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Dual nanoinclusions of reduced graphene oxides (rGOs) and metal nanoparticles (NPs) were introduced
into Al and Bi co-doped Mg,Si thermoelectric (TE) compounds to enhance their fracture toughness
(~0.82 MPa m!? for pristine Mg1.96Alp,04Sip.97Bipo3). The TE performance of Mgq.96Al0 04Sio.97Bio.03
decreased by the introduction of nanoscale inclusions, mainly owing to the deterioration of the elec-
tronic transport properties originated from increased electron scattering. However, a significantly
enhanced fracture toughness of 2.26 MPam'/? was achieved by the introduction of 3 vol% rGOs (~5 nm
thick and ~3 pm wide) and 0.6 vol% Sn NPs (50—150 nm), owing to the simultaneous activation of three
different inhibition mechanisms for crack propagation: bridging of cracks, sheet pullout within the crack,
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and deflection of crack propagation.
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1. Introduction

Silicide-based thermoelectric (TE) compounds (n-type Mg,Si-
based and p-type higher manganese silicide (HMS)-based alloys)
are particularly promising materials for power generation appli-
cations at high temperatures, owing to their superior chemical and
thermal stability compared with those of alloy-based TE materials
(PbTe- and skutterudite-based compounds) [1,2]. Furthermore,
silicide-based TE materials are composed of environment-friendly
and naturally abundant elements. Among them, n-type Mg,Si-
based compounds have received a great amount of attention for
automotive TE generators (ATEGs), owing to their high dimen-
sionless TE figure of merit (ZT), low density (~1.99 g cm~>), and low
material cost (~$151/kg) [3]. ZT is calculated as ZT = S?-o-T/ktot
where S, g, ki1, and T represent the Seebeck coefficient, electrical
conductivity, total thermal conductivity, and absolute temperature,
respectively.

A high ZT value of ~1.2 at 700 K was obtained by the doping of Sn
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at the Si-site, mainly benefiting from an enhanced power factor (PF,
$2.¢) by enabling band convergence [4]. However, Sn-doped Mg,Si
cannot be used for high-temperature applications owing to the
decomposition problem at ~773K [5]. To address this problem,
several compositional tuning approaches have been carried out and
durable ZT values of ~0.55at 720K and ~0.82 at 873 K were ob-
tained for Bi-doped Mg,Si and Al and Bi co-doped MgsSi poly-
crystalline bulk, which were fabricated using a solid state reaction
(SSR) and spark plasma sintering (SPS) [6—8].

Despite the durable TE performance of Al and Bi co-doped Mg,Si
at high temperatures, it suffers from poor mechanical reliability,
particularly in the mechanically harsh environments of ATEGs. The
fracture toughness (Kjc) of Mg1.96Alo.04Si0.97Big 03 is limited to about
0.82 MPam'2, which is significantly lower than that of its p-type
counterparts such as HMS (Kic ~1.63 MPam'/?), even in a highly
dense (>97% relative density) polycrystalline bulk [9,10]. To over-
come this drawback, we fabricated two types of nanocomposites,
Mg1.96Al0.04Si0.97Big, 03 with reduced graphene oxides (rGOs) [11]
and Mg1.96Alo.04Sio.97Big 03 with metal nanoparticles (NPs) [10], and
achieved an improvement in Kj for both. Interestingly, we found
that the inhibition mechanisms for crack propagation were
different in the presence of rGOs (2-dimensional (2D) nano-
inclusions) and metal NPs (3-dimensional (3D) nanoinclusions).
Herein, we propose an advanced concept of TE nanocomposites for
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enhanced mechanical reliability, in which multidimensional dual
nanoinclusions (2D rGOs and 3D metal NPs) are introduced to
maximize Ki., and demonstrate an experimental verification of our
concept.

Bulk nanocomposites of Mgi.96Alg,04Sip.97Big.03 with dual nano-
inclusions of few-layered rGOs (~5 nm thick and ~3 pm wide) and
metal NPs (50—150 nm) were prepared. Although the maximum ZT
of the nanocomposites were reduced to about 0.57 at 873 K owing
to a decrease in PF and an increase in bipolar thermal conduction,
the Kj greatly improved (~2.26 MPa m'/?) owing to the simulta-
neous activation of three different crack propagation inhibition
mechanisms: bridging of cracks, sheet pullout within the crack, and
deflection of crack propagation.

