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Silicon-germanium (SiGe) alloys are prominent high-temperature thermo-
electric (TE) materials used as a powering source for deep space applications.
In this work, we employed rapid cooling rates for solidification by melt-spin-
ning and rapid heating rates for bulk consolidation employing spark plasma
sintering to synthesize high-performance p-type SiGe nano-alloys. The cur-
rent methodology exhibited a TE figure-of-merit (ZT) � 0.94 at 1123 K for a
higher cooling rate of �3.0 9 107 K/s. This corresponds to � 88% enhance-
ment in ZT when compared with currently used radioisotope thermoelectric
generators (RTGs) in space flight missions, � 45% higher than pressure-sin-
tered p-type alloys, which results in a higher output power density, and TE
conversion efficiency (g) � 8% of synthesized SiGe nano-alloys estimated
using a cumulative temperature dependence (CTD) model. The ZT enhance-
ment is driven by selective scattering of phonons rather than of charge car-
riers by the high density of grain boundaries with random orientations and
induced lattice-scale defects, resulting in a substantial reduction of lattice
thermal conductivity and high power factor. The TE characteristics of syn-
thesized alloys presented using the constant property model (CPM) and CTD
model display their high TE performance in high-temperature regimes along
with wide suitability of segmentation with different mid-temperature TE
materials.
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INTRODUCTION

Thermoelectric (TE) technology has a long history
of providing simple and reliable power generation
solutions for increasing the energy efficiency of
various industrial processes and providing power in
remote applications (space probes, space stations).
The success of radioisotope thermoelectric genera-
tors (RTGs) as safe, reliable, long-lived power
systems in space exploration missions had moti-
vated the future expansion of TE technology in
terrestrial applications, specifically in the areas of
waste heat recovery, energy harvesting, and auxil-
iary power units.1 At present, TE materials are
widely explored as a waste heat recovery system in
automotive exhaust and industrial processes, all of
which generate an enormous amount of unused
waste heat. However, the conversion efficiency of a
TE device depends on the figure of merit (ZT), which
is a material’s property and can be represented as

ZT ¼ S2r
j

� �
T, wherein at absolute temperature (T),

S and r represent the Seebeck coefficient and
electrical conductivity, respectively, while the total
thermal conductivity (j) is derived from electronic
(je) and lattice (jL) contributions (j = je + jL). To
achieve high efficiency in TE devices, materials with
high ZT are desired. The challenge in TE research is
to incorporate all the desirable features associated
with the charge and thermal transport altogether in
a single material.2

Amongst actively explored TE materials for high-
temperature application,3–7 SiGe-based alloys are
most promising, particularly in higher-temperature
regimes greater than 973 K, owing to their high

mechanical strength and high-temperature thermal
stability, as established by thermal cycling studies
indicating minimal degradation in TE properties up
to 1273 K.3,8 To date, several nanostructuring
approaches have been employed to enhance the ZT
of various TE materials.2,9 In p-type SiGe alloy, the
existing RTGs2 used for space applications are
operational at ZT � 0.50 at 1123 K; further consol-
idation by hot-pressed technique exhibited a ZT �
0.65.10,11 On applying nanostructuring through the
ball-milling technique followed by hot-pressing, an
improvement in ZT � 0.95 was attained due to the
formation of nanostructures,12 resulting in lower
thermal conductivity. Furthermore, ball-milled
nanostructured powders of p-type SiGe alloy con-
solidated by employing rapid sintering significantly
enhanced the ZT �1.2 at 1173 K.3 Similarly, high
ZT �1.5 at 1173 K was attained in an n-type
counterpart with a similar methodology, which
established the efficacy of bulk nanostructured
alloys for TE applications.13 However, the ball-
milling process is often time-consuming (60–90 h)
and adds to the material processing costs. Moreover,
in the case of SiGe alloys, there is an inherent risk
of contamination of SiGe particles with the milling
medium and also chances of nano-inclusion oxida-
tion (i.e. formation of SiO2) during the long hours of
the process, which may deteriorate the nanostruc-
turing effect on TE properties. In the melt-spun
process, to avoid contamination, ceramic crucibles
are generally used to melt these alloys under
vacuum/inert gas. Subsequently, splat cooling of
the process is sufficient enough to obtain the
nanocrystalline microstructure in short time in
comparison to ball milling.
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In this context, rapid solidification by high cooling
rates attained via the melt-spun technique for
synthesizing nano-ribbons and their bulk consoli-
dation is an advanced processing approach for the
fabrication of homogeneous alloy, which has been
explored in recent years for synthesizing different
kinds of state-of-the-art TE materials, such as
Bi2Te3 and its alloys,14–21 SnTe,22–25 skutteru-
dites,26–29 half-Heusler,30–32 silicides,33–36 Zn4Sb3,

