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Abstract

:

CrSi   2   is a promising thermoelectric material constituted of non-toxic and earth abundant elements that offer good perspectives for the mass production of inexpensive and reliable thermoelectric modules for waste heat recovery. Realization of robust metallic contacts with low electrical and thermal resistances on thermoelectric materials is crucial to maximize the conversion efficiency of such a device. In this article, the metallization of an undoped CrSi   2   with Ti and Nb using a conventional Spark Plasma Sintering process is explored and discussed. These contact metals were selected because they have compatible thermal expansion coefficients with those of CrSi   2  , which were determined in this study by X-ray Diffraction in the temperature range 299–899 K. Ti was found to be a promising contact metal offering both strong adhesion on CrSi   2   and negligible electrical contact resistance (<1   μ Ω   cm   2  ). However, metallization with Nb resulted in the formation of cracks caused by large internal stress inside the sample during the fabrication process and the diffusion of Si in the metallic layer. A maximum conversion efficiency of 0.3% was measured for a sandwiched Ti/CrSi   2  /Ti thermoelectric leg placed inside a thermal gradient of 427 K. The preliminary results obtained and discussed in this article on a relatively simple case study aim to initiate the development of more reliable and efficient CrSi   2   thermoelectric legs with an optimized design.
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1. Introduction


Thermoelectric (TE) generators are all-solid-state and greenhouse gas emission-free devices that enable the direct conversion of heat into electricity via the Seebeck effect. The most common architecture of TE modules consists of an assembly of n- and p-type TE materials connected electrically in series and thermally in parallel, sandwiched between two ceramic plates. The conversion efficiency is a monotonically increasing function of the figure of merit ZT =   α 2  T/  κ ρ   of the TE materials where  α  is the Seebeck coefficient,  ρ  the electrical resistivity,  κ  the thermal conductivity, and T the temperature. However, the efficiency of current commercial TE modules composed of state-of-the-art materials with   Z T >   1 remains below ≈8% which strongly limits their use to niche applications [1,2]. With the aim to increase the applicability of this technology, many attempts to improve the overall performance of TE modules have been reported recently in the literature and consist of using newly developed materials with an improved ZT [3,4,5,6,7], the development of alternative architectures [8,9,10,11,12,13], or fabrication process [14]. However, two important challenges remain: (i) the use of less toxic and expensive elements than those comprising the majority of current high-performance materials (Pb, Te, Bi…) and (ii) the realization of good-quality electrical contacts on TE materials that present low thermal and electrical contact resistances, strong mechanical resistance, and a good thermal stability.



Transition metal silicides such as CrSi   2  [15], MnSi    1.74   [16,17,18] or the low-temperature phase  β -FeSi   2  [19] are composed of extremely inexpensive elements (<4 € kg    − 1   ) [20] and present good mechanical and oxidation resistance properties that makes them promising materials for the mass production of TE devices. Although this class of materials presents intrinsically good electronic properties, their ZT remains lower (<0.4) than the state-of-the-art materials due to relatively high thermal conductivities. In order to decrease  κ , important research efforts leading to a significant improvement of the properties have been conducted recently mostly using strategies such as alloying [21], texturization [22], nanostructuration [23,24], or composite synthesis [25]. Despite the remarkable advances made on these materials, their integration into functional devices remains limited mostly because the realization of good-quality contacts is challenging and, thus, not well documented in the literature. Among the TE silicides, the p-type material CrSi   2   (undoped ZT≈ 0.1, Ge-doped ZT≈ 0.25 [15]) is particularly interesting because it can be assembled with n-type  β -FeSi   2   (co-doped ZT≈ 0.2 [26]) to make highly reliable, robust, and inexpensive modules.



