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Abstract

Thermoelectric (TE) modules are exposed to temperature gradients and repeated

thermal cycles during their operations; therefore, mechanically robust n- and p-type

legs are required to ensure their structural integrity. The difference in the coefficients of

thermal expansion (CTE) of the two legs of a TE module can cause stress buildup and

performance deterioration with frequent thermal cycles. Recently, the n-type Mg3Sb2

and p-type MgAgSb have become two promising components of the low-temperature

TE modules owing to their high TE performances, non-toxicity and abundance. How-

ever, the CTEs of n-Mg3Sb2 and p-MgAgSb differ by approximately 10%. Furthermore,
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the oxidation resistances of these materials at elevated temperatures are unclear. This

work manipulates the thermal expansion of Mg3Sb2 by alloying it with Mg3Bi2. The

addition of Bi to Mg3Sb2 reduces the coefficient of linear thermal expansion from 22.6

× 10-6 K-1 to 21.2 × 10-6 K-1 for Mg3Sb1.5Bi0.5, which is in excellent agreement with

that of MgAgSb (21 × 10-6 K-1). Furthermore, thermogravimetric data indicate that

both Mg3Sb1.5Bi0.5 and MgAgSb are stable in air and Ar at temperatures below ∼570

K. The results suggest the compatibility and robustness of Mg3Sb1.5Bi0.5 and MgAgSb

as a pair of thermoelectric legs for low-temperature TE modules.
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1 Introduction

Globally, it is estimated that approximately 72% of the energy input is lost during opera-

tions.1 The majority of this generated waste heat is low-temperature waste heat (≤573 K),1–5

which has limited applications and low thermal efficiency.6,7 Thermoelectric (TE) materials,

which use the thermoelectric effect to convert heat into electricity, provide a practical solu-

tion to recover waste heat, even at low temperatures. The performance of TE material is

determined based on its figure of merit (zT ), which is defined as zT = S2σTκ−1. Here, S,

σ, T , and κ are the Seebeck coefficient (VK-1), electrical conductivity (Sm-1), absolute tem-

perature (K), and thermal conductivity (Wm-1K-1), respectively. Based on the definition of

the zT value, an ideal TE material follows the phonon-glass electron-crystal (PGEC) con-

cept, which requires enhanced electrical conductivity but poor thermal conductivity. Over

the past few decades, TE materials of various material families, such as Zintl compounds,8,9

half-Heusler compounds,10,11 and IV-VI compounds,12–16 with zT values greater than 1 were

discovered. The zT value is a temperature-dependent parameter; therefore, applicability of
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the TE material relies on a large zT value in a suitable temperature range. At temperatures

less than 473 K, Bi2Te3 and Sb2Te3 are considered the best TE materials for low-temperature

waste-heat harvesting.17 However, the scarcity of Te limits the mass production of Te-based

materials, thereby promoting the search for low-temperature, Te-free TE materials.

Recently fabricated n-type Mg3Sb2 using excess Mg18 and high-purity p-type α-MgAgSb19

are potentially high-performance replacements for Bi2Te3. An outstanding zT value of

1.5 at 716 K was obtained for Mg3Sb2
18 by doping with Bi, and a concentration of 20-

30 mol% Mg3Bi2 (Mg3Sb1.6Bi0.4 to Mg3Sb1.4Bi0.6) was determined optimum for its alloying

with Mg3Sb2.
20 In addition, n-type Mg3Sb2-based single-legs have demonstrated high con-

version efficiencies of 10.6% at a temperature difference of 400 K (373-773 K)21 and 13% at

a difference of 495 K (278-773 K),22 respectively. The zT value of the p-type α-MgAgSb

improved significantly owing to the successful fabrication of a high-purity MgAgSb.19,23,24

A single p-type MgAg0.965Ni0.005Sb0.99 leg, soldered with silver contacts, exhibited a device

efficiency of 8.5% at a temperature difference of 225 K (293–518 K),25 outperforming p-type

(Bi,Sb)2Te3-based legs.26,27 The TE legs with contacts are generally fabricated using a one-

step sintering method,25,28–32 where Ag and Fe contacts are used for MgAgSb25,29–32 and

Mg3Sb2-based materials,28–32 respectively.

