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Thermoelectric materials are ranked by their ability to meet a criterion of excellence that is related to their conversion efficiency. This dimensionless figure of merit, zT = (σS 2 T)/κ, measures how well a candidate material can convert heat to electricity where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal conductivity, and T is the absolute temperature. This antagonist

combination of properties controlling the performance of thermoelectrics makes it difficult to design these materials. Notwithstanding, it has been established that functional properties are controlled by both composition and microstructural parameters and that refined microstructures promote better thermoelectric properties. (1) This has led to new approaches inspired by metallurgical concepts that rely on the use of thermal treatments to generate and control microstructures that give the desired transport properties. (1)(2)(3)(4)(5) The combination of alloy composition and time and temperature that can be applied in a thermal treatment is nearly infinite; thus, identification of the optimal composition and treatment is very time-consuming using one-composition-at-a-time synthesis and property testing.

Designers need the knowledge of thermodynamics and kinetics, as well as an understanding of the composition-microstructure-property relationships to better identify the most promising materials.

Instead of using the traditional trial and error methodology, our approach involves coupling combinatorial synthesis with localized property measurement techniques. Combinatorial synthesis allows preparation of large variations/libraries of compositions and can give access to a range of microstructural parameters for a systematic study from a single sample. (6) One such implementation is using a diffusion couple to generate a large library of compositions by thermal interdiffusion.

Variation of a given functional property across the composition range can then be obtained using micrometer-scale localized property measurements. (7) Moreover, by tracking the composition changes in one dimension across an interdiffusion zone, it is possible to extract both the equilibrium tie lines and the diffusivities.

To illustrate this combinatorial approach, we have selected the Mg 2 Si-Mg 2 Sn pseudobinary system because it forms extensive solid solutions with promising composition-dependent thermoelectric properties. (8)(9)(10) P a g e | 2

In this work, we sought to evaluate the influence of composition of Mg 2 (Si,Sn) solid solutions on thermal conductivity. The Mg 2 Si/Mg 2 Sn diffusion couple experiments were also conducted to determine the interdiffusion coefficient ( ) and the solubility limit of the solid solutions. Herein, we outline our experimental approach and the conclusions that can be drawn from examination of the composition-phase-properties 2D maps.

Figure 1 shows scanning electron microscopy (SEM) images of the diffusion couple after spark plasma sintering (SPS) bonding of the Mg 2 Si and Mg 2 Sn block halves and the interdiffusion zone developed after annealing at 600 °C for 120 h, along with the corresponding Si and Mg concentration maps.

Figure 1. Backscattered electron image of the diffusion couple after welding (a) and after annealing at 600 °C for 5 days (b). The interdiffusion zone is denoted by the red dotted line in (b). Corresponding Mg with composition profile superimposed (c) and Si (d) composition maps.

In order to avoid Mg loss, annealing is performed in Ta tubes sealed under partial pressure of Ar. The diffusion annealing at 600 °C gave rise to the formation of solid solutions exhibiting a concentration gradient in Si whereas the Mg content is constant across the diffusion couple. The average composition in planes parallel to the original interface throughout the interdiffusion zone is obtained from electron probe microanalysis (EPMA) measurements (Figure 2). The Sn and Si concentration profiles exhibit a step corresponding to the miscibility gap between the two terminal solid solutions, the Sn-rich and Si-rich Mg 2 (Si,Sn). 14)).

During the diffusion process at a constant temperature, the height of the concentration step remains unchanged; however, the width of the interdiffusion zone increases following a parabolic growth law, typical of a diffusion-controlled process (Figure 3a). Since the solubility limit of Si in Mg 2 Sn is relatively high, we calculated the composition-dependent interdiffusion coefficient using the forwardsimulation method. (15,16) Based upon the compositional diffusion coefficient obtained using the Sauer-Freise expression, (17) the composition profile was simulated and compared with experimental measurements to further adjust the diffusivity until a satisfied composition profile is obtained, as

shown in Figure 2a. The perfect overlap between these two composition profiles in Figure 2a demonstrates the validity of the interdiffusion coefficients obtained, as displayed in Figure 3b. The interdiffusion coefficient plotted in Figure 3b describes the diffusion behavior inside the Sn-rich Mg 2 (Si,Sn) solid solution. It can be seen that the change with composition is significant. The diffusivity increases dramatically by adding Si to the Mg 2 Sn phase which may be caused by the increasing density of defects. Then, for Si content above 2 atom %, the interdiffusion coefficient remains almost constant.

