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The thermoelectric properties of magnesium silicide (Mg2Si) samples prepared
by use of an atmospheric plasma spray (APS) were compared with those of
samples prepared from the same feedstock powder by use of the conventional
hot-pressing method. The characterization performed included measurement
of thermal conductivity, electrical conductivity, Seebeck coefficient, and figure
of merit, ZT. X-ray diffraction (XRD), scanning electron microscopy (SEM),
and energy dispersive x-ray spectroscopy (EDX) were used to assess how
phase and microstructure affected the thermoelectric properties of the sam-
ples. Hall effect measurements furnished carrier concentration, and mea-
surement of Hall mobility provided further insight into electrical conductivity
and Seebeck coefficient. Low temperature and high velocity APS using an
internal-powder distribution system achieved a phase of composition similar
to that of the feedstock powder. Thermal spraying was demonstrated in this
work to be an effective means of reducing the thermal conductivity of Mg2Si;
this may be because of pores and cracks in the sprayed sample. Vacuum-
annealed APS samples were found to have very high Seebeck coefficients. To
further improve the figure of merit, carrier concentration must be adjusted
and carrier mobility must be enhanced.

Key words: Thermoelectrics, magnesium silicide, thermal spray, APS, figure
of merit

INTRODUCTION

Energy use for vehicle transport is a large fraction
of domestic energy use.1 In these applications, more
than one third of the energy is wasted as engine
exhaust.2 Although the engine thermodynamics
necessitate this heat discharge, it can be recovered
and used for production of electricity. Examples of
this approach include organic Rankine cycles,3

mechanical turbochargers,4 electric turbochargers,5

and thermoelectric generators (TEGs). In all of
these applications, the objective is to increase fuel
efficiency. As a solid-state energy-conversion device,
TEGs have many benefits for converting automobile
engine exhaust into electrical power. Recent

research supported by the US Department of
Energy indicated that 350–390 W of electricity
recovery can increase fuel efficiency by 3% for a
mid-size truck and 4% for a sedan.6

The conversion efficiency of a thermoelectric
material is determined by its figure of merit ZT:7

ZT ¼ rS2T
�

k; (1)

where S is the Seebeck coefficient (V/K), r is the
electrical conductivity (S/m), j is the thermal con-
ductivity (W/m K), and T is the absolute tempera-
ture in Kelvin (K). The electrical conductivity
r ¼ nel is given by carrier concentration n, carrier
mobility l, and electron charge e. Carrier concen-
tration and mobility can be characterized by mea-
suring the Hall coefficient RH. For materials in
which electrons are the main carriers, RH = �1/ne.(Received April 8, 2013; accepted March 3, 2014;
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Combining the Hall effect coefficient and electrical
conductivity, l = �rRH. The Seebeek coefficient is
defined in several different ways depending on the
situation. A common definition from Busch and
Winkler for n-type thermoelectric material is:8

S ¼ � k

e

5

2
þ rþ ln

Nc

n

� �
: (2)

Here k is Boltzmann constant, r is an exponent of
the power function in the energy-dependent relax-
ation time expression, and Nc is the effective density
of states in the valence band. It is apparent the See-
beck coefficient is affected by carrier concentration,
n.

Materials that have a large Seebeck coefficient,
large electrical conductivity, and low thermal con-
ductivity have large values of ZT and thus are
attractive for thermoelectric applications. However,
the underlying conditions can affect these proper-
ties in opposite ways. For example S and r have an
opposing dependence on n, with the result that the
optimum ZT will lie in the mid-range of carrier
concentration.

Extensive interest and research over the past
decade continues to investigate new potential ther-
moelectric materials. Among these, Mg2Si is of
particular interest in applications for recovery of
automobile exhaust heat,9,10 because it has reason-
able ZT in the exhaust temperature range and Mg
and Si are abundant on earth, thus making it much
less expensive than traditional thermoelectric
materials, for example bismuth telluride.

