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Mg,(Si,Sn) compounds are promising candidate low-cost, lightweight, non-
toxic thermoelectric materials made from abundant elements and are suited
for power generation applications in the intermediate temperature range of
600 K to 800 K. Knowledge on the transport and mechanical properties of
Mg,(Si,Sn) compounds is essential to the design of Mgs(Si,Sn)-based ther-
moelectric devices. In this work, such materials were synthesized using the
molten-salt sealing method and were powder processed, followed by pulsed
electric sintering densification. A set of Mgs 08Sig 4_SngeSb, (0 <x <0.072)
compounds were investigated, and a peak ZT of 1.50 was obtained at 716 K in
Mgs 08510.3645N0.65bg 036. The high ZT is attributed to a high electrical con-
ductivity in these samples, possibly caused by a magnesium deficiency in the
final product. The mechanical response of the material to stresses is a function
of the elastic moduli. The temperature-dependent Young’s modulus, shear
modulus, bulk modulus, Poisson’s ratio, acoustic wave speeds, and acoustic
Debye temperature of the undoped Mgo(Si,Sn) compounds were measured
using resonant ultrasound spectroscopy from 295 K to 603 K. In addition, the
hardness and fracture toughness were measured at room temperature.

Key words: Thermoelectrics, Mgo(Si,Sn), transport properties, mechanical
properties

INTRODUCTION

The thermoelectric effect is one basic type of solid-
state energy conversion in which heat can be
directly converted to electricity or heating/cooling
can be achieved by applying a current through cer-
tain materials without any moving parts involved.
An important application of thermoelectrics is col-
lecting waste heat for power generation purposes.’
It has been predicted that a 10% to 20% increase
in fuel economy could be achieved in automobiles
by using thermoelectric devices to collect exhaust
heat.? Radioisotope thermoelectric generators
(RTG) have been used in satellites as well as
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deep-space exploration missions such as the Cassini
probe to collect heat from radioactive decay to gen-
erate electricity to power electronic devices on board.?

The efficiency of thermoelectric energy conversion
depends on a material’s properties and can be
evaluated by the dimensionless figure of merit Z7"

2
ZT:S—KGT7 1)

where S, o, and x are the Seebeck coefficient, elec-
trical conductivity, and thermal conductivity of the
material. Generally, ZT = 1 is the benchmark for
good thermoelectric materials. Materials such as
BisTes-based (ZT ~ 1.3)* and PbTe-based (ZT =~
2.2)° materials have been found to exhibit excellent
thermoelectric properties.
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Intensive research has been conducted on
Mg,(Si,Sn)-based thermoelectric materials recently,
due to their thermoelectric properties, which are
comparable to some of the best known thermoelec-
tric materials, the abundance of their constituent
elements, and their low mass densities. Commonly,
Mgy(Si,Sn)-based thermoelectric materials refer to
the solid solution formed between Mg,Si and
MgoSn, both of which have the same antifluorite
crystal structure. The lattice thermal conductivity x
can be greatly reduced in such solid-solution phases
compared with single MgsSi or MgsSn phase
throubgh alloy scattering of heat-conducting pho-
nons.®® The bandgap of the solid-solution phase can
be engineered by adjusting the Mg,Si/MgsSn ratio
to achieve convergence of the light and heavy con-
duction bands, leading to a high Seebeck coefficient.”*°
The electrical conductivity of undoped Mgo(Si,Sn)-
based materials is poor but can be improved by doping.
The reported ZT values of Mgy(Si,Sn)-based materials
are generally in the range of 0.9 to 1.25,%713 in which
Sb or Bi is commonly used as a dopant and the Mg/Si/
Sn ratios are carefully adjusted to yield the maximum
ZT.

Understanding the temperature-dependent mecha-
nical properties of these Mg»(Si,Sn)-based materials is
as important as optimizing the ZT value, if the mate-
rials are to be made into practical devices; For exam-
ple, the thermal gradient required for a thermoelectric
material to function also imposes a stress, A, associ-
ated with the difference between the hot-side tem-
perature, T}, and the cold-side temperature, T4,
where A may be estimated as'* !¢

E(T)

AT

O‘(T) (Thot - Tcold) p (2)

where E(T), w(T), and o(T) are the temperature-
dependent Young’s modulus, Poisson’s ratio, and
linear coefficient of thermal expansion, respectively.
Especially in waste heat recovery operations, the TE
materials also experience thermal transients due to
cold startups and hot shutdowns. The maximum
surface stress, Anax, due to these transients can be
approximated as'*'°

E(T)

Amax = 1——,M(T)“(T) . (Tl - Toc) f(Bl)7 (3)

where (T} — T.,)is the quench temperature difference
and f{Bi) is a function of the dimensionless Biot mod-
ulus, Bi. The Biot modulus is in turn defined as
Bi = ah/k, where a is the characteristic specimen
dimension, A is the surface heat transfer coefficient,
and « is the thermal conductivity.'*¢ In addition, in
Eq. 2, if one replaces the thermal strain term,
(T Thot — Teorqa) with the mechanical strain, then one
can also express the stresses imposed by mechanical
sources (such as vibration) in terms of E and pu.