In the past two years, Mg3Sb2/MgAgSb TE modules were successfully fabricated with ex-

cellent conversion efficiencies and stabilities at low temperatures.30–32 An eight-pair Mg3Sb1.5Bi0.5/MgAgSb

TE module demonstrated an efficiency of 7.3% at a hot-side temperature of 593 K.30 Ying

et al.32 achieved 3% and 8.5% conversion efficiencies using Mg3Sb0.6Bi1.4/MgAgSb at tem-

perature differences of 75 and 260 K, respectively. Although the performance of a TE

module is dependent on its zT value, its reliability and longevity depend on the mechan-

ical properties and coefficients of thermal expansion (CTE) of module components, which

have not been extensively investigated yet. Ying et al.31,32 observed a decrease in the ef-

ficiency of Mg3Sb2/MgAgSb module after extended periods of thermal cycling, attributing

to the difference between the CTEs of the n-Mg3Sb2 and Fe contact layer. Within the
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Mg3Sb2/MgAgSb module, the CTE mismatch between the n-type Mg3Sb2 and its Fe con-

tact remains the largest. Wu et al.33 put forward an alloying strategy for selecting contact

layers for n-Mg3Sb2 and proposed Fe7Mg2Cr and Fe7Mg2Ti as two candidates with high

bonding properties and low contact resistance. However, one must not overlook the impor-

tance of matching the CTEs between n-Mg3Sb2 and p-MgAgSb because the two legs are

much longer than their contact layers. This means that even a small CTE mismatch be-

tween the two legs can result in a significant difference in the legs’ lengths during thermal

cycling. Therefore, manipulation of CTEs of the n- and p-legs is also crucial in minimizing

performance deterioration of a TE module over time.

The primary goal of this study is to reduce the thermal expansion mismatch in Mg3Sb2/MgAgSb

TE module by reducing the thermal expansion of the n-type Mg3Sb2. Mg3Sb2 was chosen

particularly because alloying it with Mg3Bi2 over a wide composition range provides room to

adjust its CTE while maintaining a high zT value, whereas doping MgAgSb can form impu-

rity phases which are detrimental to its performance. In addition, Mg3Bi2 has a lower CTE

than that of Mg3Sb2;
34,35 therefore, the thermal expansion of Mg3Sb2-xBix was speculated

to vary by changing the composition of the solid-solution.

Herein, we fabricated single-phase Mg3.49Y0.01Sb2,
36 Mg3.49Y0.01Sb1.5Bi0.5,

36 and MgAg0.95Sb

samples using a melting method. Mg3.5(Sb,Bi)2 was doped with Y to enhance its carrier

concentrations and improve its TE properties.36–38 The samples except for MgAg0.95Sb were

compacted by hot-press sintering. The CTEs were evaluated using high-temperature x-

ray diffraction (HT-XRD) and dilatometry. In addition, various elastic properties such as

Young’s modulus, bulk modulus, and Poisson’s ratio were determined through pulse-echo

sound velocity measurements. A hot-press sintered MgAg0.97Sb
39 sample was fabricated for

sound velocity measurements. Furthermore, the oxidation resistance and thermal stability of

Mg3.5(Sb,Bi)2 and MgAg0.95Sb were investigated using thermogravimetry/differential ther-

mal analysis (TG-DTA). The stability of undoped-Mg3.5(Sb,Bi)2 samples was investigated

because minor amounts of dopants such as La, Y, and Te were not expected to affect the
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stability of the bulk sample. Finally, the reported data are crucial in designing a mechani-

cally robust Mg3Sb2/MgAgSb TE module for low-temperature energy harvesting in future

studies.

2 Results and discussion

2.1 Phases and lattice parameters

The XRD patterns of the fabricated Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5, and MgAg0.95Sb

samples are shown in Figure 1 with reference data.23,40,41 The diffraction peaks of these in-

vestigated samples confirmed the successful preparation of single-phase materials. Impurities

such as Ag3Sb, which could have been generated during the preparation of MgAg0.95Sb, were

within the detection limit of the XRD apparatus. The lattice parameters of the hexagonal-

Mg3Sb2 and the tetragonal-MgAgSb phases, listed in Table 1 and 2, are in agreement with

the literature.23,40,42–46 The near-identical lattice parameters of Mg3.49Y0.01Sb2 and Mg3Sb2
40

suggest that the excess Mg, used to obtain n-type Mg3Sb2, does not affect the lattice param-

eters of the hexagonal-Mg3Sb2 phase.
47 A previous study by Kihou et al.36 showed that most

of the excess Mg used to prepare (Mg,Y)3(Sb,Bi)2 samples evaporated during synthesis, and

some remained in the pores of the prepared samples. Doping Mg3Sb2 with Bi increases its

lattice parameters due to the larger radius of Bi3+ compared to that of Sb3+. Furthermore,

as the concentration of Mg3Bi2 increases in the Mg3Sb2-Mg3Bi2 system, the lattice param-

eters of Mg3Sb2-xBix solid-solution are well approximated using the Vegard’s law, as shown

in Figure 2.
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Figure 1: X-ray diffraction patterns (λ=1.54056 Å) of Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5,
and MgAg0.95Sb.

