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Eutectic Microstructure and Thermoelectric Properties of Mg-Sn
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Ingots of undoped and Ag-doped MgoSn were prepared from the melt using a
rocking Bridgman furnace at different cooling rates: slow cooling (0.1 K/min),
moderate cooling (1 K/min), and rapid quenching. The ingots show very dif-
ferent microstructure and thermoelectric properties. Slow-cooled ingots con-
sist of large MgoSn crystals with minor inclusions. Moderate-cooled ingots
show significant variation in composition and microstructure, with Mg-rich
material at the topmost section of the ingot and Sn-rich material at the bottom
surface of the ingot. Rapid quenching results in ingots with finely dispersed
Mg + MgsSn eutectic microstructure in the form of lamellae 200 nm to 500 nm
in thickness. Measurements of the Seebeck coefficient and electrical conduc-
tivity in the temperature range of 7= 80 K to 700 K were carried out to
establish correlations between the microstructure and the thermoelectric

properties.
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INTRODUCTION

The Mg,X (X = Si, Ge, Sn) semiconductor com-
pounds and their solid solutions have received
attention as potential high-performance thermo-
electric materials since the 1950s, and numerous
investigations have been carried out regarding the
electrical, optical, and thermal properties of
Mg,X.'® Recent work” has shown that ZT ~ 1.1
can be achieved in MgySi;_,Sn, solid solutions pre-
pared by direct co-melting. Other 8preparation
methods such as mechanical alloying,” solid-state
reaction,” spark plasma sintering,'® and hot press-
ing''? have also been used.

There have been very few detailed reports, how-
ever, on the microstructure of Mg,X compounds and
their solid solutions. Due to the high vapor pressure
and chemical reactivity of Mg, it is very difficult to
obtain single-phase Mg,X material, because unin-
tentional inclusions can be introduced very easily by
the above preparation methods. According to the
effective-medium theory by Bergman and Levy,'?
the thermoelectric figure of merit Z of a two- or
multicomponent composite can never exceed the
largest Z of each component of the composite.
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However, as shown theoretically by Bergman
and Fel' and experimentally by Heremans and
Jaworski,'® it may be possible to enhance the power
factor if the components are a “high-quality ther-
moelectric” and a “benign metal.”

This paper is an extension of our earlier wor
to systematically investigate the crystal growth,
microstructure, composition and doping, and ther-
moelectric properties of the MgoX compounds. Here
we focus on the diverse microstructure of Mg,Sn
ingots grown from the melt at different cooling
rates. The influence of the eutectic structure and
secondary precipitates on the thermoelectric prop-
erties of pure and Ag-doped (p-type) MgySn are
investigated and analyzed.

k16—18

EXPERIMENTAL PROCEDURES

Five ingots of undoped and Ag-doped MgySn were
prepared from the melt at different cooling rates.
High-purity Mg (4 N), Sn (6 N), and Ag (3 N) were
mixed with the desired atom ratio (Table I), then
placed in a high-purity graphite or boron nitride
crucible (with screwed cover) and sealed in a fused
quartz ampoule under a mixture of Ar and H, gases
at 0.8 MPa. The sealed quartz ampoule was sus-
pended in the hottest zone of a vertical Bridgman
tube furnace which has a sharp temperature
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Table I. Sample ID, nominal composition, sample position in the ingot, and preparation conditions

Sample Source Ingot and Sample Location

Ingot 1, middle/bottom
Ingot 2, middle/bottom
Ingot 3, bottom
Ingot 4, bottom
Ingot 4, middle/top
Ingot 5, middle/top

U WD
o >

Nominal
Composition

Mg:Sn at.% Ag Cooling Rate (K/min)
2.05:1 0 0.1

2.05:1 1 0.1

2.06:1 0 1.0

2.06:1 1 1.0

2.06:1 0 Quenched

gradient toward the bottom. When the temperature
of the furnace reached 1073 K, the system was held
there for 1 h, and the furnace was rocked from the
vertical to the horizontal position once every 5 min.
Following this procedure the tube furnace was held
at the vertical position and the quartz ampoule was
either lowered through the temperature gradient at
a fixed cooling rate or was dropped into a container
of water to quench the melt.