Some progress has been reported on the synthesis
of Mg2Si and its solid solutions. Zaitsev et al.11

investigated Mg2Si–Mg2Sn solid solutions and
achieved a maximum ZT of 1.1. Isoda et al.12

developed a liquid–solid reaction followed by hot
pressing and obtained a maximum ZT of 1.2 at
620 K. Jung and Kim13 performed solid-state reac-
tions and hot pressing, and obtained a maximum ZT
of 0.7 at 830 K for Bi-doped Mg2Si. Shida et al.14,15

and Tani and Kido16 used spark plasma synthesis
(SPS) and achieved a maximum ZT of 0.86 at 862 K
with Bi-doped Mg2Si. The vertical Bridgman meth-
od was used by Akasaka et al.17 and Tamura et al.18

for growth of single crystals of Mg2Si. Melt-spinning
followed by SPS or hot pressing was attempted by Li
et al.19 to consolidate the thermoelectric material.
They demonstrated that thermoelectric properties
could be enhanced by using a non-equilibrium
quenching technique.

Thermal spraying is a cost-effective, flexible, and
industry-scalable manufacturing process that has
been widely used in the aerospace and automotive
industries. In the past decade Sampath20 extended
this technique to the synthesis of functional elec-
tronics and sensor materials. Similar to melt spin-
ning,21 thermal spraying has a very high quenching
rate (106–107 K/s).The working mechanism of atmo-
spheric plasma spraying (APS) includes generation

of plasma gas by use of a strong electric field, melting
the powder by use of the high temperature plasma
gas, expanding and pushing the melted droplet
toward a substrate, and forming a coating by rapid
quenching on the substrate. Integrated design and
manufacture of thermoelectric devices directly on the
exhaust system by thermal spraying was recently
proposed by Zuo and co-workers.22,23 Preliminary
results for thermally sprayed Mg2Si have been
reported by Fu et al.24 Thermal spraying has
recently been used to prepare FeSi2 thermoelectric
materials.25–28 However, the maximum ZT of FeSi2
is approximately 0.1 which is too low for practical
energy recovery. Thermal spraying of Mg2Si is much
more challenging, because Mg has very high vapor
pressure and high reactivity with O2; it has not been
reported by others.

In this study, low-temperature high-velocity
(LTHV) APS was used to fabricate Mg2Si samples.
The samples were characterized by measurement of
thermal conductivity, electric conductivity, and
Seebeck coefficient, and the results were compared
with those of samples prepared from the same
powder by use of the hot-pressing method. The
purpose was to identify the optimum thermal
spraying process conditions that achieved a phase
composition similar to that of the feedstock powder.
The microstructure was also compared with that of
samples prepared by use of the conventional
hot-pressing method. We also studied the effect of
carrier concentration and mobility on the thermo-
electric properties. Although the ZT of thermally
sprayed samples was only 10% that of hot-pressed
samples, the target application is automotive
exhaust systems, which require plentiful, inexpen-
sive materials, high-volume production, low-cost
application, and reliability. Thermal spray process-
ing has many of these benefits, and adapting it to
high-volume thermoelectric device fabrication
would be a major advance.

EXPERIMENTAL

Mg2Si powder (>98%) purchased from YHL New
Energy (Zhejiang, China) was used to deposit sam-
ples on 40 9 25 9 2 mm3 aluminium substrates.
Measurement revealed the size of the original pow-
der ranged from 10 lm to 270 lm. The powder was
sieved from 53 lm to 180 lm for use as feedstock
powder. The purity of the powder was 98%; higher
purity is desirable, but is both very expensive and
not readily available with the desired powder size
and shape. A 40-kW plasma-spray system (Miller
Thermal, USA) was used to deposit the Mg2Si feed-
stock powder. As shown in Table I argon was used as
the main plasma-forming gas, with helium used as
the powder carrier gas. Other thermal spray process
conditions are also listed in Table I.

Hot-pressed samples were fabricated by use of the
same powder provided by the same company.
Table II lists all the samples synthesized by use of
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the thermal spraying or hot-press techniques, with
annealing conditions, and the density determined
by measuring mass by use of a balance with read-
ability of 0.001 g (AV264; Ohaus, US) and volume
by measuring the length, width, and height of the
sample by use of calipers (Mitutoyo, US).

