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Controlling the generation of secondary phases in thermoelectric higher manganese silicides is crucial to en-
hance their thermoelectric performance for use in automotive thermoelectric generators. However, the effect of
different synthesis and sintering procedures on the secondary phase formation and thermoelectric properties has
not yet been investigated. In this study, we demonstrate that fabricating Mn;;Si,o via arc melting and spark
plasma sintering results in a figure of merit (ZT) of 0.43 at 823 K, which is 15% higher than for a sample
fabricated by a solid-state reaction and spark plasma sintering. We found that the presence of secondary MnSi

phases in the Mn;;Si;o samples was significantly reduced when using arc melting instead of solid-state reaction,
which suggests that the phase formation behavior could be controlled by optimizing the fabrication process.

1. Introduction

Thermoelectric (TE) technologies, which allow direct conversion
between heat and electricity, present a strategy to solve the energy
efficiency problems. The TE performance is directly determined by the
dimensionless figure of merit ZT = 0S%T/kior, Where 0, S, ki, and T
represent the electrical conductivity, Seebeck coefficient, total thermal
conductivity, and absolute temperature, respectively. The total thermal
conductivity k. consists of the electronic thermal conductivity ke and
the lattice thermal conductivity xj, [1]. Silicide-based TE materials are
promising candidates for TE generators because they are abundant and
environmentally friendly. In particular, higher manganese silicides
(HMS, MnSi, (1.70 < x < 1.75)), which are considered as a re-
presentative of p-type silicides, exhibit reasonably high electronic
transport properties at temperatures of 500-800 K [2,3]. Furthermore,
HMS (11.0-13.0 x 10~ °K™!) have similar intrinsic characteristics and
thermal expansion coefficients as the currently used n-type MgsSi
(Mg,Si: 13.0 x 107°K ™! and Mg,Si;,Sn,: 17.0 x 10" °K™1) [4-6],
indicating that they are suitable for the fabrication of silicide-based TE
modules. HMS are also mechanically reliable (1.63MPam'/?) and
chemically stable at high temperatures [6,7].

For practical applications, it is crucial to fabricate HMS bulk sam-
ples with optimal TE properties. However, the reported ZT of state-of-
the-art HMS, ~0.4, is still relatively low. For example, Sadia et al.
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obtained a ZT of ~0.42 at 723K for p-type Mn,Si, synthesized by arc
melting and hot pressing [8]. An et al. synthesized p-type Mn,,Si4, and
achieved a maximum ZT of 0.41 at 850 K using various sintering con-
ditions [9]. The low ZT values of HMS are mainly caused by metallic
MnSi secondary phases present in the HMS matrix, which result in a
drastic reduction of the Seebeck coefficient and an increase in the
thermal conductivity [10].

In this study, we obtained polycrystalline bulk HMS with high
homogeneity and a maximum ZT of 0.43 at 823 K by optimizing the
fabrication process. For this, we compared solid-state reaction (SSR)
and arc melting (AM) synthesis methods in combination with either hot
press (HP) or spark plasma sintering (SPS). We found that the metallic
MnSi secondary phase was most significantly reduced when using AM
and SPS together resulting in the best TE properties. Our findings de-
monstrate the importance of controlling the secondary phase and op-
timizing the synthesis process of HMS materials for TE applications.

2. Materials and methods

To compare the microstructure and thermoelectric properties of
Mn;;Siy9 samples prepared using different synthesis methods, they
were prepared using solid-state reaction (SSR) and arc melting (AM).
The Mn powder (99.95%, Alfa Aesar), Si powder (99.9%, Alfa Aesar),
Mn granule (99.98%, Alfa Aesar), and Si granule (99.9999%, Alfa
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Aesar) were weighed in the appropriate ratios to achieve the nominal
composition of Mn;;Si;q. For the SSR, the powders were mixed for 1 h
in a glove box using an agate mortar. Then, the mixed powders were
vacuum-sealed in a quartz tube and annealed in a box furnace at 1323 K
for 48 h. For the AM, the precursor solids of Mn and Si were placed in
an inverted dome base within a dynamically vacuumed arc chamber
and were consecutively melted under Ar atmosphere to achieve a
homogeneous composition. The obtained samples were ground into
powders using an agate mortar and sieved to obtain particle sizes
smaller than 53 um. Then, the disc-type HMS polycrystalline bulks
(25 mm diameter and 6 mm thickness) were compacted by either hot
press (HP) or spark plasma sintering (SPS). The sintering time of SPS
and HP were 5min and 1 or 2h, respectively, at a temperature of
1193 K and pressure of 60 MPa.

