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Microstructure and Thermoelectric Properties of Doped FeSi2
with Addition of B4C Nanoparticles

β-FeSi2 with the addition of B4C nanoparticles was manufactured by sintering mechanically alloyed Fe and Si powders with
Mn, Co, Al, P as p and n-type dopants. The consolidated samples were subsequently annealed at 1123 K for 36 ks. XRD analysis
of sinters after annealing confirmed nearly full transformation from α and ε into thermoelectric β-FeSi2 phase. SEM observations
of samples surface were compliant with the diffraction curves. TEM observations allowed to depict evenly distributed B4C nanoparticles thorough material, with no visible aggregates and establish grain size parameter d2 < 500 nm. All dopants contributed
to lower thermal conductivity and Seebeck coefficient, with Co having strongest influence on increasing electrical conductivity
in relation to reference FeSi2. Combination of the addition of Co as dopant and B4C nanoparticles as phonon scatterer resulted in
dimensionless figure of merit ZT reaching 7.6 × 10–2 at 773 K for Fe0.97Co0.03Si2 compound.
Comparison of the thermoelectric properties of examined sinters to the previously manufactured of the same stoichiometry
but without B4C nanoparticles revealed theirs overall negative influence.
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1. Introduction
Possibility of using thermoelectric generators (TEGs) to
exploit waste heat makes the thermoelectric materials - exhibiting a significant Seebeck effect, to revive with the development
of novel manufacturing methods, allowing to reach challenging
goal of enhancing ZT - a dimensionless figure of merit describing
material thermoelectric effectiveness [1]. With the thermoelectric materials efficiency increasing, nowadays TEGs find more
and more applications. One of the well known thermoelectric
material, initially documented in 1960s [2] is iron disilicide
(β-FeSi2). It is a semiconductor with a band gap of 0.85 eV at
room temperature, characterized by a high Seebeck coefficient,
superior oxidation resistance and high working temperature
range (up to 1200 K) [3-5].
With its non-toxicity and availability of the substrates used
to fabricate β-FeSi2, this compound draws much attention in
the context of TEGs applications. The thermoelectric properties of β-FeSi2 are quite low comparing to novel thermoelectric
material such as for example scutterudites [6]. With many
manufacturing methods already explored, still there have not

been proven manufacturing method of FeSi2 efficient in terms
of reducing production cost and resulting in high performance
material.
The goal of this work is to investigate the influence of addition of B4C nanoparticles on thermoelectric properties of p and
n-type doped β-FeSi2 manufactured using mechanical alloying
(MA) and pulse plasma sintering [7].
The selection of B4C nanoparticles as an extra addition
was motivated for following reasons: a) B4C itself is a good
thermoelectric material [8], b) addition of B4C particles to other
thermoelectric materials resulted in enhanced properties [9].
The manufacturing method combination was chosen as
previous results indicate that PPS offers unique combination
of rapid heating/cooling and short processing time, essential
for preserving nanometer size of the consolidated powders
[10,11]. It was successfully used to manufacture wide range of
materials [12,13] including ceramics [14]. Retaining fine-grained
structure is an important challenge in the case of the materials
for thermoelectric applications as increasing share in volume
of grain boundaries is one of efficient ways to reduce thermal
conductivity [15]. Finally, authors previous study [16] confirmed
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that such manufacturing route yields promising results in terms
of enhancing thermoelectric properties of β-FeSi2.
In order to assess the influence of addition of B4C nanoparticles to p and n-type doped β-FeSi2 on its thermoelectric
properties, a series of specimens have been prepared using MA
and PPS of n (Co, P) and p (Mn, Al) type doped β-FeSi2 with
the 1% (by weight) of B4C. The amount of B4C was selected
based on previous report – [17], where the authors indicated that
among of 1, 2, 4 and 6 wt. % addition of dispersed microparticles
of B4C into β-FeSi2 the 1% content resulted in the highest figure
of merit in bulk material.
The obtained samples were characterized in terms of their
structure and properties, including the thermoelectric power and
compared with samples without B4C nanoparticles addition,
manufactured using the same route and identical stoichiometry.