The sample phase was analyzed by x-ray diffrac-
tion (XRD; PAD-V; Scitag, CA, USA), utilizing CuKa
radiation, and by x-ray spectroscopy (EDX; Leo-
1550-SFEG; Carl Zeiss SMT, Cambridge, UK).
Cross-sectional morphology of the samples was
studied by scanning electron microscopy (SEM;
Leo-1550-SFEG). Electrical conductivity in the
temperature range 300–380 K was measured by the
four-probe method by use of the physical property
measurement system (PPMS; Quantum Design, CA,
USA), and the Seebeck coefficient was measured by
use of an MMR Seebeck S100 controller with a K20
temperature controller (MMR Technologies, CA,
USA). Thermal conductivity was measured by use of
the laser flash method (FS3500; TA Instrument,
DE, USA). To investigate their contribution to
electrical conductivity, carrier concentration and
mobility were measured by use of a Hall measure-
ment system (8404; Lake Shore Cryotronics, OH,
USA).

RESULTS AND DISCUSSION

Phase Composition of Powder, and Hot-Pres-
sed and Thermally Sprayed Samples

Figure 1 shows the XRD of the feedstock powder,
and of samples made by APS and by hot pressing.
The reaction temperature between Mg2Si and O2 is
approximately 450�C, and the temperature during
thermal spraying is much higher than this. To avoid
significant oxidation, the APS torch was equipped
with an internal powder distributor that can pro-
duce a high-velocity, low-temperature particle
stream, in an attempt to suppress oxidation of
Mg2Si.

Sample A1 is the as-sprayed sample without heat
treatment. The XRD results showed that the APS
samples have a composition highly consistent with
the feedstock powder, although small MgO and Si

Table I. Plasma spray conditions

Plasma gas Argon
Carrier gas Helium
Current (A) 450
Flow rate (SLPM) 105
Flow rate (SLPM) 34.8
Raster (mm/s) 500
Pulse (s) 2
Step (mm) 2
Powder feed rate (g/min) 5–8
Stand-off distance (mm) 100

Table II. Sample synthesis conditions and powder information

Sample Synthesis Conditions Annealing Other Density

P1 (Powder) N/A None Normal ratio N/A
P2 (Powder) N/A None Mg rich N/A
A1 APS LTHV None Mg rich 79%
A2 APS LTHV 400�C, 1 h From A1 80%
A3 APS LTHV 400�C, 20 h From A1 80%
A4 APS LTHV 750�C, 20 h From A1 80%
H1 HP 800�C, 30 MPa None Normal ratio 85%
H2 HP 800�C, 30 MPa None Mg rich 90%

APS atmospheric plasma sprayed, HP hot-pressed.

Fig. 1. XRD of powder with nominal ratio (P1) and Mg-rich (P2), as-
sprayed (A1) and vacuum annealed (A2) samples, and hot pressed
with nominal ratio (H1) and Mg rich (H2).
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peaks are observed. The Mg peak found in the
sample may arise from the original powder. After
vacuum heat treatment APS (A2) no Mg peak was
observed, possibly because of oxidation or volatili-
zation of Mg during the heat treatment.

Fabrication of the hot-pressed sample was con-
ducted under vacuum at a heating rate of 5�/min
and with cooling rates of 3–5�/min. Hot-pressed
samples using both powders furnished no clear Mg
peak, however the Mg-rich powder resulted in more
MgO peaks, possibly because of oxidation during
vacuum hot pressing. Because XRD is limited in the
smallest concentration it can resolve, small quanti-
ties of impurities may not be observed by XRD.

SEM Results for Thermally Sprayed Samples

Figure 2a, b shows cross section SEM images of
APS samples A1 and A2; Fig. 2c, shows images for
hot-pressed samples H1 and H2. It is apparent that
the APS samples have a large number of pores and
cracks compared with hot-pressed samples (H1 and
H2). Heat treatment of APS sample A2 did not
substantially anneal this defect, and the low heat
treatment temperature of 400�C could be the rea-
son, because it is far less than two thirds of the
melting point of Mg2Si (1100�C). The APS images
also show evidence of unmelted particles, because of
the low temperature and the high-velocity spray

conditions. Such spray conditions tend to only soften
the powder particles instead of melting them, and
was used to avoid Mg2Si oxidation during the pro-
cess. SEM images of the hot-pressed samples indi-
cate that the Mg-rich powder has a denser
microstructure, probably because of the ductile–
brittle properties of Mg2Si. The hot-pressing process
was performed at 30 MPa for both powders. Al-
though the resulting samples were not fully dense,
far fewer cracks and pores were found compared
with the APS samples.

