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In the paper the potential of conventional casting technology in fabrication of modern magnesium-based

thermoelectric materials was evaluated. Although these materials are considered as potential environmental-
friendly alternative for commercially used thermoelectric materials based on heavy metals, fabrication of bulk
Mg-based thermoelectric materials with simple and cost-effective technologies is still challenging. In the present
work it was found that it is possible to obtain Mg-based thermoelectric materials with conventional gravity casting
technology. The following technological problems were identified: high reactivity and vapor pressure of magnesium,
large difference in melting point and density of the components, high fragility, high synthesis temperature and
significant solidification volume shrinkage. The application of solutions and adjustments to the conventional gravity
casting method, comprising the usage of non-reactive crucible and mold materials, inert atmosphere of argon,
intensive mechanical stirring, and decrease of cooling rate of solidifying ingots led to fabrication of relatively pure
(98%) bulk Mg2Sn thermoelectric compound.
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1. Introduction

Presently used technologies of energy production are
based mainly on fossil fuels and are known to have a neg-
ative impact on the environment and living conditions
of humans. Simultaneously the global energy demand
is increasing constantly, while the existing technologies
for converting the alternative energy sources into desired
energy forms are far from being competitive with con-
ventional technologies [1]. The fossil fuels depletion and
global efforts to overcome this problem by developing
and implementing renewable energy sources are crucial
factors determining the significant growth in the field of
thermoelectric materials and their applications. Their
ability of converting the waste heat directly to electrical
energy without any intermediate step is considered as one
of the promising strategies in this field of interest. On
the other hand, the low efficiency of commercial thermo-
electric materials limits their usage to niche specialized
devices, such as laboratory chillers and thermoelectric
generators for space probes and military equipment [2].
Nevertheless, the concept devices, such as thermoelectric
generator for conversion of the waste heat of car exhaust
to electrical energy, justifies the importance and necessity
of further exploration of new high-efficient thermoelectric
materials.

The efficiency of thermoelectric material is de-
scribed by dimensionless thermoelectric figure of merit
ZT (ZT = S2σκ−1T , where S represents the Seebeck
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coefficient, σ — electrical conductivity, κ— thermal con-
ductivity and T — the absolute temperature). The main
commercial thermoelectric generator material is bismuth
telluride, which has a high enough dimensionless ther-
moelectric figure of merit (ZT ≈ 1) at room temperature
to be practical for energy generation applications. In re-
cent years, the price of tellurium, a key component in the
best-performing thermoelectric materials, has increased
significantly, hence their application in thermoelectric
generators on commercial scale is questionable [3]. The
other materials used at higher operating temperatures
are PbTe and GeTe. However, all of the described ma-
terials are expensive and contain toxic elements, such as
lead or tellurium. Therefore, it is necessary to find al-
ternative materials with comparable or higher figure of
merit, which do not contain toxic elements and can be
obtained by cost-effective technologies.

One of the most promising candidates, fulfilling the
mentioned requirements, are Mg2X (X = Si, Sn, Ge) in-
termetallic phases. These materials do not contain toxic
elements, are environmental-friendly, possess a low den-
sity (ρ ≈ 2.0–3.6 g/cm3) and incorporate highly avail-
able elements [4]. These compounds and their solid solu-
tions have received extensive attention as potential high-
performance thermoelectric materials since the 1950s,
and numerous investigations have been carried out re-
garding the electrical, optical, and thermal properties,
particularly in case of Mg2X phases [5–10]. However,
later the interest to these compounds has been almost
vanished until the last decade. A new wave of research
activity on Mg-based thermoelectric materials was initi-
ated by information about high figure of merit achieved
in Mg2Si–Mg2Sn solid solutions and growing interest to
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environmental-friendly materials for thermoelectric en-
ergy conversion [11]. Zaitsev et al. [12] reported the high
ZT of up to 1.3 in some of these materials, obtained by
several research groups [13–17]. The increase of ZT by
doping with other elements and formation of solid so-
lutions of different Mg2X (X = Si, Sn, Ge) phases has
been reported by Du et al. [18], Zwolenski et al. [19] and
Ihou-Mouko et al. [20]. It is believed that this success is
based on combination of two approaches to maximize
the thermoelectric performance: the band structure en-
gineering and the alloying.