In this article, we investigate the realization of metallic contacts on CrSi   2   for the first time to our knowledge. The high temperature behavior of CrSi   2   was first studied by XRD (X-ray Diffraction) from 299 to 899 K and the thermal expansion coefficients were determined. Two promising metals, Ti and Nb, were selected as contact materials as they have compatible thermal expansion behaviors and they are non-toxic and relatively earth-abundant elements. Two sandwiched TE legs Nb/CrSi   2  /Nb and Ti/CrSi   2  /Ti were synthesized from powders by a Spark Plasma Sintering (SPS) process and the resulting microstructure of the interfaces was analyzed by Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) techniques. Finally, the electric contact resistance and the TE conversion efficiency of the Ti/CrSi   2  /Ti leg were measured and future directions of development are discussed.




2. Materials and Methods


2.1. Material Synthesis


CrSi   2   was synthesized by arc-melting Cr chips (Aldrich Chemicals, 99.995%) and Si pieces (Aldrich Chemicals, 99.95%) together in stoichiometric amounts. In order to ensure good homogenization, the ingot was remelted several times. The weight loss was kept under 0.2 wt.%. The obtained CrSi   2   ingot was then pulverized into powder by ball-milling using a Fritsch Pulverisette 7 for 4 h at 200 rpm. SPS-sintered pellets were prepared at 1473 K for 10 min with an uni-axial pressure of 50 MPa in a graphite die using a Dr. Sinter Lab. Jr. SPS-322Lx apparatus.




2.2. High Temperature XRD Analysis


High temperature powder XRD was realized using a  θ –  2 θ   Rigaku SmartLab diffractometer equipped with a Cu rotating target, a Ge(111) monochromator set at incident beam side selecting the Cu K  α 1   radiation (1.54056 Å) and a D/teX Ultra 250 detector. The measurements were performed from 20   ∘   to 100   ∘   with a step width of 0.020   ∘   using variable slits. High-temperature measurements were performed from 299 K to 899 K every 50 K under Ar gas flow condition (1.0 L min    − 1   ). The X-ray powder patterns were fitted using the MAUD software [27,28]. The peak shapes were modeled using Thompson–Cox–Hastings pseudo-Voigt functions [29].




2.3. Thermoelectric Leg Fabrication and Characterization


The realization of electrical contact on CrSi   2   was performed using Ti powder (Aldrich Chemicals, 99.7%, 100 mesh) or Nb powder (GoodFellow, 99.95%, maximum particle size of 74  μ m). For this, layers of metal powder (0.3 g for Nb, 0.2 g for Ti), of ball-milled CrSi   2   (2 g) and again of metal powder (0.3 g for Nb, 0.2 g for Ti) were successively place on top of each other and cold pressed at 4 kN in a graphite die. The whole was then sintered using the conditions already given above. The SEM back-scattered electron image of the metal–thermoelectric junctions were obtained using a Hitachi Tabletop Microscope TM3000 with an acceleration voltage of 15 kV.



Scanning resistance measurement across the Ti/CrSi   2  /Ti leg was realized using a home-made apparatus whose working principle was explained by Mengali et al. [30]. For performance characterization, the sample was cut in a rectangular shape with cross-section area of 0.60 cm × 0.60 cm = 0.36 cm   2   and thickness of 0.49 cm. The open-circuit voltage (  V  o c   ), total resistance (R), output power (  P  o u t   ), output heat flow (  Q  o u t   ), and the maximum conversion efficiency ( η ) of the Ti/CrSi   2  /Ti leg were measured under vacuum condition using an ULVAC Mini-PEM (full nomenclature of the symbols used in this article are shown in Table A1). A scheme of the set-up is shown in Figure 1 and is explained in more details in ref. [31]. The hot-side temperature of the leg varied from 320 K to 750 K using an electric heater, while the cold-side temperature was maintained at between 295 K and 307 K using water cooling. Cu foils on both sides of the sample were used as electrodes for electric measurement. In order to prevent large contact thermal resistance, the sample was pressed between two Cu blocks with an applied pressure of 40 N. For each temperature, the maximum power output was determined from the V-I plot. The ratio between the maximum output electrical power   P  o u t    delivered to the load and the absorbed heat (  Q  i n   ) at the hot-side was defined as the efficiency  η . Radiative and convective heat losses were considered as negligible, and   Q  i n    was taken as the sum of   P  o u t    and   Q  o u t    as given in relation (1).


