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Abstract Recently magnesium silicide (Mg,Si) has
received great interest from thermoelectric (TE) society
because of its non-toxicity, environmental friendliness,
comparatively high abundance, and low production mate-
rial cost as compared to other TE systems. It also exhibited
promising transport properties, including high electrical
conductivity and low thermal conductivity, which
improved the overall TE performance (ZT). In this work,
Mg,Si powder was obtained through high energy ball
milling under inert atmosphere, starting from commercial
magnesium silicide pieces (99.99 %, Alfa Aesar). To
maintain fine microstructure of the powder, spark plasma
sintering (SPS) process has been used for consolidation.
The Mg,Si powder was filled in a graphite die to perform
SPS and the influence of process parameters as tempera-
ture, heating rate, holding time and applied pressure on the
microstructure, and densification of compacts were studied
in detail. The aim of this study is to optimize SPS con-
solidation parameters for Mg,Si powder to achieve high
density of compacts while maintaining the nanostructure.
X-Ray diffraction (XRD) was utilized to investigate the
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crystalline phase of compacted samples and scanning and
transmission electron microscopy (SEM & TEM) coupled
with Energy-Dispersive X-ray Analysis (EDX) was used to
evaluate the detailed microstructural and chemical com-
position, respectively. All sintered samples showed com-
paction density up to 98 %. Temperature dependent TE
characteristics of SPS compacted Mg,Si as thermal con-
ductivity, electrical resistivity, and Seebeck coefficient
were measured over the temperature range of RT 600 °C
for samples processed at 750 °C, reaching a final ZT of
0.14 at 600 °C.

Introduction

Thermoelectric (TE) devices are promising candidates for
recycling of waste heat and a potential substitute for power
generation. TE devices have many advantages as direct
inter-conversion between electrical and thermal energy,
being solid state devices with no moving parts, silent,
portable, etc., [1]. TE materials’ efficiency is represented
by the figure of merit; ZT = $>T/pk where S represents the
Seebeck coefficient, T is the absolute temperature, p is the
electrical resistivity, and x is the thermal conductivity
[1, 2]. There are many reports where TE materials with high
power factor (S?*/p) and low k, showed increased overall
performance [3, 4]. Recently, TE research have progressed
remarkably by the development of nanostructured materi-
als, such as OD-quantum dots [5], 1D-nanowires and
nanotubes [6], 2D-superlattices [7, 8], and 3D-bulk nano-
structures [9, 10]. Furthermore, bulk nanostructured (BN)
samples fabricated by novel chemical [11] or physical
routes showed a high ZT value compared with conven-
tional production routes [12]. The compounds of Mg,G"
(G" = Si, Ge and Sn) and its alloys have been recognized
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as interesting candidates for the study of TE applications
by Nikini et al. [13], and these compounds demonstrated
improved ZT performance in intermediate temperature
range (400-800 K) [14, 15]. They are identified as non-
toxic, abundant in nature and less expensive materials as
compared to the state of the art conventional TE materials
like clathrates, chalcogenides, and skutterudites [16].

Magnesium Silicide (Mg,Si) is a narrow band gap semi-
conductor (Eg ~ 0.3-0.6 eV), with low density (below
2 g/cmB) and high melting temperature (~ 1000 °C) [17].
Mg,Si and its alloys consist of anti-fluorite crystal structure
with Si in FCC (face centered cubic) sites and Mg in tetra-
hedral positions [18]. It was claimed by simulation in Zaitsev
et al. [19], that this type of TE materials can attain greater ZT
values because of high charge mobilities, containing large
effective masses and comparatively low lattice component of
thermal conductivity. For the past decades, this class of
materials has been under investigation for mid-to-high tem-
perature range of TE applications. Ball-milling technique is a
well-known method for brittle material production; but the
ductile characteristics and reactivity of Mg with oxygen make
this synthesis process a nontrivial route. [20].