2.2 Thermal expansion

2.2.1 HT-XRD Analysis

The HT-XRD analyses of Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5, and MgAg0.95Sb samples

were performed under a He environment at temperatures 298–723 K and the patterns are

shown in Figures S1, S2, and S3 in the supporting information. Phase transformations are

not observed in the HT-XRD patterns of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5 below 723
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Table 1: Lattice parameters of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5

Sample a, nm c, nm Comment
Mg3.49Y0.01Sb2 0.4559(2) 0.7227(3) This work
Mg3Sb2 0.4568 0.7229 E. Zintl40

0.457 0.725 Zhou et al.42

0.457 0.723 Y. Imai43

Mg3.49Y0.01Sb1.5Bi0.5 0.4588(7) 0.7286(12) This work
Mg3SbBi 0.4608 0.7315 Li et al.48

Mg3Bi2 0.4666 0.7401 Li et al.48

0.467 0.740 Y. Imai43
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Figure 2: Lattice parameters of Mg3.49Y0.01Sb2-xBix expressed with Vegard’s law

Table 2: Lattice parameters of MgAg0.95Sb

Sample a, nm c, nm Comment
α-MgAg0.95Sb 0.9174(5) 1.2700(14) This work
α-MgAgSb 0.91761(4) 1.26960(7) Kirkham et al.23

0.91632(2) 1.2701(1) Mi et al.45

0.9277 1.2799 Wang et al.44

0.9268 1.2762 N. Miao46

K, which is in agreement with previous studies on Mg3Sb2.
49,50 The HT-XRD pattern of

MgAg0.95Sb demonstrates the α → β and β → γ phase transitions initiate at 523–573 K

and 573–623 K, respectively, which is similar to the phase transition temperatures of ∼563

K and ∼633 K, reported by Kirkham et al.23 Weak orthorhombic Ag3Sb impurity peaks

are observed at temperature above 673 K, which is the result of a distorted MgAgSb lattice
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containing relatively excess Mg or Ag/Sb vacancies and no longer obeying the roughly 1:1:1

stoichiometric ratio.45

The temperature-dependent lattice parameters and volumes of each investigated sample

are shown in Figure 3, 4, and 5. Error bars represent the standard deviations of the lattice

parameters, which are calculated using the Cohen’s method.51 The standard deviations of

the lattice volumes are calculated using the law of error propagation. The lattice volumes

of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5 are calculated for a primitive hexagonal unit cell

in Figure 3 and 4; the lattice parameters and lattice volumes of the distorted rocksalt-type

sublattice of MgAg0.95Sb are shown in Figure 5. The formulas for lattice parameter con-

version of MgAgSb were taken from Kirkham et al.23 The linear line-of-best-fit between the

lattice volume and temperature is shown in red, assuming that the coefficient of volumetric

thermal expansion (CVTE) is temperature-independent. The corresponding coefficients of

linear thermal expansion (CLTEs) and CVTEs of the three materials are listed in Table 3.

Large standard errors in the CTEs in this study were due to the limited number of high-

quality diffraction peaks at each temperature and HT-XRD measurements (taken every 50

K).
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Figure 3: Lattice parameters and lattice volumes of the primitive hexagonal Mg3.49Y0.01Sb2

lattice from 298 to 723 K.

The CLTEs, calculated based on the HT-XRD patterns of Mg3.49Y0.01Sb2 and MgAg0.95Sb,

are in agreement with literature.35,52 Peng et al.52 reported a significantly lower CVTE for
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Figure 4: Lattice parameters and lattice volumes of the primitive hexagonal
Mg3.49Y0.01Sb1.5Bi0.5 lattice from 298 to 723 K.

250 300 350 400 450 500 550
0.630

0.635

0.640

0.645

0.650

0.655
 

 

 a
 c

La
tti

ce
 p

ar
am

et
er

 [n
m

]

Temperature [K]
250 300 350 400 450 500 550

0.266

0.268

0.270

0.272

0.274

 

 

 MgAg0.95Sb
 Linear fit

La
tti

ce
 v

ol
um

e 
[n

m
3 ]

Temperature [K]

Figure 5: Lattice parameters and volumes of the rocksalt-type sublattice of α-MgAg0.95Sb
from 298 to 523 K.