  η =   P  o u t    Q  i n    =   P  o u t     P  o u t   +  Q  o u t      



(1)







In this work,   Q  o u t    was measured using the relation (2):


   Q  o u t   =  (  T  i n   −  T  o u t   )  × v s . × C  



(2)




where   T  i n    and   T  o u t    correspond to the water temperature before entering and after leaving the Cu heat sink, respectively,   v s .   is the water flow and C is the specific heat of water. For each measured temperature, the measurement was performed with three different water flows   v s .   of 0.5, 1 and 2 mL s    − 1    and the average   Q  o u t    value was taken to calculate  η .





3. Results and Discussion


3.1. High Temperature X-ray Diffraction Study of CrSi   2  


CrSi   2   crystallized in the hexagonal C40 structure-type (P6   2  22, space group n   ∘   180) where the Cr atoms were located on the 3c Wyckoff sites (1/2, 0, 0) and the Si atoms on the 6i sites (x,   x ¯  , 1/3). The crystal structure of CrSi   2   is shown in Figure 2a and can be described as a stacking of equivalent CrSi   10   polyhedra connected by the faces. As shown in Figure 2b, the CrSi   10   polyhedra were composed of six intralayer Si atoms (Si1) situated in the a–b plan and four interlayer Si (Si2) which formed a deformed tetrahedral. The Rietveld refined XRD pattern of CrSi   2   powder after synthesis is shown in Figure 2c. All the peaks could be indexed with two phases, CrSi   2   (88 wt.%) and alumina Al   2  O   3   (12 wt.%) that came from the sample holder. The refinement converged to the lattice parameters a = 4.42692(7) Å and c = 6.3729(2) Å that were in good agreement with literature values [32]. In this structure-type, an ideal c/a ratio of 1.5 resulted in the nearest ten intra- and interlayer Si to be at an equal distance of the central Cr atom [33]. The present c/a ratio of 1.439(1) resulted in six intralayer Cr–Si bonds being significantly longer (2.5571 Å) than the interlayer Cr–Si bonds (2.4784 Å). The refined positional parameter x = 0.166(1) for the Si atoms was close to the ideal value of 1/6 ≈ 0.1667 for which all six intralayer Cr–Si bonds had an identical length.



All the XRD patterns measured at temperature up to 899 K were fully indexed with the CrSi   2   and Al   2  O   3  . After measurement and upon cooling, the structural parameter showed good reversibility and no trace of oxidation could be detected. The Rietveld refined XRD pattern at 899 K is shown in Figure 2d, while all the refined parameters and fit indexes   χ 2   (=   R w p  /  R e x p  ) are given in Table A2. The thermal evolution of the refined parameters a, c, x and   B  i s o    are plotted in Figure 3. The thermal evolution of a was linear up to 899 K (Figure 3a) whereas it was only linear up to around 650 K for c (Figure 3b). Above this temperature, c entered a new linear regime characterized with a smaller slope coefficient of 3.3 × 10     − 5    Å K    − 1    compared to 4.6 × 10    − 5    Å K    − 1    below. Such a discontinuity was already reported at a similar temperature by T. Dasgupta et al. [34]. Despite this, the thermal evolution of the unit-cell volume was well fitted with a linear function up to 899 K (Figure 3c). Within the experimental uncertainties, the positional parameter x remained constant with an average value of 0.167 ± 7, meaning that all interlayer Cr–Si bond distances remained equivalent on the whole temperature range studied. As expected for conventional materials,   B  i s o    globally increased with the temperature for both Cr and Si atoms.