A phase analysis of the powders and compacted bulks was carried
out using X-ray diffraction (Ultima IV/ME 200DX, Rigaku, Japan) with
CuKa radiation. The wt.% of the secondary phases was calculated by
Rietveld refinement. The microstructure of the compacted bulks was
investigated by scanning electron microscopy (SEM, JEOL-7800F, JEOL
Ltd., Japan). The temperature dependence of the electrical conductivity
o and the Seebeck coefficient S were evaluated in the range of
300-873 K using a system measuring thermoelectric properties (ZEM-3,
ULVAGC, Japan). Hall measurements were carried out using home-made
system under a 1T magnetic field in the van der Pauw configuration at
room temperature. The k., values were calculated using the equation
k = pCyA, where p is the density, C, is the specific heat capacity, and A
is the thermal diffusivity. To measure A and C, as a function of tem-
perature under vacuum, the laser flash method (Netszch LFA-457,
Germany) and differential scanning calorimetry (DSC 8000,
PerkinElmer, USA) were used.

3. Results and discussion

To investigate which combination of synthesis and sintering method
would result in the best TE properties, we prepared Mni;Si;9 samples
using the combination of synthesis (SSR and AM) and sintering method
(SPS and HP).

To compare the effects of the different synthesis and sintering
methods on the phases present in the resulting Mn;;Si;o, we performed
XRD analysis on the powders and the compacted bulks (Fig. 1). In
previous reports, the XRD measurements revealed that the samples
mainly included phases of Mn,Si;, Mnj;Si;9, Mn;5Sisg, and Mn,;Sis,
[11]. The Mn and Si sub-lattices were incommensurate along the c-axis
with lattice parameters varying from 17A (MnSi;) to 118A
(Mny;Sis;). All phases exhibited similar lattice parameters of approxi-
mately 5.5 A along the a- and b-axis due to the dependence to the Mn
sub-lattice [12].

All samples have a tetragonal crystal structure, specifically known
as the Nowotny chimney ladder phase, and MnSi and Si secondary
phases are present. The AM and AM/SPS samples exhibited sig-
nificantly lower proportions of the secondary phases MnSi and Si
compared to that of the SSR-synthesized samples. Using Rietveld re-
finement, the amount of MnSi secondary phase was calculated to be
0.5-1.0 wt% in the AM-synthesized and 3.0-5.5wt% in the SSR-syn-
thesized samples.

This is likely because achieving a uniform phase using SSR is ex-
perimentally difficult due to unpredictable experimental parameters,
such as various powder sizes, unsteady temperature distributions, and
different atomic diffusion rates for Mn and Si, resulting in the de-
gradation of TE properties [13]. Moreover, the presence of undiffused
Si, induced by the slow diffusion rate of Si atoms, may have formed the
MnSi and Si secondary phases in the HMS matrix of the SSR-synthesized
samples [8]. In contrast, AM is based on a secondary melting process,
which can minimize the segregation by completely melting the pre-
cursor ingots [14]. Also, the cooling rate of the AM process is faster
than that of the SSR process, which can prevent the phase segregation
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Fig. 1. XRD patterns of the Mn,;Si;o samples prepared by SSR, AM, SSR/SPS,
SSR/HP (1 h), SSR/HP (2h), and AM/SPS. The blue squares indicate secondary
MnSi phases and the red dots secondary Si phases. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

of the MnSi and Si phases.

To compare the presence of secondary phases in the SPS and HP
sintering processes, we analyzed the XRD patterns of the SSR/SPS and
the SSR/HP (1 h) samples using Rietveld refinement. We calculated the
MnSi secondary phase content of the SSR/HP (1h) sample to be
1.0-1.5wt% and that of the SSR/SPS sample to be 2.5-3.5 wt%. This
shows that a smaller amount of the MnSi secondary phase was gener-
ated using the long HP sintering process (1-2 h). However, once formed
in the SSR reaction, HP sintering was insufficient in removing the
secondary phases considering that MnSi was still present in the SSR/HP
(1h) and SSR/HP (2 h) samples.

To reveal the microstructure of the SSR/SPS, SSR/HP (1h), and
AM/SPS samples, we performed SEM analysis (Fig. 2). The SSR/SPS
sample showed the highest porosity (Fig. 2 (a) and (b)), which was
lower for the SSR/HP (1 h) and AM/SPS samples (Fig. 2 (c) and (d), and
(e) and (f), respectively). The porosity is a characteristic that can be
detrimental to the TE properties. This is because the presence of closed
pores may result in hole scattering, which decreases o.

To analyze the temperature dependency of the electronic transport
properties of the SSR/SPS, SSR/HP(1h), SSR/HP(2h) and AM/SPS
samples, we measured their o and S values as a function of temperature
between 300 and 873K (Fig. 3 (a)). In the temperature range under
800K, we observed a decrease of ¢ with temperature for all samples,
suggesting a degenerate transport behavior of the HMS. This is likely
due to electron acoustic phonon scattering, which becomes more sig-
nificant with increasing temperature. It leads to a reduction in the
carrier mobility, and thus, decreased o values. Additionally, the slight
increase of o above 830 K seemed to be due to bipolar transport in HMS.
Moreover, we found that the SSR/SPS sample exhibited a lower o
compared to the AM/SPS and SSR/HP samples, which is likely due to its
higher proportion of secondary phases and higher level of porosity. This
is in agreement with studies on MnSi and Si secondary phases formed
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(f) AM/SPS

Fig. 2. SEM images of the SSR/SPS (a) and (b), SSR/HP (1 h) (c) and (d), and
AM/SPS samples (e) and (f) at magnifications of 50 um (left column) and 10 pm
(right column).

by peritectic solidification from solid MnSi and liquid HMS, which ex-
hibit low o due to the intensified hole scattering at the interfaces be-
tween the HMS matrix and the secondary phases [3,8,15].