37

AgSbTe2,
38 and GeTe.39,40. The melt-spun synthesis

route enables the formation of extremely ultrafine
grains with greater solid solubility and a tendency
for nucleation of many metastable crystalline
phases with a considerable grain boundary area.
Simultaneously, rapid cooling rates in the order of
106–107 K/s and processing of large volumes of
materials with refined microstructure and improved
chemical homogeneity are possible with melt-spin-
ning.41,42 Recently, we employed the rapid solidifi-
cation by melt-spun technique followed by spark
plasma sintering (MS-SPS) for n-type SiGe nanos-
tructured alloys to realize ZT around unity. The ZT
enhancement was mainly attributed to a severe
reduction in j, resulting from the huge amorphous
grain boundary area and nanostructured
microstructure.43

In the current study, we have implemented MS-
SPS methodology to synthesize p-type SiGe alloys
with high TE performance and comparable ZT as its
n-type counterparts. The arc-melted ingots were
melt-spun to obtain the nano-ribbons at varying
wheel speed to realize complex micromorphology
consisting of an amorphous phase near the direct
contact side of the wheel and very fine nano-sized
grain at the free side of the copper wheel.14 Subse-
quently, these nano-ribbons were consolidated by
employing SPS at rapid heating rates to retain
nano-scale features with minimal growth. The
nano-grained microstructure resulting from MS-
SPS methodology brings about a sufficiently
reduced thermal conductivity owing to stronger
phonon scattering compared to the charge carrier
scattering. The implication of varying cooling rates
on TE transport properties by the MS-SPS approach
was presented and corroborated with the detailed
microstructural investigation. Additionally, the TE
device performance parameters were theoretically
estimated using the cumulative temperature depen-
dence (CTD) model and constant property model
(CPM) for comparison to provide future direction
towards designing high-performance TE devices in
high-temperature regimes.

EXPERIMENTAL DETAILS

The nanostructured p-type SiGe alloy was pre-
pared using high-purity elemental powder of silicon
(99.98%), germanium (99.99%), and 1.2% of B
powder (>99%, Alfa Aesar) in the stoichiometric
proportion of Si80Ge20, which was arc-melted
(MAM-1, Edmund Bühler GmbH, Germany)

multiple times in an argon gas atmosphere to obtain
a homogeneous mixture in the form of ingots.
Subsequently, the arc-melted ingots were loaded
into a melt-spun graphite crucible (M/s. Edmund
Bühler GmbH, Germany), and they were induc-
tively melted at an optimal temperature of 1550 �C
under a vacuum of 10�6 mbar. Afterward, the liquid
melt was ejected at a distance of 0.4 mm from nozzle
to wheel, on to a fast-rotating water-cooled copper
wheel (dia. 250 mm) at various wheel speeds, i.e.
23 m/s, 27 m/s, and 31 m/s, which was selected
based on the available literature data of melt-
spinning of various TE materials.14–40 The obtained
melt-spun ribbons were further ground into fine
powders before sintering. Graphite die of diameter
12.7 mm was used for bulk consolidation and rapid
sintering employing spark plasma sintering (SPS-
725, M/s. Fuji Electric, Japan) at 1150�C under a
uniaxial pressure of 60 MPa and withholding time
of 3 min under vacuum of �10 Pa.

The x-ray powder diffractometer (Miniflex-II, M/s.
Rigaku Corporation, Japan) with Cu Ka

(k0 = 1.5406 Å) was used for phase identification of
the synthesized samples. Subsequently, morpholog-
ical studies were carried out using a field emission
scanning electron microscope (FESEM, Supra
40VP, M/s. Zeiss, UK). Furthermore, selected-area
electron diffraction patterns (SAEDP) and lattice-
scale micrographs were recorded by a high-resolu-
tion transmission electron microscope (HR-TEM,
FEI, G2 F30 STWIN) to confirm the defects and
grain orientation.