The determination of the thermal evolution of the lattice parameters enabled the calculation of the coefficients of thermal expansion for each lattice direction (  α L  ) and lattice volume (   α V   )    which had a high practical importance for the realization of electric contact. They were calculated at a temperature T using Formulae (3) and (4):


   α L  =  1 L    d L   d T    



(3)






   α V  =  1 V    d V   d T    



(4)




where L represents each one of the lattice parameters (a or c), V is the lattice volume, dL/dT and dV/dT are the slopes of the lattice parameters and volume thermal evolution, respectively. In the present case, the slopes were taken as from the best linear fits shown in Figure 3. Table 1 gives the different expansion coefficients calculated at 299 K and 899 K.



On the one hand, the thermal expansion coefficients of the a-axis and the lattice volume remained stable around 9.93(9) × 10    − 6    K    − 1    and 26.2(2) × 10    − 6    K    − 1   , respectively, on the whole temperature range studied. On the other hand,   α c   decreased significantly from 7.2(1) × 10    − 6    K    − 1    to 5.21(8) × 10    − 6    K    − 1    between 299 K and 899 K, respectively. The thermal expansion was significantly greater along the c-axis than the a-axis on the whole temperature range. This results in a constant decreased of the c/a ratio from 1.439(1) to 1.436(1) at 299 K and 899 K, respectively; another direct consequence in the faster elongation of the intralayer Cr–Si distances (2.5725 Å at 899 K, +0.6%) compared to the interlayer Cr–Si distances (2.4895 Å at 899 K, +0.3%). Using band-structure calculations, L. F. Mattheiss showed that decreasing the c/a ratio results in a shrinkage of the band-gap of CrSi   2  [33]. The present results, therefore, supported the suggestion presented by T. Dasgupta et al. [34] that the rapid deterioration of the transport properties usually observed around 600 K of CrSi   2   is partially due to the anisotropic thermal expansion of this material.




3.2. Fabrication of Ti and Nb Electric Contacts on CrSi   2  


Matching the thermal expansion coefficient of the TE material and the contact metal was of utmost importance in order to avoid the cracking of the sample upon thermal treatment. For this work, Ti (  α  a v g    = 8.6 × 10    − 6    K    − 1   ) and Nb (  α a   = 7.3 × 10    − 6    K    − 1   ) were selected to realize contacts on CrSi   2   because they showed a relatively similar thermal expansion behavior [35]. Several different contact fabrication processes were reported in the literature for thermoelectrics such as sputtering [36], electroless plating [37], or thermal-spraying [38]. In the present work, the process simply consisted in placing the CrSi   2   powder between two layers of metallic powder in the same graphite die and to densifying the whole together by SPS sintering. This method offered the advantages of being simple and reproducible, but also to enable a good adhesion of the contact metal on the TE material. A Ti/CrSi   2  /Ti sample showing no visible cracks and presenting a good mechanical resistance was successfully synthesized using this process. However, the sample with Nb contacts cracked after the same thermal treatment and could not be handled without breaking. This may have originated from higher internal stress during the thermal treatment caused by the larger thermal expansion mismatch. Moreover, important interfacial diffusion and possible reactions at the interface also greatly influenced the mechanical resistance of the thermoelectric legs.



