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a b s t r a c t

We prepared Sn nanoparticle-embedded Mg1.96Al0.04Si0.97Bi0.03 nanocomposites and measured their
thermoelectric properties and fracture toughness to elucidate the trade-off relationship between ther-
moelectric and mechanical properties. When Sn nanoparticles (50e150 nm) were introduced at the grain
boundaries of the thermoelectric Mg1.96Al0.04Si0.97Bi0.03 matrix, the fracture toughness improved because
of the inhibition of crack propagation. However, the power factor deteriorated due to the decrease in
carrier mobility. We found that interface (between thermoelectric matrix and nanoparticles) density is a
critical factor to determine the mechanical properties as well as thermoelectric transport properties.
Optimized values of figure of merit (~0.66 @ 873 K) and fracture toughness (1.10MPam1/2) were obtained
for 0.9 vol % Sn nanoparticle-embedded Mg1.96Al0.04Si0.97Bi0.03 nanocomposite.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Silicide-based thermoelectric (TE) materials are promising
candidates for mid-to-high temperature power generation appli-
cations, especially automotive TE generators (ATEGs), due to their
light weight, high conversion efficiency, and abundance of con-
stituent elements. Recently, researches on the development of
silicide-based ATEG systems including materials, modules, and
assemblies have been extensively carried out to ensure economic
feasibility (efficiency and lifetime) and to improve fuel efficiency of
vehicles [1].

The first prerequisite for commercialization of ATEGs is high

power generation efficiency (h ¼
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), which

is directly determined by the performance of the TE material, ZT as
represented by the following equation:
ee), wooyoung@yonsei.ac.kr
ZT ¼ sS2

ktot
T

where, ZT (dimensionless figure of merit) is determined by the
electrical conductivity (s), Seebeck coefficient (S), and thermal
conductivity (ktot) at a given absolute temperature (T).

In the case of n-type Mg2Si prepared by a pressure induced
sintering process such as hot pressing (HP) and spark plasma sin-
tering (SPS), ZT values (~1.0) have been achieved to a level suitable
for commercialization [2]. When we calculated the power genera-
tion efficiency, the efficiency was ~10% (DT¼ 400 K).

The second essential factor for commercialization of ATEGs is
highmechanical reliability to ensure sufficient lifetime (>50,000 h).
However, mechanical properties, especially fracture toughness, of
Mg2Si-based compounds are relatively lower (0.4e0.8MPam1/2),
even in highly dense spark plasma sintered bulks (>97% relative
density) [3,4], than those of other TE materials (higher manganese
silicide (SPS): 1.63MPam1/2, skutterudite (SPS): 1.0e1.5MPam1/2,
and half-Heusler (HP): 1.8e2.2MPam1/2) [5e8]. This indicates that
silicide-based TE materials may fail under the operating conditions
because of thermal and mechanical stress generated by the high
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Fig. 1. (a) Schematic diagram of the mix-and-heat process, and SEM images of the
hybrid powders of Mg1.96Al0.04Si0.97Bi0.03 and Sn nanoparticles with (b) 0.3, (c) 0.9, (d)
1.2, and (e) 2.4 vol % Sn.
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temperature difference between the two ends of the TE module. To
address this issue, studies on improving the mechanical properties
of silicides have been carried out by incorporating nanoscale ce-
ramics (SiC nanoparticles and nanowires) with a high fracture
toughness [3,9].