Firstly, thermal diffusivity was measured under a
vacuum of 10�3 mbar using a laser flash system
(LFA 1000, M/s. Linseis, Germany) with a sample of
diameter 12.7 mm having a thickness of 2.5 mm.
Simultaneously, Cp was measured using differential
scanning calorimetry (DSC, 404 F3, M/S Netzsch,
Germany), and q was measured (Mettler Toledo,
model: ML204 /A01) based on the Archimedes
principle. Afterward, electrical conductivity and
Seebeck coefficient were measured using the four-
probe method (ZEM-3, M/s. Ulvac Inc., Japan) in a
helium atmosphere, on rectangular specimens
12 mm long 9 4 mm wide 9 2 mm thick. To under-
stand electrical transport properties, the room-
temperature charge carrier mobility and concentra-
tion were measured employing a Hall effect mea-
surement system (HEMS, M/s Nano-magnetics,
UK). The uncertainties evaluated in transport mea-
surement are ± 6% for D, ± 7% for r, ± 7% for S, ±
10% for Cp, and ± 0.5% for q.

RESULTS AND DISCUSSION

The MS-SPS methodology for microstructural
engineering at different cooling rates was examined
through varying wheel speeds, whose microstruc-
tural and thermoelectric characterization is pre-
sented in subsequent sections. The average cooling
rate (dT/dt) was determined using the formula:34,44
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dT

dt
¼ h � Th � Twð Þ=Cp � d � t ð1Þ

where h = heat transfer coefficient, t = thickness of
the ribbon, Cp = heat capacity of the material,
d = density, Tw = temperature of the water-cooled
wheel, and Th = hot-end temperature of the melted
material. During the processing of all samples,
other parameters such as injection pressure, the
distance from nozzle to wheel, and slit width were
kept constant. The average cooling rate holds direct
dependence with wheel speed and was carried out at

9.7 9 106 K/s (23 m/s), 1.5 9 107K/s (27 m/s), and
3.0 9 107 K/s (31 m/s). The maximum wheel speed
of the water-cooled copper wheel for melt-spinning
was 31 m/s, due to equipment limitations.

Phase Composition and Microstructural
Analysis

The measured XRD patterns of the as-synthesized
p-type SiGe melt-spun ribbons and MS-SPS pellet
samples synthesized at the different wheel speeds
are presented in Fig. 1a and b, respectively. The
measured XRD pattern is well-indexed with peaks
of Si for all wheel speeds, suggesting the complete
solid solubility of Ge in Si and pure phase formation
of p-type Si80Ge20 alloy having a diamond-like cubic
structure (space group: 227, Fd �3 m), similar to
previous reports on p-type SiGe nano-alloys.3 As
evident from Fig. 1a, the relatively high intensity of
the peak corresponding to (220) plane indicates the
preferred orientation of the melt-spun ribbon during
rapid solidification, as observed previously.45–47

This may be ascribed to the crystallization and
growth of a larger number of crystals along the
preferred direction during the melt-spun process.
However, during grinding of melt-spun ribbons into
powders and subsequent sintering, the preferential
ordering was disrupted, resulting in polycrystalline
grains.48

The average crystallite size of MS ribbons and
MS-SPS samples were quantitatively assessed
using XRD data employing the Williamson–Hall
method, as shown in Table I. The broadened peaks
for the MS ribbons (Fig. 1a), as compared to MS-
SPS samples (Fig. 1b), indicates significant grain
growth during sintering, as presented in Table I,
which shows an increased crystallite size of MS-SPS
samples (39–46 nm) in comparison to MS ribbons
(19–30 nm) having thickness � 15–25 lm. The
average crystallite size indicates independence of
synthesized MS ribbon characteristics with respect
to cooling time, i.e. wheel speed, which is primarily
due to difficulty in controlling the growth kinetics
during melt-spinning despite similar conditions
during synthesis. However, the result indicates that

Fig. 1. XRD patterns of p-type SiGe nano-alloys synthesized at
various wheel speeds: (a) MS ribbons (inset: MS ribbons with
centimeter scale) and (b) MS-SPS samples (inset: MS-SPS pellet
with centimeter scale).