Figure 4 shows the microstructure of the contact regions (cross-section) for the two samples. Clear interfacial reaction layers were identified for both samples between the metal (light gray) and CrSi   2   (dark gray). In the case of the Ti contact, Figure 4a,b shows the formation of a smooth and crack-free diffusion layer with an average thickness of about 8  μ m that was composed of two well separated phases. Going from CrSi   2   to the Ti, the interfacial layers had Cr:Si:Ti chemical compositions of 35:47:18 and 5:46:49, which corresponded to the phases Cr   4  Ti   2  Si   5   and (Ti    0.9   Cr    0.1   )Si, respectively. It should also be noted that Ti diffused significantly into CrSi   2   as suggested by the chemical compositions of about Ti    0.16   Cr    0.84   Si   2  , Ti    0.14   Cr    0.86   Si   2   and Ti    0.05   Cr    0.95   Si   2   determined at a distances of 5  μ m, 30  μ m, and 200  μ m away from the interface region, respectively. This was not surprising considering the high solubility of Ti in CrSi   2   which can reach 70 at.% according to Karuppaiah et al. [39]. In the case of the sample with Nb contacts, Figure 4c,d show a thicker interface reaction region of 42  μ m. It was composed of multiple layers and presented cracks mostly on the Nb side. Going from CrSi   2   to Nb, the different layers had Cr:Si:Nb chemical compositions of 45:50:5, 35:45:20, 5:60:35, and 5:36:59 which corresponded to the compounds (Cr    0.9   Nb    0.1   )Si, Cr   4  Nb   2  Si   5  , (Nb    0.88   Cr    0.12   )Si   2  , and (Nb    0.9   Cr    0.1   )   5  Si   3  , respectively. According to these EDS analyses, the Si atoms diffused into the Nb layer and CrSi formed between the CrSi   2   and the Nb layer. The strain generated by the formation of Nb–Si based intermetallic inside the Nb metallic layer may explain the formation of cracks. EDS analyses inside the CrSi   2   phase also revealed a slight diffusion of Nb into CrSi   2   that rapidly fell below the detection limit of the technique at more than 40  μ m away from the interface region. The weaker diffusion of Nb compared to Ti in CrSi   2   was consistent with literature data reporting a lower solubility limit of 10 at.% [40]. In the present case, Ti was, therefore, more adapted to the realization of mechanically resistant contacts on CrSi   2  . However, the important migration of Ti atoms may have affected the electronic properties of CrSi   2   and may, thus, necessitate the deposition of a diffusion barrier in future developments.




3.3. Electronic and Power Generation Characterization of the Ti/CrSi   2  /Ti Leg


The electric contact resistance of the junction between the thermoelectric material and the metal layer is an important characteristic that should be minimized in order to increase its conversion efficiency. Figure 5 shows the evolution of the total resistance across the length of the Ti/CrSi   2  /Ti leg at 298 K. The profile was characteristic of negligible contact resistance (<1   μ Ω   cm   2  ) as no visible jumps could be detected with this measurement resolution at the interfaces. The electrical resistivity of the TE material was estimated at 8.7   μ Ω   m from the slope of the linear section between 1.5 and 4.5 mm which was consistent with literature values around 10   μ Ω   m reported for CrSi   2  [41]. However, it should be noted that the resistance profile started to deviate significantly from the linearity on both sides of the leg at a distance of about 500  μ m from the junctions. This was attributed to the diffusion of Ti inside CrSi   2  , resulting in the formation of the solid solution Ti   x  Cr    1 − x   Si   2   clearly evidenced by SEM/EDS analyses. Ti is known to act as an efficient p-type dopant when substituting Cr in CrSi   2  , which explains the local decrease of the electrical resistivity in those areas [39].



Figure 6a shows the maximum power output   P  o u t    generated and the heat flux   Q  o u t    leaving the Ti/CrSi   2  /Ti legs for different   Δ T   conditions. The filled and empty signs correspond to a measurement realized during the heating and cooling steps, respectively, showing the good reversibility of the measurement and, thus, the good thermal stability of the TE leg.   P  o u t    logically increased with an increasing   Δ T   as a direct consequence of the voltage circuit (  V  o c   ) increase due to the Seebeck effect. The   P  o u t    maximum value reached about 120 mW cm    − 2    for a hot-side temperature of 736 K and   Δ T   of 427 K. Similarly, increasing   Δ T   results in a linear increase of   Q  o u t    going from 0.8 W to 11 W as the hot-side temperature increased from 327 K to 736 K. The measured   Q  o u t    values awee high compared to reported legs composed of optimized Bi   2  Te   3   or PbTe because of the intrinsically higher thermal conductivity of pristine CrSi   2   (>10 W m    − 1    K    − 1    compared to <4 W m    − 1    K    − 1    at 300 K). The doping or nanostructuration of CrSi   2   should result in a significantly decreased   Q  o u t    and, thus, higher performances [15,23].