A number of fabrication technologies of Mg-based ther-
moelectric materials have been studied, e.g. direct co-
melting [21], mechanical alloying [22–24], solid-state re-
actions [25–28], spark plasma sintering [28–30] and the
Bridgman method [31–33]. Among them, the material
with one of the highest reported ZT values has been ob-
tained by Zaitsev et al. by direct co-melting followed by
long annealing [12]. However, the majority of aforemen-
tioned technologies is relatively expensive and allow to
obtain only small amounts of the material, while fabrica-
tion of bulk Mg-based thermoelectric materials with low
cost technologies is still challenging.

In the paper the potential of conventional gravity cast-
ing technology in fabrication of Mg-based thermoelectric
materials was evaluated. The major technological prob-
lems were identified and their analysis provide a basis
to propose potential solutions, improving the designed
process as cost-effective and simple synthesis method of
Mg2X (X = Si, Sn, Ge) thermoelectric materials.

2. Research material and methods

Mg2Sn intermetallic phase was selected as the re-
search material. The samples were fabricated by di-
rect co-melting method. Ingots of elemental magnesium
(99.95%) and tin pellets (99.99%) were used as starting
materials and were melted in stoichiometric ratios in an
electric resistance furnace at 850 ◦C under protective at-
mosphere of argon, using graphite crucible. The melt
was homogenised for 30 min at the same temperature,
mechanically stirred for 15 min, and subsequently poured
into the graphite casting molds.

Macrophotographies of obtained samples were regis-
tered using Canon EOS 1200D camera. Metallographic
specimens were prepared by grinding on waterproof abra-
sive papers (P220, P320, P500, P1200) and polishing us-
ing water suspensions of polycrystalline diamond with
grain size of 6, 3, and 1 µm. Microstructural investiga-
tion was performed by means of light microscopy (Olym-
pus GX71, equipped with Olympus DP70 12Mpix digital
camera and Olympus AnalySIS FIVE software) and scan-
ning electron microscopy (SEM), using Hitachi S-3400N
scanning electron microscope equipped with Thermo No-
ran System 7 energy dispersive spectrometer (EDS).

X-ray diffraction (XRD) patterns were collected us-
ing X’Pert3 powder diffractometer equipped with curved
graphite monochromator on diffracted beam and with the

following slits (in the sequence form Cu tube counter):
Soller (2◦), divergence (1/2◦), antiscatter (1/2◦) and re-
ceiving (0.15 mm). The X-ray data collection was per-
formed for 10–150◦2θ range. XRD investigations were
performed on the powder samples received from as-cast
material. After identification of all the phases in al-
loy, the Rietveld refinement was performed, following the
turn-on sequence of parameters suggested by Young. The
Rietveld analysis was performed applying X’Pert High-
score Plus v. 3.0a program. The pseudo-Voigt function
was used in the describing of diffraction line profiles at
the Rietveld refinement. The Rwp (weighted-pattern fac-
tor) and S (goodness-of-fit) parameters were used as nu-
merical criteria of the quality of the fit of calculated to
experimental diffraction data. The quantitative phase
analysis was performed using the relation proposed by
Hill and Howard

Wp =
Sp(ZMV )
n∑

i=1

Si(ZMV )
× 100%, (1)

where Wp — the relative weight fraction of phase p in
the mixture of n phases (wt%), S — the Rietveld scale
factor, Z — the number of formula unit per units cell,M
— the mass of the formula unit (in atomic mass units),
and V — the unit cell volume.

3. Results and discussion

3.1. Design of the fabrication process

The first stage of process design comprised identifica-
tion and elimination of the most common problems in
fabrication of materials containing magnesium — high
reactivity and flammability of this element. To overcome
these problems it was necessary to use the possibly non-
reactive crucible and mold materials and perform the
casting process under the inert atmosphere to prevent
the contact of the liquid magnesium with air. Therefore,
graphite was chosen for the crucible and mold material
and the protective atmosphere of Ar (12 dm3/min) was
applied. The liquid melt was covered with flux powder
immediately after pouring it into the casting mold to pre-
vent ignition of casted ingots. Additionally, the problem
of high evaporation of magnesium was identified, espe-
cially at temperature exceeding 750 ◦C, while the inves-
tigated materials were obtained at 850 ◦C. The intensive
evaporation of magnesium resulted in deficiency of this
element and presence of non-reacted components in the
structure of obtained materials — apart from Mg2Sn and
Sn phases, small amounts of MgO magnesium oxide were
found (Fig. 1). The Mg2Sn phase is dominant compound
in obtained materials (Table I).