Table I. Melt-spinning parameters and Hall measurement data of spark plasma-sintered p-type Si80Ge20
nano-alloys synthesized at different wheel speeds (dT/dt = cooling rate; p = carrier concentration; l =
mobility; m* = effective mass; MS: melt-spun; SPS: spark plasma sintering)

Wheel speed (m/
s)

Thickness of ribbons
(lm)

dT/dt (K/
s)

Average
crystallite
size (nm)

p 3 1019

(cm23)
l (cm2/
V s) m*MS

MS-
SPS

23 25 9.7 9 106 27 43 24.2 23.8 1.79 me

27 21 1.5 9 107 30 46 9.3 34.5 1.72 me

31 15 3.0 9 107 19 39 64.2 22.5 2.56 me

Melt-Spun SiGe Nano-alloys: Microstructural Engineering Towards High Thermoelectric
Efficiency

367



higher cooling rates resulting from higher wheel
speed result in reduced crystallite size. The optimal
sintering condition yields the sintered product with
a near-theoretical density.

The microstructural features of the representa-
tive MS-SPS samples at different wheel speeds were
examined by FE-SEM and shown in Fig. 2a–c. The
nano-grained microstructure for all the wheel
speeds is consistent with the XRD analysis. Fur-
ther, varying wheel speeds and other process
parameters significantly affected the physical char-
acteristics and microstructure of ribbons, which is
quite similar to other state-of-the-art TE materials
synthesized by melt-spinning technique.14–40

Despite observed grain growth, the nanostructures
were retained in the samples during sintering due
to the application of high heating rates for grain
refinement, similar to the observation made in
higher manganese silicides.34 It is worth emphasiz-
ing that the grain growth kinetics and densification
during sintering were dependent on the MS ribbon
characteristics, as shown in Table I, wherein
changes observed in microstructural, electrical,
and thermal parameters of MS-SPS samples are
following the melt-spun ribbon characteristics, as
observed previously.42,49

Furthermore, the microstructural features were
examined using HR-TEM. As shown in Fig. 2d, the
lattice-scale image of the representative MS SiGe
nano-alloy at higher wheel speed (31 m/s) indicates

a nano-crystallite with random orientation in the
microstructure. The lattice-scale image shown in
Fig. 2e displays the presence of Moiré fringes due to
overlapping of nano-crystallites and the high den-
sity of dislocations region marked. Furthermore, the
selected area electron diffraction pattern (SAEDP)
of nano-grains corresponding to Fig. 2e is presented
in Fig. 2f, which shows planes in reciprocal space
corresponding to the cubic crystal structure of Si
and nanostructure nature of grains. The observed
planes are in close agreement with those obtained in
the XRD pattern.

Electrical Transport Measurements

The temperature-dependent r of MS-SPS p-type
SiGe nanostructured alloy at different wheel speeds
is shown in Fig. 3a and also compared with the data
of RTGs2 of similar alloy composition, which are
currently being used in deep space applications. For
all the samples, r decreased with increasing tem-
perature, indicative of degenerate semiconducting
behavior. To better illustrate the electrical conduc-
tion, the Hall measurement was carried out to
determine the charge carrier concentration (p) and
carrier mobility (l), and is presented in Table I. The
measured p and l values are comparable to previous
reports on similar composition.11,16,42,50,51 At room
temperature, the highest r � 24.4 9 104 S m�1 was
observed for the sample synthesized at 31 m/s as a

Fig. 2. FE-SEM microstructures of the synthesized MS-SPS samples of p-type Si80Ge20 nano-alloys at various wheel speeds: (a) 23 m s�1 (b)
27 m s�1, and (c) 31 m s�1. HR-TEM images of MS sample of p-type SiGe alloy: (d) ultrafine distribution of grains with different orientations, (e)
lattice-scale image of SiGe nano-alloys consisting of lattice-scale defects, and its corresponding (f) selected-area diffraction pattern.
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result of its high p, which may be attributed to
limited precipitation of diffused boron atoms as
compared to other samples due to higher cooling
rate, thus enhancing the concentration of ionized
boron acceptors in the lattice.52 Similarly, the
lowest r � 5.1 9 104 S m�1 was observed for the
sample synthesized at 27 m/s, which exhibits the
lowest p. Interestingly, the sample synthesized at
27 m/s also exhibited the highest l (Table I)
amongst all samples, which can be ascribed to its
larger crystallite size. It is noteworthy that r of the

synthesized nano-alloys was higher than nanostruc-
tured p-type SiGe alloys synthesized by HEBM-
SPS3 and RTGs,2 which may be attributed to higher
carrier concentration, indicating better solubility of
diffused boron atoms by rapid cooling and sintering
during MS-SPS.52,53 Moreover, the l showed a
direct dependence with crystallite size and was
found to be minimum, i.e. 22.5 cm2/Vs at higher
wheel speed (31 m/s) with the lowest crystallite size
(�39 nm). The lower l of the charge carriers is
mainly due to the presence of excessive grain