Table 3: Linear (αL) and volumetric (αv) thermal expansion coefficients calculated from
HT-XRD data with standard error

Sample Range, K αL, 10
-6K-1 αv, 10

-6K-1 Comment
Mg3.49Y0.01Sb2 298–723 24.0±1.4 72.0±4.3 HT-XRD + He, this work
Mg3Sb2 300–773 22.3 66.9 Dilatometer + He35

- - 62.7 Calculation52

303–573 - 51.9 HT-XRD + Vacuum52

Mg3.49Y0.01Sb1.5Bi0.5 298–723 18.7±3.1 56.1±9.2 HT-XRD + He, this work
α-MgAg0.95Sb 298–523 21.3±2.7 64.0±8.2 HT-XRD + He, this work
α-MgAgSb 300–573 21 63 HT-XRD + N2

23

Mg3Sb2 using HT-XRD data. Our HT-XRD results suggest that the addition of Bi to

Mg3.49Y0.01Sb2 significantly reduces the CTE of Mg3.49Y0.01Sb1.5Bi0.5 to even lower than that

of α-MgAg0.95Sb. Because the CLTE (αL) of Mg3.49Y0.01Sb1.5Bi0.5 exhibits a large standard
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error as only seven low-angle diffraction peaks with high intensity-to-background ratios can

be used to calculate its lattice parameter, its CTE was re-evaluated using a dilatometer.

2.2.2 Dilatometry

The thermal expansions of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5 were measured using a

dilatometer at 303–724 K (Figure 6). The corresponding CTEs listed in Table 4 are as-

sumed to be temperature-independent. Standard errors of the CTEs are of the order of

10-8 K-1; therefore, they are not included in Table 4. The calculated αL of Mg3.49Y0.01Sb2

and Mg3.49Y0.01Sb1.5Bi0.5 every 50 K are provided in Tables S1 and S2 in the supporting

information. The CTE of Mg3.49Y0.01Sb2 was measured to compare with the value reported

by Agne et al.35 The dilatometer data for Mg3.49Y0.01Sb2 exhibits good reproducibility with

less than 1.5% deviation from that reported by Agne et al.35 (Table 4). The CLTE of

Mg3.49Y0.01Sb1.5Bi0.5, measured using a dilatometer, is slightly higher than that obtained us-

ing HT-XRD. Overall, the CTEs obtained using dilatometry are in agreement with literature

and depict significantly small standard errors; therefore, the values in Table 4 were used to

calculate the mismatch in the thermal expansion coefficients between Mg3.49Y0.01Sb1.5Bi0.5

and MgAgSb.
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Figure 6: Linear thermal expansion of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5 from 303 to
724 K measured with dilatometer.

Table 4 demonstrates that doping Mg3.49Y0.01Sb2 with Bi to Mg3.49Y0.01Sb1.5Bi0.5 de-

10



Table 4: Coefficients linear (αL) and volume (αv) expansion obtained from the dilatometer.
The standard errors are on the order of 10−8 K−1 and are therefore not included.

Sample Range, K αL, 10
-6K-1 αv, 10

-6K-1 Comment
Mg3.49Y0.01Sb2 303–724 22.6 67.8 This work
Mg3Sb2 300–773 22.3 66.9 Agne et al.35

Mg3.49Y0.01Sb1.5Bi0.5 303–724 21.2 63.6 This work

creases CLTE from 22.6 × 10-6 K-1 to 21.2 × 10-6 K-1. Consequently, the difference between

the CLTEs of Mg3.49Y0.01Sb1.5Bi0.5 and α-MgAgSb (21 × 10-6 K-1) reduces to 0.95%, which is

significantly lower than those of other n-p leg pairs shown in Table 5. Nearly identical CTEs

of the two legs of a TE module, in the case of Mg3.49Y0.01Sb1.5Bi0.5 and MgAgSb, result in

significantly less thermal stress buildup during the heating/cooling cycles of the module and

minimize performance deterioration over time.

Table 5: Linear thermal expansion coefficients αL of various n-p leg pairs

TE material αL, 10
−6K−1 Mismatch

n-ZrNiSn53 11.0
46.7%

p-ZrCoSb54 7.5±0.2
n-Mg2Si0.6Sn0.4

55 17
41.7%

p-MnSi1.77
55 12

n-Mg3.49Y0.01Sb1.5Bi0.5
a 21.2

0.95%
p-MgAgSb23 21

a This work.