In addition to the analytical expressions for stress,
such as Eqgs. 2 and 3, numerical stress calculations
also require elasticity data; For example, E and p are

required to construct the stiffness matrix for finite-
element computations of either thermally or
mechanically imposed stresses.'”1®

In addition to the elasticity, other mechanical
properties such as the hardness and fracture tough-
ness are also important, since hardness is an indi-
cation of the susceptibility of a material to damage by
abrasion during processing or use'® and toughness
is a measure of a material’s resistance to crack
growth.?’ Although the mechanical properties are
important to the design and implementation of
thermoelectric devices, in general the literature data
on thermoelectric materials are very limited and
there are no data available on the elastic moduli,
hardness or fracture toughness of Mgs 0gSip 4Sng g.

In this research, we utilized two of the most time-
efficient processing methods to make Mgy(Si,Sn)-
based materials, namely the flux-sealing synthesis
method'? and the 2pulsed electric current sintering
(PECS) technique.”! We were able to synthesize the
materials with a yield of ~65 g/run. The nominal
Si/Sn ratio was chosen to be 0.4/0.6 based on litera-
ture regarding the band-structure engineering of the
compounds and the pseudobinary phase diagram of
the Mg,Si-Mg,Sn system.®” The optimal Mg content
was determined through trial and error to be 2.08,
which was used to compensate for the loss of Mg
during synthesis. The Sb content was adjusted, and
the Sb-concentration-dependent properties of the
Mgz 08510 4_Sng gSb, materials were then systemat-
ically investigated. The mechanical properties of the
undoped Mgs 0sSip4Sngg sample were evaluated
from 295 K to 603 K.

EXPERIMENTAL PROCEDURES
Materials and Specimen Preparation

Mgzl()gSi()A,xSl'lo'Gbe (x = 0, 0012, 0024, 0036,
0.048, 0.060, and 0.072) compounds were synthe-
sized using the B5O3 flux synthesis method in air in
a box furnace.'® Stoichiometric amounts of elemen-
tal Mg (99.8%), Si (99.9%), Sn (99.95%), and Sb
(99.999%) powders were purchased from Alfa Aesar.
The powders were weighed and homogeneously
mixed in Al;Oj3 crucibles purchased from Almath
Crucibles Ltd. Excess Mg was used to compensate
for the loss of Mg during the succeeding synthesis
and sintering process. The mixture was compacted
and covered by a graphite foil. BoO3 powder was
placed on top of the graphite foil and gently pressed
before the alumina crucible was transferred from an
argon-filled glovebox to a box furnace which was pre-
heated to 700°C. The mixed powders were annealed at
700°C for 12 h in air. After the material had natu-
rally cooled to room temperature, the alumina cru-
cible was broken to separate the BoO3 seal from the
cast ingot. The cast ingot was ground using an agate
mortar and pestle in a glovebox flushed with flowing
argon gas. The ground materials were passed
through a 53-um sieve. The sieved powders were
densified using a PECS system at 30 MPa and
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700°C for 15 min in a 304 stainless-steel die with
inner diameter of 12.7 cm.

Specimen Characterization

The sample powders were characterized using a
Rigaku MiniFlex x-ray diffractometer with a Cu K,
radiation source. Energy-dispersive x-ray (EDX)
analysis was done on pieces cut from the densified
pellets, using a JEOL 7500F field-emission scanning
electron microscope (Oxford EDS). The density (pg) of
the pellets was measured by the Archimedes method
using ethanol at room temperature. A Netzsch
DIL 402 C dilatometer with a heating rate of 5 K/min
was used to measure the linear coefficient of expansion
of the sample from room temperature to 723 K, and
the temperature-dependent density was calculated as

P = po/ (1 + 32AT). @

Transport Property Measurements

The thermal diffusivity (D) of the samples was
measured using a Netzsch LFA 457 system. The
specific heat (C,) was measured using the same
system with stainless steel as a reference material.
The thermal conductivity was then calculated as

k=D-p;-Cp. (5)

The temperature-dependent electrical conductivity
and Seebeck coefficient were measured using a ZEM-3
system (ULVAC Technologies, Inc.). The tempera-
ture-dependent carrier concentration and Hall
mobility were measured using a laboratory-built Hall-
effect apparatus®® with a Hall-bar configuration.