For the slow-cooled ingots (0.1 K/min) we used
BN crucibles. During the lengthy processing a small
amount of Mg vapor escaped via the BN screwed
cover and reacted with the inner wall of the quartz
ampoule, producing a thin layer of MgO + Si. For
the ingots prepared at a moderate cooling rate
(1 K/min) or by quenching we used graphite cruci-
bles which are much cheaper to produce than ones
made of BN. Although the processing time was
shorter, the loss of Mg vapor during melting was
quite apparent, and we compensated this loss by
adding up to 3 at.% excess Mg to the charge prior to
melting. Samples for characterization were cut from
each ingot using a diamond saw. The sample ID,
source ingot, nominal composition, and cooling rate
are summarized in Table 1.

The Mg-Sn binary phase diagram indicates that,
when the melt is nonstoichiometric and not cooled
at slow enough rates, the eutectic phase
MgoSn + Mg forms at 834 K if the melt is Mg rich,
and the eutectic phase MgoSn + Sn forms at 476 K
if the melt is Sn rich.'® Our previous work has
revealed that Mg,Sn ingots grown at a slow cooling
rate have nearly perfect stoichiometry except at the
top end of the ingots, where minor amounts of free
Sn were observed.:lé By contrast, Mgy,Sn ingots
grown at a moderate cooling rate show greater
inhomogeneity in composition and microstructure,
with the middle of the ingot being near-single-phase
Mg,Sn, the bottom surface being rich in Sn, and the
top section containing regions of the MgsSn + Mg
eutectic structure.

The microstructure and thermoelectric properties
of undoped and Ag-doped MgySn samples cut
from the middle section of moderate-cooled ingots,
which is near-single-phase Mg,Sn with randomly
dispersed MgoSn + Mg eutectic structure, have

been discussed previously.'® Here, we focus on the
influence of larger amounts of metallic inclusions of
free Sn and Mg, and the MgsSn + Mg eutectic
phase, on the thermoelectric properties by studying
samples that were cut from different sections of the
ingots, as indicated in Table 1.

The crystalline structure of the samples was
investigated using a Philips X’Pert PRO x-ray dif-
fractometer with Cu K, radiation (wavelength
A =0.154 nm). The microstructure was studied
using a JEOL JSM-5400 field-emission scanning
electron microscope (SEM) fitted with an energy-
dispersive x-ray (EDX) spectrometer. Measure-
ments of the Seebeck coefficient S and the electrical
conductivity ¢ were done on samples about 2 mm x
3 mm x (12 mm to 15 mm) using a cryostat for
T=80K to 300 K and a vacuum furnace above
300 K. The electrical conductivity ¢ was measured
by the four-point probe technique, and the Seebeck
coefficient was measured using chromel-constantan
thermocouples and copper voltage probes. Each
measurement was carried out for both rising and
falling temperatures in the range of 80 K to 700 K.

RESULTS

Figure 1 shows typical x-ray diffraction data of
coarse powder derived from ingots 1 to 5. The
ingots grown at the slow cooling rates (1 and 2) are
seen to be single-phase Mg,Sn. Ingots 3 and 4,
grown at moderate cooling rate, show additional
diffraction peaks due to free Sn at the bottom
section and free Mg at the top section of each ingot.
Full pattern semiquantitative analysis using the
X’Pert HighScore Plus software yields the content
of excess Sn as 2 wt.% and 4 wt.% in sample 3
and 4A, respectively, and of excess Mg as 2 wt.%
and 8 wt.% in samples 4B and 5, respectively.

Representative SEM micrographs of selected
areas from each sample chosen for semiquantitative
compositional analysis by EDX are shown in Fig. 2.
The undoped sample 1, prepared at a slow cooling
rate, is single-phase MgoSn (Fig. 2a), while
sample 2, doped with 1 at.% Ag, contains randomly
dispersed particles of MgAg (Fig. 2b). Sample 3
(Fig. 2¢) contains randomly distributed free Sn



1794

+ Mg,Sn
a Sn
o Mg

= .

< | Sampl

= amples .

g J s | . s e

S 5 | 099 X N S S ¢

4B |00 i N VU S
_%_J AA‘%J_%EJ\A AL_LAA }\_J\

3 4% VS SV W
2 J &\ oo J Y
|||||1|||||1;J|Lﬁ}|||l ||||||||| llnnthxA\AAlnllnAmAI: |||||| J}ﬁj‘ xxxxxxx
10 20 30 40 50 60 70 80

Fig. 1. X-ray diffraction spectra of crushed powder derived from
ingots 1 to 5.