2.3 Thermal stability and oxidation resistance

2.3.1 Stability under inert atmosphere

Table 6: Thermal stability of Mg3.5Sb2, Mg3.5Sb1.5Bi0.5, and MgAg0.95Sb obtained from TG-
DTA under inert atmosphere

Sample Phase change Mass change
Mg3.5Sb2 Stable at 723 K No oxidation, no evaporation
Mg3.5Sb1.5Bi0.5 Stable at 723 K No oxidation, slight evaporation
MgAg0.95Sb α → β ∼ 570 K No oxidation, slight evaporation

The TG-DTA diagrams in Figure 7 show no endothermic phase change or exothermic
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Figure 7: TG-DTA curves of Mg3.5Sb2, Mg3.5Sb1.5Bi0.5, and MgAg0.95Sb from 273 to 723 K
in Ar

oxidation DTA peaks for Mg3.5Sb2 and Mg3.5Sb1.5Bi0.5 below 723 K. Furthermore, mass in-

creases as a result of oxidation is not observed in any investigated samples when heated to

723 K during the TG-DTA analyses (Figure 7). However, Mg3.5Sb1.5Bi0.5 and MgAg0.95Sb

both exhibit a continuous decrease in mass of approximately 1% with increasing temper-

ature. This decreasing trend is only observed for a short period during initial heating at

low temperature, and subsequently stops at high temperatures. While possible excess Mg

remaining in Mg3.5Sb1.5Bi0.5 after sample preparation could evaporate during TG-DTA ex-

periments, the same reasoning cannot be applied to MgAg0.95Sb. Therefore, it is most likely

that the mass decrease results from the evaporation of possible contaminants in the platinum

crucibles for both materials.

The α → β and β → γ phase transformations of MgAg0.95Sb completed at approximately

600 and 650 K, respectively. This is in accordance with the HT-XRD results shown in

Figure S3 (supporting information) and DSC data reported by Mi et al.45 The endothermic

DTA peak between 600 and 650 K, marked in Figure 7, is speculated to represent the

formation of Ag3Sb impurities detected during HT-XRD measurements. Exothermic DTA

peaks, due to the sample oxidation, are absent in the TG-DTA diagram of MgAg0.95Sb.

During the cooling of MgAg0.95Sb, no obvious phase transformations from the γ phase are

observed. This is consistent with a previous report by Kirkham et al.,23 in which a direct

and slow transformation of the γ-MgAgSb to α-MgAgSb was noticed during cooling to room

temperature. Finally, a summary of the sample’s thermal stability when heated to 723 K
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under an inert atmosphere is given in Table 6.

2.3.2 Stability in air
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Figure 8: TG-DTA curves of Mg3.5Sb2, Mg3.5Sb1.5Bi0.5, and MgAg0.95Sb from 273 to 723 K
in air

Table 7: Thermal stability of Mg3.5Sb2, Mg3.5Sb1.5Bi0.5, and MgAg0.95Sb obtained from TG-
DTA in air

Sample Phase change Mass change
Mg3.5Sb2 Stable at 723 K No oxidation, no evaporation
Mg3.5Sb1.5Bi0.5 Stable at 723 K No oxidation, no evaporation
MgAg0.95Sb α → β ∼ 570 K No oxidation, no evaporation

The TG-DTA diagrams in Figure 8 show no endothermic DTA peaks associated with

phase transformations or impurity formation for Mg3.5Sb2 and Mg3.5Sb1.5Bi0.5 when the

samples are heated up to 723 K in air. Furthermore, the samples do not exhibit a decrease

in mass due to evaporation, and no exothermic DTA peaks for oxidation are observed when

the samples are heated to 723 K.

Moreover, no significant differences are observed between the HT-XRD patterns of MgAg0.95Sb,

obtained in He flow and air (supporting information, Figure S3 and S4). The TG-DTA di-

agram of MgAg0.95Sb indicates that the α → β and β → γ phase transformations, when

heated in air, also finish at approximately 600 and 650 K, respectively. Similarly, the for-

mation of Ag3Sb is again considered to result in the endothermic DTA peak at slightly

higher than 600 K, as shown in the TG-DTA diagram of MgAg0.95Sb in Figure 8. Further,

no changes in the sample mass or exothermic DTA peaks resulting from sample oxidation
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are observed in MgAg0.95Sb when heated to 723 K in air. Table 7 summarizes the thermal

stability of Mg3.5Sb2, Mg3.5Sb1.5Bi0.5, and MgAg0.95Sb based on the results obtained from

TG-DTA analyses in air. In a previous study, Shang et al.56 have reported the formation

of a high density of pores in Mg3.2Sb0.49Bi1.5Te0.01 after measurements at 773 K for 6 hours.