There are, however, few reports on the synthesis parame-
ters and improved ball-milling methods to manufacture
nanocrytalline Mg,Si powder [20-22]. However optimization
of sintering parameters is required to obtain ideal densification
and microstructure. In this work, nanocrystalline Mg,Si
materials were prepared by ball-milling process and spark
plasma sintering (SPS) process was used for consolidation. In
particular, SPS consolidation parameters were investigated to
achieve the highest compaction density and conserve the
nanostructured grains in the sintered pellets, by studying dif-
ferent temperature and holding time for SPS experiments.
Crystallite size and crystalline phase identification were per-
formed by XRD, SEM, and TEM techniques; detailed
microstructure analyses from the fractured surfaces of com-
pacts are presented.

Experimental methods
Powder processing

Magnesium Silicide (Mg,Si) powders were manufactured
from commercially available high purity magnesium sili-
cide pieces (99.99 %, Alfa Aesar). The raw materials were
ground under Argon (Ar) atmosphere in a planetary ball
mill (BM) with hexane as dispersion medium. BM process
was accomplished in 24 h with an optimized rotational
speed of 330 rpm. Afterward, the consolidation of Mg,Si
powder was achieved under Ar atmosphere using Dr Sinter
2050 Spark plasma sintering (SPS—imported from Sumi-
tomo Coal Mining Co., Tokyo, Japan) using a graphite die

with 15 mm inner diameter. A minimal amount of 2 g of
Mg,Si was loaded into the die for the sintering experi-
ments. Important SPS parameters such as the sintering
temperature and holding time were studied to achieve the
best compaction conditions for Mg,Si pellets. All the
samples were prepared at a constant heating rate of 100 °C/
min, and constant applied pressure 8.8 kN. Two different
sintering temperatures at 750 and 850 °C were used and
three various holding times as 0, 2, and 5 min were applied
to investigate their effect on density and grain size of
compacts.

Characterizations

The crystalline phases were identified by X-ray diffraction
(XRD) using a Philips X’pert pro super diffractometer with a
Cu Ko source (4 = 1.5418 A) at operating voltage 40 kV and
applied current 40 mA. The Rietveld refinement of the XRD
profiles has been exploited to obtain information about phase
amounts, crystallite sizes, and lattice parameters [23]. Scan-
ning electron microscopy (SEM) and Energy-dispersive
X-ray analysis (EDX—at a standard working distance of 8 mm
and an accelerating voltage of 20 kV) were performed using
Zeiss Ultra 55 SEM system. Transmission electron micros-
copy (TEM) was performed using a JEOL 2100F TEM, and
selected area electron diffraction (SAED) was also per-
formed to investigate structural homogeneity at particulate
level. TEM samples were prepared by dispersing a finite
amount of Mg,Si powder in ethanol and finally dropping the
solution onto a carbon coated grid. The thermal diffusivity
and the specific heat of the samples were measured by a laser
flash apparatus (Netzsch LFA 457 MicroFlash®). The ther-
mal conductivity k was calculated according to the formula
K = o p C, where «is the thermal diffusivity, p is the density,
and C,, is the specific heat of the material. The Seebeck
coefficient (S) and the electrical resistivity (p) were mea-
sured from RT up to 600 °C using a custom test apparatus
described elsewhere. All measurements were carried out
under Ar atmosphere. Finally, the dimensionless figure of
merit was calculated using the equation; ZT = S°T/ px.

Results and discussion

Synthesized nanocrystalline Mg,Si powder was sintered by
SPS technique, and the optimized compaction parameters
were identified via a series of experiments. The most sig-
nificant SPS parameters are sintering temperature, applied
pressure, heating rate and holding time. Sample IDs and the
SPS parameters utilized for the experiments are presented
in Table 1. The results shown in Table 1 can be used to
explain the effect of these critical parameters on the
compaction density and the crystallite size. Three different
sintering temperatures at 650, 750, and 850 °C were
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selected for 5 min holding time for the first set of experi-
ments. The sample compacted at 650 °C has achieved a
densification of only 85 %. The samples compacted at 750
and 850 °C were further compacted for 2 and O min
holding time at respective temperatures.

