the grains. From all of this, it seems that this is in a very early stage

of sintering.
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Figure 39: Scanning electron microscope image of 1-
hour unquenched sample, 3.85 K X magnification.
Micrograph showing some grains that appear to be

growing at a much faster rate than the grains next to
them.

In Figure 40 a developing grain boundary is seen. Itis as if the larger
particles are swallowing up the smaller particles, further evidence that this system
is still in the early stages of densification. This also could be caused by bimodal
grain growth. Areas of the green body that contain silver telluride particles will
form liquid at a faster rate, which could lead to enhanced sintering at those

locations. This could be what causes some grains to grow faster than others.
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Figure 40: Scanning electron microscope image of 1-
hour unquenched sample, 19.72 K X magnification. This
image shows a “snapshot” into the complex process of
grain growth.

All of these micrographs, and especially in Figure 41 seem to exhibit brittle
fracture. The grains themselves fracture into pieces, and not along the grain
boundaries. This shows that the system is well into the process of densification, if it
had been too early the grains would have separated from each other because they

did not have high adhesion.
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Figure 41: Scanning electron microscope image of 1-

hour unquenched sample, 4.45 K X magnification. The

sample shows clear brittle fracture, as well as bimodal

grain growth. The bimodal grain growth is likely the

result of a uneven liquid distribution allowing some

grains to grow faster than others.

During the accelerated grain growth associated with liquid phase sintering,

pores are often trapped during grain growth. This is very evident in Figure 42,
where there are many trapped pores in the interior of grains close to the grain
edges. As smaller grains are incorporated into the larger grains, the pores
associated with them can be incorporated into the grain as well. During the later
stages of sintering, these pores would be eliminated from the grain to reduce the

surface area of the sample, as one of the driving forces in sintering is the reduction

of the surface energy of the object.



. ATy z 4
EHT =13.00 kV Signal A = SE2 Date :1 Feb 2013
WD = 7.4mm  File Name = 2.1.12.fracturesurface.61.tif Mag = 10.35 KX

Figure 42: Scanning electron microscope image of 1-
hour unquenched sample, 10.35 K X magnification.
Many trapped pores are evident on the edges of the
grains. While trapped pores on the edges of grains exist
in during solid state sintering, the accelerated grain
growth associated with liquid phase sintering
exaggerates this phenomenon.

In Figure 43 The EDS scans for Figure 41 are shown. It is seen that tellurium
is abundant throughout the sample, and the silver is also diffuse throughout the
sample. There are some pockets that are silver heavy, but not many. The lead is

difficult to see, but the SEM lacked the proper maximum voltage to get a good gain

for lead.
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Figure 43: Electron dispersive spectroscopy images of 1

hour unquenched sample. Clockwise from top left:

Secondary electron image of the sample, EDS image

highlighting tellurium, EDS image highlighting silver,

EDS image highlighting lead

This sample showed large amounts of porosity, brittle fracture, a mixture of

grain sizes, along with evidence of necking and low grain adhesion all suggest that
this is in the early stages of sintering. The promising aspects of the sample are that
it has a similar amount of densification to that of the 10-hour undoped sample.

Though it was sintered at a slightly higher temperature, the sintering time was

much shorter and it allowed for a similar degree of densification.

4.3. 1-Hour “Quenched” Sample
In an attempt to learn more about how the liquid phase cools, a sample was

made with a much faster cooling time. As mentioned in the experimental section,
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this sample was cooled at a much faster rate than the others, and was then fractured
and examined with SEM and EDS.

As seen in Figure 44, the quenched sample looks different from the
unquenched one. The quenched sample had a much smaller grain size than the

unquenched sample did, as seen in Figure 44.
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Figure 44: Scanning electron microscope image of 1-
hour “quenched” sample, 4.31 K X magnification. This
image shows a wide distribution in grain sizes.