Such pore formation was not observed on the surfaces of the Mg3.5Sb1.5Bi0.5 samples after

TG-DTA experiments in both air and Ar. The SEM images of the Mg3.5Sb1.5Bi0.5 samples

after TG-DTA measurements are provided in Figure S5 in the supporting information.

2.4 Mechanical properties

2.4.1 Elastic properties

Various elastic properties of Mg3.49Y0.01Sb1.5Bi0.5, Mg3.49Y0.01Sb2, and MgAg0.97Sb were cal-

culated from their respective longitudinal and transverse sound velocities using Eq. 2 to 6,

and the results are compiled in Table 8. For this measurement, a hot-pressed MgAg0.97Sb

sample (98% theoretical density) was used instead of a MgAg0.95Sb ingot obtained by melt-

ing, because the pulse-echo measurement failed for the latter despite its high relative density.

Overall, doping Mg3.49Y0.01Sb2 with Bi only led to a slight decrease in its Young’s modu-

lus to 39.1 GPa, and Mg3.49Y0.01Sb1.5Bi0.5 still displays good mechanical compatibility with

MgAg0.97Sb. This is in agreement with results from previous experimental studies on the

elastic properties of Mg3+δSbxBi2-x
57 and MgAgSb.58 In terms of module design, compatible

Young’s moduli enhance the module’s structural integrity by ensuring that external stress

induces similar levels of elastic strain between the n- and p-type legs, which is similar to the

concept of matching the thermal expansion between the two legs.

2.4.2 Vickers hardness

Images of the samples, obtained after the Vickers hardness indentation experiments, are

shown in Figure S6 in the supporting information. Although Vickers hardness is not a di-

rect measurement of ductility, absence of any cracks along the indentation diagonal sug-
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Table 8: Elastic properties of Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5, and MgAg0.97Sb

Mg3.49Y0.01Sb2 Mg3.49Y0.01Sb1.5Bi0.5 MgAg0.97Sb
vl, m s-1 3917 3732 3556
vs, m s-1 1996 1838 1632
θD, K 218 201 194
B, GPa 38.6 40.8 56.5
E, GPa 40.5 39.1 45.2
ν 0.32 0.34 0.37

gests that Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5, and MgAg0.95Sb are ductile and do not

fracture easily when plastically deformed. The Vickers hardness values of Mg3.49Y0.01Sb2,

Mg3.49Y0.01Sb1.5Bi0.5, and MgAg0.95Sb are compared with those of other TE materials in

Table 9. The uncertainties in the Vickers hardness values, reported in this study, are ex-

pressed as standard errors. The Vickers hardness of MgAg0.95Sb is slightly smaller than that

reported by Liu et al.58 with an indentation load of 4.9 N. This difference in the reported

Vickers hardness can be attributed to the indentation size effect, considering that this study

used a higher load of 9.8 N. Moreover, the MgAgSb fabricated by Liu et al.58 has a much

finer microstructure, which can also result in a higher sample hardness.

Table 9: Vickers hardness of Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5, MgAg0.95Sb, and other
high-performance TE materials

Vickers hardness, GPa Comment
Mg3.49Y0.01Sb2 0.62±0.01 This work
Mg3.49Y0.01Sb1.5Bi0.5 0.63±0.01 This work
α-MgAg0.95Sb 2.26±0.02 This work
α-MgAgSb 2.9 Liu et al.58

Mg2Si 5.4±0.2 Schmidt et al.59

MnSi1.77 16.0±1.1 Mejri et al.55

PbTe 0.37 Ni et al.60

Bi2Te3 0.62–0.79 G. Guttmann61

Zn4Sb3 2.2–2.3 G. Guttmann61
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3 Conclusion

The n-type Mg3Sb2 and p-type MgAgSb make a promising pair of TE materials for low-

temperature energy harvesting. Prior to the production and practical application of these

high-performance TE materials, their mechanical properties should be investigated to avoid

mechanical failure during operations. One major concern is the difference between the CTEs

of the n- and p-types TE materials, which results in stress buildup in the two legs and can

potentially lead to fracture.