Thermoelectric Properties of Mg2Si

The thermoelectric properties thermal conduc-
tivity, electrical conductivity, and Seebeck coeffi-
cient were determined and compared for APS and
hot-pressed samples and with reported data.

Thermal Conductivity

Figure 3 shows the thermal conductivity of Mg2Si
prepared by APS and by hot pressing. The thermal
conductivity was measured from 300 K to 390 K in a
nitrogen environment. Thermally sprayed samples
A1 and A2 have thermal conductivity at least 40%
lower than for the hot-pressed samples. This is
probably because of the large numbers of pores and
cracks present in the sample,29–31 because the more
porous the sample, the less thermally conductive.

Fig. 2. SEM cross sections of APS samples A1 (a) and A2 (b) and hot-pressed samples H1 (c) and H2 (d). It is apparent that APS samples have
more pores and cracks.
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Electrons also contribute to the thermal conductiv-
ity. The reduced thermal conductivity of sample A2
is probably because of the reduced electronic con-
tribution from the lower electron concentration, as
indicated by the Hall effect measurements dis-
cussed below. Compared with sample Ref1 of Jung
and Kim13 who reported a thermal conductivity of
n-type Mg2Si of approximately 5.3 W/m K and
sample Ref2 of Tian and Kido16 who reported a
thermal conductivity of Mg2Si of 10.6 W/m K, our
3.6 W/m K for A1 and 2.2 W/m K for A2 shows the
thermal-spray method can be used as a new tech-
nique for fabrication of thermoelectric material to
improve reduction of the thermal conductivity.

Figure 4a clearly shows the electronic contribu-
tion of the thermal conductivity jel of thermally
sprayed and hot-pressed sample. This electronic
contribution is calculated by use of the equation
jel ¼ L0rT; where L0 is the Lorenz number, given as
2.45 9 10�8V2/K2.16 The electrical conductivity r is
shown in Fig. 5 below. Basically, the high electrical
conductivity leads to a high electronic contribution
to thermal conductivity. This indicates that after
heat treatment the electrical conductivity of A2 is
reduced because of the reduced electronic contribu-
tion. Figure 4b shows the phonon contribution
jph ¼ j� jel and also shows the dominant part is
the lattice contribution to thermal conductivity.

Fig. 3. Thermal conductivity of Mg2Si prepared by APS (A1 and A2)
is lower than that of Mg2Si prepared by hot pressing (H1, H2) and in
other work (Ref1, Ref2).

Fig. 4. Carrier contribution jel (a) and lattice contribution jph (b) to the thermal conductivity of Mg2Si prepared by APS (A1, A2) and hot pressing
(H1, H2).

Fig. 5. The electrical conductivity of Mg2Si by prepared APS (A1) is
similar to that of with hot-pressed samples (H1 and H2), which is
comparable with reported values (Ref1, Ref2).

Thermoelectric Properties of Magnesium Silicide Deposited by Use of an Atmospheric Plasma
Thermal Spray

2727



Electrical Conductivity and Hall effect
Measurements

Electrical conductivity was measured from 300 K
to 390 K by use of the PPMS. The measured elec-
trical conductivity of APS samples and hot-pressed
samples are shown in Fig. 5. It is apparent that
variations of the electrical conductivity of the sam-
ples are significant. Ref1 and Ref2 are values
reported by Jung and Kim13 and Tani and Kido.16

For the APS sample, A1 has much higher conduc-
tivity than A2. This is because of the much higher
carrier concentration in A1, as shown in Table III.
A2 was obtained from A1 by heat treatment, and
during heat treatment the excess Mg in the coating
is oxidized or evaporated, because Mg is very sen-
sitive to air and has a very high vapor pressure.

Of the hot-pressed samples, H2 had higher con-
ductivity than H1, probably because of the addi-
tional Mg present in the raw powder. To understand
the mechanisms and key properties that affect
electrical conductivity. Hall effect measurements
were performed at room temperature; the results
are shown in Table III.