Fig. 3. Thermoelectric transport properties of SiGe p-type nano-alloys at different wheel speeds: (a) electrical conductivity, (b) Seebeck
coefficient, (c) power factor, (d) total thermal conductivity (inset: thermal diffusivity), (e) electrical thermal conductivity (inset: Lorenz number), and
(f) lattice thermal conductivity.
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boundaries, which are acting as charge traps and
detrimental to r due to charge-charge carrier
scattering.

The Seebeck coefficient (S) of MS-SPS samples
with respect to temperature is shown in Fig. 3b,
which is positive for all samples, indicating holes as
majority carriers with p-type conduction. The mea-
sured S indicates strong coupling with an inverse
relation to the r. The carrier effective mass (m*) was
estimated approximately using the Pisarenko rela-
tionship between S and p, which is expressed using
Mott’s formula (valid for metals or degenerate semi-

conductors54,55): S ¼ 8p2k2
B=3eh2

� �
m�T p=3pð Þ

2
3,

wherein p, kB, and h are carrier concentration,
Boltzmann constant, and Planck constant, respec-
tively. The m*, as shown in Table I, lies in a similar
range as observed previously,50 particularly for lower
wheel speeds. Surprisingly, m* � 2.56 me is maxi-
mum for higher wheel speeds (31 m/s), which
although consistent with its lower l, surprisingly
did not result in higherS, as observed in Fig. 3b. This
can be explained by higher n, which tends to subdue
the gain of higher m* on S, resulting in lowered S.

Figure 3c displays the power factor (PF) of the
synthesized MS-SPS samples, which on average
increases with increasing wheel speed and is con-
siderably higher than RTGs,2 especially in lower
temperatures (<773 K). This is mainly an outcome
of optimal carrier characteristics in all the MS-SPS
samples, which is directly correlated to precipitation
of diffused boron atoms due to a higher cooling rate,
thus enhancing the concentration of ionized boron
acceptors in the lattice due to splat cooling. Thus,
lower sizes of crystallites with a higher density of
boundaries and interfaces in MS-SPS samples along
with greater solubility are favorable for attaining
higher PF in SiGe-based alloys.16,42,52,53

Thermal Transport Measurements

Thermal conductivity of all synthesized samples
were calculated using the equation j = D 9 q 9 Cp,
where D = thermal diffusivity, q = density, and
Cp = specific heat. The temperature-dependent total
thermal conductivity (j) of MS-SPS samples is
shown in Fig. 3d, which decreases with increasing
temperature for all samples. The obtained j for MS-
SPS p-type Si80Ge20 nano-alloys were substantially
lower than RTGs, due to enhanced phonon scatter-
ing mostly by grain boundary scattering. As shown
in Fig. 3d, j obtained by nanostructuring employing
MS-SPS is much lower than RTGs, which is mainly
due to the large reduction in grain size as compared
to bulk RTGs,8 thus establishing it as an efficient
nanostructuring route to decrease the jL in similar
SiGe alloys. The D of the synthesized alloys is
shown in the inset of Fig. 3d, and measured Cp

varies in the range of 0.4–0.6 Jg�1 K�1 in the
measured temperature regime.

To better elucidate the thermal transport, lattice
(jL) and electronic (je) contribution to total j was

evaluated. The je shown in Fig. 3e was estimated
using Wiedemann–Franz law as je= LrT, where
L = the Seebeck-dependent Lorenz number given by