2. Experimental

Al and Bi co-doped Mg,Si (Mg1.96Alg04Sig 97Big.03) powders were
synthesized using the up-scaled SSR technique. The details of the
process are described in our previous reports [7,8]. Hybrid powders
of Mg1.96Alo.04Sig.97Bip,03 with few-layered rGOs and metal NPs
were prepared using an ultrasonics-based wet pulverizing-mixing
process using a bar-type sonication system (Q700 Sonicator) and
a subsequent mix-and-heat process. Firstly, Mg1.96Alg.04Sip.97Bio.03
powders and rGOs were mixed in an n-hexane solution for 1 h to
improve the dispersibility of the rGOs, and dried at 473K for 30 h
under air. Then, the mixtures of Mgg6Alg04Sio.97Bio.03 powders
with few-layered rGOs and metal acetates (copper(Il) acetate
((CH3CO0),Cu), aluminum acetate ((CH3COO)(OH)AI), and stan-
nous acetate ((CH3COO),Sn)) were prepared by high-energy ball
milling (8000D, SPEX, USA) for 5 min. Finally, these mixtures were
heat-treated at 473 K for 3 h (for the mixture with (CH3COO),Sn)
and at 573K for 2h (for the mixtures with (CH3COO),Cu and
(CH3COO0),(OH)AI) under a mixed-gas condition with 95% N and
5% Hy to remove the acetate (—CH3COO—).

Compacted bulks were prepared by SPS at 1023 K and 70 MPa
for 5min under a dynamic vacuum condition. The temperature
dependences of ¢ and S were evaluated by a TE properties mea-
surement equipment (ZEM-3, ULVAC, Japan) in the temperature
range of 300—873 K. The Hall effect was measured in the van der
Pauw configuration under a 1T magnetic field, and the carrier
concentration (1) and Hall mobility (upay) were estimated using a
one-band model at 300 K. The total thermal conductivity (ko) as a
function of the temperature was calculated using the equation
Kktot = ps* Cp- A, where ps is the density, G, is the specific heat capacity,
and A is the thermal diffusivity. The temperature dependences of A
and C, were measured using the laser flash method (Netzsch LFA-
457, Germany) and differential scanning calorimetry (DSC 8000,
Perkin Elmer, USA), respectively, under vacuum conditions.

Kic was calculated using the equation:

EN'2 p
I<IC:X(E> 32

where P, E, H, and a are the applied load, Young's modulus, Vickers
hardness, and radial crack length measured from the center of the
indent, respectively, and y is the calibration constant, with a value
of 0.016 +0.004 [12]. H and a were measured using a Vickers
hardness tester (HM-101, Mitutoyo, Japan) under a load of 2.942 N
for a dwell time of 10s.

3. Results and discussion

In the previous studies, we prepared two types of Mg,Si-based
nanocomposites  (Mgq.96Alg04Siog7Bigo3  with  rGOs and

Mg1.96Al0.04Si0.97Bip,03 with metal NPs (Cu, Al, Sn)), expecting the
crack propagation inhibition effect in the presence of nano-
inclusions with high mechanical properties [10,11,13]. Improved K¢
values were obtained for both rGO- and metal-NP-embedded
Mg1.96Al0.04Si0.97Big.03, as shown in Fig. 1. Based on an investiga-
tion of their toughening behaviors, we concluded that the mecha-
nisms for crack propagation inhibition were different for these
nanocomposites. Evidences for three different mechanisms
(bridging of cracks, sheet pullout within the crack, and deflection of
crack propagation) were obtained for the 2D rGO-embedded
nanocomposites [11], whereas only deflection of crack propaga-
tion was observed in the 3D metal-NP-embedded nanocomposites
[10,13]. These results suggested that the introduction of dual
nanoinclusions (2D rGOs and 3D metal NPs) would be an effective
way to maximize Kic.

The SEM images in the insets of Fig. 1 show the introduced dual
nanoinclusions of few-layered rGOs and metal NPs in
Mg1.96Al0.04Si0.97Bigo3 powders. As shown in Fig. 1, greatly
enhanced Kj. values (ranging from 2.07 to 2.32 MPa m”z), higher
than that of p-type HMS (~1.63 MPam'/2), were obtained for the
bulk materials (nanocomposites with dual nanoinclusions). To
clarify the effect of the dual nanoinclusions on K¢, a microhardness
tester was used to form radial cracks from the corners of the in-
dentations. A microhardness indentation image of the nano-
composite with 3 vol% rGOs and 0.6 vol% Sn NPs is presented in
Fig. S1. Fig. 2 shows the three different K;. enhancement mecha-
nisms, indicating that our strategy of introducing multidimensional
dual nanoinclusions is effective to maximize Kj.. The exhibition of
2D rGOs at the grain boundaries mainly led to the mechanisms of
the bridging of cracks (Fig. 2(a) and (b)) and sheet pullout within
the cracks (Fig. 2(c) and (d)). The 3D metal NPs mainly activated the
strengthening mechanism of the deflection of crack propagation, as
shown in Fig. 2(e) and (f). Consequently, the Kj. values of the
nanocomposites with dual nanoinclusions were higher than those
of the nanocomposites with single nanoinclusions, owing to the
simultaneous activation of three toughening mechanisms.