The electrical conductivities r = nel in Table III,
calculated on the basis of the Hall measurements,
are in good agreement with the PPMS measure-
ments at 300 K, shown in Fig. 4. Ref1 and Ref2 are
reported values from Jung and Kim13 and Tani and
Kido16 The APS sample without heat treatment (A1)
has the highest carrier concentration and A3 the
lowest. The high carrier concentration in sample A1
is because of the controlled temperature and veloc-
ity of thermal spraying. By using the SG100 gun,
the internal powder-distribution system can avoid
oxidation of the excess Mg during spraying because
the powder is injected directly into the plasma flame
center instead of being injected from the outer sur-
face the plasma flame. Also, the velocity of the
thermal spray was very high, which can reduce the
time of flight for the melted droplet thus reduce the
oxidation time during this period. The low temper-
ature setting further suppresses oxidation or evap-
oration of Mg during coating, which results in a

high carrier concentration in sample A1. After heat
treatment, sample A2 has a reduced carrier con-
centration, because the chamber is not under 100%
vacuum and the excess Mg is oxidized or evaporated
during the heat treatment. As a matter of fact,
carrier concentration is lower for longer-heat
treatment time, as is apparent from Table III. The
mobility of the APS samples is also significantly
lower than that of the hot-pressed samples. Gener-
ally, for semiconductor materials, mobility is
determined by phonon scattering at high tempera-
tures and ionized impurity scattering at low tem-
peratures.32 The samples in this study are highly
disordered, with the result that the mobility is far
less than for the other bulk material (i.e. the SPS
method), as shown in Table III.

The low mobility of the APS sample may also be
because of impurities in the raw powder. During
processing, magnesium will evaporate more readily
than elements such as iron, nickel, and manganese,
all of which were detected in the APS sample and
raw powder by use of EDX. The increased impurity
concentration will scatter electrons more strongly,
resulting in reduced mobility. Copper was also
found in the APS samples, only, most probably as a
result of erosion of the copper thermal spray nozzle.

After 400�C heat treatment under vacuum,
mobility is increased by a factor of approximately
three, as is apparent from the mobility for samples
A2 and A3. The mobility is further increased by
higher-temperature heat treatment A4. This in-
crease may be because of grain size growth. On the
other hand, Mg2Si and Mg can react with residual
oxygen in the vacuum chamber during annealing,
which may explain the dramatic decrease in carrier
concentration for samples A2, A3, and A4. The heat
treatment does help to increase the mobility but the
annealing temperature is critical.

Table III. Results from Hall effect measurement of
Mg2Si prepared by APS and by hot pressing, and
reported values

Sample

Carrier
concentration,

n (1017/cm3)
Mobility,
l (cm2/VÆs)

Conductivity,
r = nel (S/m)

A1 4,270 0.15 1,025
A2 8.3 0.51 7
A3 1.2 0.52 1
A4 1.7 4.48 12
H1 22.6 13.31 481
H2 258 26.72 11,040
Ref1 0.3 104.2 50
Ref2 4.3 204 1404

Fig. 6. The Seebeck coefficient of Mg2Si produced by APS (A1) is in-
creased by reducing the carrier concentration (A2). The Seebeck
coefficient of Mg2Si produced by hot pressing with nominal ratio powder
(H1) is higher than for that produced with Mg-rich powder (H2).
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Seebeck Coefficient

Figure 6 shows the measured Seebeck coefficients
for the APS and hot-pressed samples. It has been
reported the Seebeck coefficient is not affected by
microstructure; rather it depends on phase compo-
sition.33 The Seebeck coefficient is inversely pro-
portional to electrical conductivity, because of the
opposite dependence of carrier concentration, i.e.,
S � ln(1/n) in Eq. (2).8 Figure 6 and Table 3 indi-
cate that the Seebeck coefficient decreases with
increased carrier concentration. The negative See-
beck coefficient indicates that un-doped Mg2Si is an
n-type semiconductor.16 The Seebeck coefficient of
as-sprayed sample A1 is very low, because the car-
rier concentration is too high. During heat treat-
ment some of the Mg was vaporized or oxidized, and
thus sample A2 has a lower carrier concentration
and a dramatically increased Seebeck coefficient.

