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Abstract 

Knowledge of the mechanical properties of thermoelectric materials at high 

temperature is required for the modelling and optimization of a thermoelectric 
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generator under application conditions. We present room and high temperature 

characterization of Young´s modulus for Mg2Si, Mg2Sn and their solid solutions 

establishing a linear dependence, both on composition and on temperature.  

Through the comparison of Resonant Ultrasound Spectroscopy and free vibration 

techniques, we measure the elastic moduli with high precision. The comparison of 

our results (E = 110 GPa for Mg2Si and 78 GPa for Mg2Sn) to first principles 

calculations and experimentally reported data shows good agreement. Additionally, 

by estimating the Poisson ratio, we calculate the temperature-dependent shear 

modulus G and finally provide a simple bilinear function for Young´s and shear 

moduli as a function of temperature and composition.  

Keywords: Thermoelectric, mechanical properties, magnesium silicide, magnesium 

stannide, Mg2Si, Mg2Sn 

1. Introduction 

Thermoelectric generators (TEG) for thermal-to-electric energy conversion in their 

most basic form consist of both n- and p-type doped semiconductor materials 

(commonly referred to as legs) electrically connected by a metallic bridge. Such 

devices have attracted the attention of researchers due to their inherent advantages 

such as simple construction, free scalability, lack of moving parts, and reduced 

maintenance cost and effort [1-3]. Their ability to perform under vacuum and in the 

absence of light also makes them perfect candidates for space mission energy 

supply, as exemplified by the Voyager missions and numerous further deep space 

and lander missions from the 1970´s [4]. TEGs can also be used in/are also 

candidates for terrestrial applications, such as waste heat recovery in industrial 

facilities, combustion engines and mobile or autarkic current supply e.g. for sensors. 
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Current TEG technology is mainly based on rare or toxic materials such as Te or Sb, 

which makes the “en masse” application of thermoelectric generators unattractive [5]. 

In this context, research on light, inexpensive, and more importantly environmentally 

benign materials becomes a priority to facilitate the technology´s inclusion into the 

market. One of such materials is the Mg2(Si,Sn) system, composed of a solid solution 

of Mg2Si and Mg2Sn. Both binaries and their solid solutions form a family of light and 

highly available (therefore inexpensive) materials [1, 2].  

Mg2(Si,Sn) has shown a good thermoelectric performance, as indicated by the high 

dimensionless figure of merit zT defined as zT = S2ακ-1T, where S, α, κ, and T 

represent Seebeck coefficient, electrical conductivity, total thermal conductivity, and 

absolute temperature, respectively. n-type Mg2(Si,Sn) achieved a zT > 1.2 at 

temperatures close to 973 K [6-12], while p-type materials reached 0.55 around the 

same temperatures [11, 13-17].  

Several other factors besides TE performance have to be taken into account when 

building a functional generator, such as the electrode that connects the functional 

material to the electrical bridge. Further progress has been made in this regard with 

possible candidates already selected and tested. Cu and Ag seem to be feasible 

options for the Sn-rich solid solutions given their compatible coefficient of thermal 

expansion (CTE) values [18, 19], while Ni appears to be a solution for binary Mg2Si 

[20-22]. 

The selection of the TE material, the contacting electrode and the bridging electrical 

conductor is not trivial. In fact, CTE mismatches between these materials will produce 

thermal stresses at working temperature that could potentially threaten the 

mechanical integrity of the module. Using the same material system for both n- and 

p-type legs is one way to reduce the CTE mismatch; it will, however, not completely 
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eliminate the issue. Therefore, thermal stress and its potentially destructive effects 

cannot be avoided [23].  

It is, thus, imperative to know the room and high temperature mechanical behavior of 

the materials in order to design the module in a way that minimizes possible 

mechanical failure. 