Mechanical Property Measurements

The room-temperature hardness, H, and fracture
toughness, Kc, were measured by Vickers indenta-
tion on undoped Mgs; 05Sig 4Sng ¢ samples. Polished
specimens were indented 10 times each with 0.98 N,
1.96 N, 2.94 N, and 4.90 N loads using a microh-
ardness tester (HMV-2000; Shimadzu, Kyoto,
Japan) calibrated with a steel hardness standard
(761-048; Yamamoto Scientific Tool Laboratory Co.,
Ltd., Japan). The hardness, H, was determined
using the equation

1.854P

where P is the indenter load and 2a is the diagonal
indentation length.?® The fracture toughness, Kc,
was determined from the radial crack length of the
indentations, 2¢, using the equation

&(E/H)
Ke="@m —

(7
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where E is the Young’s modulus and ¢ is a dimen-
sionless constant assumed to be 0.016 based on
previous study.?°

The elastic moduli, longitudinal acoustic wave
speed vy, and shear acoustic wave speed vg were
determined over the range from room temperature
to 603 K by resonant ultrasound spectroscopy (RUS)
using commercial instrument (RUSpec; Magnaflux
Quasar, Albuquerque, NM, USA).

The Debye temperature, 0p, was calculated using
the Anderson approximation

h {&INA;)] 1/3V

Op = ——
D= l4n M

C))

where A is Planck’s constant, kg is Boltzmann’s
constant, N, is Avogadro’s number, p is the mass
density, M is the molecular weight, and g is the num-
ber of atoms per formula unit. The average acoustic
velocity, vy, was calculated from vy, and vg as®

1f2 1]\
UM = (g [@JFE]) . 9

High-temperature elastic moduli were measured
by RUS using high-temperature transducers within
a furnace with flowing Ar-4%H, gas. The furnace
was heated to 303 K, then to 603 K in 30-K incre-
ments. At each temperature increment, the speci-
men was held at temperature for at least 5 min
before the RUS measurement. Correction for the
change in specimen dimensions as a function of
temperature during high-temperature -elasticity
measurements was made using the coefficient of
thermal expansion obtained from the Netzsch
DIL 402 C dilatometer measurements mentioned
above. Additional details of the RUS experimental
procedure are provided elsewhere.?*27

RESULTS AND DISCUSSION

The densities of the samples were found to be
3.01 g/cm? to 3.24 g/cm?, and the linear coefficient of
expansion was measured to be o =20 x 10"%K
from room temperature to 723 K.

EDX Analysis

Two batches of samples were made, and the EDX
results are presented in Table I. The carbon and
oxygen signals were excluded from the raw EDX
spectra. The samples for EDX analysis were ran-
domly taken from pieces cut off from PECS-densi-
fied pellets.

Table I shows that the materials are Mg deficient,
despite the excess Mg added to the starting mate-
rial. The Si content was also less than the nominal
content, while the Sn and Sb contents exceeded the
starting composition. This could be due to material
loss through sublimation, or from nonuniformities
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Table I. EDX-characterized composition of Mgy ¢gSig.4—»Sng ¢Sbh, samples
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in the resulting ingot since the interface between
the B,O3 and the Mgs 08Sig4_Sng eSh, compound
was removed prior to powder processing.

The results presented in the rest of this paper are
from the second batch of samples (Table I), with the
data labeled according to the nominal compositions.
The effect of the Mg loss is discussed at the end of
the transport property discussion.

Powder x-Ray Diffraction Spectra

The as-synthesized ingots were ground and
scanned in the x-ray diffractometer before being
sintered by PECS. The densified pellets were
ground into powder form after the transport prop-
erty measurements and scanned in the x-ray dif-
fractometer again. The x-ray diffraction spectra of
the powders before and after PECS processing are
shown in Fig. 1.

All the x-ray diffraction spectra indicate the for-
mation of the MgySi—Mg,Sn solid-solution phases
compared with the standard diffraction spectra of
Mg,Si and MgoSn. In some of the as-synthesized
samples, diffraction peaks from unreacted Mg were
found, but such impurity peaks were eliminated
after the PECS process. For some of the as-synthe-
sized powders, characteristic peaks were accompa-
nied by a close secondary peak shoulder, possibly
indicating incomplete mixing of the MgsSi and
Mg,Sn phases. After grinding and PECS processing,
no secondary peaks were observed and a single
solid-solution phase was obtained.