Powder XRD analysis was performed to determine the
crystal phases: Fig. la—i presents several XRD patterns
from the as prepared and compacted Mg,Si nanopowder
and compacts obtained under different SPS parameters (as
detailed in Table 1). XRD pattern from pristine bulk Mg,Si
is shown in Fig. 1a and it confirms some contamination of
oxides and Si impurities. Figure 1b clearly shows after ball
milling Mg,Si has major crystalline phase, and it also
revealed that traces of MgO and Si phases are still present
in the ball-milled Mg,Si powder. The presence of MgO and
Si originate from raw starting materials and partly due to
the oxidation of Mg,Si during the BM process [24]. XRD
patterns from Mg,Si powder and compacted samples were
indexed using reference patterns for Mg,Si (JCPDS#
00-035-0773), MgO (JCPDS# 00-045-0946), and Si
(JCPDS# 04-001-7247). Figure 1c—i clearly show that the
peak intensity of free Si is reducing during the SPS pro-
cessing. It is also important to note that the XRD peaks of
BM Mg,Si powder are significantly broader as compared to
the sintered samples revealing the increase in crystallite
size of the compacted samples under sintering conditions.

The presence of MgO phase is detrimental for TE per-
formance of silicide, as reported by Fiameni et al. [25]. The
pristine materials contain about 6 % of the MgO phase as
reported in earlier works [25]. All the samples sintered at
750 °C present lower MgO amounts (10 %) with respect to
the samples sintered at 850 °C (in as much as approxi-
mately 19 %). Rietveld refinement was employed to esti-
mate the crystallite size and the average crystallite size is
reported in the range from 120 to 240 nm (See Table 1).
The geometrical (d = m/V) and theoretical density values
(Rietveld refinement) are reported in Table 1 for samples

sintered at 650, 750, and 850 °C at different holding times.
All the samples indicate a density higher than 91 % with
the exception of the samples sintered at 650 °C showing a
density lower than 80 %. For this reason, compacts at
650 °C were not considered for the TE evaluation. XRD
results show that the crystallite size grew severely during
the consolidation, particularly for the sample sintered at
850 °C for different holding time. Moreover, it also shows
more densification but compensated with a larger crystal-
lite size. Due to the high compaction density and lower
crystallite size, pellets compacted at 750 °C, were con-
sidered for further TE evaluations.

SEM micrographs obtained from the fabricated and SPS
compacted samples are shown in Fig. 2a—h. Micrograph of
as synthesized nanocrystalline Mg,Si, presented in Fig. 2a,
reveals irregular particle morphology and the presence of
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Fig. 1 Powder X-Ray Diffraction Patterns; a Pristine bulk Mg,Si; b
Synthesized nanocrystalline Mg,Si Powder, SPS sample; ¢ *MS_01,
d MS_02, e MS_03, f MS_04, g MS_05, h MS_06, and i MS_07

Table 1 SPS parameters,

. ... Sample id SPS parameters Geometrical ~ Theoretical ~Compaction  Average
compaction densities, and densi densi densi i
ite size of Ma-Si i ensity ensity ensity (%)  crystallite
average crystallite size of Mg, "l;emperature Pressure Ho ding (g/em’) (g/em’) size (nm)
samples °C) (kN) time
(min)
MS_As- NA NA NA NA 2.06 NA 50
prepared
MS_01* 650 8.8 5 2.49 2.13 85.4 120
MS_02 750 8.8 5 2.38 2.19 91.5 150
MS_03 850 8.8 5 2.32 2.23 95.8 120
MS_04 750 8.8 2 2.28 2.19 96.2 150
2 Could not achieve the MS_05 850 8.8 2 2.25 2.19 97.1 200
acquired densification, therefore MS_06 750 8.8 0 2.19 2.13 97.2 240
it was not considered for TE MS_07 850 8.8 0 2.29 221 96.2 180

evaluation

@ Springer



J Mater Sci (2013) 48:1940-1946

1943

few small aggregates. In order to estimate the average grain
size, Image J software was used to measure the individual
particles (n > 300). Most of the particles measured were in
the range of 100400 nm while the average particle size is
estimated as 230 £ 30 nm. The wide distribution in the
primary particle size is due to different impact of ball-
milling process. Detailed chemical composition analysis,
performed by coupled EDX, results showed the presence of
excessive Mg, O, and Si elements; which supports the XRD
results in that the MgO and free Si phases are present in the
ball-milled Mg,Si powder.