The further studies on evaporation of magnesium in
Mg2Sn phase revealed that approximately 10 wt% sur-
plus of magnesium compensates the evaporation of this
element and enables obtaining Mg2Sn phase charac-
terised by higher purity. The identification of the phase
composition using XRD analysis revealed two crystalline



1052 A. Gryc, M. Malczewska, T. Rzychoń, A. Kiełbus

Fig. 1. X-ray diffraction pattern fitting by Rietveld
method for as-cast Mg2Sn compound in stoichiometric
ratio (Rexp = 14.1%, Rwp = 19.8%, S = 1.95).

TABLE I

Phase contents and their lattice parameters in as-cast
Mg2Sn compound in stoichiometric ratio, determined
from the Rietveld method.

Phase Space group
Contents

[wt%]
Lattice parameters [nm]
Rietveld ICDD

MgO
cubic,

Fm-3m (225)
21.8(4) a0 = 0.4057 a0 = 0.4058

Mg2Sn
cubic,

Fm-3m (225)
70.8(4) a0 = 0.6763 a0 = 0.6765

Sn
tetragonal,

I41/amd (141)
7.4(2)

a0 = 0.5833

c0 = 0.3180

a0 = 0.5820

c0 = 0.3175

phases: Mg2Sn (cubic crystal structure) and Sn (tetrag-
onal crystal structure). The Rietveld refinement plot of
the powder sample obtained from the as-cast specimen
is presented in Fig. 2. The S (goodness of fit) parameter
has reached the value of 1.49 and it can be considered
as a satisfactory value for determining the phase content
and lattice parameters (Table II).

Additionally, the problem of high evaporation of mag-
nesium may be solved by reduction of melting time
through replacement of resistance heating by induction
heating. Moreover, in case of induction heating the mate-
rial is intensively mixed with eddy currents, which has a
beneficial influence on homogeneity of fabricated ingots.

The second stage of process design was focused on
identification of specific problems, occurring in fabrica-
tion of Mg2X (X = Si, Sn, Ge) intermetallic phases.
Numerous problems were identified during solidification
of molten phases, due to their high volume shrinkage
and low thermal conductivity, which makes the mate-
rial prone to cracking. The first attempts to cast the in-
gots of Mg2Sn phase comprised pouring the molten phase

Fig. 2. X-ray diffraction pattern fitting by Rietveld
method for as-cast Mg2Sn material with 10 wt% surplus
of magnesium (Rexp = 16.9%, Rwp = 20.7%, S = 1.49).

TABLE II

Phase contents and their lattice parameters in as-cast
material with 10 wt% surplus of magnesium, determined
from the Rietveld method.

Phase Space group
Contents

[wt%]
Lattice parameters [nm]
Rietveld ICDD

Mg2Sn
cubic,

Fm-3m (225)
98.0(4) a0 = 0.6762 a0 = 0.6765

Sn
tetragonal,

I41/amd (141)
2.0(3)

a0 = 0.5834

c0 = 0.3180

a0 = 0.5820

c0 = 0.3175

into the graphite casting mold with diameter of 20 mm
and resulted in disintegration of the obtained ingot after
around 48 h (Fig. 3a). In the second technological test
the mold was preheated to 400 ◦C. As a result the ingot
of Mg2Sn phase with diameter of 20 mm and height of
50 mm was obtained. The macrostructural investigation
of the ingot revealed the presence of cracks in the entire
longitudinal section (Fig. 3b). The grain structure con-
sists of a wide zone of columnar grains with narrow zone
of equiaxed grains in the middle of the ingot. Although
the equiaxed structure is desired, knowledge on obtain-
ing the columnar structure might be useful in the further
research, particularly in case of potential anisotropy of
thermoelectric properties. In the last technological test
the diameter of the ingot was increased to 40 mm. The
molten phase was casted into the graphite casting mold
preheated to 400 ◦C and cooled with furnace with cool-
ing rate of 10 ◦C/h. The obtained ingot with a diame-
ter of 40 mm and height of 100 mm was characterised
by columnar grain structure with some cracks (Fig. 3c).
Nevertheless, neither disintegration, nor the increase of
the number of cracks were observed in comparison to
the ingot with diameter of 20 mm. It is believed that
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Fig. 3. Fabricated ingots of Mg2Sn phase: (a) ingot
casted to non-preheated graphite mold, (b) ingot casted
to graphite mold preheated to 400 ◦C, (c) ingot casted
to graphite mold preheated to 400 ◦C and cooled with
furnace with cooling rate of 10 ◦C/h.