As will be seen later in the 2-hour sample, the sample behaves differently by
the macroscopic “pores” (Figure 45). The areas directly bordering these pores seem
to have experienced more densification than other regions within the sample. Shaw
[50] describes a model where a liquid phase during sintering fills smaller pores, as

opposed to large ones because there is a capillary pull that draws the liquid from the

larger pores to the smaller ones. Here, the liquid seems to have found these smaller
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pores, causing the increased densification. There was enough liquid here, that some
contrast is seen, even though the micrograph was taken in secondary electron mode.
In the three-hour sample (4.5), these darker phases were shown to be silver

telluride, which makes up the majority of the liquid phase.

. 0 o EHT=0.00 kv Signal A = 52 Date 22 Apr 2013 -
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Figure 45: Scanning electron microscope image of 1-

hour “quenched” sample, 3.50 K X magnification. This

image is a view into a “macro” pore seen in the sample.

As mentioned, the darker spots within the pore are

indicative of a silver telluride rich region.

The sample also seems to fracture differently than the unquenched sample.

The quenched sample exhibited entirely brittle intergranular fracture, while this
sample seems to exhibit a mix of transgranular and intergranular fracture Figure 46.
It is unknown what could cause this mode of fracture, since a semiconductor such as

lead telluride should be experiencing brittle fracture, though this is not what the

fracture mode appears to be.
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Figure 46: Scanning electron microscope image of 1-

hour “quenched” sample, 4.35 K X magnification. The

micrograph shows what appears to be a mix of

transgranular and intergranular fracture.

When an EDS analysis was performed on the area from Figure 46, shown in

Figure 47, the results were shown to be different from the unquenched sample. In
the unquenched sample, the silver was relatively evenly dispersed throughout the
sample. While silver seems to be present throughout the sample, it is concentrated
in many small “pockets” (as shown in Figure 47). Itis also seen that many of the
larger grains are mostly absent of silver. These are most likely grains that have

experienced large amounts of grain growth due to the assistance of the liquid phase,

and the silver will only stay in these regions to the solubility limit.
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Figure 47: Electron dispersive spectroscopy images of
1-hour “quenched” sample. Clockwise from top left:
Secondary electron image of sample, EDS image of the
silver in the sample, EDS image of the tellurium in the
sample, EDS image of the lead in the sample. The
arrows on the on the secondary electron image and the
EDS image of the silver highlight some of the large
grains in the sample with an absence of silver telluride.

Conclusions can be drawn from this data. In both cases, the samples are
heated to 750°C at 150°C an hour. The unquenched sample is cooled at 150°C, while
the quenched sample is cooled at a much faster rate. This slower cooling rate would
allow diffusion and sintering to continue to occur for the unquenched sample, as a
liquid phase would still exist above 690°C. In the unquenched sample, the liquid

phase would have approximately an extra half hour to work, and this difference is



61

seen in the EDS images of the two samples. In the unquenched sample, the silver is
shown to be well distributed (Figure 43). The quenched sample lacked this time for
the silver to diffuse throughout the sample, and the silver is seen to be in many
localized “pockets” (Figure 47). This could be useful in the future if this technology
was ever used as a thermoelectric. Once it was determined whether pockets of
silver or diffuse silver gave better thermoelectric performance, a suitable cooling

profile could be used to provide the necessary disposition of silver.

4.4, 2-Hour Sample
An alloyed sample was produced under the standard conditions for two
hours and then was fractured and examined under the SEM and the EDS. It was
done both to see if more information could be gleaned about the sintering
mechanism at two hours and in hope that the liquid phase could be tracked further.
As seen in Figure 48, from a wide area this sample would seem to have many

areas of low porosity, along with some macroscopic pores.
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Figure 48: Scanning electron microscope image of 2-
hour sample, 183 X magnification. Shows a wide view
of the sample.
When the denser areas of the sample are examined under a higher

magnification (Figure 49), they are clearly not fully dense. The grains of the sample

seem to be packed fairly close together, however they do not seem to be fully joined.
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Figure 49: Scanning electron microscope image of 2-

hour sample, 3.12 K X magnification. Image shows good

particle packing, but poor adhesion.