The mechanical properties of the binary magnesium silicide were predicted using first 

principles calculations, obtaining a value of 110 GPa for the Young´s modulus [24, 

25], and were measured using several techniques. Among these techniques, we find 

dynamic methods like Resonant Ultrasound Spectroscopy (RUS) and traditional 

static characterizations like micro-hardness and compression tests [26-29]. These 

previous studies reported a wide range of values for the elastic behavior of Mg2Si, 

ranging from 76 GPa to 145 GPa, with hardness values ranging from 4 to 5.4 GPa. 

The authors put great emphasis on the effect of grain size distribution on the 

mechanical properties in these studies. 

In contrast, reported data on Mg2Sn is more limited. First principles calculations for 

this binary yield a Young´s modulus of 67-82 GPa [25, 30, 31], and an experimental 

hardness value of 1.7 GPa was reported [12]. 

Recent work in our research group was done on the mechanical properties of the 

solid solutions Mg2Si1-xSnx (with x = 0 - 1), finding a mostly linear influence of the Sn 

content on the hardness. However, Mg2Si0.6Sn0.4 showed an increased value 

compared to what the interpolation between binaries suggests and above the linear 

behavior characteristic in the low Si content material. Such behavior was attributed to 

secondary phases strengthening the material [32]. Room temperature measurements 

of the elastic constants have also been carried out on the solid solution [33], and the 
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study found a strengthening of the material as the Si amount increased. However, the 

composition Mg2Si0.4Sn0.6 showed diminished elastic properties, which was attributed 

by the authors to a possible connection between electronic and vibrational properties. 

On the other hand, high temperature values are scarce. One recent paper reported 

the Young´s modulus of the Mg2Si0.6Sn0.4 material [34] where a linear decrease with 

temperature was found. The material had a reduction of ~10% in its total elasticity 

during the heating phase; however, no further information was given on the cooling 

phase. 

One complication of the Mg2Si-Mg2Sn material system is the miscibility gap, which, 

depending on the author, can be found in different compositional ranges [35, 36]. The 

gap also depends heavily on temperature, as it widens at lower temperatures. It was 

observed in previous studies that homogenized samples decompose into separate 

phases after being annealed. Due to the phase separation at high temperatures, it is 

of utmost importance to know the material stability while being subjected to 

temperature.  

Therefore, this work focuses on the microstructural and Young´s modulus 

characterizations of Mg2SixSn1-x materials (x = 0 - 1), at both room and high 

temperatures using different techniques: Resonant Ultrasound Spectroscopy (RUS) 

and Impulse Excitation Technique (IET). 

2. Materials and methods 

Undoped Mg2Si1-xSnx samples were synthesized using commercially available 

precursor elements, namely Mg turnings (Merck), Si chunks (<6 mm, ChemPur), and 

Sn (<71 μm, Merck) with high purity >99.5%. Elemental materials were put in a 

graphite crucible and melted into an ingot using a previously described method [11]. 
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The obtained ingot was then ball milled in a SPEX 8000D Shaker Mill for an hour to 

obtain a homogenous powder, and pellets were synthesized by pressing the powder 

in a direct current press DSP 510 SE from Dr. Fritsch GmbH. The temperature and 

time used to press each composition have been reported previously [6, 11, 19, 36, 

37] and are detailed in Table 1. These reports showed very good thermoelectric 

properties for both n and p-type materials. Samples of compositions Mg2Si1-xSnx x = 

0.4, 0.5, 0.6 require extra time for pressing conditions due to the slow process of 

phase formation. It was previously observed that if Mg2Sn and Mg2Si formations are 

competing, Mg2Sn forms first and then Si diffuses slowly into the matrix [6, 36].  