2. Experimental procedure
Elemental powders of Fe (purity 99.99% –200 mesh,
American Elements), Si (purity 99.999% –325 mesh, Alfa Aesar), Co (purity 99.5% –325 mesh, Electronic Space Products
International), Mn (purity 99.95% –325 mesh, Alfa Aesar), Al
(purity 99.95% –100,+325 mesh, Sigma-Aldrich) and Fe2P (purity 99.5% –40 mesh, Sigma-Aldrich), B4C (99+, nano powder
45-55 nm, US Research Nanomaterials INC.) were used to prepare n and p-type FeSi2 powders using MA method. In Table 1,
4 selected compounds are shown. Each dopant and its amount
resulting in highest thermoelectric power was chosen based on
literature review (Mn [18-21], Co [5,20,22-24], Al [19,25-26],
P [27]) and former experience of the authors.
TABLE 1
Synthesized compounds with the addition of B4C nanoparticles
Dopant

Compound

Mn

Co

Al

TABLE 2
Milling parameters of doped FeSi2 with the addition of B4C
nanoparticles
Type

Mode

Effective
milling
period

Break

Interval

Preliminary Alternating 2 min
0
1 min
Main
Alternating
40 h
15 min 15 min
Addition of B4 C nanoparticles
Preliminary Alternating 2 min
0
1 min
Main
Alternating
10 h
15 min 15 min

Rotation
speed

100 rpm
300 rpm
100 rpm
300 rpm

nealing of bulk samples was conducted in vacuum, using sealed
quartz tubes, at 1123 K for 36 ks.
The density, ρ, of the samples subjected to post sintering
annealing was measured using the Archimedes method. Phase
analyses were performed by X-ray diffraction (XRD, Bruker,
D8 Advance, Cu Kα). The XRD spectra were obtained in the 2Θ
range of 15-60° where most characteristic peaks of Fe-Si system
are located. Microstructure of powders and sintered samples
were evaluated using scanning electron microscopy (SEM,
Hitachi, SU-70) and the chemical composition of sinters with
energy-dispersive spectroscopy (EDS). In order to observe the
distribution of nanoparticles and the grain boundaries, a JEOL
JEM 1200 EX transmission electron microscope was used. Images were taken using voltage of 120 kV in bright field (BF)
and dark field (HAADF) modes. The Seebeck coefficient, S, as
well as the electrical conductivity, σ, were measured using the
standard four-probe method, in vacuum. The thermal diffusivity,
D, was measured by the laser flash method (LFA, Netzsch, 457
MicroFlash) using samples with diameter of 10 mm and height of
~1 mm. The thermal conductivity, κ, was calculated according to
the formula κ = D Cp ρ, where Cp – specific heat and ρ – density
[27]. All measurements of S, σ, κ, were performed within the
temperature range from 323 to 773 K.

P

Fe0,92Mn0,08Si2 Fe0,97Co0,03Si2 FeSi1,93Al0,07 FeSi1,95P0,05

Compounds were mechanically alloyed in Retsch planetary
ball mill PM 100 in argon atmosphere. The mixtures of substrates
without B4C nanoparticles were sealed in 500 ml steel containers
with 50 balls, inside glove box in argon atmosphere. The mixtureto-ball weight ratio was 1:10 for all samples. Sealed samples
were subjected to milling. B4C nanopowder was added to the
mechanically alloyed compounds to evenly distribute particles
within prepared powder. The milling procedure parameters are
shown in Table 2.
The mechanically alloyed compounds were PPS sintered
in graphite dies with the diameter of 10 mm. The samples were
sintered to an observable shrinkage stop (punch travel) at 1373 K
and held for 30 s at a pressure of 50 MPa. The current pulse
stabilizing the temperature occurred every 0.4-0.6 s. The time
between pulses during sintering was adjusted live for the process
to maintain the same sintering temperature for all samples. An-

3. Results and discussion
The relative densities of the sintered samples after the postsintering annealing have been calculated under the assumption of
the theoretical density of 4.93 g/cm3 for un-doped iron silicide,
taking into account true compositions of the doped samples
and atomic mass differences between Fe, Si and dopants. The
obtained values are listed in Table 3.
TABLE 3
The results of relative density measurements
Sample

Relative density [%]

FeSi2
Fe0,92Mn0,08Si2 + B4C
Fe0,97Co0,03Si2 + B4C
FeAl0,07Si1,93 + B4C
FeP0,05Si1,95 + B4C

94.93
94.12
94.32
95.74
93.91
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Fig. 1. The XRD patterns for the samples: before (a) and after (b) annealing at 1123 K for 36 ks