particles. The bottom section of ingot 4 (sample 4A)
contains some free Sn, and at places small inclu-
sions of a third phase (Fig. 2d); EDX analysis indi-
cates that this third phase has the atom ratio
Mg:Sn:Ag = 21:23:57. It has been reported that a
Sn-Ag-Mg ternary alloy system has a eutectic
temperature of 462 K where the transformation,
liquid — f-Sn + MgySn + AgsSn occurs.?’ Thus the
third phase in Fig. 2d might be a Mg-rich AgsSn
alloy, formed by the dissolution of Mg atoms into the
AgsSn phase. The top section of the same ingot
(sample 4B; Fig. 2e) contains large regions of free
Mg that are in intimate contact with a fine eutectic
structure identified by EDX to be Mg + AgMgs.
Figure 2f compares the EDX spectrum of the MgsSn
phase with the spectra of the three selected areas I,
II, and III indicated on the SEM images and iden-
tified as MgAg, Mg-rich AgsSn, and AgMgs,
respectively. The formation of these inclusions
suggests that only part of the added silver is incor-
porated as dopant in the MgsSn 8phase. Hall mea-
surements from our earlier work'® show that, when
the Ag content in the starting materials exceeds
0.25 at.%, the carrier concentration tends to satu-
rate at n ~ 6 x 10'° cm 3. Figure 2g and h shows
the microstructure of the quenched sample 5. Here,
the MgoSn + Mg eutectic phase is dominant and it
is interconnected, so that the pure MgySn phase
occurs as large islands while the eutectic phase
consists of domains of aligned lamellae of thickness
200 nm to 500 nm.

Figure 3 shows the temperature dependence of
the Seebeck coefficient S from 80 K to 700 K for the
five samples. Each sample was measured for both
rising and falling temperature; the arrows indicate
the direction of the temperature sweep. Regarding
the undoped samples (Fig. 3a), samples 3 and 5
show some displacement in data after reaching the
highest measurement temperature, which suggests
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that there are measurable changes to the micro-
structure, composition, and/or the Ag-dopant dis-
tribution occurring during the high-temperature
excursion. Subsequent cycling to the same high
temperature did not yield further measurable
changes in the Seebeck coefficient nor in the other
transport properties. The S(T) behavior of sam-
ples 1 and 3 is typical of undoped or lightly doped
p-type MgoSn semiconductors, where at low tem-
perature the material is extrinsic and transits to
thermally activated intrinsic conduction at higher
temperatures.?! The presence of about 2 wt.% free
Sn in sample 3 compared with the nominally stoi-
chiometric sample 1 decreases the S(T) peak. The
S(T) behavior of sample 5 is metal like, most likely
due to the threading Mg lamellae of the intercon-
nected MgoSn + Mg eutectic structure. When ingots
are doped with 1 at.% Ag, the samples show p-type
S(T) behavior that is characteristic of heavily doped
semiconductors (Fig. 3b).

From the doped ingots we note that sample 4A
(4 wt.% excess Sn and a small amount of AgsSn)
and sample 4B (2 wt.% excess Mg and minor Mg +
AgMgs; eutectic) have lower S values than sample 2
(single-phase MgoSn with finely dispersed MgAg).
Similarly, from the undoped ingots we note that
sample 3 (single-phase MgoSn with dispersed Sn
particles) and sample 5 (metal-like interconnected
MgySn + Mg eutectic phase with large MgsSn
islands) have lower S values in the extrinsic region
than sample 1. These differences can be explained by
the effective-medium theory of Bergman and Levy,*?
according to which it is argued that the effective
Seebeck coefficient of a two-component bulk com-
posite must lie between the Seebeck coefficients of
the two pure components. We also note that the
Seebeck curves for samples 1, 2, and 4B are repro-
ducible with temperature cycling while those of the
Sn-rich samples 3, 4A, and 5 are displaced by a
positive term during falling temperatures. We
believe that this change in the Seebeck coefficient
results from the loss of Sn (melting point 505 K) and
possible recrystallization of the Sn phase. Indeed,
small droplets of Sn were observed on the surface of
sample 4A at the end of the measurements.