Herein, effects of Bi doping on the mechanical properties of n-type Mg3.49Y0.01Sb2 was

investigated. The CLTE of Mg3.49Y0.01Sb2 was determined as 22.6 ×10−6 K−1, which is 7.6%

higher than that of MgAgSb. The thermal expansion of Mg3.49Y0.01Sb2 was successfully re-

duced by adding Bi, which is also known to improve its zT value by reducing its thermal

conductivity. Mg3.49Y0.01Sb1.5Bi0.5 exhibited a CLTE of 21.2 ×10−6 K−1, which significantly

reduced the mismatch in the thermal expansion coefficients from 7.6% to 0.95%. In ad-

dition, the thermal stabilities and oxidation resistances of Mg3.5Sb2, Mg3.5Sb1.5Bi0.5, and

MgAg0.95Sb were investigated using TG-DTA. Mg3.5Sb2 and Mg3.5Sb1.5Bi0.5 did not show

signs of oxidation or evaporation when heated to 723 K in air, and no phase transformation

was observed below 723 K. Furthermore, the α-MgAg0.95Sb initiates its α → β phase trans-

formation at approximately 570 K and did not exhibit sample evaporation or oxidation below

723 K. Calculated elastic properties and Vickers hardness show that Mg3.49Y0.01Sb1.5Bi0.5 and

MgAg0.97Sb have similar Young’s modulus, while MgAg0.97Sb is more resistant to permanent

deformation.

Finally, a difference of only 0.95% in the CLTEs of n-type Mg3.49Y0.01Sb1.5Bi0.5 and p-type

MgAgSb, reliable phase stability, and excellent oxidation resistance in air at temperatures

below ∼570 K suggest the mechanical robustness of Mg3.49Y0.01Sb1.5Bi0.5 and MgAgSb as a

pair of n-p legs for low-temperature energy-harvesting TE modules.
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4 Experimental Section

4.1 Sample preparation

Polycrystalline samples of both (Mg,Y)3.5(Sb,Bi)2
36 and MgAg0.95Sb were synthesized using

a melting method. The raw materials of Mg, Ag, Sb, Bi, and Y were loaded in an alumina

crucible and sealed in a stainless-steel container under an Ar atmosphere. The container

was heated up to 1453 and 1273 K for (Mg,Y)3.5(Sb,Bi)2 and MgAg0.95Sb, respectively. The

obtained molten boule of (Mg,Y)3.5(Sb,Bi)2 was ground and hot-pressed at 873 K under

Ar gas flow by applying a uniaxial pressure of 70 MPa. In contrast, grinding and hot

pressing were not performed on the molten boule of MgAg0.95Sb. The MgAg0.97Sb sample

was obtained by melting the constituent elements, followed by ball milling and hot-press

sintering.39 The x-ray powder diffraction pattern of the hot-pressed MgAg0.97Sb sample is

provided in the supporting information (Figure S7). Each sample’s density is provided in

Table 10.

Table 10: Fabricated sample’s density

Mg3.49Y0.01Sb2 Mg3.49Y0.01Sb1.5Bi0.5 MgAg0.97Sb MgAg0.95Sb
Density, g cm-3 3.84 4.33 6.21 5.85

4.2 X-ray diffraction

X-ray diffraction experiments were performed at 2θ = 20◦–120◦ with CuKα radiation (Ultima

IV, Rigaku). Focusing beam HT-XRD experiments were performed under a He atmosphere

with the Reactor X HT-XRD attachment. NIST silicon powder was used for angle calibra-

tions, and peaks search was done using the PDXL software by Rigaku, with the sigma cut-off

value set to 3.0. Finally, the lattice parameters were calculated using the Cohen’s method.51
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4.3 Dilatometry

The thermal expansions of the hot-pressed samples were measured using a dilatometer

(TD5000SA, Bruker AXS) under Ar flow (0.1 Lmin-1, 6 N, Air Liquide). The heating rate

was set to 5 Kmin-1, and a standard alumina sample was measured simultaneously to cancel

the effect of the pushrod’s thermal expansion. The coefficient of linear thermal expansion

(CLTE, αL), was calculated using the least-square fit method via following equation:

L− L0

L0

= αL(T − T0) (1)

where L is the sample length, L0 is the sample length at 303 K, T is the sample tempera-

ture, T0 is the initial temperature of 303 K. For isotropic materials with small linear thermal

expansions, the coefficient of volumetric thermal expansion (CVTE, αv) was calculated using

αv = 3αL.

4.4 TG-DTA

Thermogravimetric experiments were conducted for the bulk samples using a Bruker TG-

DTA2000SA apparatus in both air (20%O2-80%N2, Masscoal) and Ar flow (6 N, Air Liquide)

to study the oxidation/evaporation behaviors and phase transformations. The heating rate

and gas flow rate were set to 10 Kmin-1 and 0.2 Lmin-1, respectively, for all samples. Bulk

samples of approximately 10 mg were used for TG-DTA, and empty Pt crucibles were used

for blank runs before each measurement.