Table 2 gives the experimental   V  o c   , R,   Q  o u t   , and  η  values measured for the present sample and the corresponding theoretical values expected for an ideal sample calculated using the relations:


   V  o c   = α × Δ T  



(5)






  R = ρ ×  d A   



(6)






   Q  o u t   = κ × Δ T ×  A d   



(7)






  η =   Δ T   T h   ×     1 + Z  T  a v g     − 1     1 + Z  T  a v g     +   T h   T c      



(8)




where  α  = 100  μ V K    − 1   ,  ρ  = 10.0   μ Ω   m, and  κ  = 10.5 W m    − 1    K    − 1    are the Seebeck coefficient, the electrical resistivity, and thermal conductivity, respectively, of undoped CrSi   2   at 298 K taken from [15,41], A is the cross-section area of the leg, d the length of the leg,   T h   = 736 K the hot-side temperature;   T c   = 309 K the cold-side temperature, and   Z  T  a v g     = 0.085 the figure of merit   Z T   of CrSi   2   at the average temperature   T  a v g    = 522 K. It should be noted that relations (5) to (8) were based on the constant properties model, i.e., no variation of the TE properties with the temperature, which was not rigorously the case for CrSi   2  [42]. However, in the present case, the low   Δ T   = 50 K made the variation of the properties negligible between the hot and cold sides and these relations were, thus, considered as acceptable models to predict   V  o c   , R, and   Q  o u t   . In the case of  η , the   Δ T   = 427 K was much larger and significant contributions from Joule and Thomson effects were expected to arise. Therefore, the calculated value of  η  = 0.72 had to be considered with much care as it was, probably, largely overestimated.



Firstly, the calculated leg total resistance of 1.37   μ Ω   was close to the value of 1.15   μ Ω   measured by the scanning resistance measurement confirming the high-quality electrical contacts of this sample. The experimental resistance of 1.49   μ Ω   in Table 2 was significantly higher because it was measured using the two probe technique and, therefore, included the electrical contact resistances between the leg and the Cu electrodes. The experimentally measured   V  o c    of 3.95  μ V was 20% lower than the theoretical prediction of 5.50  μ V. This was attributed to (i) the diffusion of Ti in CrSi   2   that was expected to lower the Seebeck coefficient of the materials locally and (ii) the non-negligible thermal resistance of the interfaces that decreased the effective   Δ T   to which the TE material was exposed. Indeed, the measured   Q  o u t    of 0.80 W was less than half of the calculated values of 1.97 W which confirmed that a high thermal contact resistance had to exist at the interface. However, it must be noted that the calculated   Q  o u t    value was overestimated because it did not take into account the thermal resistance between the TE leg and the Cu electrode. As a direct consequence, the experimental  η  of 0.33% was lower by 60% compared to the theoretical (and overestimated) value of 0.72%. This conversion efficiency was relatively low compared to efficiencies of 3% and more reported for legs composed of Bi   2  Te   3   or PbTe [7,43], which had higher ZT    a v g    (≈1) than undoped CrSi   2   (≈0.1). However, it should be recalled that the current leg was composed of low-cost and non-toxic material and that many optimizations of improvements remain to be investigated such as the use of nanostructured/doped CrSi   2   with higher ZT, the deposition of a diffusion barrier to prevent Ti migration, or the optimization of the powders’ morphology to improve the contact thermal resistance.