Fig. 4. Microstructure of the top part of Mg2Sn ingot
with eutectic compounds resulting from segregation of
tin (LM, 100×).

the further decrease of cooling rate or using the molding
material with lower thermal conductivity may result in
fabrication of crack-free bulk ingots of Mg2X (X= Si, Sn,
Ge) phases.

The last identified technological problem was the sig-
nificant difference in density of components, resulting in
inhomogeneity of fabricated ingots. Tin, characterised
by higher density than magnesium tends to sediment to
the bottom part of the melt, which influenced the mi-
crostructure of a part of the casted ingots (Fig. 4). In
consequence in the top part of the ingots the mixture
of eutectic compounds was observed instead of homoge-
neous one-phase structure. However the problem of in-
homogeneity was solved by application of intensive me-
chanical stirring preceding the casting.

3.2. Microstructure of obtained Mg2Sn ingots

Identification of technological problems and applica-
tion of proposed solutions led to fabrication of bulk ingot
of Mg2Sn phase with diameter of 40 mm and height of
100 mm. The ingot was casted to graphite mold pre-
heated to 400 ◦C and cooled with furnace with cooling
rate of 10 ◦C/h. SEM investigation of fabricated ingot
revealed the homogeneous one-phase structure of the ma-
terial composed of tin and magnesium (Fig. 5, Table III).

Fig. 5. Microstructure of Mg2Sn ingot casted to pre-
heated mold and cooled with furnace: (a) Mg2Sn ma-
trix with inclusions, (b) brittle cracks observed within
the matrix, (c) inclusion.

TABLE III

Results of EDS analysis of areas and points indi-
cated in Fig. 5 (at.%).

Mg Sn
area 1 52.6 47.4
point 2 86.1 13.9
point 3 88.4 11.6

A number of small inclusions, distributed uniformly in
Mg2Sn matrix was observed (Fig. 5c). The mentioned
inclusions contain islands of Mg2Sn phase surrounded by
Mg-rich areas. The EDS analysis of point 3 revealed
also presence of carbon and oxygen. Therefore, the iden-
tified inclusions may be particles of magnesium oxide
and crucible material (graphite), introduced to the liquid
phase during the mechanical stirring before casting. Ad-
ditionally, in some areas of the investigated samples brit-
tle cracks were observed (Fig. 5b). Their presence con-
firms the susceptibility of material to cracking and may
be justified by occurrence of significant tensile stresses
caused by high volume shrinkage during the solidifica-
tion process.

4. Summary and conclusion

The conducted technological tests lead to development
of promising one-step method of fabrication of Mg-based
thermoelectric materials. Identified technological prob-
lems and purposed solutions resulted in fabrication of
bulk, homogeneous ingot of Mg2Sn phase. Although the
designed method is not free from imperfections, concern-
ing mainly the cracking of material, the reduction of cool-
ing rate during the solidification process let to decrease
the number of cracks even in case of ingot with increased
diameter. Hence, it is believed that the further develop-
ment of presented technology may enable fabrication of
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bulk, defect-free ingots of Mg-based thermoelectric ma-
terials. Basing on the conducted research, the following
conclusions were drawn:

• The main technological problems, identified in fab-
rication of Mg-based thermoelectric materials by
conventional casting methods are: high reactivity,
flammability and evaporation of magnesium, signif-
icant difference in density of components, as well as
susceptibility of the material to cracking caused by
high volume shrinkage and low thermal conductiv-
ity. The mentioned problems may be eliminated
by application of inert atmosphere, introduction of
mechanical or electromagnetic stirring before cast-
ing and reduction of cooling rate.