This would seem to be at either the initial or intermediate stage of sintering

[50]. Asseen in Figure 50 there are no clearly defined dihedral angles in the sample.
Furthermore, the sample has not densified to the point where the pores are
“isolated”, which generally occurs at the end of the intermediate stage [50], instead
they often seem to run parallel to the grains. The particles have small bridges

forming between them, which would seem to be indicative of the early stages of

necking.
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Figure 50: Scanning electron microscope image of 2-
hour sample, 5.89 K X magnification. This shows what
appears to be the early stages of necking in the material.

Further complicating the analysis is that some particles seem to be farther
along in the sintering process than others, as seen in Figure 51. The particles in the
middle of the image seem to have consolidated better than the particles on either
side. The grain size varies widely over the material, with large grains in the middle
of the image and in the upper right corner, and smaller grains spread throughout,
which supports the idea that this is still early in the sintering process. Furthermore,
Shaw (50) presented a model were the liquid phase during sintering preferentially
fills smaller pores over larger ones. These spots would then experience more grain

growth because they would have more liquid to assist in the sintering process. The

large distribution in grain sizes and amount of densification in Figure 51 would
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likely be the result of inhomogeneous pore size, and a resulting inhomogeneous

liquid distribution.
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Figure 51: Scanning electron microscope image of 2-
hour sample, 4.57 K X magnification. A mix of

intergranular and transgranular fracture is evident
here.

Evident in in the Figure 51 and especially in Figure 52 is a difference in how
the grains fracture. The grains that seem to be farther along in the sintering process
fracture in a transgranular mode, while the other grains show intergranular
fracture. Since PbTe is a brittle material, it is unlikely that the system is showing
some ductile behavior, though it is possible. It is also possible that the parts of the
material that are still in the earlier stages of sintering, and as such cohesion between
the grains is poor. This causes behavior that appears ductile under these

circumstances, but will likely vanish if a fully dense product is achieved.
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Figure 52: Scanning electron microscope image of 2-
hour sample, 8.61 K X magnification. This micrograph
highlights a mixture of grain sizes.
In somewhat of an oddity, the areas around the macroscopic pores seen earlier,

expanded in Figure 53, appear more densified than areas away from these

macroscopic pores.
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Figure 53: Scanning electron microscope image of 2-
hour sample, 1.18 K X magnification. This shows
surface of “macro” pores seem to the most densified
parts of the sample. The edges of the micrograph show
the areas away from the large pore, which do not
appear to be as densified.

As seen before, the silver telluride, upon changing to a liquid phase, would
“wick” into the smaller pores in the sample, and those parts would then experience
greater densification than the surrounding areas. These pores might be caused by
unusually high local concentrations of silver telluride after cold pressing, that would
then move into the surrounding pores, densifying those areas, but leaving large
pores behind.

EDS images were used when trying to find the liquid phase in the sample

(Figure 54). The EDS had some difficulty getting a good signal on the lead, but was

able to get good signals on both the silver and the tellurium. The scan showed that
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silver was distributed throughout the entire sample, but was concentrated at

several points.

Electron Image 1 Ag La1l

Te La1 Pb La1
Figure 54: Electron Dispersive Spectroscopy images of
the 2-hour sample. Clockwise from top left: Secondary
electron image of the sample, EDS image of the silver in
the sample, EDS image of the lead in the sample, EDS
image of the tellurium in the sample.
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Figure 55: Scanning electron microscope image of 2-
hour sample, 9.96 K X magnification. This is the SEM
image from figure 54, including a length scale for
reference.

This sample would seem to be at the early stages of sintering. The disparity
in grain growth, grain size, and the lack of evenly distributed silver telluride (though
the 1-hour unquenched sample did have diffuse silver telluride; the unquenched
sample did not) would lead one to think that this is still early in the sintering

process. The sample does possess some good qualities such as good particle

packing, but it is not a finished product yet.
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4.5. 3-Hour Sample

When viewed in the SEM, the microstructure of the sintered compact is shown
to be complicated. There are areas that contain large pores, as well as areas that have
very few pores (Figure 56). When examined with a backscatter detector, different
phases of the material are evident (Figure 57). With EDS, it is confirmed that the
darker phases are almost entirely Ag>Te and the light phases are mostly PbTe with

some Ag.