For the hot-pressed samples, the Mg-rich sample
H2 had a lower Seebeck coefficient because of its
higher carrier concentration, with all other proper-
ties being similar to those of H1. The hot-pressed
samples had carrier concentrations between those of
APS samples A1 and A2, and the Seebeck coeffi-
cients were similarly situated between the values
for samples A1 and A2. In comparison with the
Seebeck coefficient of 530 lV/K for the heat treated
A2 sample, that for Ref1 by Jung and Kim13 was
550 lV/K and that for Ref2 by Tani and Kido16 was
590 lV/K. This showed the thermally sprayed
sample after heat treatment had a Seebeck coeffi-
cient comparable with reported values.

Figure of Merit

Figure 7 shows the figure of merit ZT (Eq. 1) for
the APS and hot-pressed samples, with reported
data. Ref1 and Ref2 are values reported by Jung and

Kim13 and Tani and Kido.16 The APS samples have
a lower ZT than the hot-pressed samples, even
though the APS samples have much lower thermal
conductivity. This reduction occurs primarily
because the as-sprayed sample has a very low See-
beck coefficient whereas the annealed sample has
very low electrical conductivity.

For APS, vacuum-annealed sample A2 had a
higher ZT than the as-sprayed sample A1. Although
A1 has much higher electrical conductivity than A2,
the Seebeck coefficient of A1 is nearly 25 times less
than that of A2. Also, the thermal conductivity of A2
is only approximately half that of A1, which results
in a higher ZT for A2.

For the hot-pressed samples, nominal-ratio pow-
der sample H1 had a lower ZT than the Mg-rich
sample H2. H2 has much higher electrical conduc-
tivity than H1, and, noting their similar Seebeck
coefficient and thermal conductivity, H2 has a
higher ZT than H1. Heat treatment of the APS
material can increase the figure of merit, and it
should be possible to increase it further by appro-
priate doping. Annealing at higher temperature
further increases the mobility, and appropriate
doping can be used to adjust the carrier concentra-
tion to the optimum for maximizing the thermo-
electric properties of APS samples.

CONCLUSIONS

Magnesium silicide (Mg2Si) deposits have been
synthesized by APS, which has been shown to be an
effective way of reducing the thermal conductivity of
material compared with the conventional hot-press
method. Although Mg2Si is very sensitive to oxida-
tion and temperature, the APS approach, using an
internal powder distributor system, successfully
maintains the composition of the deposit similar to
that of the starting powder. In this work, the reduced
thermal conductivity of the Mg2Si material is most
likely to be because of increased pores and cracks in
the APS samples. Thermal conductivity, electrical
conductivity, Seebeck coefficient, and figure of merit
were all compared for APS and hot-pressed samples
for temperatures ranging from 300 K to 390 K.
Carrier concentration and Hall mobility were mea-
sured to assess their relative contribution to the
electrical conductivity. Reported values of the ther-
moelectric properties were also compared with our
experimental data. Carrier concentration is a com-
promise between electrical conductivity and Seebeck
coefficient. Heat treatment under vacuum at 400�C
improves the carrier concentration but does not
change the mobility as significantly as at 750�C. The
Seebeck coefficient increases with decreasing carrier
concentration if the phase remains the same. The
thermal conductivity of APS samples is lower than
that of hot-pressed samples, primarily as a result of
geometric effects because of the large number of
pores and cracks in the coating. Vacuum-annealed
APS samples have a very high Seebeck coefficient.

Fig. 7. ZT of Mg2Si produced by APS (A1) increased after annealing
(A2) and reached 10% of that of the hot-pressed sample.
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Carrier concentration must be adjusted and carrier
mobility must be increased to further improve ZT.
Although the ZT of thermally sprayed samples was
only 10% that of hot-pressed samples, the target
application is automotive exhaust systems, which
require plentiful, inexpensive materials, high-vol-
ume production, low-cost application, and reliability.
Thermal spray processing already has many of these
benefits, and adapting it to high-volume thermo-
electric device fabrication would be a major advance.
Further improvement of ZT of APS samples is
expected to be achieved by appropriate control of the
carrier concentration combined with high tempera-
ture annealing. This work suggests that thermal
spraying may be a viable means of direct fabrica-
tion of thermoelectric materials for high-volume
applications.
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