Transport Properties

The temperature-dependent electrical conductiv-
ity, Seebeck coefficient, power factor, thermal con-
ductivity, and ZT value of the Mgy 0gSig 4_,Sng gSb,
(x =0, 0.012, 0.024, 0.036, 0.048, 0.060, and 0.072)
compounds are shown in Figs. 2, 3, 4, 5a, and 6,
respectively. The specific heat values measured
using the LFA 457 are also shown in Fig. 5b. The
two horizontal dashed lines in Fig. 5b represent
the theoretical values of C, calculated based on the
Dulong—Petit law?®® using the following equation:

CyM = 3R, (10)

where M is the averaged molar mass and R is the
gas constant. The upper and lower lines were cal-
culated using the averaged molar mass of the x = 0
and x = 0.060 samples, respectively (Fig. 5b).

All compounds exhibited negative Seebeck coeffi-
cients, showing intrinsic n-type behavior and indi-
cating that Sb acts as an electron donor in this
system, in agreement with previous reports.®%?%°
The electrical conductivity of the compounds
increased with increasing Sb concentration for
0 < x <£0.048, while the magnitude of the Seebeck
coefficient decreased with increasing Sb concentra-
tion, as shown in Figs. 2 and 3. The Sb doping sat-
urated for x > 0.060, and the carrier concentration
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started to decrease when the doping level was in-
creased further. As a result, the electrical conduc-
tivity of the two most heavily doped samples
(x = 0.060 and x = 0.072) was lower than that of the
sample with x = 0.048, while the absolute Seebeck
coefficients were greater than that of the sample
with x = 0.048.

The magnitude of the Seebeck coefficient for the
x = 0 sample peaked at approximately 460 K and
dropped at elevated temperatures (460 K to 760 K).
This effect can be explained by bipolar conduction at
elevated temperatures when the minority carriers
start opposing the Seebeck effect of the majority
carriers. For the lightly doped samples (x = 0.012
and 0.024), this bipolar effect is still observable
in the high-temperature range. The thermal
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Fig. 1. XRD patterns (a) before and (b) after PECS, showing some
sharpening of the peaks after PECS processing.
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conductivity of the samples generally decreased as
the temperature was increased from room temper-
ature, due to the stronger lattice vibrations at ele-
vated temperatures. Bipolar contributions to the
thermal conductivity can also be seen in thermal
conductivity at high temperatures as shown below.

Carrier Concentration and Hall Mobility

The undoped sample (x =0) showed typical
intrinsic behavior, which was used to estimate the
bandgap, E,, of the materials by fitting the tem-
perature-dependent carrier concentration n to the
following equation:

B 2nm kg T\ */? E,
n=2x <T) eXp(—W>, (11)

where m” is the effective mass, kg is the Boltzmann
constant, T is temperature in Kelvin, A is the Planck
constant, E¢ is the energy level of the bottom of the
conduction band, and Ey is the Fermi level. The
assumption that the Fermi level of an intrinsic
semiconductor lies at the middle of the bandgap was
used, and the temperature dependence of the
bandgap was neglected. A bandgap of E, = 0.594 eV
was obtained in this way, which is in very good
agreement with that estimated by Isachenko et al.*°
A maximum Z7T value of 1.50 at 716 K was found

for the Mg2.08810'364SHO'GSb0_036 sample. ZT > 1 was
repeatedly obtained in the moderately and heavily
doped samples (x >0.024). Assuming that the
bandgap does not change with varying dopant con-
centration or with temperature, then

E;,

T~ 9.62

at 716 K for the Mg2'088i0.36481’10_68b0.036 sample,
which agrees well with the 10kgT guideline pro-
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Fig. 2. Electrical conductivity versus temperature for nominal com-
positions Mgz.08Sio.4—xSNo.6Sbx.
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posed by Mahan®' and helps explain the large ZT
value for this compound in terms of bandgap engi-
neering (Figs. 7 and 8).29-32:33

The Hall mobility is shown in Fig. 9 on a loga-
rithmic scale. Only the results for undoped and
moderately doped samples (x < 0.036) are shown due
to measurement system limitations for the heavily
doped samples. The temperature dependence of the
Hall mobility generally follows the relation

Hy X TJ7

where j = —0.5 corresponds to alloy scattering and
J = —1.5 indicates acoustic phonon scattering. For
most of the Hall mobility data, j falls in the range
between —1.5 and —0.5, indicating a mixed scat-
tering mechanism. We were able to fit the measured
Hall mobility to the empirical equation®*
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Fig. 7. Carrier concentration versus temperature for nominal com-
positions Mgsz.08Sio.4_xSNo.6Sby.

where 1, and upn are the alloy disorder scattering
mobility and acoustic phonon scattering mobility at
room temperature, respectively. The fitting results
are listed in Table II. The alloy scattering can be
attributed to the formation of the MgySi—MgsSn
solid solution as well as disorder induced by Mg
vacancies. In addition, the value of u, decreases as
the doping level increases, possibly indicating filling
of the Mg vacancies. The values of uy, for the
Sb-doped samples are higher than for the undoped
sample, except for the x = 0.024 specimen. This
result is in agreement with the effect of Mg vacan-
cies in Mg-deficient Mg»Si;_,Sb, materials reported
by Dasgupta et al.>®> We suspect that the small Uph
value for x = 0.024 was caused by internal cracks,
which could also explain the lower electrical con-
ductivity measured using the ZEM-3 system and the
Hall measurement system.