Table 1. Sintering parameters for Mg2Si1-xSnx 

x Pressure (MPa) Temperature (°C) Time (min) 

0 66  800 10  

0.4 66  750 30  

0.5 66  700 20  

0.6 66  700 20  

0.7 66  700 10  

1 66  600 10  

 

The pellets obtained measured 50 mm in diameter and ~3 mm in thickness. They 

were then subsequently cut using a diamond disc saw (DISCO Co) into pieces 

measuring 12 × 45 × 3.0 mm for the IET experiments and 3.0 x 4.0 x 5.0 mm for the 

RUS characterization. Two separate samples were cut and tested for each 

composition and technique. The remaining circular segments were embedded in 
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conductive resin, grinded with SiC paper and polished with diamond suspension for 

microstructure analysis.  

Resonant ultrasound spectroscopy (RUS) utilizes mechanical resonance frequencies 

of a given sample to determine the elastic tensor of a material. Parallelepiped shaped 

polycrystalline samples of 60 mm3 were investigated by a custom made spectrometer 

similar to the setup described in [38]. Using the first 20 resonances, C11 and C44 were 

determined following the analytical scheme described in [39] and implemented in 

Python. In all cases, the root-mean-square residual between calculated and 

measured resonance frequencies was below 0.5%. 

Independent elastic constants C11, C12 and C44 [40] characterized by RUS can then, 

be related to the elastic moduli. The bulk 𝐵 modulus can be estimated by the 

relationship  

3𝐵 = 𝐶11 + 2𝐶12  Eq. 1 

The shear modulus 𝐺 can be described by Equation 2 for materials with cubic crystal 

structure.  

𝐺 = 𝐶44 Eq. 2 

Finally Young´s modulus can be estimated using Equation 3 

𝐸 =
9𝐵∙𝐺

3𝐵+𝐺
  Eq. 3 

RUS experiments were carried out in a self-built setup at room temperature sweeping 

frequencies between 300 kHz and 1 MHz. Characterization was done repeatedly 

while changing the position of the sample between transducers to maximize the  

amount of resonant frequencies registered for the fitting.  
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The Impulse Excitation Technique (IET) relies on the free vibration of a bar shaped 

sample set on top of supports. A microphone picks up the resulting vibration 

frequency. A simple set of equations are then used to compute the Young´s and 

shear modulus. 

𝐸 = 0.9465
𝑚𝐹𝑙

2

𝑏

𝐿3

𝑡3 𝑇1   Eq. 4 

𝐺 =
4𝐿𝑚𝐹𝑡

2

𝑏𝑡

𝐵

1−𝐴
  Eq. 5 

Where m is the mass of the sample, L, b and t are the length, width and thickness 

respectively; Fl is the longitudinal resonant frequency and Ft the transverse resonant 

frequency. T1, B and A are all geometrical correction factors described in the 

standard ASTM E 1876 – 01 [41]. In such a case, it is important to ensure that the 

fundamental (lowest resonant frequency) has been identified. The ratio to higher 

order frequencies can be used to determine if the fundamental is present, and 

whether we measured longitudinal or transverse. For longitudinal frequencies the 

ratio to the fundamental is 1:2.757:5.404:8.933…; meanwhile, for the transverse, the 

relationship is simpler, 1:2:3:4… 

Slight variations in the thickness of the samples during preparations alter the 

precision of the method following Eq. 4, therefore we grinded all samples to get a ΔE 

< 1 GPa.  

IET characterization was done employing a system from IMCE NV at room 

temperature with an automatic excitation time of 30 ms. High temperature 

measurements were done in air until 673 K, and then the sample was held at this 

temperature for 30 min. Heating and cooling ramp was 5 K per minute, and one data 

point was collected every 60 s during both processes. The oven can only control the 
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cooling ramp down to 423 K; afterwards the cooling through natural convection 

happens slower. 

Phase identification was done using X-ray diffraction, which was performed on 

sample pellets utilizing a Siemens D5000 Bragg-Brentano diffractometer with a 

secondary monochromator. Spectra were taken using Cu Kα radiation (1.5406 Å) in 

the 2θ range 20°-80° with a step size of 0.01°, and the lattice parameters were 

estimated using the Bragg equation. Microstructure analysis was carried out using a 

Scanning Electron Microscope Zeiss Ultra 55 SEM with a Zeiss QBSE detector, also 

equipped with an Oxford energy dispersive X-ray (EDX) detector (PentaFETx3). The 

grain size was observed from SEM pictures and estimated using ImageJ software. 