100 pm EHT = 20.00 kv Signal A = SE2 Date 17 May 2013
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Figure 56: Scanning electron microscope image of 3-
hour sample, 221 X magnification. This is a wide view
of the sample, showing dense regions as well as voids.
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Figure 57: Backscattered scanning electron image of 3-
hour sample, 853 X magnification. This shows porosity as
well as light and dark phases (lead telluride and silver
telluride respectively).
At “exposed” regions, such as inside of the large pores, the microstructure more

closely displays the liquid phase sintering history (Figure 58). Clear regions of silver

telluride and lead telluride can be distinguished by EDS spectroscopy.
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Figure 58: Electron Dispersive Spectroscopy images of
the 3-hour sample. SE2 (top left), BSD (top right), EDS
of the silver in the material (bottom left), and an EDS of the
lead in the material (bottom right). All are from an as-
sintered surface within the 3 hour sample.

In Figure 58 the dark regions on the BSD micrograph correspond with the silver
rich regions on the EDS. These regions are almost completely devoid of lead, showing
that they are silver telluride, not lead telluride doped with silver telluride. The EDS
shows some silver inside the lead rich regions, which supports the idea that silver
telluride is precipitating out into the lead rich regions, too. It seems that the lead
telluride forms grains with some silver telluride dissolved in, and is surrounded by a
silver telluride rich liquid.

When regions of the larger pores are examined more closely, as in Figure 59,

the microstructure is shown to be even more complex.
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Figure 59: Scanning electron microscope image of 3-hour sample, 2.43 L X
magnification. View of the inside of a large pore in the 3-hour sample.

In this area of the material, there are areas that are primarily silver telluride that
are seamlessly joined with lead telluride. A large number of ledges are present that
appear to cross uninterrupted from the lead telluride through the silver telluride and
back to the lead telluride. Also present are large numbers of small, triangular silver

telluride precipitates, as seen in Figure 60.
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Figure 60: Precipitates in the 3-hour sample. SE2 (L.) and

BSD (R.) images of silver telluride precipitates in a 3hr

sample.
4.6. “Grid” Sample

In the research performed on the PbTe/Ag2Te samples, it was difficult to

locate the liquid phase because the contrast was very faint, even in BSD mode. This
should be unsurprising, because there are so many variables involved with liquid
phase sintering: grain rearrangement, grain growth, matter transport, liquid phase
development, dissolution of the solute and precipitation of the solute to name a few.
To further track the liquid formation and motion, an experiment was designed to
reduce the number of variables involved. To do this, one sample was prepared
through cold pressing with the same PbTe/Ag2Te content as the others. Also, a large

chunk of pure PbTe was placed on top of the pressed PbTe/Ag2Te mixture, seen in

figure 61.
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Figure 61: Schematic representation of “grid” sample setup. The blue is the
pressed PbTe/Ag2Te mixture, while the red is the pure PbTe, with the cross
sectional on the left and top view on the right.

It was believed that this setup would give some control over how the
sintering happened. The sample was sintered for one hour at 750°C, with the goal
that the two pieces would fuse together. The pure PbTe would exist as one large
grain, which would swallow the smaller grains of the PbTe/Ag2Te mixture, allowing
some control over the grain growth. We would then be able to view the region
between the two with the SEM, and from the more controlled growth conditions be
better able to track the liquid phase.

After the sample was sintered, it was polished, and then viewed under the

SEM in backscattering mode with a wide view, the results seen in Figure 62.
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Figure 62: Border image between PbTe and AgzTe. This
“stitched” image of several pictures of the border
between the pressed PbTe/Ag2Te mixture (below the
red line) and the pure PbTe (above the red line). The
arrows represent the region that was examined more
closely, seen in Figure 63.

From this view of the border between the two parts of the sample, a section
was chosen for closer examination. Since this was aiming to track how the liquid
phase moved, a large area was chosen (between the two red arrows in Figure 62)
and this area was looked at in a grid pattern at high magnification, 3.17 K, with the
individual images overlapping. From there the images were “stitched” together, the

results seen in Figure 63.