In our previous study, we investigated the effect of several metal
nanoparticles (Al, Cu, and Sn) on the fracture toughness and the TE
properties of Mg1.96Al0.04Si0.97Bi0.03 by preparing metal
nanoparticle-embedded nanocomposites using nanometal deco-
ration and SPS processes [10]. Nanocomposites with well dispersed
metal nanoparticles (~150 nm) at the grain boundaries were
fabricated using the above method. Interestingly, the fracture
toughness was improved by approximately 35% in the presence of
metal nanoparticles at the grain boundaries, suggesting that crack
propagation could be effectively deflected at the interfaces be-
tween Mg2Si matrix and metal nanoparticles. However, the elec-
tronic transport properties, especially carrier mobility, were
significantly deteriorated because of intensified electron scattering.
Thus, the ZT values showed a trade-off relationship with the frac-
ture toughness. On the other hand, the thermal conductivity of
nanocomposite was reduced by embedding metal nanoparticles
due to the intensified phase boundary phonon scattering, thereby
hindering phonon transport through the matrix; however, ac-
cording to Maxwell's equation, the thermal conductivity of the
nanocomposite should increase because of the high thermal con-
ductivity of the metal nanoparticles. These results suggest that the
design rules for Mg2Si-based nanocomposites with high TE and
mechanical properties of Mg2Si-based compounds are very
complicated.

In the present study, we prepared nanocomposites with a
controlled amount of Sn nanoparticles (~150 nm) by nanometal
decoration and SPS. Wemeasured their TE transport properties and
fracture toughness values to quantitatively investigate the effect of
Sn nanoparticles on the trade-off relationship between the two
material properties. The results indicated that the key factor to
realize simultaneously enhanced TE and mechanical properties is
enlargement of interface density using a controlled volume fraction
of Sn nanoparticles. This implies that the control of distribution,
size, and morphology of the nanophases is important to overcome
the trade-off between TE performance and mechanical properties.

2. Experimental

Mg1.96Al0.04Si0.97Bi0.03 powders were prepared by up-scaled
solid state reaction synthesis technique. The details of the pro-
cessing conditions are available in our previous reports [2,11]. A
simple mix-and-heat process was used to decorate Sn nano-
particles onto the surface of Mg1.96Al0.04Si0.97Bi0.03 powders (Fig. 1
(a)) [12e14]. For this, hybrid powders of stannous acetate
((CH3COO)2Sn) and Mg1.96Al0.04Si0.97Bi0.03 were prepared by high-
energy ball milling (8000D, SPEX, USA) for 5min. Subsequently,
the powders were heat-treated at 473 K for 3 h under a mixed gas
atmosphere (95% Ar and 5% H2) to remove CH3COO, considering the
melting point of Sn (~505 K). Stannous acetate was added at the
fraction of 3e20wt %, and the remaining Sn nanoparticles fraction
was 0.3e2.4 vol % in the surface of the Mg1.96Al0.04Si0.97Bi0.03
powders, assuming that the acetate group (CH3COO) was
completely removed through the reduction heat treatment.

Disc-type bulks were fabricated by SPS at 1023 K and 70MPa for
5min. All the samples exhibited high relative densities; 97e99% of
the theoretical density. The microstructures of the sintered bulks
were studied by scanning electron microscopy (SEM, JEOL-7800F,
JEOL Ltd., Japan). The temperature dependences of the electrical
conductivity (s) and the Seebeck coefficient (S) were evaluated in
the range of 300e873 K using a TE properties measuring system
(ZEM-3, ULVAC, Japan). Hall effect was measured under a magnetic
field of 1 T in the van der Pauw configuration, and the carrier
concentration (nc) and the carrier mobility (mHall) were estimated
using a one-band model at 300 K. The ktot values were calculated
using the equation ktot¼ rs$Cp$l, where rs is the density, Cp is the
specific heat capacity, and l is the thermal diffusivity. The laser
flashmethod (Netszch LFA-457, Germany) and differential scanning
calorimetry (DSC 8000, Perkin Elmer, USA) were used to measure l

and Cp as a function of temperature under vacuum conditions.
AVickers hardness tester (HM-101, Mitutoyo, Japan) was used to

measure the Vickers hardness and radial crack length at a load of
2.942 N and a dwell time of 10 s. Then, the fracture toughness (KIc)
was calculated using the equation:

KIc ¼ c

�
E
H

�1=2 P
a3=2

where P, E, H, and a are the applied load, Young's modulus, Vickers
hardness, and radial crack length, respectively measured from the
center of the indent, and c is the calibration constant taken to be
0.016± 0.004 [15].