Density measurements needed for the RUS and IET calculations were obtained 

using the Archimedes method in ethanol. All samples exhibited relative densities 

higher than 96%. The solid solution relative density was taken as linear interpolation 

between the binaries. 

3. Results  

 

Most pressed pellets exhibit high phase purity, as shown by the XRD patterns in 

Figure 1. Samples with x = 0.5 and 0.4 exhibit a shoulder or peak bifurcation. Which 

could be an indicator that secondary phases are present in the material. Only phases 

with a composition of Mg2Si1-xSnx were found, i.e. no MgO or elemental Si or Sn (see 

figure 1. in SI) 
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Figure 1. XRD Spectra for the solid solution Mg2Si1-xSnx, x = 0-1 

Using the main peaks (111) and (220), the Bragg equation was used to estimate the 

lattice parameter for each sample. The results were then averaged and shown 

together with density and composition in Table 2 . 

Table 2 structural parameters for Mg2Si1-xSnx 

x Density 
(g/cm3) 

Relative density Lattice parameter 
(Å) 

Grain size (µm) 

0 1.97 0.99 6.35 7±1 

0.4 2.65 1.00 6.46 8±2 

0.5 2.83 1.01 6.58 7±2 

0.6 2.97 1.00 6.58 8±2 

0.7 3.09 0.99 6.62 7±3 

1 3.46 0.96 6.76 7±1 

 

The grain sizes were estimated using image processing software and were found to 

be very similar for all compositions; this is presumably because of the preparation 

procedure. While the melting temperature is different between the compositions, the 

final step before compaction is a one-hour ball milling of the ingot, which is the same 

for all samples. This similarity between samples means any differences in 

mechanical properties will not come from grain size difference, but from other 

sources i.e. Sn-Si ratio, secondary phases amount, etc. 
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Room temperature IET measurements for Mg2Si1-xSnx (Figure 2. a) show a linear 

influence of the tin content in the solid solution on the Young´s modulus, with the 

exception of x = 0.4. This composition does not follow the linear behavior observed 

for the other compositions.  

RUS allows us to characterize the elastic constants (see Table 1. in SI), and then, by 

using Eq. 1, Eq. 2 and Eq. 3, the moduli were calculated for the samples studied in 

this work (Figure 2. a). These results also exhibit a linear behavior as the Sn content 

increases, and go well in accordance with previously reported values [33]. 

Nevertheless, we observed a reduced elastic constant value at x=0.6, as also 

previously reported in the same paper.  
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Figure 2. a) Comparison between elastic constants obtained by RUS and IET with 

literature data [12, 25, 30, 34, 42] and b) Estimation of fracture toughness using (i) 

values of Young’s modulus obtained by linear interpolation between first principles 

calculation [32] and (ii) experimental observation. 

 

Using previously reported hardness data [32], the fracture toughness of the studied 

composition along the solid solution was estimated using Equation 6 [32].  

𝐾𝐼𝑐 =
𝜁(𝐸

𝐻⁄ )
1
2𝑃

𝑐
3

2⁄
  Eq. 6 

where H is the measured hardness, P the load used for the indentation and c the 

length of the crack as measured from the center of the indentation, 𝜁 is a geometrical 

correction factor set to be 0.016 [43]. Crack length and diagonal needed for hardness 

estimation were measured using the in-built microscope as described in [32]. 

Figure 2. b) shows the difference in 𝐾𝐼𝑐 between using first principles and 

experimental values recorded by RUS and IET measurements for the estimation. 

Mg2Si0.6Sn0.4 exhibited the highest fracture toughness in the original study with the 

interpolated Young’s modulus. Using the measured value instead does not change 

the trend.  