Analysis Using a Single Parabolic Band Model

A single parabolic band model was employed to
quantitatively analyze the temperature-dependent
transport behavior of the compounds, in which the
Seebeck coefficient S of the material was expressed as
o [+ Ay ]

e

S =
(3+ A)F1/942

(13)

=1

_Ec—Ep
-~ kgT
where 1 is the scattering parameter, which was

assumed to be —1/2 to describe a phonon scattering
dominant mechanism. The reduced chemical
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Fig. 8. Measured and calculated carrier concentration for
Mgz 08Si0.4SNo 6

potential was found from the measured Seebeck
coefficient, and the effective mass was determined
from the measured carrier concentration using

4 (2nm kgT\*?
()

Figure 10 shows the relationship between the
effective mass and carrier concentration for the
doped samples at room temperature. The effective
mass ranges between 1.1mq and 3.33m, where mg is
the free electron mass, which are comparable to the
values reported by Du et al.?® and Zaitsev et al.” The
carrier concentration increases as the effective mass
increases. A similar effective mass dependence on Sb
doping was reported for MgsSi;_,Sb, materials by
Dasgupta et al.,? but there has been no theoretical
support for a similar effect in MgsSig4_SngeSbh,
materials. Further study is needed to reveal the
doping mechanism of Sb and the role of Mg vacancies
in MgoSi-Mg,Sn solid solutions.

The lattice (xy), electronic (i), and bipolar (xy,,) com-
ponents of the thermal conductivity of the compounds
can be extracted by using the following relations:

K = Ke + KL + Kbp, (15)

where k. can be calculated using the Wiedemann—
Franz law,?”

Ke = LooT, (16)

Lo— (’@) i [U» +7/2)F;5(1)

— 17
e ) G 3@Fmem W) @D

(A+5/2)F; 3/2(n)
(A+3/2)F; 12(n)

o(n) =
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Table II. Results of fitting the Hall mobility using
the empirical Eq. 12

x=0.000 x =0.012 x=0.024 x = 0.036

ta (em?/V-s)  1750.55 65.16 68.37 52.52
fpn (em*V-s) 6251  171.88 26.08 206.59

The calculated Lorenz numbers, L, fall between
1.5 x 1078 V¥K2 and 2.0 x 10~8 V¥K?2, typical for
semiconductors.

The thermal conductivity components iy, + Kpp
are plotted against 1/T in Fig. 11. A two conduction
band model could be helpful in extracting the i,
component from the total thermal conductivity, for
which suitable electron—hole effective mass and
mobility ratios are needed. Because bipolar con-
duction only becomes appreciable at elevated tem-
peratures, in the relatively low temperature range,
K1, + Kpp could be treated approximately as .. Thus,
we were able to use the Keyes relation®® to fit the
experimental data in selected temperature ranges
where the bipolar contribution is small. The Keyes
relation is stated as

i Y (18)
- 1/3 7/6°
3))283N0/ AT/

where R is the universal gas constant, y is the
Griineisen parameter, ¢ is the ratio of the atomic
vibrations to the lattice constant during melting of
a solid, N, is Avogadro’s number, T, is the melting
point of the material, p is the density, and A is the
average atomic weight. The slope of Eq. 18 ob-
tained from the least-squares fit gives the value of
the term on the right-hand side of Eq. 18, in which
A and p could be directly measured. Then the
bracketed term in Eq. 18 was calculated as shown
in Table III.

35
0 x=0012

3.0 x =0.024
- O x=0036
E x = 0.048 5
2 77 | © x=0072
<
=)
2 20-
3] o
=
m 1.5 O

1.0

1E19 1E20 1E21

Carrier concentration / cm
Fi

g. 10. Effective mass versus carrier concentration.

Comparing the lattice thermal conductivity of
samples with different doping levels shows that the
lowest lattice thermal conductivity was found in the
sample with the smallest bracketed term. A lower
numerical magnitude of the bracketed term in
Eq. 16 could be caused by a melting point change or
a change of the Griineisen parameter, both of which
depend on the Sb doping.