• Mg2Sn ingot, fabricated by designed technology is
characterised by homogeneous structure and con-
sists of Mg2Sn phase (98%). Tin (2%) and some in-
clusions, composed probably of graphite and mag-
nesium oxide, were introduced to the molten phase
during the mechanical stirring. The presence of
cracks in the structure of ingot reveals the neces-
sity of further decrease of cooling rate.

Acknowledgments

This publication was financially supported by the own
scholarship fund of the Silesian University of Technology
in the year 2019.

References

[1] A. Mishra, S. Bhattacharjee, S. Anwar, Measurement
68, 295 (2015).

[2] A. Królicka, A. Hruban, A. Mirowska, Materiały Elek-
troniczne (Electronic Materials) 40, 19 (2012) (in Pol-
ish).

[3] M.I. Fedorov, V.K. Zaitsev, Mater. Matters 6, 100
(2011).

[4] W. Wunderlich, Y. Suzuki, N. Gibo, T. Ohkuma,
M. Al-Abandi, M. Sato, A.U. Khan, T. Mori, Inor-
ganics 2, 351 (2014).

[5] G. Busch, U. Winkler, Helv. Phys. Acta 26, 578
(1953).

[6] R.G. Morris, R.D. Redin, G.C. Danielson, Phys. Rev.
109, 1909 (1958).

[7] R.R. Redin, R.G. Morris, G.C. Danielson, Phys. Rev.
109, 1916 (1958).

[8] R.J. LaBotz, D.R. Mason, J. Electrochem. Soc. 110,
2 (1963).

[9] J.J. Hauser, Phys. Rev. B 11, 10 (1975).

[10] Y. Noda, H. Kon, Y. Furukawa, I.A. Nishida, K. Ma-
sumoto, Mater. Trans. JIM 33, 851 (1992).

[11] V.K. Zaitsev, G.N. Isachenko, A.T. Burkov, in: Ther-
moelectrics for Power Generation, Eds. S. Skipi-
darov, M. Nikitin, IntechOpen, 2016, p. 263.

[12] V.K. Zaitsev, M.I. Fedorov, E.A. Gurieva,
I.S. Eremin, P.P. Konstantinov, A.Y. Samunin,
M.V. Vedernikov, Phys. Rev. B 74, 045207 (2006).

[13] A. Khan, N. Vlachos, T. Kyratsi, Scr. Mater. 69,
606 (2013).

[14] M.I. Fedorov, V.K. Zaitsev, G.N. Isachenko, Solid
State Phenom. 170, 286 (2011).

[15] W. Liu, X. Tan, K. Yin, H. Liu, X. Tang, J. Shi,
Q. Zhang, C. Uher, Phys. Rev. Lett. 108, 166601
(2012).

[16] X. Zhang, H. Liu, Q. Lu, J. Zhang, F. Zhang, Appl.
Phys. Lett. 103, 063901 (2013).

[17] Q. Zhang, Y. Zheng, X. Su, K. Yin, X. Tang, C. Uher,
Scr. Mater. 96, 1 (2015).

[18] Z. Du, T. Zhu, X. Zhao, Mater. Lett. 66, 76 (2012).
[19] P. Zwolenski, J. Tobola, S. Kaprzyk, J. Electron.

Mater. 40, 889 (2011).
[20] H. Ihou-Mouko, C. Mercier, J. Tobola, G. Pont,

H. Scherrer, J. Alloys Compd. 509, 6503 (2011).
[21] Y. Noda, H. Kon, Y. Furukawa, N. Otsuka,

I.A. Nishida, K. Masumoto, Mater. Trans. JIM 33,
845 (1992).

[22] M. Riffel, J. Schilz, Scr. Metall. Mater. 32, 1951
(1995).

[23] J. Schilz, M. Riffel, K. Pixius, H.J. Meyer, Powder
Technol. 105, 149 (1999).

[24] L. Lu, M.O. Lai, M.L. Hoe, Nanostruct. Mater. 10,
551 (1998).

[25] R. Song, Y. Liu, T. Aizawa, J. Mater. Sci. Technol.
21, 618 (2005).

[26] T. Aizawa, R.B. Song, Mater. Sci. Forum 534–536,
221 (2007).