3. Results and discussion

In thermoelectrics, engineering of the microstructure is one of
the key factors to enhance the mechanical as well as the TE prop-
erties. Especially, in nanocomposite TE materials, the microstruc-
tural characteristics, such as grain size of the TE matrix, and the
morphology, size, and distribution of nanoparticles are considered
as important material design parameters. In this regard, we
analyzed the microstructure evolution of the TE nanocomposite of
Sn nanoparticle-embedded Mg1.96Al0.04Si0.97Bi0.03 prepared by
nanometal decoration and SPS processes. The SEM images of the Sn
nanoparticles decorated Mg1.96Al0.04Si0.97Bi0.03 hybrid powders are
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shown in Fig. 1 (b)�(e). Sn nanoparticles with sizes ranging from 50
to 150 nm are clearly observed in all the samples, and the number
of Sn nanoparticles increases with the Sn content. No decrease in
the size of the Sn nanoparticles was observed with change in the
heat treatment conditions (time (1e10 h), heating rate (1e10 K/
min), and temperature (423e473 K)) of the nanometal decoration
process.

To analyze the microstructural changes caused by the SPS
compaction process, the fractured surfaces of the sintered bulks of
0.3e2.4 vol % Sn nanoparticle-embedded Mg1.96Al0.04Si0.97Bi0.03
were also studied by SEM (Fig. 2). Interestingly, two features are
observed in the fractured surfaces of the nanocomposites. First, the
grain size of the nanocomposites gradually decreases from 3
(Mg2Si) [2] to 0.5 mm (2.4 vol % Sn nanoparticle-embedded Mg2Si)
as the amount of Sn nanoparticles increases due to the suppression
of grain growth. This feature is considered to be related to the
mechanical properties as well as the TE properties of the nano-
composites. In our previous report [2], it was confirmed that a
decrease in the grain size had a detrimental effect on the TE
Fig. 2. SEM images of the fractured surfaces of the nanocomposites prepared with (a)
0.3, (b) 0.6, (c) 0.9, (d) 1.2, (e) 1.8, and (f) 2.4 vol % Sn.

Table 1
Room temperature electronic transport parameters and interface density of Sn nanopart

Interface density (cm2 cm�3)

Mg1.96Al0.04Si0.97Bi0.03 0
Mg1.96Al0.04Si0.97Bi0.03 þ 0.3 vol % Sn 789
Mg1.96Al0.04Si0.97Bi0.03 þ 0.6 vol % Sn 1475
Mg1.96Al0.04Si0.97Bi0.03 þ 0.9 vol % Sn 1901
Mg1.96Al0.04Si0.97Bi0.03 þ 1.2 vol % Sn 2195
Mg1.96Al0.04Si0.97Bi0.03 þ 1.8 vol % Sn 2673
Mg1.96Al0.04Si0.97Bi0.03 þ 2.4 vol % Sn 3076
properties (decreased carrier mobility). Moreover, MgO formed by
the reduced grain size can affect the electronic transport properties.
MgO can be serious to the reduction of mobility, as can be seen in
the previous report [16]. During sintering process, the grain growth
was suppressed by the Sn nanoparticles at grain boundaries. The
increased interfaces cause the formation of MgO and increase the
volume fraction of MgO. Thus, the grain growth inhibition by Sn
nanoparticles is expected to have a negative effect on the TE
properties mainly because of the decreased mobility. Second,
nearly monodispersed Sn nanoparticles with an average size of
~100 nm were observed in the sintered nanocomposites
(0.3e0.9 vol % Sn), and they are embedded at the grain boundaries
(Fig. 2). However, when the amount of Sn nanoparticles is higher
than 1.2 vol %, agglomeration of nanoparticles is clearly observed at
the grain boundaries. The reason for the monodispersed behavior
observed in the sintered bulks with 0.3e0.9 vol % Sn nanoparticles
can be attributed to the increased interface density benefiting from
the suppressed grain growth in the presence of Sn nanoparticles.
Thus, the interface density as a key factor that determines the
mechanical and the TE properties of nanocomposites was esti-
mated from the SEM images (Fig. 2) and the values are listed in
Table 1. We estimated the surface area of the nanoparticles as the
interface density, assuming that the nanoparticles were two-
dimensional circular particles.