We also investigated the change in the TE transport properties
by the introduction of dual nanoinclusions. As shown in Fig. 3, we
measured the electronic transport properties (S, ¢) and calculated
the PF. The properties of the metal-NP-embedded nanocomposites
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Fig. 1. Ki. values of various nanocomposites. The insets show the SEM images of the
introduced nanoinclusions of few-layered rGOs and metal NPs in Mg1.96Alo,04Si0.97Bio.03
powder.
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Fig. 2. The three different mechanisms of K. enhancement: (a) and (b) bridging of
crack, (c) and (d) sheet pullout within the crack, and (e) and (f) deflection of crack
propagation in the nanocomposite with 3 vol% rGOs and 0.6 vol% Sn NPs.

are shown for comparison [10,13]. The ¢ values of Mgj9sAly.04-
Sig.97Big .03 were reduced by the introduction of rGOs and metal NPs.
To clarify this, we estimated the n. and upay values from Hall effect
measurement using the one-band model; the results are listed in
Table 1. The n. values of the nanocomposites with dual nano-
inclusions (6.15 x 10' to 7.06 x 10'° cm~3) are lower than those of
the metal-NP-embedded nanocomposites (8.96 x 101  to
9.61 x 10'? cm—3), indicating that the rGOs act as acceptors in an n-
type Mg,Si-based matrix. Notably, the upay values significantly
decreased by the introduction of the 2D rGOs and 3D metal NPs.
Moreover, the formation of an MgO secondary phase (Fig. S2) and a
reduction in the grain size (from 3 to 1 um, Fig. S3), induced by the
introduction of the nanoinclusions, caused a reduction in uyay [14].
Therefore, the decrease in ¢ of the nanocomposites was considered
to be related to an increase in the electron scattering in the pres-
ence of the nanoinclusions, owing to the nanoscale electron mean
free path (~20 nm) of the Mg,Si-based compounds [15,16].

However, the absolute values of S were found to be constant or
increase slightly by the introduction of rGOs, despite a large
decrease in the value of n. (Table 1). One possible reason for this is
the unconventional trade-off between ¢ and S in Mg,Si-based
compounds; the PF value shows an abrupt change with respect to
ne [14,15]. Another reason is the charge compensation effect orig-
inated from the hole generation caused by the introduction of p-
type rGOs. As a result, the PF values of the nanocomposites with
dual nanoinclusions (1.02—1.25 mW m~' K2 at 873 K) were much
lower than those of the metal-NP-embedded nanocomposites
(1.82—2.09mWm~'K2 at 873K) and pristine MggsAlg04.
Sio.97Bio03 (2.89 mW m~! K2 at 873 K).

The temperature dependence of ko is shown in Fig. 4(a). The kot
of pristine Mg1.96Alo.04Sin.97Bigp 03 was reduced by the introduction
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Fig. 3. Temperature dependences of the (a) electrical conductivity and (b) Seebeck
coefficient of various nanocomposites. The inset in (b) shows the temperature
dependence of the power factor.

of the rGOs and metal NPs for the entire measured temperature
range, suggesting a decrease in the phonon relaxation time (7).
Nanoinclusions can decrease the lattice thermal conductivity (kiat)
by the effective scattering of mid-frequency phonons according to
the equation 7;! = »(o;! + o1)" V), where g; is the scattering
cross-section at the short-wavelength limit, ¢; is the scattering
cross-section at the long-wavelength limit, and V) is the number
density of the nanoinclusions. To elucidate this phenomenon, we
calculated the k4 values by subtracting the electronic contribution
(Kele) from Kot Kele Was estimated using the Wiedemann—Franz law
(Kele = L-0-T). The L value was approximately 2.44 x 1078 V2 K~2. As
shown in Fig. 4(b), the metal NPs cannot act as effective phonon
scattering centers owing to their intrinsically high k. Moreover, the
Kkjat values of the nanocomposites with dual nanoinclusions were
much lower than those of the pristine sample at low temperatures,
indicating that rGOs were more effective as phonon scattering
centers for the Mg,Si-based compounds compared to the metal
NPs. However, the 1/T dependence of kj;x was not maintained,
owing to an increase in the bipolar contribution (kpp) from the holes
with an increase in the temperature.