Figure 4 shows the thermal conductivity map across the interdiffusion zone, compared with the Si composition map at the same location. The thermal conductivity map was obtained using timedomain thermoreflectance (TDTR) with the delay time fixed at t = 300 ps. Measurement details could be referenced to our previous works in refs [18][19][20] . Two micrometer-sized indents were marked on the sample surface at the measurement location before mapping, to spatially correlate with the composition profiles. Specific heat (C) values of the solid solutions were estimated using Kopp-Neumann law. In order to interpret the large number of data provided all at once by the combinatorial experiment, we can describe the composition dependency of the measured thermal conductivity using a parametric model. In semiconductors, the heat is mainly carried by phonons. The treatment of the lattice thermal conductivity is based on the kinetic theory by considering frequency dependent phonon mean free path:

where C is the heat capacity, v is the group velocity, ω is the frequency, Λ eff is the effective mean free path, and λ is the polarization of the phonons. This expression, obtained from gas kinetic arguments,

shows the importance of the heat capacity of the heat carriers, their velocity, and their mean free path. The heat capacity is estimated using the Debye model. In this continuum approximation, the crystal behaves as a box containing a phonon gas.

Phonon scattering processes arise from different mechanisms and can be represented by mean free paths. We have considered two contributions: umklapp processes and alloy disordering. Assuming that this scattering processes are independent, the scattering probabilities are additive: Λ eff -1 = Λ um -1 + Λ ss -1 . Phonon mean free path for umklapp scattering is well described by Han: (31) Λ um -1 = A 1 Tω 2 e - A 2 /T /ν, where A 1 and A 2 are two adjustable parameters. The atomic defect scattering due to solute atoms can be accounted by the effective medium approach using a Rayleigh-like expression as described by Klemens: (32) where δ is the radius of the solute atom in the host lattice and Γ s characterizes the scattering cross section that is correlated to the mass defect scattering and strain scattering due to solute atoms: (33) where M denotes the molar weight of the Mg 2 (Si,Sn) solid solution, ΔM is the mass difference, Δδ is the radius difference between the mixing atoms, respectively, and ϵ is an adjustable parameter.

It can be seen Figure 5 that the calculated room temperature thermal conductivity fit well the experimental measurements. The values of the estimated parameters are summarized in Table 1. The important decrease of the thermal conductivity with small addition of solute, either Si in Mg 2 Sn or Sn in Mg 2 Si, denotes the strong effect of the scattering mechanisms due to solute atoms.

In conclusion, the use of a combinatorial method is an efficient way to evaluate the solubility limits, the diffusivities, and the influence of composition on the thermal conductivity of solid solutions. We were able to identify the Mg 2 Si 0.4 Sn 0.6 alloy composition as the optimal solute content corresponding for the minimum value of the thermal conductivity. A simple model, incorporating the scattering contribution of solute atoms (mass defect scattering and strain scattering), allows prediction of the room temperature thermal conductivity of Mg 2 (Si,Sn) thermoelectric materials as a function of composition. The present work merges several techniques and analysis to get key parameters required for the design of thermoelectrics and materials for thermal management. It represents an endeavor toward the development of general methodology based on an experimental high throughput approach that intends to help navigating through the immense realm of all possible material compositions. The combined optimization of both thermopower and thermal conductivity can be regarded as the next step. This requires diffusion length compatible with the spatial resolution of the Seebeck microprobe currently achievable (around 10 μm). If thermal treatments are not sufficient to produce the desired scale, thermomechanical treatments, such as rolling and/or forging, could be considered in order to expand the interface region.

Figure 2

 2 shows the relationship between the phase diagram and the concentration profiles. It is then possible to extract the single tie-line from the composition analysis: Mg 0.67 Si 0.02 Sn 0.31 and Mg 0.67 Si 0.15 Sn 0.18 . In other words, the solubility limits of the Mg 2 Si x Sn 1-x solid solutions are x = 0.06 and x = 0.45. By reproducing these experiments at different temperatures, one can deduce the miscibility gap in the pseudobinary system Mg 2 Sn-Mg 2 Si. These results confirm the experimental assessment by Muntyanu and co-workers.(11) 

Figure 2 .

 2 Figure 2. (a) Composition profile measured across the interdiffusion zone in the diffusion couple Mg 2 Sn/Mg 2 Si after annealing at 600 °C for 5 days; circles for experimental value and solid line refers to simulation. (b) Pseudobinary Mg 2 Sn-Mg 2 Si phase diagram showing the miscibility gap assessed from the analysis of the composition profiles in comparison with assessment from previous works (Muntyanu et al., (11) Kozlov et al., (12) Jung et al., (13) Nikitin and Zaitsev (14)).

Figure 3 .

 3 Figure 3. (a) Thickness of the interdiffusion zone measured as a function of the annealing time at 600 °C. (b) Interdiffusion coefficient as a function of Si concentration in Mg 2 (Si,Sn).
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 45 Figure 4. Si composition map and the corresponding thermal conductivity map of the region delimited by the white line in the interdiffusion zone of a Mg 2 Sn/Mg 2 Si couple (Figure3d). The composition profile and the thermal conductivity data were aligned and accurately referenced to the dead centers of the premarked micrometer-sized indents.

Figure 5 .

 5 Figure 5. Composition dependent thermal conductivity values of Mg 2 (Si,Sn) solid solutions obtained from the diffusion couple and calculated thermal conductivity (red line).
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