Figure 63: A view of the
final product of
“stitching” the individual
micrographs. The blue
line represents the
probable border
between the 2 parts of
the sample. It can be
seen that the liquid (the
darker phase in the
backscatter images) does
not travel very far into
the pure PbTe. The
arrows highlight some of
the frequent and widely
distributed silver
telluride "pockets” in the
doped region of the
sample, in contrast to
how little silver telluride
was found in the pure
PbTe region of the
sample

77
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It can be seen that the amount of liquid phase varies throughout the sample. In the
area below the line, that of the PbTe/Ag2Te mixture, there is a large amount of silver
telluride, randomly distributed throughout the sample, which is consistent with

liquid phase sintering.

Figure 64: Close-up of the stitched image. The line
represents the boundary between the two sections, and
the arrows highlight various pockets of silver telluride
within the sample.

A closer view shows more about the sample, and the movement of the liquid
phase. The two top arrows show pockets of liquid that are trapped the zone that

previously was pure PbTe. According to Rahaman [50] during Ostwald Ripening
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during liquid phase sintering “smaller grains dissolve and precipitate on the larger
grains.” While this is happening, some of the liquid might be “trapped” by the grain
growth. The bottom arrow shows a pocket that is within the PbTe/Ag2Te mixture,
and it is reminiscent of other micrographs seen in this system, with lacey tendrils
and a random appearance. The region between the top and bottom arrows is the
“recrystallization region” and is characterized by an absence of liquid. In this
region, as the larger grains grew at the expense of smaller grains, and some of the

liquid was trapped in this large grained region.

5. Discussion

This study of the liquid phase during the sintering of lead telluride reveals a
complex process with significant advantages. When the undoped sample was
sintered, a long sintering time lead to a sample that was still early in the sintering
cycle. When Ag2Te was introduced to the system as a sintering aid and the
sintering temperature was raised slightly to ensure that it would melt it was found
that sintering occurred at a much faster rate.

The samples that were sintered with Ag2Te possessed several desirable
characteristics. The seemingly improved particle packing was one, as denser
ceramics typically have better electrical and mechanical properties. The shorter
sintering time could help thermoelectrics become more industry friendly. The
multiple phases revealed by the SEM backscatter detector and the EDS detector
are also promising, because of their potential to scatter phonons and lower the

thermal conductivity in the material. The structures seen in 60, which we believe
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to be nano-precipitates, are especially promising because of the results seen in the
literature for nano-precipitates for the PbTe/Ag2Te system. These features
develop as a result of the liquid-solid phase equilibrium condition that was
stabilized during the high temperature heating and the slow cooling that follows.

As seen in Figure 65, at 750°C there is both a liquid and a solid present, the liquid

having more silver than the solid phase does.
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50 40 30 20 10 0
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Temperature / °C

0 10 20 30 40 50 60
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Figure 65: Phase diagram of PbTe/Ag2Te showing how
the microstructure evolves during cooling. The red
arrows represent the lead telluride, and the green
arrows represent the silver telluride. Letters are added
for ease of reference, A for lead telluride from the solid,
B for silver telluride from the solid, C for lead telluride
from the liquid, and D for silver telluride from the
liquid. Figure adopted from [12].

As the system cools, there are several processes that take place. As the

solid cools, it is not able to have as much silver telluride (B) dissolved in it as it



81

would at high temperatures, so the silver telluride experiences internal nucleation,
leading to some as the triangular shapes that were seen in Figure 60.

The liquid phase cools to the eutectic point and separates into lead telluride
(C) and silver telluride (D) as it cools. Since the cooling happens slowly then the
lead telluride can plate out onto the existing solid grains leaving behind the
remaining silver telluride to precipitate on the surface. Lead telluride has the
rocksalt structure, while below 140°C silver telluride has a monoclinic structure
[51] which is closely related to that of PbTe, which may account for the relatively
continuous ledges going between the two phases with no discernable
morphological change. In an open environment, such as inside a large pore, at
high temperatures, the vapor and surface transport would be high, which could
allow for low energy structural growth, leading to the lead telluride and silver
telluride forming coherent structures.