Previous work predicted a linear decrease in elastic constants above room 

temperature [25]. This work confirms this behavior, as all the samples show a linear 

dependence of Young´s modulus with increasing temperature (Figure 3. a). 

Mg2Sn exhibits the highest percentage of softening at high temperature (623 K) with 

11%, while the samples containing Si (solid solutions and binary Mg2Si) only lose 7-
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8% of their total strength. Such behavior does not come as a surprise as the 

stiffening of the Mg2(Si,Sn) solid solutions were previously described by Klobes et al. 

[33] as the effect of the covalent Mg-Si bond. 

Once the material reaches the holding temperature, a small strengthening takes 

place (<1%), which continues when the cooling process starts, as shown in Figure 3. 

b). The hysteresis behavior was observed for all samples and is typical of a micro 

crack healing mechanism that takes place at higher temperatures. Once the material 

starts to cool down, the thermal stress re-opens micro cracks and the material returns 

to its original state [44]. It cannot be excluded, however, that the micro-crack healing 

process starts before the holding temperature. However, with the employed 

measurement approach, it is noticeable only when the maximum testing temperature 

is reached, and the temperature-induced decrease in Young´s modulus ceases. 
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Figure 3. a) Heating curve for high temperature measurements of Young´s modulus 

showing all compositions tested and b) heating and cooling curve for Mg2Si, showing 

a noticeable hysteresis. 

 

The integrity of the microstructure after the measurement cycle can be attested by 

the fact that the initial value is reached again at room temperature. Furthermore, 

previous work in the research group has proven that long time annealing of samples 

obtained through the very same method retains the microstructure [11]. 

The setup used to test high temperature Young´s modulus does not permit the easy 

characterization of shear modulus. However, it can be derived using the Poisson 

ratio, which is defined as 𝜈 =
𝐸

2𝐺
− 1.  
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In this regard, we find one previous report of Poisson’s ratio measurement for the 

solid solution x = 0.6 [12] which shows a small increase from 0.197 to 0.215 in the 

temperature range from 300 K to 600 K. Meanwhile, a calculation made with data 

obtained from first principles calculations [25] yields values for the binary materials 

that range from 0.173 to 0.176 for Mg2Si and 0.20-0.198 for Mg2Sn in the same 

temperature range. Therefore, assuming a constant Poisson ratio which was 

obtained from the room temperature measurements, we calculated the temperature-

dependent shear modulus for the complete range of compositions tested in this work, 

as seen in Figure 4. 

 

Figure 4. Temperature dependent shear modulus obtained from E(T) and the 

Poisson ratio at room temperature 

 

The phase purity can be assessed from the microstructure shown in Figure 5.  

Secondary phases are present to some degree in all solid solution samples. 

However, only the samples with x = 0.4 and 0.5 have secondary phases in such size 

and concentration as to be observable in XRD patterns; this is confirmed by the 

displayed SEM pictures. 
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Figure 5. Backscatter SEM images of a) Mg2Si, b) Mg2Si0.6Sn0.4, c) Mg2Si0.5Sn0.5, d) 

Mg2Si0.4Sn0.6, e) Mg2Si0.3Sn0.7 and f) Mg2Sn, dark areas show the secondary Si rich 

phases in the solid solution. 

Figure 5. c), d) and e) show the typical microstructure for the solid solution Mg2Si-

Mg2Sn with secondary phases rich in Si, typical for a melting route synthesis. The 

appearance of such secondary phases is due to the incomplete diffusion, which is a 

consequence of a short pressing time during sintering [6, 36]. Longer sinter times 

produce purer samples with fewer amounts of Si-rich phases. However, excessive 

time can also induce Mg loss, which is detrimental to phase formations [36]. 

20µm 

20µm 

10µm 

b) x=0.4 

c) x=0.5 

a) x=0 

10µm 

f) x=1 

10µm 

d) x=0.6 

e) x=0.7 

10µm 
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Phase quantification in backscatter SEM pictures was done following the 

methodology described in [45] for two samples, Mg2Si0.6Sn0.4 and Mg2Si0.3Sn0.7, and 

the results are presented in Figure 6.  