To clarify this, we calculated the carrier concentration (py) and
mobility (up.y) estimating a one band model (Table 1). We found si-
milar py values of 1.52 x 10**-1.54 x 10%*' cm 3 for the SSR/SPS and
AM/SPS samples. In contrast, the py,; value of the AM/SPS sample
(2.43em®>V~! s71) was higher than that of the SSR/SPS sample
(2.19 cm?®V~' s™1), indicating that the holes (h ) were scattered at the
interfaces between the HMS matrix and the secondary phases.

The absolute S values of the SSR/SPS and SSR/HP (1h) samples
were similar (225 uV K™ 1 and 228 uVK™ 1 at 773 K) and lower than that
of the AM/SPS sample (230 uV K~ ! at 773 K). The metallic properties of
the MnSi secondary phase in the SSR/SPS and SSR/HP samples may
result in a decrease in the S values. Consequently, the calculated power
factor (0S) values of the AM/SPS sample (1.50 mW m ™~ * K~ 2) and SSR/
HP samples (1.60 mWm~! K~2) were higher than that of the SSR/SPS
sample (1.34mWm ™! K™2, Fig. 3 (b)).

In order to further investigate the TE properties of the SSR/SPS,
SSR/HP(1 h), SSR/HP(2 h) and AM/SPS samples, we then investigated
their thermal conductivities i (filled symbols) and «j,. (unfilled
symbols) as a function of temperature (Fig. 4(a)). kj,c was calculated by
subtracting the electronic contribution (kee) from k. The Lorenz
number (L) was estimated using the following equation [16]:

e= (%) ()0 [(+)ms [
(r + 3/2)F,+12(77) (" + 3/2)E+1/2(77)

e

where 7 is the Fermi energy, F,(n) is the n-th order Fermi integral, and r
is the scattering parameter. The calculated L values ranged from
1.6 x 1078 V2K %10 2.0 X 1073 V? K~ 2. The ko values (2.82Wm ™!
K™! at 373K and 2.92Wm ™! K™! at 873K) of the SSR/SPS sample
were lower than that of the other samples (AM/SPS: 2.87 Wm ™~ Tk 1at
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Fig. 3. Temperature dependence of the electrical conductivity o and the
Seebeck coefficient S (a), as well as of the power factor (b) for the SSR/SPS,
SSR/HP (1 h), SSR/HP (2h), and AM/SPS samples.

Table 1
Room-temperature electronic transport parameters of two Mn;;Si;9 samples.

o(Sm™) SMVK™ pu (em™3) tran (cm® V™1 s™1)
SSR/SPS 54901.89 124.14 1.54 x 10* 2.19
AM/SPS 59961.96 123.50 1.52 x 10* 2.43

373K and 2.95Wm ™' K~ ! at 873 K; SSR/HP (1 h): 293 Wm ™' K™ ! at
373K and 2.97 Wm ™! K~ ! at 873 K) due to its low density. Although
the metallic MnSi secondary phase caused an increase in thermal con-
ductivity, the k¢ of all samples were reduced because of the intensified
phonon scattering at the interfaces between the HMS and MnSi or the
pores in the matrix. Moreover, we found that the SSR/HP samples had
the highest ko values. This was likely induced by the MnSi secondary
phase taking into account that the AM/SPS sample exhibited a similar
experimental density.

Together with the values for the power factor and the thermal
conductivities, we were able to calculate the dimensionless figure of
merit ZT for the samples (Fig. 4 (b)). We found that the SSR/HP (1 h),
SSR/HP (2h), and AM/SPS samples achieved high ZTs of 0.43-0.45 at
823 K, which is 15% higher than that of the SSR/SPS sample.

4. Conclusions

In summary, we were able to successfully control secondary phase
generation in thermoelectric Mn;,Sijo by optimizing its fabrication
process. The AM process suppressed the formation of MnSi and Si
phases more effectively than the SSR method due to the rapid cooling
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Fig. 4. Temperature dependence of the total thermal conductivity ko (filled
symbols) and the lattice thermal conductivity .. (unfilled symbols, a), and of
the dimensionless figure of merit ZT (b) for the SSR/SPS, SSR/HP (1 h), SSR/HP
(2h), and AM/SPS samples.

rate. By decreasing the presence of secondary phases, we improved the
electronic transport properties and manipulated thermal transport
properties. As a result, we obtained the highest ZT of 0.43 at 823K for
the AM/SPS sample, which is 15% higher than that of the SSR/SPS
sample. Our results demonstrate that the presence of secondary phases
plays an important role in the charge and energy transport properties of
HMS. Optimizing the fabrication process of HMS to reduce secondary
phase formation offers an accessible route to improving their TE
properties.
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