L ¼ 1:5 þ exp � Sj j
116

h ih i
� 10�8 WXK�2 where S rep-

resents the experimentally measured Seebeck coef-
ficient in lV/K.56–58 The estimated L lies in the
range of 1.6–2.05 9 10�8 WXK�2 and is shown in
the inset of Fig. 3e. The je attained was maximum
for the higher wheel speed (31 m/s) sample, which
explains its relatively higher j and can be ascribed
to its high r in comparison to other samples. The jL,
which mainly depends upon lattice vibrations and
microstructural features, was evaluated by sub-
tracting je from j (jL = j � je) and is shown in
Fig. 3f. The jL decreases with increasing tempera-
ture and is primarily attributed to an extensive
grain boundary scattering by the random orienta-
tion of nano-grains. The lowest jL (� 0.9 Wm�1 K�1)
was obtained for the higher wheel speed (i.e. 31 m/s)
sample, which also shows the lowest average crys-
tallite size (Table I). Also, the strain fields and high-
angle grain boundaries of nanostructured
microstructures introduced by the MS process
(Fig. 2) led to favorable grain refinement, which
particularly targets low-frequency phonons and is
responsible for jL reduction near lower-tempera-
tures ranges, as observed in previously reported
studies in melt-spun TE materials.14–40

At higher temperatures, the reduction in jL of the
synthesized alloys becomes more prominent, which
can be primarily attributed to scattering high-
frequency phonons by point defects and Umklapp
processes.59 The reduction in jL is higher for higher
wheel speed and can be explained using kinetics of
temperature-dependent precipitation and solubility
of boron. Previously, theoretical calculations for
Si0.8Ge0.2 suggested an increase of boron precipita-
tion due to nanostructuring, resulting in higher
thermal instability of nanostructured Si0.8Ge0.2.

53

Thus, a higher cooling rate corresponding to lower
crystallite size is anticipated to be more thermally
unstable, which is corroborated by thermal trans-
port measurements. Moreover, the reversible nat-
ure of boron precipitation in Si0.8Ge0.2 alloys
observed previously during high-temperature
annealing60 is expected to suppress bipolar conduc-
tion at high temperatures, as observed in all the
synthesized melt-spun nanostructured alloy at
higher temperatures. The increased solid solubility
of boron by its re-dissolution is more significant at a
temperature greater than the temperature at which
boron precipitation occurs (i.e. above 873 K), which
is apparent in Fig. 3f.

Compatibility Factor

The concept of segmentation has been proposed in
the literature for achieving higher efficiency, in
which different materials of high efficiency were
segmented according to their temperature range.61
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The compatibility factor (CF) is the parameter by
which the efficiency of segmentation is calculated.
Materials with a difference in CF less than 2 can be
used for segmentation with other TE materials. The

CF is estimated61 as CF ¼
ffiffiffiffiffiffiffiffiffiffi
1þZT

p
�1

ST , and is shown in
Fig. 4a for the synthesized MS-SPS samples. The
CF obtained is invariable with increasing temper-
ature, and it is akin to the various other established
p-type TE materials such as half-Heusler, SnTe,
PbTe, CeFe4Sb12, and TAGS.61–64 Hence, to achieve

highly efficient TE devices for power generation, p-
type SiGe nano-alloy synthesized through the MS-
SPS methodology would be a worthy candidate for
segmentation with other state-of-the-art TE
materials.65–67

Thermoelectric Performance

The output power density, which depends on
dimensions of both the TE legs and the material

Fig. 4. Theoretically estimated TE device parameters of SiGe p-type nano-alloys: (a) thermoelectric compatibility factor (CF); (b) output power
density (Pd); (c) engineering ZT (ZTeng); (d) thermoelectric efficiency (g); (e) ZT; and (f) comparison of ZT with the previous reports2,12,52 of
similar alloy composition.
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properties, was estimated by considering TC = 323
K and leg length (L) = 2 mm, with the assumption
of a cubic-shaped TE leg as shown in the inset of
Fig. 4b. The Pd at gmax is evaluated through the
CTD model:43,68

Pd ¼
PFð Þeng TH � TCð Þ2

4L
ð2Þ

where PFeng is the engineering power factor,
T�TH = hot-side temperature, and TC = cold-side
temperature. The ZTeng, as the steady indicator and
linear display correlation to gmax as shown in
Fig. 4c, was estimated as expressed below:69,70