200 nm

Figure 2b-h show the detailed microstructural analyses
from the fractured surfaces of SPS samples compacted
under various conditions. Figure 2b shows the internal
structures of the grains when BM Mg,Si was compacted at
650 °C at a holding time of 5 min. The density calculation
shows (See, Table 1) a low compaction density and the
fractured surface microstructure contains portions of pores/
voids (Fig. 2b). In Fig. 2c, d micrographs from the SPS
samples at 750 and 850 °C with 5 min holding time are
presented, which show less porosity and more evenly dis-
tributed grain growth. The compaction density results,

Fig. 2 SEM micrographs of; a As synthesized nanocrystalline Mg,Si powder; the fractured surfaces of SPS compacted Mg,Si at; b 650 °C for
5 min, ¢ 750 °C for 5 min, d 850 °C for 5 min, e 750 °C for 2 min, f 850 °C for 2 min, g 750 °C for 0 min, and h 850 °C for 0 min
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from the samples compacted at 750 and 850 °C, were
selected for further investigation of sintering with different
holding times. Figure 2e—h show the fractured surfaces of
SPS sintered samples at 750 and 850 °C for 2 and 0 min
holding times, respectively. It was observed that short
holding time (like 0 min) causes less grain growth and the
grain size did not increase more than 400 nm. On the other
hand, increasing the holding time increases the compaction
density, but it compensates with an extensive grain growth
with grain size reaching to 1 pm at holding time 2 and
5 min. Longer holding time may affect the grain growth/
coarsening, ending up with non-optimal TE properties.
Hence, an optimum grain size with sufficient compaction
density is expected to lead to the best combination of
transport properties.

TEM analysis was carried out to evaluate the micro-
structure and the presence of different phases using the
electron diffraction (ED) and dark field (DF) microscopys;
few micrographs are presented in Fig. 3a—d. TEM image in
Fig. 3a presents BM Mg,Si, where particles with an aver-
age size of 200 nm are observed-in agreement with the
SEM grain size estimation. Different contrast in this image
may results from the defect produced in the material during
ball milling or it may also reflect the presence of secondary
phases (MgO or Si). ED pattern from the BM Mg,Si,

Fig. 3 a TEM micrograph of as
prepared Mg,Si, b ED pattern,
¢ Bright, and d Dark field TEM
images

@ Springer

Fig. 3b, is taken from the grain shown in Fig. 3c. ED
pattern characteristics show that the material is polycrys-
talline, as well as the presence of Mg,Si as the major and
MgO as minor phases in the material. The phases observed
in ED pattern were indexed using the same set of PDF
reference patterns (Pdf# 035-0773 (for Mg,Si), and Pdf#
045-0946 (for MgO)) utilized for XRD phase identification.
Furthermore, Figure 3c, d shows the bright field and dark
field TEM images, which clearly elucidate the differences
in the contrast. Particularly, in the dark field image one can
observe two different phases with white (MgO) and black
(Mg5Si) contrast. EDX analysis was also performed on this
site to confirm the elemental composition. Based on XRD
and TEM (ED) characterizations, it is observed that highly
reactive Mg can diffuse out of the Mg,Si crystal, forming
impurity phases of MgO and Si. This requires further strict
control of reaction environment to avoid any possible
contact with oxygen for the preparation of high purity
Mg,Si powder.