We investigated Sn content and interface density dependences
of the fracture toughness, as shown in Fig. 3(a) and (b), and found
that the fracture toughness showed a more prominent dependency
with the interface density due to the agglomeration of the Sn
nanoparticles at higher Sn contents. The interface density depen-
dence of the fracture toughness shows a monotonic increase,
similar to that observed in nanocomposites [17]. On the other hand,
all the nanocomposite samples exhibited the improved fracture
toughness compared to the pristine sample (~0.82MPam1/2).
Especially, 0.9 vol % Sn nanoparticle-embedded nanocomposite
exhibited a 35% enhanced fracture toughness (~1.10MPam1/2), and
the maximum fracture toughness was ~1.22MPam1/2 (2.4 vol % Sn
nanoparticle-embedded sample). The effect of the grain size on
Vickers hardness and Young's modulus is not dominant at present
grain size level. Thus, the improved fracture toughness of the
nanocomposites was induced by the high fracture toughness of the
Sn nanoparticles at the grain boundaries, which can inhibit crack
propagation.

Next, we measured temperature and interface density depen-
dence of the TE properties. The electronic transport properties as a
function of temperature for the pristine sample and the Sn
nanoparticle-embedded nanocomposites are shown in Fig. 4(a) and
(b). In the whole measured temperature range, all the nano-
composites exhibit lower s values than that of the pristine sample,
and the s values of the Sn nanoparticle-embedded nanocomposites
were reduced by increasing the Sn content. To clarify this, the nc
and the mHall values were calculated by estimating one-bandmodel,
and the results are shown in Table 1. The nc values of all the
nanocomposites are similar (9.30� 1019e9.96� 1019 cm�3) and
icle-embedded Mg1.96Al0.04Si0.97Bi0.03 samples.

s (S m�1) S (mV K�1) nc (cm�3) mHall (cm2 V�1 s�1)

122596.24 �99.78 9.27� 1019 81.4
53997.40 �97.7 9.42� 1019 35.3
49329.00 �93.0 9.52� 1019 31.9
37678.63 �99.2 9.67� 1019 24.0
29100.64 �99.0 9.96� 1019 18.0
24135.20 �100.6 9.30� 1019 16.0
16360.17 �104.3 9.33� 1019 10.8



Fig. 3. (a) Sn content and (b) interface density dependence of the fracture toughness.

Fig. 4. Temperature dependences of (a) electrical conductivity and (b) Seebeck coef-
ficient of Sn nanoparticle-embedded Mg1.96Al0.04Si0.97Bi0.03 samples. The inset in (b)
shows the temperature dependence of power factor.
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close to that of the pristine sample (9.27� 1019 cm�3), indicating
that the reduction in the s values with introduction of Sn nano-
particles is due to the significant decrease in mHall. As shown in
Table 1, the mHall values of all the nanocomposites
(10.8e35.3 cm2 V�1 s�1) were much lower than that of the pristine
sample (81.4 cm2 V�1 s�1) because of intensified electron scattering
by the Sn nanoparticles. The decrease in mHall is also related to the
MgO, induced by the decrease in the grain size of the samples at
higher Sn contents (Fig. 2). Whereas, the S values of all the samples
were almost the same because of the similar nc values. As a result,
the power factor (sS2) values of the nanocomposites
(1.51e2.20mWm�1 K�2 at 873 K) were lower than that of the
pristine sample (2.72mWm�1 K�2 at 873 K).