While these characteristics are positive, this process is still in development.
The products were unable to develop into fully dense ceramics; they either were
without macroporosity but were highly porous on the micro-scale or they were less
porous on the micro scale but contained macroporosity. This is most likely
undesirable, and would need to be dealt with. Another more fundamental problem
was the difficulty with tracking the liquid phase in the sample. This proved to be far
more difficult than first envisioned. In the backscatter detector some contrast was
evident, but it was not as sharp as some of the contrast that was found in the

literature (see Figure 30). While we were able to identify small pockets of liquid in
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the final polished cross-sections, it was not possible to measure dihedral angles or
wetting of this liquid at the grain junctions.

While this study is ending, there are several things that could be done to
continue it. Further work should be done on densifying the sample. This could be
achieved by varying the amount of liquid generated during the heat treatment of the
material. Also, better understanding is needed on the effect of inhomogeneous
distribution of silver telluride after cold pressing on the sintering of the material.
While this could be possibly be achieved through longer milling times, it would be
difficult to quantify this. It would be valuable to see if a co-precipitation route
toward the powder, one that possibly would form a powder where a layer of silver
telluride surrounded each particle of lead telluride, would lead to better
densification during sintering. This could be more quantifiable, because it would
ensure an even distribution of the silver telluride. It is possible this could cut down
on the wicking phenomenon by having the silver telluride better distributed. A
narrower distribution of pore sizes could also cut down on this wicking effect, so a
route towards better powder packing in the pressing stages should be examined as
well.

Further work also needs to be done to better understand the liquid phase in
the sample. A high temperature ceramic, such as ZrO2 or Al203, in powder form
could be added in to act as a “marker” to trace where the liquid was going. The
thought behind the idea is that since these ceramics would not sinter at PbTe
temperature, so they would not join with the solid particles. However, due to

capillary action, if they were small enough they might move with the liquid. Then,
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using SEM imaging and EDS, these particles could be tracked to provide more
information about how the liquid moves in the sample. Several other more common
techniques could also be used to provide more information about the liquid phase.
Some work was done by the author using etches to try and discover the liquid
phase, but was met with limited success. Nonetheless, this is a technique that
should be pursued further. Also, more quenches should be looked at, to see if the
liquid phase can be “frozen,” and from it more information gleaned.

Though it was outside of the scope of this study, the thermoelectric
properties of these materials must also be examined. The secondary phases and
precipitates have the potential to be excellent at scattering phonons, and with
proper doping these sample could potentially modify the electronic properties as

well.

6. Conclusions

PbTe/Ag:Te was studied in an attempt to develop a liquid phase sintering
route towards dense, efficient thermoelectric materials. This process found mixed
results. The PbTe/Ag2Te samples appeared to sinter much faster than the PbTe
sample, and had dense areas, both of which are desirable. However, there were also
large, macroscopic pores in the PbTe/Ag2Te samples. Furthermore, one of the main
goals of this study was to track the liquid phase in the sample, which was also met
with mixed results. While some contrast was found with the backscatter detector,
and that contrast was identified with the EDS to be silver rich, true tracking of the

liquid phase was not achieved.



84

This study had many promising aspects, and it is the belief of the author that
the general program in PbTe sintering should be continued. The much improved
rate of densification vs solid state sintering could provide an industry-friendly way
of producing mass amounts of thermoelectrics in a short amount of time, with
potentially desirable thermoelectric and mechanical properties. The silver telluride,
which was partly dissolved into the grains, formed second phases including tiny
intergranular precipitates that are promising for lowering thermal conductivity.

As conventional energy sources become increasingly problematic and more
expensive, it is important to develop alternative methods to power our modern
world. Thermoelectrics could help fill that role, particularly in the area of waste
heat recovery. Thermoelectrics are not the “silver bullet” in the quest towards
alternative energy, but in truth, this bullet is non-existent. By coming to rely so
heavily on so few energy sources in the 20t century, humanity became vulnerable
to losing its way of life one day as these sources become increasingly scarce. A
diversified approach to energy policy, an approach that embraces solar, wind, and
many other techniques, including thermoelectrics, could prevent this from
happening again. Hopefully, through the continued study of thermoelectrics, this

goal may be brought closer to fulfillment.
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