  

Figure 6. Backscatter SEM pictures and their respective phase quantification for the 

samples a) Mg2Si0.6Sn0.4 and b) Mg2Si0.3Sn0.7. 

 

The sample x = 0.4 is shown in Figure 6. a). It shows a bifurcated peak in XRD, and 

phase quantification confirms the incomplete phase homogenization. Sn-rich phases 

can be seen surrounding phases with greater Si content creating many interfaces, 

which will introduce further strain into the matrix according to the inclusion theory 

b) 

a) 

(x) Sn content in Mg
2
Si

1-x
Sn

x
 

10µm 

10µm 

1     0.8     0.6     0.4    0.2     0 
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[46]. These additional strains might be the reason for the observed increase in 

Young’s modulus. On the other hand, the sample with x = 0.7 shown in Figure 6. b) 

has a better phase purity, confirming the XRD measurements. The matrix (orange) is 

noticeable in the picture, and embedded within it, we can identify particles with higher 

Si content (shown as darker shade of red) and reddish diffusion zones around them. 

The cumulative percentage of phases belonging to specific compositions (see figure 

5. In SI) shows that the target phase with Δx=0.2 composes more than 90% of the 

area. These diffusion zones confirm the observations done by Yasseri et al. [36] that 

Si-rich Mg2(Si,Sn) remnant from the synthesis reacts in the sintering phase as the Si 

slowly substitutes Sn in the matrix, dissolving the Mg2Si. Additionally, binary Mg2Si 

can also be identified in both pictures. 

Given the comparatively low variation in Young’s modulus values for Mg
2
Si

1-x
Sn

x
 

and, assuming the area depicted in the SEM picture is representative of the volume 

fraction of secondary phases in the rest of the material, we can expect very little 

change in the effective Young’s modulus measured. This is because to estimate the 

elastic modulus in composite materials the contributions of each phase are 

considered linearly in the Voigt approximation (�̅� = ∑ 𝑛𝑖𝐸𝑖𝑖 ) and approximately 

linearly in the Reuss approximation (�̅� = ∑ 𝑛𝑖/𝐸𝑖𝑖
−1

) [47]. 

Previous studies on Mg2(Si,Sn) obtained through the same method described in this 

work have shown no indication of microstructural change after annealing at 723K for 

more than 700 Hours [11]. It is therefore assumed that the thermal cycle experienced 

by the samples during the measurement did not affect the microstructure present in 

the pristine samples. 
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4. Discussion 

 

Previous reports for the Young´s modulus of Mg2Si show similar values to what we 

report,109 GPa [26-29], except for a value of 145 GPa obtained through nano- 

indentation [28]. With regard to that characterization technique, Radison et al. [48] 

proved that nano-indentation is a good method to characterize the Young´s modulus 

of a material, yet it was also prone to overestimate the value. This might be the 

reason for the considerable discrepancy between what we present in this work for the 

binary material and previous reports by Muthiah et al [28]. 

RUS and IET were compared in the past by Radovic et al. [48]. The paper describes 

thickness as the main source of uncertainty in IET. As much as 9% variation in elastic 

moduli can be expected with a variation of thickness below 3%. In our study, the 

maximum variation for the samples following the linear behavior was 5%, which is 

well within the previously reported precision for the techniques used. The outliers 

from linearity are probably due to different effects, such as the inhomogeneity for the 

x = 0.4 composition and the possible influence of the band convergence on the 

vibrational properties for the x = 0.6 sample, rather than technique-dependent 

uncertainties. 