The relative density was observed to be in the range of
~93-96%. Most of the samples are characterized by a satisfactory relative density above 94%. Obtained values are of the same
range that the values obtained by other for materials produced
by the SPS method [21,28]. Therefore, it should be concluded
that the consolidation technique used in the study, pulse plasma
sintering, and specified sintering parameters resulted in the
desired, high density bulk material likewise observed for other
PM consolidation techniques such as HP or SPS.
The XRD patterns shown in the Fig. 1 present that all
samples with the addition of B4C nanoparticles after annealing
contain increased content of the residual ε phase, compared to
the reference material – peak: 2ϴ = 45.125° – [210]. This result
should be attributed to hindered diffusion during the α + ε → β
phase reaction, caused by the presence of dispersed B4C nanoparticles. XRD measurements demonstrated that the overall
content of residual ε phase in samples with the addition of B4C
nanoparticles after annealing, is not negligible which might be
sufficient in terms of negative influence of ε phase on thermoelectric properties. Maintaining lowest temperature and shortest
annealing time, that is required to prevent excessive grain growth
is a challenge in terms of obtaining β phase. Developed in previous study annealing parameters 1123 K for 36 ks proved to be
sufficient. The same parameters used in this study turned out to
be less accurate for samples with B4C addition.
Fig. 2 shows the surfaces of doped samples with the addition
of B4C nanoparticles. A significant amount of residual ε phase
was observed in the material after annealing. This observation
is consistent with the X-ray structural analysis and indicates
slowing down of the phase transformation α + ε → β due to the
presence of nanoparticles, which suppress Fe and Si atoms diffusion between the α phase and the ε phase.
In the Fig. 3, images of the structure of the material with
the addition of nanoparticles, were shown. Characteristic black
dots can be observed, corresponding to nanoparticles with a size
from a few to several nm. The nanoparticles are evenly distributed throughout the entire volume of the material, including the

grain boundaries. The observed dispersion of nanoparticles in
the manufactured material is satisfactory in terms of their influence on thermal conductivity [29]. Captured images allowed to
outline distinctive grain boundaries and with the use of dedicated
software [30], calculate grain size parameters (Table 4).
TABLE 4

Grain size
Parameter

A [μm2]
d2 [nm]

Material

Fe0,97Co0,03Si2 + 1% B4C
0.19
427

Calculated submicron values, significantly smaller comparing to other reported in literature: 1-10 [31], 1-100 [21],
~1 [28] μm, look promising in terms of enhancing thermoelectric
properties as reducing grain size implicates reducing thermal
conductivity [24]. Within some of the grains (see Fig. 3b) characteristic for β-phase order domains – lamellae-like structures [32]
were observed, which emerged during manufacturing process.
Fig. 4 exhibits measurements of thermal conductivity, electrical conductivity, Seebeck coefficient and dimensionless figure
of merit. κ is similarly lowered by the addition of Mn, Al or P
with the strongest influence of Co as dopant. Comparing to the
compounds without B4C addition manufactured alike [16], the
presence of dispersed nanoparticles stabilized thermal conductivity in the temperature range of the measurement – lowering
κ for FeSi2 with p-type dopants and increasing for n-type dopants, leaving Fe0.97Co0.03Si2 with the lowest κ within the whole
temperature range. Presence of B4C nanoparticles lowered the
increase of σ with the influence of dopants and observed metallic
ε phase. The most significant factor in formula on ZT – S was
lowered for all samples in comparison to reference material
and compounds without B4C nanoparticles. All of the observed
results implicate lower ZT than in identical compounds but
without B4C nanoparticles (Fig. 4.d). The highest value reached
by Fe0.97Co0.03Si2 with B4C nanoparticles – 7.6 × 10–2 is nearly
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Fig. 2. SEM images of the samples before and after post sintering annealing: a) Fe0,92Mn0,08Si2 + B4C; b) Fe0,97Co0,03Si2 + B4C; c) FeAl0,07Si1,93
+ B4C; d) FeP0,05Si1,95 + B4C

Fig. 3. TEM images in bright field of a Co doped sample with B4C nanoparticles
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Fig. 4. Thermoelectric properties: a) Thermal conductivity; b) Electrical conductivity; c) Seebeck coefficient; d) Figure of merit ZT

half of 15 × 10–2 at 773 K for the initial Fe0.97Co0.03Si2. As for
the other dopants the negative impact is even higher.
It is not unambiguous that it is the sole influence of just the
presence of B4C nanoparticles as higher share of residual ε phase
was observed for all sinters in relation to initial compounds in previous study. Thus further studies will be undertaken to clarify that.
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