4. Conclusions


In this paper, the realization of metal contact on the non toxic and inexpensive TE CrSi   2   was reported, for the first time to our knowledge, using an SPS process. Ti and Nb were selected as contact metals as their thermal expansion coefficients matched closely those of CrSi   2  , which were determined by a preliminary XRD analysis as   α a   = 9.93(9) × 10    − 6    K    − 1   ,   α c   = 7.2(1) × 10    − 6    K    − 1   , and   α V   = 26.2(2) × 10    − 6    K    − 1    at 299 K. Surprisingly, the c-axis thermal expansion was found to deviate from linearity at a temperature of about 627 K, resulting in a drop of   α c   reaching 5.21(8) × 10    − 6    K    − 1    at 899 K. After the sintering treatment at 1473 K, a sandwiched Ti/CrSi   2  /Ti TE leg was synthesized which showed limited diffusion at the interface and a good mechanical resistance. In comparison, the Nb/CrSi   2  /Nb leg showed numerous cracks and broke after the same thermal treatment. This was attributed to the appearance of internal stresses in the sample during the cooling step caused by a larger thermal expansion mismatch between the different layer as well as a significant diffusion of Si-atoms in the Nb at the interface. Scanning electronic resistivity measurements on the Ti/CrSi   2  /Ti leg showed a low contact resistance (<1   μ Ω   cm   2  ). A maximum conversion efficiency of 0.33% was measured for this sample when placed inside a thermal difference of 427 K. Despite the moderate efficiency, this study demonstrated that it is possible to make mechanically and chemically stable good-quality metallic contacts on CrSi   2   using an inexpensive material and relatively simple processing methods. Finally, the present results laid the groundwork for the realization of more efficient TE legs composed of doped CrSi   2   and with a more complex architecture, including a diffusion barrier to limit the migration of the metal atoms into the material.
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Table A1. Nomenclature of the symbols used in the article.






Table A1. Nomenclature of the symbols used in the article.





	Symbols
	Meaning





	  α  
	Seebeck coefficient of the material



	  ρ  
	Electrical resistivity of the material



	  κ  
	Thermal conductivity of the material



	   V  o c    
	Open-circuit voltage



	R
	Total leg resistance



	   P  o u t    
	Electrical output power



	   Q  i n    
	Input heat flow



	   Q  o u t    
	Output heat flow



	   T  i n    
	Input water temperature



	   T  o u t    
	Output water temperature



	   v s .   
	Water flow



	C
	Specific heat of water



	  η  
	Conversion efficiency of the leg



	   Δ T   
	Thermal gradient applied to the leg



	   T  a v g    
	Average temperature of the leg when placed inside a thermal gradient
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Table A2. Rietveld refined lattice and structural parameters for CrSi   2   at 299 K, 349 K, 399 K, 449 K, 499 K, 549 K, 599 K, 649 K, 799 K, 849 K, and 899 K.






Table A2. Rietveld refined lattice and structural parameters for CrSi   2   at 299 K, 349 K, 399 K, 449 K, 499 K, 549 K, 599 K, 649 K, 799 K, 849 K, and 899 K.





	

	
299 K

	
349 K

	
399 K

	
449 K

	
499 K

	
549 K

	
599 K

	
549 K

	
699 K

	
749 K

	
799 K

	
849 K

	
899 K






	
a (Å)

	
4.42692(7)

	
4.42930(6)

	
4.43132(6)

	
4.43332(9)

	
4.43548(7)

	
4.4375(1)

	
4.4399(1)

	
4.44190(7)

	
4.4443(1)

	
4.44648(6)

	
4.4485(1)

	
4.4512(1)

	
4.45359(9)




	
c (Å)

	
6.3729(1)

	
6.3757(1)

	
6.3778(2)

	
6.3800(1)

	
6.3824(1)

	
6.3845(2)

	
6.3869(2)

	
6.3888(1)

	
6.3907(2)

	
6.3922(1)

	
6.3938(1)

	
6.3954(2)

	
6.3972(2)




	
V (Å   2  )

	
108.158(6)

	
108.322(5)

	
108.456(7)

	
108.591(5)

	
108.739(5)

	
108.87(1)

	
109.03(1)

	
109.163(1)

	
109.31(1)

	
109.447(5)

	
109.576(8)