Mg Vacancies and Sb Filling Effects

The effect of Mg vacancies and Sb filling was
found both experimentally®® and theoretically®® in
work done on Mg,Si;_,Sb, compounds, as the Mg
vacancies act as double-hole donors and compensate
for the extra electrons introduced by Sb. Compared
with other reported work on this material sys-
tem,’>!® more Sb was needed in this research to
obtain the same carrier concentration (Table IV).
Considering the EDX results presented in Table I,
which show Mg deficiency in all the samples, similar
effects of Mg vacancy formation and Sb filling might
be possible in Mg,Sigs_,.Sng ¢Sb, compounds as well.
A more detailed and accurate analysis on the
chemical and phase composition along with further
theoretical work is necessary to help understand
those results.

Comparison with Other Reports of High ZT

High ZT values of 1.43 (x = 0.036, denoted as PG1
in the following discussion) and 1.50 (x = 0.036
repeat, denoted as PG2 in the following discussion)
in this work were obtained for samples with the
same nominal composition. To better understand
the reason for these high ZT values, a detailed
comparison of the electrical conductivity, Seebeck
coefficient, and thermal conductivity for the
samples with the highest ZT values reported by
different groups is shown in Figs. 12-16.
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The high ZT values measured in this work can
be attributed to high electrical conductivity and
reduced thermal conductivity.

The PG2 sample (Fig. 13) had comparable See-
beck coefficient to all other works, which indicates
that the carrier concentrations of all the samples
with high ZT reported by different groups are
comparable (Table IV). The PG2 sample exhibits
much higher electrical conductivity than the other
works, except for Zaitsev’s work where the increase
is less than 10%. As shown in Table IV, Zaitsev’s
sample had the -closest chemical composition
(MgsSig 4Sngg) to the composition in this work,
while the work of the other three researchers was
based on MgySip5Sng s or MgseSigeSng 4 solid solu-

2.5 T T T T
B x=0000 O x=00I2 x =0.024
O x=0.036 x=0048 @ x=0060 ™
& x=0.072 L]
2.0
M
£
3
T 15
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1.0

300 400 500 600 700 800
Temperature / K

Fig. 11. Lattice and bipolar thermal conductivity (x| + xpp).
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tions. Sgndergaard showed that Mg,Siy 4Sng g solid
solutions had higher electrical transport properties
than MgySip5Sng s or MgsSigeSng 4 solid solutions
when doped to the same level.!® Considering the
comparable Seebeck coefficients, the high electrical
conductivities of the PG2 sample and Zaitsev’s
sample should be attributed to the high mobilities of
these samples. The thermal conductivity of the PG2
sample is comparable to the values reported by Gao
et al.,'? Liu et al.,!! and S¢ndergaard et al.'®

The PG1 sample had lower electrical conductivity,
higher absolute Seebeck coefficient, and lower
thermal conductivity than all other samples
including the PG2 sample. The results for samples
PG1 and PG2 are consistent with the changes of
electrical conductivity and Seebeck coefficient fol-
lowing Mott’s equation,*® and the reduced thermal
conductivity of PG1 can be attributed to the reduced
electrical contribution to the thermal conductivity.

The lattice and bipolar (nonelectrical) thermal
conductivity of the PG2 sample was lower than
Gao’s and Liu’s results. The reason for this is not
clear, but similar results were found in Dasgupta’s
work®® in which the Mg vacancies could possibly
reduce the lattice thermal conductivity of the
Mg,Si;_,Sb, compounds.

MECHANICAL PROPERTIES
Room-Temperature Measurements

As determined by RUS measurements, the room-
temperature Young’s modulus E, shear modulus G,
and Poisson’s ratio of Mgs 0gSip 4Sng ¢ were 88.13 +
0.15 GPa, 36.87 + 0.04 GPa, and 0.195 + 0.001,
respectively. While the elastic moduli for the com-

Table III. Fitting results of Eq. 18 to the thermal conductivity from xy, + kpp

x = 0.000 x =0.012 x = 0.024 x = 0.036 x = 0.048 x = 0.060 x = 0.072
Slope (a.u.) 501.3 359.9 324.4 295.2 465.0 425.0 440.5
p (g/cm) 3.01 3.01 3.24 3.06 3.02 3.08 3.06
A (g/mol) 46.52 46.62 50.462 48.862 48.94 49.61 47.92
Bracketed term (a.u) 21,224 18,282 14,369 13,091 20,830 19,086 19,086
Table IV. Comparison of optimal nominal Sb content from different literature reports

ZT Carrier Concentration (cm™3) Composition

This work 1.51 2.35 x 1020 Mgz,OBSi0,364Sn0,GSb0,036
Zaitsev® 1.0 2.99 x 102 Mg,Sig 4Sng ¢ with Sb doping
Liul1 1.25 1.92 x 1020 Mgg_118i0,528n0,488b0,0056
(}a()l2 0.9 2.6 x 1020 lv.[gz_,_zSi()AA18'7SI'l()A'{,Sbo_o13>"<
Sﬂndergaardlg 1.0 1.6 x 1020 Mgz_2810_5925Sn0,48b0,0075