The temperature dependence of ktot of all the samples is shown
in Fig. 5(a). The ktot values of Sn nanoparticle-embedded nano-
composites (3.89e4.41Wm�1 K�1 at 373 K and
2.53e2.84Wm�1 K�1 at 873 K) were lower than those of the
pristine sample (5.06Wm�1 K�1 at 373 K and 2.89Wm�1 K�1 at
873 K) mainly because of the decrease in electronic contribution by
the reduced electron mobility. Interestingly, the ktot values of the
nanocomposites decreased up to a Sn content of 0.9 vol %, and
gradually increased thereafter. To clarify this, we calculated the
lattice thermal conductivity (klat), which is estimated by subtracting
the electronic contribution (kele) from ktot. The kele was estimated
using theWiedemann-Franz lawwith L value of 2.00� 10�8 V2 K�2.
The klat value of the 0.9 vol % Sn nanoparticle-embedded nano-
composite was relatively low, and those of the samples prepared at
higher Sn contents were slightly higher (Fig. 5(b)). This trend
originates from the existence of Sn nanoparticles, which increase
thermal conduction because of the high thermal conductivity of the
Sn metal (67Wm�1 K�1), as well as the intensified phonon scat-
tering at the interfaces between Mg1.96Al0.04Si0.97Bi0.03 and the Sn
nanoparticles. In conclusion, the introduction of Sn nanoparticles
has a limited effect in reducing the thermal conductivity.

The ZT values calculated from the measured s, S, and ktot of all
the samples are represented in Fig. 5(c). All the nanocomposites
show lower ZT values (0.46e0.74 at 873 K) than the pristine sample
(0.82 at 873 K) due to the decreased power factor despite the slight
reduction in klat. To investigate the trade-off relationship between
the TE performance and the fracture toughness by the introduction
of Sn nanoparticles, the dependence of ZT and the fracture tough-
ness on the interface density was studied, and the results are
shown in Fig. 6. As the interface density increases, the ZT value
decreases gradually. However, it decreases rapidly at Sn contents
higher than 0.9 vol %, which is caused by the aggregation of metal
nanoparticles. To obtain the optimized values of ZT and fracture



Fig. 5. Temperature dependences of (a) total thermal conductivity, (b) lattice thermal
conductivity, and (b) ZT of Sn nanoparticle-embedded nanocomposites.

Fig. 6. Dependence of TE properties and fracture toughness on the interface density of
Sn nanoparticle-embedded nanocomposites.
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toughness, we plotted KIc
KIc; Min

� ZT
ZTMax

factor as a function of the

interface density (Fig. 6). Despite the lack of physical meaning in
the factor, it is an important indicator of the TE applications because
it is an implementation of the increase and decrease fraction of ZT
and fracture toughness quantitatively. This factor has a maximum
value for the 0.9 vol % Sn nanoparticle-embedded nanocomposite.
These results suggest that the introduction of nanophases with well
controlled compositions, dimensions, and sizes is an important
factor to overcome the trade-off relationship between TE and me-
chanical properties of Mg2Si-based materials.

4. Conclusions

Sn nanoparticle-embedded Mg1.96Al0.04Si0.97Bi0.03 nano-
composites were synthesized by nanometal decoration and SPS
processes. The fracture toughness of the nanocomposite increased
by ~48% (1.22MPam1/2 at 2.4 vol % Sn nanoparticles) compared to
that of the pristine sample due to the inhibition of crack propaga-
tion by the introduction of Sn nanoparticles with high toughness at
the grain boundaries. However, the power factor value decreased
because of intensified carrier scattering at the interfaces and the
grain boundaries. Consequently, 0.9 vol % Sn nanoparticle
embedded Mg1.96Al0.04Si0.97Bi0.03 exhibited optimized TE proper-
ties (ZT ~0.66 @ 873 K) and fracture toughness (1.10MPam1/2).
Thus, precisely controlled nanophase design and synthesis are
highly required to improve both the TE performance and the me-
chanical properties of Mg2Si nanocomposite based TE materials.
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