Consequently, the TE performance of the nanocomposites with
dual nanoinclusions deteriorated, especially at high temperatures,
owing to the undesirable effects on the electronic and thermal
transport properties originated from the introduction of the rGOs
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Table 1
Room temperature electronic transport parameters for the metal nanoparticles embedded nanocomposites with few-layered rGOs.
g(Sm) S(VK™ ne (cm—3) i (cm? V-1s7h)
Mg .96 Alo,04Sio.o7Bio.03 122596.2 —-99.8 9.27 x 10"° 81.4
Mg 06 Alo04Sio.07Bio.03 + Cu 0.6 vol% 66430.9 —91.1 9.61 x 10"? 425
Mg1.96 Alo,04Sio.07Bio.os + Al 0.6 vol% 57326.0 -92.8 8.96 x 10" 393
Mg 96 Alo04Sio7Bio o3 + Sn 0.6 vol% 49329.0 -93.0 9.52 x 10"° 319
Mg1.96 Alp 04Si0.97Big.03 + Sn 1.8 vol% 24135.2 —100.6 9.30 x 10"° 16.0
Mg1.96 Alp04Sig.97Big.03 + GO 3 vol% + Cu 0.6 vol% 10757.7 -98.9 6.15 x 10'° 10.4
Mg 96 Alo04Sio.o7Bio.o3 + rGO 3 vol% + Al 0.6 vol% 10392.0 -103.7 6.67 x 10"° 9.6
Mg;.06 Alg,04Si097Bi0.03 + rGO 3 vol% + Sn 0.6 vol% 10415.0 -107.2 7.06 x 10%° 9.1
'-x 6.0 a B Mg Al S Bi and metal NPs. Fig. 4(c) presents the ZT values calculated from the
L 1 (@) - Cu B“*"‘,’ \_'(',‘{‘,,/6"“’ oo measured o, S, and k. The ZT values (0.44—0.57 at 873 K) of the
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T ] nanocomposites demonstrate that the trade-off between Kjc and ZT
£ 2.5 can be improved significantly by preparing nanocomposites with
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ﬁ 2.0 : : critical material design rules to enhance the ZT of Mg,Si-based TE
5.04 nanocomposites: (1) compositional tuning of the TE matrix to
1(b) optimize n in order to achieve maximum PF, and (2) selection of
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— 3
4 3-5': 4. Conclusions
€ 3 0—: We investigated the effects of multidimensional dual nano-
S 2,51 inclusions on the mechanical reliability and TE transport properties
- of n-type Mg,Si-based TE compounds. We experimentally
¥ 2,0—: demonstrated that the introduction of 2D rGOs and 3D metal NPs
] was an effective way to enhance the mechanical reliability by
1.5 intensifying the activation of crack propagation inhibition mecha-
10 ] nisms. A significantly enhanced fracture toughness value of
7 ~226 MPam'? and a moderate ZT value of 0.57 at 873K were
1 .0 T T T T T T T
() 1.2
B Pristine
~ 0.8 A Metal NPs
N ~ 1.0+ & SnNPs
> ] .. @ GO
_“E Nﬁ Crack deflection % GO + Metal NPs
[ 0.6 = 0.8 | Crack bridging
E ] o] L) Sheet pull-out
= £ %
© 041 w5 0.6 As o &
E o | Crack deflection *
35 1 ot ‘ +*
2 4, =1 0.4- ‘
L < LE Crack deflection
1 02 n Crack bridging
O O | Sheet pull-out
—_— . 0.0 +4——1——"—rr——r—r——rrr—r———r
300 400 500 600 700 800 900 05 10 15 20 25 30

Temperature, 7 (K)

Fig. 4. Temperature dependences of the (a) total thermal conductivity, (b) lattice
thermal conductivity, and (c) figure of merit for various nanocomposites.

1/2
K (MPam'™)

Fig. 5. Dependence of K. on the figure of merit for various nanocomposites.



238 G. Kim et al. / Journal of Alloys and Compounds 801 (2019) 234—238

simultaneously obtained for the nanocomposite of MgigsAlo.04-
Sig.97Big 03 with 3 vol% rGOs and 0.6 vol% Sn NPs; this suggests that
our approach of dual nanoinclusions provides an improved trade-
off between the mechanical reliability and TE performance of
Mg,Si-based compounds.
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