	
109.736(9)

	
109.882(7)




	

	
Cr at 1/2, 0, 0 (Wickoff pos. 3c)




	
  B  i s o    (Å   2  )

	
0.53(6)

	
0.49(6)

	
0.52(6)

	
0.55(6)

	
0.63(6)

	
0.49(5)

	
0.66(5)

	
0.70(5)

	
0.74(6)

	
1.09(5)

	
1.16(5)

	
0.92(5)

	
1.12(5)




	

	
Si at x,   x ¯  , 1/3 (Wickoff pos. 6i)




	
x

	
0.167(1)

	
0.165(1)

	
0.166(1)

	
0.1660(9)

	
0.1644(9)

	
0.1654(8)

	
0.1660(9)

	
0.166(1)

	
0.1651(7)

	
0.1658(6)

	
0.1659(8)

	
0.1665(7)

	
0.1665(6)




	
  B  i s o    (Å   2  )

	
0.67(6)

	
0.69(6)

	
0.74(6)

	
0.81(6)

	
0.86(6)

	
0.75(5)

	
0.93(6)

	
0.76(5)

	
0.94(5)

	
1.18(5)

	
1.32(5)

	
1.11(5)

	
1.33(5)




	
   χ 2   

	
1.87

	
2.23

	
1.92

	
1.94

	
2.02

	
2.00

	
1.95

	
2.45

	
2.67

	
2.56

	
2.87

	
2.64

	
2.55
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Figure 1. Scheme of the thermoelectric leg characterization set-up used in the present work (MiniPEM, ULVAC). 
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Figure 2. Scheme of the (a) crystal structure of CrSi   2   and (b) coordination environment around Cr with six intralayer Si1 and four interlayer Si2 atoms. Rietveld refined XRD patterns of CrSi   2   measured at (c) 299 K and at (d) 850 K. The experimental data were plotted in red symbols, the calculated pattern with a black line, and the difference with a blue line. The vertical ticks indicate the theoretical Bragg positions of CrSi   2   (black) and Al   2  O   3   (green). 
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Figure 3. Thermal evolution of the lattice parameters (a) a and (b) c, (c) the unit cell volume and (d) the positional parameter x in black and the global isotropic atomic displacement parameters B    i s o    in red. 
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Figure 4. SEM back-scattered images showing the microstructure of the contact interface after SPS sintering. The images (a,b) and (c,d) show the Ti–CrSi   2   and the Nb–CrSi   2   interfaces, respectively, at different magnifications. The chemical composition of the different phases was determined by EDS measurements. 
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Figure 5. Scanning electrical resistance of the SPS Ti/CrSi   2  /Ti legs. The picture in inset shows the leg used for the measurement. 
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Figure 6. Experimental measurement of (a) the output power density   P  o u t    (black) and the total heat flux   Q  o u t    (red) and (b) the maximum conversion efficiency  η  measured of the Ti/CrSi   2  /Ti thermoelectric leg. The filled and empty symbols correspond to the heating and cooling steps, respectively. 
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Table 1. Lattice and its volume thermal expansion coefficients of CrSi   2   at 299 K and 899 K.
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	299 K
	899 K





	  α a   (× 10    − 6    K    − 1   )
	9.93(9)
	9.88(9)



	  α c   (× 10    − 6    K    − 1   )
	7.2(1)
	5.21(8)



	  α V   (× 10    − 6    K    − 1   )
	26.2(2)
	25.8(2)
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Table 2. Experimentally measured using MiniPEM and predicted   V  o c   , R, and   Q  o u t    at   T  a v g    = 298 K,   Δ T   = 50 K, and  η  at   T  a v g    = 522 K,   Δ T   = 427 K.
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	Measured
	Calculated





	  V  o c    (mV)
	3.95
	5.50



	R (m Ω )
	1.49
	1.35



	  Q  o u t    (W)
	0.85
	1.97



	 η  (%)
	0.33
	0.72
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