[27] T. Aizawa, R. Song, A. Yamamoto, Mater. Trans.
46, 1490 (2005).

[28] W. Luo, M. Yang, F. Chen, Q. Shen, H. Jiang,
L. Zhang, Mater. Sci. Eng. B Adv. 157, 96 (2009).

[29] R. Vracar, G. Bernard-Granger, C. Navone,
M. Soulier, M. Boidot, J. Leforestier, J. Simon,
J. Alloys Compd. 598, 272 (2014).

[30] J.I. Tani, H. Kido, Physica B 364, 218 (2005).
[31] M. Akasaka, T. Iida, T. Nemoto, J. Soga, J. Sato,

K. Makino, M. Fukano, Y. Takanashi, J. Cryst.
Growth 304, 196 (2007).

[32] M. Yoshinaga, T. Iida, M. Noda, T. Endo,
Y. Takanashi, Thin Solid Films 461, 86 (2004).

[33] H.Y. Chen, N. Savvides, J. Electron. Mater. 38, 1056
(2009).

http://dx.doi.org/10.1016/j.measurement.2015.03.005
http://dx.doi.org/10.1016/j.measurement.2015.03.005
http://dx.doi.org/10.3390/inorganics2020351
http://dx.doi.org/10.3390/inorganics2020351
http://dx.doi.org/10.1103/PhysRev.109.1909
http://dx.doi.org/10.1103/PhysRev.109.1909
http://dx.doi.org/10.1103/PhysRev.109.1916
http://dx.doi.org/10.1103/PhysRev.109.1916
http://dx.doi.org/10.1149/1.2425688
http://dx.doi.org/10.1149/1.2425688
http://dx.doi.org/10.1103/PhysRevB.11.3860
http://dx.doi.org/10.2320/matertrans1989.33.851
http://dx.doi.org/10.5772/62753
http://dx.doi.org/10.5772/62753
http://dx.doi.org/10.1103/PhysRevB.74.045207
http://dx.doi.org/10.1016/j.scriptamat.2013.07.008
http://dx.doi.org/10.1016/j.scriptamat.2013.07.008
http://dx.doi.org/10.4028/www.scientific.net/SSP.170.286
http://dx.doi.org/10.4028/www.scientific.net/SSP.170.286
http://dx.doi.org/10.1103/PhysRevLett.108.166601
http://dx.doi.org/10.1103/PhysRevLett.108.166601
http://dx.doi.org/10.1063/1.4816971
http://dx.doi.org/10.1063/1.4816971
http://dx.doi.org/10.1016/j.scriptamat.2014.09.009
http://dx.doi.org/10.1016/j.matlet.2011.08.031
http://dx.doi.org/10.1007/s11664-011-1624-y
http://dx.doi.org/10.1007/s11664-011-1624-y
http://dx.doi.org/10.1016/j.jallcom.2011.03.081
http://dx.doi.org/10.2320/matertrans1989.33.845
http://dx.doi.org/10.2320/matertrans1989.33.845
http://dx.doi.org/10.1016/0956-716X(95)00044-V
http://dx.doi.org/10.1016/0956-716X(95)00044-V
http://dx.doi.org/10.1016/S0032-5910(99)00130-8
http://dx.doi.org/10.1016/S0032-5910(99)00130-8
http://dx.doi.org/10.1016/S0965-9773(98)00102-0
http://dx.doi.org/10.1016/S0965-9773(98)00102-0
http://dx.doi.org/10.4028/www.scientific.net/MSF.534-536.221
http://dx.doi.org/10.4028/www.scientific.net/MSF.534-536.221
http://dx.doi.org/10.2320/matertrans.46.1490
http://dx.doi.org/10.2320/matertrans.46.1490
http://dx.doi.org/10.1016/j.mseb.2008.12.029
http://dx.doi.org/10.1016/j.jallcom.2014.02.040
http://dx.doi.org/10.1016/j.physb.2005.04.017
http://dx.doi.org/10.1016/j.jcrysgro.2006.10.270
http://dx.doi.org/10.1016/j.jcrysgro.2006.10.270
http://dx.doi.org/10.1016/j.tsf.2004.02.072
http://dx.doi.org/10.1007/s11664-008-0630-1
http://dx.doi.org/10.1007/s11664-008-0630-1