4.5 Sound velocity and elastic properties

Various elastic properties were calculated based on the sound velocity of the samples. The

longitudinal and transverse sound velocities were measured using a pulse-echo sound velocity

measurement system (Echometer 1062, Nihon Matech) at a transducer frequency of 5 MHz.

The shear modulus G (GPa), Young’s modulus E (GPa), bulk modulus B (GPa), Poisson’s
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ratio ν, and Debye temperature θD (K) were calculated using the following equations:

G = ρv2s (2)

E = G(
3v2l − 4v2s
v2l − v2s

) (3)

B = ρ(v2l −
4

3
v2s) (4)

ν =
1

2

v2l − 2v2s
v2l − v2s

(5)

θD = (
h

kB
)[

9ρnNA

4πM(2v−3
s + v−3

l )
]
1
3 (6)

ρ, vs, vl, h, kB, n, NA, and M are the density, transverse sound velocity, longitudinal

sound velocity, Planck’s constant, Boltzmann’s constant, number of atoms per molecule,

Avogadro number, and molar mass, respectively.

4.6 Vickers hardness

Vickers hardness measurements were performed using a Vickers Hardness Tester (HMV G-

20, Shimadzu) with an applied load of 9.8 N and a hold time of 10 s. Ten measurements were

taken for each sample to calculate the average Vickers hardness and assess its uncertainty.

The sample’s Vickers hardness Hv, was calculated using the equation Hv = 1.854F/d2, where

F (kgf) and d (mm) are the applied load and diagonal length, respectively.

Supporting Information Available

Supporting Information: High-temperature XRD diffraction patterns for all samples, coeffi-

cients of linear thermal expansion of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5, SEM images of

Mg3.5Sb1.5Bi0.5 after TG-DTA, Vickers hardness indentation images, and room-temperature

XRD diffraction pattern for MgAg0.97Sb (PDF)
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1. High-temperature XRD patterns
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Figure S1: HT-XRD patterns (λ=1.54056 Å) of Mg3.49Y0.01Sb2 from 298 to 723 K in He.
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Figure S2: HT-XRD patterns (λ=1.54056 Å) of Mg3.49Y0.01Sb1.5Bi0.5 from 298 to 723 K in
He.
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Figure S3: HT-XRD patterns (λ=1.54056 Å) of MgAg0.95Sb from 298 to 723 K in He. Ag3Sb
impurity peaks are marked with ⋆.
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Figure S4: HT-XRD patterns (λ=1.54056 Å) of MgAg0.95Sb from 298 to 723 K in air. Ag3Sb
impurity peaks are marked with ⋆.
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2. Linear thermal expansion coefficients of Mg3.49Y0.01Sb2

and Mg3.49Y0.01Sb1.5Bi0.5

Table S1: Linear thermal expansion coefficient αL of Mg3.49Y0.01Sb2, L0=10.06 mm at 303
K

T, K (L− L0)/L0 αL, 10
−6 K−1

350 1.10E-3 23.5
400 2.33E-3 24.0
450 3.56E-3 24.2
500 4.27E-3 21.7
550 6.02E-3 24.4
600 7.23E-3 24.3
650 8.41E-3 24.3
700 9.54E-3 24.0
724 9.53E-3 22.6

Table S2: Linear thermal expansion coefficient αL of Mg3.49Y0.01Sb1.5Bi0.5, L0=14.46 mm at
303 K

T, K (L− L0)/L0 αL, 10
−6 K−1

350 9.84E-4 20.9
400 2.02E-3 20.8
450 3.05E-3 20.8
500 4.08E-3 20.7
550 5.07E-3 20.5
600 6.15E-3 20.7
650 7.22E-3 20.8
700 8.26E-3 20.8
724 8.94E-3 21.2
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3. SEM images of Mg3.5Sb1.5Bi0.5 after TG-DTA

Figure S5: SEM images of the Mg3.5Sb1.5Bi0.5 samples after TG-DTA measurements in air
and Ar.
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4. Vickers hardness indentation

Figure S6: Vickers hardness indentations on Mg3.49Y0.01Sb2, Mg3.49Y0.01Sb1.5Bi0.5, and
MgAg0.95Sb. Small amounts of the excess Mg used to prepare n-type Mg3Sb2 are visible
in the SEM images of Mg3.49Y0.01Sb2 and Mg3.49Y0.01Sb1.5Bi0.5 in black. The white dots are
the remains of the alumina polishing fluids.
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5. X-ray powder diffraction pattern of MgAg0.97Sb
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Figure S7: X-ray powder diffraction pattern (λ=1.54056 Å) of MgAg0.97Sb.
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