XRD and SEM analyses show that the optimal temper-
ature for SPS sintering of BM Mg,Si is 750 °C. Since the
source material has the same history, samples are evaluated
further to understand the influence of observed compaction
density and grain size characteristics. For this reason, TE
characterizations were performed on the samples sintered

200 nm
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at 750 °C with different holding times (5, 2 and O min).
Figure 4a—d show the detailed TE characterizations per-
formed from room temperature up to 600 °C. All the
samples sintered at 750 °C (MS_02, 04 and 06) exhibit a
negative Seebeck coefficient Fig. 4a, indicating n-type
conduction. Its absolute value increased up to 250 °C,
reaching a value of —475 pV/K, than started the decrease
reaching —200 uV/K at 600 °C. Electrical resistivity,
presented in Fig. 4b, of the sample compacted at 750 °C
for 2 min holding time, showed almost two to three times
lower resistivity at room temperature as compared to the
samples prepared at 5 and 0 min holding times. Decreasing
electrical resistivity with an elevation in temperature may
reflect non-degenerate semiconductor characteristics. Our
results of Seebeck coefficient and electrical resistivity are
in agreement with the earlier reports on undoped Mg,Si
[26, 27]. Thermal conductivity results are presented in
Fig. 4c which shows RT x of 10-12 W/mK which
decreases with increase in temperature. Thermal conduc-
tivity values of synthesized nanocrystalline Mg,Si sample
(Fig. 4c) are comparable to that reported by Martin J. J.
[28], in which multigrain Mg,Si crystal was synthesized
using Bridgman method. Synthesized material show
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conventional extrinsic semiconductor behavior as with the
increase of temperature thermal conductivity values
decrease, as reported for multigrain Mg,Si crystals. [28]. In
some reports, further reduction in x is considered as a
tedious challenge to improve the TE properties of Mg,Si
based compounds [29]. Bux et al. proved that the reduction
in x is mainly attributed to phonon scattering at the grain
boundaries and nanostructuring can increase this phenom-
enon, by increasing the density of grain boundaries, to
attain the goal [28]. During materials synthesis and pro-
cessing step, the formation of bigger grains may lead to
deprived phonon interaction and thus poor TE properties,
similar reasons reported in different TE material systems
[30]. Figure 4d shows the calculated dimensionless figure
of merit (ZT); the sample compacted at 750 °C for 2 min
holding time at 8.8 kN pressure achieved a ZT value of
0.14, which is slightly higher value compared to that of
previously reported undoped Mg,Si [24, 31]. It can be
observed that samples compacted at 750 °C for 5 and
0 min holding time did not show different behavior
because of the large grain growth; the ZT value from these
two samples were quite similar as earlier observed and
reported by Cederkrantz et al. [30].
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Fig. 4 Temperature dependence of a seebeck, b resistivity, ¢ thermal conductivity, and d calculated figure of merit (ZT) of SPS compacted

samples at 750 °C with holding times of 5, 2 and 0 min
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Conclusions

The n-type Mg,Si nanopowder was prepared by wet ball-
milling method and successfully used to fabricate highly
dense pellets using SPS. Detailed physicochemical charac-
terization results revealed that the as prepared powder
exhibited a crystallite size of 230 nm, reflecting the success of
nanostructuring attempts. Phase analysis revealed the pres-
ence of secondary phases of MgO and Si, which originate from
the raw material. Critical SPS process parameters as sintering
temperature and holding time were investigated to optimize
the consolidation parameters for the compaction of undoped
Mg,Si. We optimized the parameters to maintain the nano-
structure and achieve a high compaction density during the
SPS process. Based on the compaction density and grain size
evaluation, samples processed at 750 °C were chosen for
further TE property evaluation. A ZT value ~0.14 at 600 °C
was obtained for SPS compacted sample at 750 °C for 2 min
holding time—with grain size of in the range of 300400 nm
and 97 % compaction density. It is suggested through further
optimization of Mg,Si nanopowder synthesis with high purity
(the absence of oxide phases) and through doping, it is pos-
sible that one can achieve a promising Mg,Si-based TE
material for power generation applications.
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