* The exact composition (z value) was not specified in Gao’s original paper.
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position Mgy 0sSip4Sngg are not available in the
literature, Table V lists elasticity data for several
literature studies of MgySi including two experi-
mental studies,*"*? elasticity calculations based on
density functional theory,*® and a room-temperature
polycrystalline average of single-crystal data.** The
E values of Mg,Si are about 20% higher than the E
value of 88.13 & 0.15 GPa found for Mgs 0gSip 4Sng g
in this study. However, MgsSi and MgySn can be
considered as end-members for the solid solution
Mgy 0sSig4Snge, where E for MgoSn has been
reported as 80.3 GPa, and thus the E value for
Mg, 0sSig 4Sng ¢ is intermediate to the E values for
Mg,Si and Mg,Sn. Also, as discussed by Ren et al.,*®
the elastic moduli of solid solutions can vary as a
function of composition by up to 20% or 30% from
the Young’s moduli of the end-members. In addition,
the Poisson’s ratio measured in this study for
Mgy 08Sig 4Snge (0.195 4 0.001) coincides with the
upper range of literature values for Mg,Si and
MgySn (Table V).

For Mgy 08Sip.4Sng 6, the mean + standard devia-
tion of the Vickers indentation hardness, H, was
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Fig. 12. Comparison of electrical conductivity from different groups.
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Fig. 13. Comparison of Seebeck coefficient from different groups.
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Table V. Literature data for the room-temperature Young’s modulus E, shear modulus G, Poisson’s ratio g,
hardness H, and fracture toughness K for Mg,Si- and Mg,Sn-based thermoelectric materials

Composition E (GPa) G (GPa) u H (GPa) Kc (MPam'?) Density (g/cm®) Reference
MgoSn 80.3% 34.2% 0.176* NA NA 3.592 56
Mg,Sn NA NA NA 1.17 NA NA 47
MgoSi 117.3 49.5 0.175-0.195 5.3 1.3 2.07 42
Mg,Si 114.32° 48.82° 0.171° NA NA NA 43
Mg,Si 110.9* 47.6% 0.164* NA NA NA 44
MgsSi 76 + 6° NA NA 3.96-4.20 0.81-0.97 1.94 41
Mg,Si NA NA NA 4.38 NA 1.99 46

NA not available®Calculated from first principles based on density functional theory**’Calculated from the room-temperature
polycrystalline average of single-crystal data*°Recognized by authors in Ref. 41 as a lower E than typically reported for Mg,Si.

(a) T T T T T T T T T 90 T T T T T T T
35k B
<
&
=
0 1 é 80 7
a T AR 9
G S + ¢ |
2 30F------- f ——————————————————— 4 g 71 T
) < B Young's modulus
g (,‘5) 40 b A Shear modulus ]
8 L i
>
251+ E 30 1 . 1 . | , |
1 1 1 1 1 1 1 1 1 3(X) 4(X) S(X) 6(X)
1 2 3 4 5 Temperature / K
Load /N Fig. 18. Young’s and shear moduli as a function of temperature.
(b) 07 — T —
for Mg,Si and MgySn (Table V) bracket the H value
SE 0.6 L i found in this study for Mgy ¢sSig4Sngg, with H for
o Mg,Si ranging from 3.96 GPa to 5.3 GPa*"**%¢ and
S M ... ] an H value for Mg,Sn of 1.17 GPa.*” In comparison
S 05F g with other thermoelectric materials, the H values for
§ % + Mg, 0sSig 4Sng ¢ are intermediate between the Vick-
= R B ] ers hardness of chalcogenide-based thermoelectric
é 04+ . materials [such as PbTe-8%PbS* and lead-anti-
o mony-silver-tellurium (LAST),*® for which H ranges
2 from about 0.5 GPa to 1.3 GPa] and some skutteru-
E 03 1 dite materials with H values exceeding 5 GPa.*’
The mean fracture toughness, Ko, was 0.48 +
0.05 MPa m'2 for Mg, 5Si4Sng ¢ (Fig. 17b), being
02 1 1 1 1 1 1 1 1 1

essentially independent of load over the range from
0.98 N to 4.90 N. There are no K¢ data in the lit-
erature for MgoSn or Mgs ¢sSig.4Sng ¢, but a value of

1 2 3 4 5
Load /N

Fig. 17. (a) Hardness versus load and (b) fracture toughness versus
load. The solid horizontal line indicates (a) the mean hardness and
(b) the mean K¢ over the load range, while the dashed lines repre-
sent the standard deviation.