ZTeng¼ZengDT¼

1

DT

R TH

TC
S THð ÞdT

� �2

1

DT

R TH

TC
q THð ÞdT� 1

DT

R TH

TC
j THð ÞdT

DT

¼ PFeng

1

DT

R TH

TC
j THð ÞdT

DT

ð3Þ

where Zeng = engineering ZT, K�1, PFeng = engi-
neering power factor, Wm�1 K�2. The higher power
factor (Fig. 3c), which is also substantiated by high
ðPFÞeng shown in Fig. 4c, explains the higher output

power density observed in all melt-spun alloys.
Usually, the TE conversion efficiency is estimated
by a conventionally used analytical model, i.e.
CPM,71 which assumes constant physical properties
with respect to temperature. The maximum effi-
ciency using the CPM is estimated as

gmax ¼ DT
TH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ ZTavg

p
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ ZTavg

p
þ TC

TH

ð4Þ

where T�TH = hot-side temperature and TC = cold-
side temperature of a TE material. Using the CPM
considering the temperature boundary condition at
TC = 323 K, the predicted maximum efficiency was
obtained (g � 16%) for higher wheel speed (31 m/s),
as shown in Fig. 4d. However, these estimations are
temperature-independent and often overestimate or
underestimate a material’s efficiency, which mis-
leads the design processing of TE module devices.

Subsequently, for predicting the practical perfor-
mance of the synthesized TE materials more accu-
rately, the cumulative temperature dependence of
TE transport properties is taken into account using
an analytical CTD model.69,70 For a homogeneous
single TE material, the maximum efficiency will be
attained by considering the Thomson heat, and then
a CTD model of r, j, and S, expressed as:69,70

gmax ¼ gc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ ðZTÞeng â=gc � 1=2ð Þ

q
� 1

â
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ ðZTÞeng â=gc � 1=2ð Þ

q
þ 1

� �
� gc

ð5Þ

where gc represents Carnot efficiency given as
gc = (TH � TC)/TH and â represents the intensity
factor of the Thomson effect. Using the CTD model,
the predicted maximum efficiency was obtained
(g � 8%) for higher wheel speed (31 m/s), as shown
in Fig. 4d. The efficiency calculated by the CPM is
twice the efficiency estimated by the CTD mod-
el. The ZT was found to be maximum for higher
wheel speed (31 m/s), as shown in Fig. 4e. An
enhanced ZT � 0.94 at 1123 K in p-type Si80Ge20

nano-alloys was obtained by employing MS-SPS at
maximum wheel speed (31 m/s). The enhanced ZT
corresponds to � 88% enhancement in ZT when
compared with currently used RTGs2 in deep space
flight missions, and � 45% higher than pressure-
sintered p-type alloys.10,11,16 Figure 4f shows the
comparison of ZT values reported in the literature12

with those in the current study, which validates the
effectiveness of the MS-SPS route as a prospective
methodology for attaining higher ZT in SiGe alloys.
The CTD model leads to a reliable prediction of TE
efficiency and output power from materials to the
device as compared with the conventional CPM.
However, factors such as measurement techniques,
contact resistance, coefficient of thermal expansion,
and system environment affect the real modules,
wherein major efforts have been directed towards
minimizing contact resistance.

Mechanical Properties

The mechanical properties of the TE materials
also play an essential role, especially for high-
temperature applications. The hardness of the
synthesized p-type SiGe nanostructured alloys was
measured employing the Vickers microhardness
test. The measured hardness values were found to
be approximately 3.67, 6.35, and 4.99 GPa for the
samples synthesized at 23 m/s, 27 m/s, and 31 m/s,
respectively, which is significantly higher than
other well-reported TE materials.3,72 This suggests
that the rapid solidification process not only
enhanced the TE performance but also substantially
improved the microhardness, which is a prerequi-
site for the durability of TEGs.

CONCLUSION

In summary, the advantage of rapid solidification
coupled with SPS has been realized for attaining a
maximum ZT � 0.94 at 1123 K in p-type Si80Ge20

nano-alloys, which corresponds to � 88% enhance-
ment over its bulk counterpart which is currently
being used in deep space explorations, and � 45%
higher than pressure-sintered p-type alloys of sim-
ilar composition. Moreover, the observed increase in
the ZT at high temperature may be ascribed to a
synergistic increase in PF and j reduction, owing to
multi-scale microstructural features comprising
nano-crystallites and a high density of defects in
the rapidly solidified MS-SPS samples, which also
exhibited higher Pd and ZTeng resulting in gmax �
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8% as calculated for measured TE transport using
the CTD model, thus making them ideal candidates
for high-temperature TE applications. Moreover, all
MS-SPS samples exhibited hardness in the range of
3.67–6.35 GPa, which is significantly higher than
other high-temperature TE materials.72 Thus, the
MS-SPS technique provides an effective paradigm
for the optimization of TE properties and can be
readily explored in similar TE materials for attain-
ing high TE performance.
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