Fracture toughness values do not deviate widely from each other due to the fact that 

the Young´s modulus measurements agree with the linear interpolation used in the 

first study [32]. Said work also described the effect of secondary phases and particle 

sizes as strengthening factors in the material. Such mechanisms can be observed in 

samples with 𝑥 < 0.5. In this case, the high concentration of interfaces is likely to 

deflect or shorten cracks due to the intergranular energy at the particle boundaries 

[49]. 
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The temperature dependent elastic behavior in polycrystalline materials, in general, 

can be divided into three regions, of which the first two can be described by the 

empirical Wachtman equation 𝐸 = 𝐸0 − 𝑏𝑇𝑒−
𝑇0
𝑇  where E0 is the Young´s modulus at 0 

K, b and T0 are constants [50]. Previous work has set T0 to 0.3-0.5 Debye 

temperature (θD) [51]. 

Beginning at the low temperature of ~0.3 θD, the slope dE/dT decreases as 𝑒−
𝑇0
𝑇  

increases gradually with temperatures falling down to 0 K, where E = E0. Above 0.3 

θD we find the linear region where dE/dT remains constant as 𝑒−
𝑇0
𝑇  approaches unity. 

Finally, the high temperature regime can no longer be described by the Wachtman 

equation, because the slope deviates from linearity as it gradually increases. The 

onset of such slope change depends on the material and can be obtained 

experimentally [51]. Thus, in order to identify the region where this experiment takes 

place, we estimated the Debye temperature. 

For that, the average acoustic sound velocity was calculated using Equation 7 

𝑣m = (
1

3
[

2

𝑣𝑠
3 +

1

𝑣𝑙
3])

−1/3

 Eq. 7 

Where vs is the transverse acoustic velocity (𝑣𝑠 = √
𝐺

𝜌
) and vl is the longitudinal 

acoustic velocity (𝑣𝑙 = √
𝐸

𝜌
) [52]. Then the acoustic Debye temperature was estimated 

as  

𝜃D =
ℎ

𝑘B
(

3𝑞

4𝜋

𝑁𝐴𝜌

𝑀
)

1/3

𝑣m , Eq. 8 

where h and 𝑘B are the Plank and Boltzmann constants, q is the number of atoms per 

molecule, M the molecular weight, NA the Avogadro number and 𝜌 the material 
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density. Results for 𝑣𝑙, 𝑣𝑠, 𝑣m and 𝜃D are shown in Table 3 . The presented data has 

an uncertainty of 20 m/s for sound velocities and 5 K for the Debye temperature.  

 

Table 3 Room temperature sound velocities: longitudinal (vl) shear (vs) and average 

(vm); as well as Debye temperature (θD) for the solid solution Mg2Si1-xSnx  

x Vl (m/s) Vs (m/s) Vm (m/s) θD (K) 

0 7730 4860 5350 570 

0.4 6510 4040 4460 460 

0.5 5920 3700 4080 420 

0.6 5760 3560 3930 400 

0.7 5560 3410 3760 380 

1 5040 3080 3400 340 

 

With the Debye temperature and the Wachtmann model, we can expect the high 

temperature values for Young´s modulus to be linear, as 0.3-0.5 θD is well below the 

temperature range of this study for all compositions. 

The high temperature behavior of elastic moduli was predicted [25] and 

experimentally observed to be a linear decrease for Mg2Si0.4Sn0.6 [12] and 

Mg2Si0.6Sn0.4 [34], which is in agreement with our results. Both previous studies 

report a reduction of 5-10% in the characterized elastic constants. In the previous 

work [34], the behavior of the Mg2Si0.4Sn0.6 sample was fitted using a linear function 

and had a very good coefficient of determination (R2 = 0.995) in the temperature 

range 300-600 K.  
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Our results, as well as previous literature reports, therefore indicate the validity of 

using a bilinear function in the form 𝐴(𝑥, 𝑇) = 𝐴𝑟 + 𝑏𝑇 + 𝑐𝑥.  