The temperature dependence of electrical con-
ductivity ¢ for the undoped and Ag-doped samples is
shown in Fig. 4a and b, respectively. It can be
observed from Fig. 4a that, below 400 K, the elec-
trical conductivity of sample 3 is higher than that of
sample 1 but they tend to merge at higher temper-
atures with the onset of intrinsic conduction.
Sample 5, which is metal like, shows much higher
electrical conductivities over the entire temperature
range as the MgySn + Mg eutectic structure domi-
nates conduction. The three Ag-doped samples
(Fig. 4b) have similar ¢(T") curves, but the Sn-rich
sample 4A and the Mg-rich sample 4B show much
higher values than the undoped sample 2. The o(T)
curve of sample 4A at falling temperature differs
from the curves o(T) at rising temperature. A small
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Fig. 2. SEM images and EDX spectra of Mg,Sn ingots: (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4A; (e) sample 4B; (f) EDX
spectrum of Mg,Sn and selected areas |, Il, and |ll indicated on the SEM images, and showing the material’s composition in at.%; (g) and (h)

sample 5.

difference is also seen in the Seebeck data (Fig. 3b),
which suggests that, once the sample temperature
exceeds the melting temperature of Sn, the initial
interconnected free Sn that is embedded in the
matrix begins to disperse and then recrystallize

more randomly and thus the sample conductivity
decreases as the temperature is lowered.

The thermoelectric power factor, P = «%, calcu-
lated from the measured values of « and o, is
shown in Fig. 5. The undoped samples (1, 3, and 5)
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Fig. 3. Temperature dependence of the Seebeck coefficient of
Mg.Sn ingots: (a) undoped samples, and (b) Ag-doped samples. The
arrows indicate the direction of the temperature sweep: — for rising
temperature and « for falling temperature.

have very low power factors, with samgle 3 having
a peak value of 0.75 x 102 W/m/K® at 180 K.
Although the Ag-doped samples (4A and 4B) con-
tain small amounts of excess Sn or Mg, they have
higher P values than sample 2 (which is also doped
with the same Ag content), with sam}z)le 4B
reaching a peak value of 4.5 x 1072 Wm/K? in a
wide temperature range of 350 K to 600 K. This
suggests that the increased electrical conductivity
(Fig. 4b) due to the metal-like Mg inclusions
(Fig. 2e) outweighs the effect of the lower Seebeck
coefficient (Fig. 3b) and thus causes the observed
enhancement of the power factor. Based on the
thermal conductivity values presented in our
companion paper®? and the values measured above
300 K,** x = 4.5 Wm/K to 5 Wm/K at 400 K to
600 K for MgoSn samples doped with 1 at.% Ag, we
estimate ZT .« = 0.45 for sample 4B.

CONCLUSIONS

Undoped and Ag-doped (p-type) ingots of the
thermoelectric compound Mg,Sn were prepared
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Fig. 4. Temperature dependence of the electrical conductivity of
Mg.Sn ingots: (a) undoped samples, and (b) Ag-doped samples.

using a rocking Bridgman furnace. The diverse
microstructure of the Mg,Sn ingots grown from the
melt at different cooling rates (slow, fast, and
quenched) and its influence on the thermoelectric
properties were investigated and analyzed.
Slow-cooled (0.1 K/min) ingots are single-phase
Mg,Sn, while the ingots cooled at a faster rate
(1 K/min) show significant variation in composition
and microstructure, with Mg-rich material at the
topmost section of the ingot and Sn-rich material at
the bottom section of the ingot. Apart from its role as
a p-type dopant, the addition of silver to the melt
leads to the incorporation of minor inclusions of
AgsSn and AgMg; in the ingots. Rapid quenching of
the melt results in ingots with dominant MgsSn +
Mg eutectic phase with isolated Mg,Sn material
where the eutectic consists of regions of partly
aligned lamellae, 200 nm to 500 nm in thickness.
Measurements of the thermoelectric properties
from about 80 K to 700 K show that the presence of
excess Sn or Mg decreases the absolute values of the
Seebeck coefficient but causes the electrical con-
ductivity to increase. The net effect of a small
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Fig. 5. Temperature dependence of the power factor: (a) undoped
samples, and (b) Ag-doped samples.

amount of finely dispersed inclusions leads to
enhancement of the power factor, while larger
amounts of free Mg or Sn or Mg,Sn + Mg eutectic
can form interconnected microstructures which,
while causing the electrical conductivity to increase,
also lower the Seebeck coefficient and thus lead to
a lower power factor. However, it is possible to dis-
perse these coarse inclusions by powder metallurgy

followed by hot pressing to produce bulk material
with nanoscale grain size and containing a large
concentration of submicron inclusions of metal-like
and semiconducting secondary phases which would
be effective in scattering phonons,?* i.e., decreasing
the thermal conductivity, thus greatly enhancing
the figure of merit.
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