3.07 + 0.06 GPa for the load range between 0.98 N
and 4.90 N (Fig. 17a). As is the case for the elas-
ticity data, no H data exist in the literature for
Mg 05Sig.4Sng 6. However, the literature values of H

1.3 MPa m"? has been reported for Mg,Si. Com-
paring more broadly with other thermoelectric
materials, the K¢ value for Mgs ¢3Sig4Sng e from
this study is essentially the same as the value of
0.47 + 0.05 MPa m"? recently reported for natural
mineral tetrahedrite (Cu;¢ZnsAssS;3)-based ther-
moelectrics.’® In addition, for both of the chalcoge-
nides PbTe-8%PbS?® and LAST,”! K. is about
0.35 MPa m"?, while for the low-temperature
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intermetallic thermoelectric YbAl;, K¢ values of up
to 1.7 MPa m'? have been reported.®?
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Fig. 19. Longitudinal and shear acoustic velocities, v and vs, as a
function of temperature.
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Fig. 20. Debye temperature as a function of temperature.

Temperature-Dependent Elastic Measure-
ments

The temperature-dependent data for £ and G
(Fig. 18), as well as the longitudinal and shear
acoustic velocities, vy, and vg (Fig. 19), and the
Debye temperature 0p (Fig. 20), were least-squares
fit using the linear equation

A = Agrr(1 — ba[T — Try)), (19)

where A is E, G, vy, vg or 0p, Agr is the room-
temperature intercept of property A, T is mea-
surement temperature, Trr is room temperature,
and b, is the slope of A versus T. Table VI lists
the resulting fitting parameters Agrt and by4.
Equation 19 describes the temperature-dependent
changes of E, G, vy, vs or 0Op relatively well
(Figs. 18-20).

For polycrystalline solids, including polycrystal-
line thermoelectric materials, the Young’s and
shear moduli typically decrease linearly with
increasing temperature for temperatures greater
than roughly 0p/3 to 0p/5.27°1735% As determined in
this study, the acoustic Debye temperature for
Mgs 08Sip4Sngg ranged between approximately
394 K and 385 K for the interval from room tem-
perature to 603 K (Fig. 20). Since the lower limit of
measurement temperature in this study was room
temperature, which in turn is much greater than 0p/
3, the observed linear trend in E and G versus T
agrees with what is expected based on the litera-
ture.?”?15354 In addition, the linear dependence of
the acoustic velocities vy, and vg is consistent with
the literature.”®

The temperature-dependent Poisson’s ratio data
were not a linear function of temperature (Fig. 21).
A least-squares fit of the temperature-dependent
Poisson’s ratio data to the empirical relationship for
Poisson’s ratio,

1= pgp +¢(T — Tgr) +d(T — Trr)®  (20)

yielded the following results: ugrp = 0.1976 + 0.0005,
¢ =(107.5 + 7.3) x 10"%K,andd = (-17.55 + 0.02) x
107%K? with a coefficient of determination, RZ
of 0.931.

Table VI. Fitting parameters Art and b4 for the least-squares fit of Young’s modulus E, shear modulus G, the
longitudinal and shear acoustic velocities vy, and vg, and the Debye temperature 6p in Eq. 19

Property ARt

E 88.07 + 0.11 GPa

G 36.63 + 0.07 GPa

v, 5.740 + 0.005 mm/us
Us 3.513 + 0.003 mm/us
0p 394 £ 0.3 K

bs (107YK) R?

2.86 + 0.06 0.995
3.20 + 0.10 0.991
0.85 + 0.04 0.975
1.39 + 0.05 0.990
1.48 + 0.04 0.993

R? is the coefficient of determination in each case.
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Fig. 21. Poisson’s ratio as a function of temperature.

CONCLUSIONS

We combined two cost-effective processing tech-
niques, i.e., flux synthesis and PECS, to make
Mgy 08Sig 4_,Sng ¢Sb, materials with yields of 16 g/
run to 65 g/run. A maximum ZT of 1.50 at 716 K
was found for Mg2.088i0.3648n0_GSb0,036. ZT > 1 was
repeatedly obtained in the moderately and heavily
doped samples (x > 0.024). Further research is being
conducted to further ascertain the influence of Mg
deficiency in these compounds. This study includes
the first measurements of the mechanical properties
of Mgs 0sSig 4Snge. The measurements of the tem-
perature-dependent Young’s modulus and Poisson’s
ratio provide data needed to construct the stiffness
matrix for finite-element analysis of stress and
strain, which is in turn critical for the design of
thermoelectric generators. In addition, the fracture
toughness measurements are needed to predict the
stress conditions for the onset of crack growth.
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