For this linear equation, Ar is either modulus at 0 K, Young´s modulus (E) or shear 

modulus (G). The values used to fit the equation are detailed in Table 4 including the 

coefficient of determination obtained as described in [53]. Here the sample with 𝑥 =

0.4 was excluded from the fitting due to the observed poor phase quality. However, 

as can be seen for the results including 𝑥 = 0.4 (see SI), the coefficient of 

determination was very lightly modified.  

Table 4. Values used to fit the model from room temperature up to 600K 

Modulus Ar (GPa) b (GPa K-1) c (GPa) R2 

Young´s 

modulus 

116.55 -0.0234 -32.032 0.99 

Shear modulus 49.77 -0.0098 -14.513 0.99 

 

Table 4. allows for the thermomechanical modelling of a TEG under operational 

conditions, and for an optimization with respect to composition, taking mechanical 

properties into account. The prediction of lattice thermal conductivities can also 

benefit from more precise data of the mechanical properties. A previous work on 

Mg2Si1-xSnx materials [54] estimated the lattice thermal conductivity using the Debye 

approximation in the form 𝜅𝑙 =
𝑘B

2𝜋𝑉m
(

𝑘B𝑇𝜋

ℎ
)

𝑥4𝑒𝑥

(𝑒𝑥−1)2 𝜏𝑐 where we see the average sound 

velocity vm. The approximation also depends on the Boltzmann constant 𝑘B, the 

Plank constant ℎ and the reduced phonon energy y which in turn is estimated with 

𝑦 =
2ℎ𝜔

𝑘B𝑇𝜋
 where ω is the phonon frequency. 
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Knowledge of the elastic constants is also important for the modelling of the 

electronic properties. Scattering by acoustic phonons is the dominant scattering 

mechanism for electrons above room temperature for most materials [9, 55]. This 

interaction is characterized by the deformation potential 𝐸Def which is related to the 

carrier mobility by 𝜇 ∝
𝐶𝑙

𝐸Def
2 ∙𝑚∗2.5 , where 𝑚∗ is the carrier effective mass and 𝐶𝑙 is given 

by 𝐶𝑙 = 𝐸 − 𝐺 for cubic crystals [40]. Practically, 𝐸Def is usually obtained from the 

measured mobility at high temperature using room temperature values for 𝐸 and 𝐺 

[37, 55-58]. However, as both exhibit clear temperature dependence, this leads to 

incorrect values of 𝐸Def and should be considered as a fair approximation only. 

5. Conclusion 

 

High temperature elastic constants, as well as hardness and fracture toughness, are 

important parameters to predict the mechanical behavior of a certain material under 

load. Knowledge of said parameters will allow to thermo-mechanically model a 

possible TEG manufactured using Mg2Si1-xSnx, with correct values for the mechanical 

properties under application conditions. 

Elastic moduli E and G are presented for several compositions along the Mg2Si1-xSnx 

(𝑥 = 0 − 1) solid solution series at both room and high temperatures. The first ever 

experimental value for binary polycrystalline Mg2Sn is presented and is in good 

agreement with first principles calculations. It was also shown that both the 

temperature and composition have a linear influence on both the moduli, which 

facilitates the description of the behavior by a simple bilinear equation. 
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Additionally, we describe that, besides a prominence of secondary phases, phase 

distribution can also affect the elastic behavior by stiffening the material, as was the 

case with the Si-rich (x = 0.4) Mg2Si1-xSnx. Mg2Si0.6Sn0.4 was the only sample to 

deviate from the linear decrease in Young´s modulus in the IET measurements. Such 

behavior is closely related to the microstructure found in the material, where small Si-

rich areas are found surrounded by Sn-rich phases, creating a biphasic material with 

a great amount of interfaces. 

Mg2Si0.4Sn0.6, on the other hand, deviated from the linear behavior in the RUS 

characterization. This is well in agreement with previous reports and possibly a 

consequence of the convergence of the conduction bands in this composition. 

A better estimation of the temperature dependent elastic moduli is not only beneficial 

for mechanical design and modelling, but also for electronic and thermal properties of 

the thermoelectric materials.  
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