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Abstract

:

We present a new reactive spark plasma sintering (RSPS) technique for synthesizing the rhombohedral Ca   14  Si   19   phase. The RSPS approach reduces the synthesis time from several weeks to a few minutes. The RSPS was found to be sufficient for obtaining a high level of purity of the Ca   14  Si   19   under a pressure of 100 MPa for a dwell period of 5 min at a temperature of 900    ∘  C. From electrical resistivity measurements, we were able to determine the energy band gap of Ca   14  Si   19   to    E g  = 0.145  ( 15 )    eV. The Seebeck coefficient shows Ca   14  Si   19   as a p-type semiconductor at room temperature. It becomes n-type with increasing temperature pointing to significant bipolar and conduction band contributions due to the narrow bandgap of the compound.
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1. Introduction


The development of all modern societies significantly relies on energy sources. Consequently, global energy demand is one of the most significant challenges in the 21st century. It contributes significantly to economic, social, and geopolitical instabilities. Furthermore, the use of limited energy sources, such as fissile or fossil fuels (oil, gas, coal, etc.), are associated, respectively, with long-term radioactive contamination or environmental crises such as global climate change and global warming induced by CO   2   emissions. However, these limited energy sources currently provide around 85% of energy supply [1,2]. Therefore, providing a reliable supply of clean, affordable energy is always in high demand. Numerous alternative energy sources, including photovoltaic, wind, geothermal, and thermoelectrics have received particular attention in the last decade. It is known since the nineteenth century that thermoelectric materials (TEMs) are able to convert thermal heat into electricity via Seebeck’s effect [3] and vice versa via Peltier’s effect [4]. Seebeck’s effect attracts high interest for its potential to generate electrical power from waste heat. Therefore, it is expected to significantly contribute to the world’s future electrical power management and economy by harvesting waste heat released in industry, transport, and household applications [5,6]. Moreover, thermoelectric modules have many advantages such as the absence of movable elements or cryogenic fluids, compactness, higher reliability, and overall life expectancy. However, the efficiency of thermoelectric modules is much lower than those of conventional electrical power generators with mechanical parts [7]. Indeed, the efficiency of thermoelectric devices is limited to about 10% compared to 30% of modern steam turbines [7]. Thus, the performance of TEMs still requires a significant boost.



Thermoelectric modules are made of two legs made of p-type and n-type materials connected electrically in serial and thermally in parallel. Therefore, both p-type and n-type TEMs must be optimized. Their efficiency is related to the thermoelectric dimensionless figure of merit (  Z T  ) defined in Equation (1) as


  Z T =   S 2   ρ (  k e  +  k l  )   T  



(1)




with the Seebeck coefficient S, electrical resistivity  ρ , absolute temperature T, and the electronic and lattice thermal conductivities   k e   and   k l  , respectively [8]. Equation (1) clearly underlines that a high power factor    S 2  / ρ   and low thermal conductivities   k e   and   k l   are the key features for high   Z T   numbers. Thereby the parameters   k e   and    S 2  / ρ   are bound by electronic conditions placing TEMs into the regime of semiconductors and semi-metals.



Most of the best TEMs and notably Bi   2  Te   3   and PbTe are semiconducting materials with narrow energy bandgaps smaller than 0.5 eV, allowing for a   Z T   higher than 1 [6]. The optimal charge carrier concentration for optimizing these types of materials is in the 10   19  –10   20   cm    − 3    range [9], although some poor metals with both a highly dispersive band and a flat band, such as filled skutterudites, can also have large power factors [10]. Another way of improving the power factor is to lower the dimensionality of the TEMs. Lattice thermal conductivity can be reduced in different ways. Following Glenn Slack, excellent thermoelectric performance can be achieved in materials by respecting the electron crystal and phonon glass concept [11]. Semiconducting compounds with complex crystal structures made of a high number (N) of atoms per primitive unit cell meet this concept closely. Since the main carriers of the heat are acoustic phonons, however, they represent, only 1/N of the total vibrational spectrum in such complex compounds. Moreover, high structural complexity often leads to reduced phonon velocities as well as to high phonon-phonon scattering due to strong interactions of acoustic with low-energy optical modes [11,12,13,14]. This effect can be particularly well triggered by alloying TEMs with heavy elements. Other sources of enhanced phonon scattering can be static in nature such as defects, dopants, or interfaces in nanostructured materials.



The majority of today’s best-performing and purchasable TEMs are made from rare [15], hence expensive, and often toxic chemical elements [9,16,17,18,19]. Alkaline-earth silicide compounds offer a unique opportunity to overcome these cost and hazard issues. As an example, calcium silicides are made up of the fifth (Ca) and second (Si) most abundant elements in the earth’s crust [15,20]. Hence, they are cheap, and additionally, they are non-toxic. As many of the calcium silicide compounds are equally semiconducting and have a complex crystal structure, they fulfill all necessary requirements to become the next generation of environment-friendly TEMs.



Only a few alkaline-earth silicides have been investigated for their TEM capability. As far as we know, the calcium–silicide family consists of six members in the equilibrium phase diagram: orthorhombic CaSi [Cmcm, No 63], rhombohedral CaSi   2   [R-3m, No 166], tetragonal Ca   5  Si   3   [I4/mcm, No 140], orthorhombic Ca   2  Si [Pnma, No 62], hexagonal Ca   3  Si   4   [P6   3  /m, No 176], and rhombohedral Ca   14  Si   19   [R-3c, No 167] [21,22,23,24,25,26,27,28,29,30]. In addition to the stable R6 rhombohedral CaSi   2   phase with 6 layers stacking, there is a metastable R3 rhombohedral CaSi   2   phase [R-3m, No 166] with 3 layers stacking that can be obtained from the sintering of R6 CaSi   2   under H   2   atmosphere or from thin film epitaxial growth [31,32]. The R6 rhombohedral CaSi   2   phase undergoes two structural phase transitions under high pressure and below 700 K, to a trigonal [P-3m1, No 164] phase between 8 and 16 GPa and to a hexagonal phase [P6/mmm, No 191] above 16 GPa [33,34]. Under high-pressure and high-temperature conditions, a tetragonal CaSi   2   phase [I4   1  /amd, No 141] was obtained above 4 GPa [33,34,35]. All the CaSi   2   polymorphs are metallic [31,33,36] and the different high-pressure phases are superconducting at low temperatures [33]. Other Si-rich calcium silicide phases were obtained under high-pressure and high-temperature conditions such as tetragonal CaSi   3   [I4/mmm, No 139] [37] from 12 GPa and orthorhombic CaSi   6   [Cmcm, No 63] [38] at 10 GPa. Both compounds are metallic, the first one being superconducting below 4.5 K [37] whereas the last one is formed of channels where Ca atoms are intercalated [38]. Among all the other calcium silicide compounds, density functional theory (DFT) calculations show that only Ca   2  Si, Ca   3  Si   4  , and Ca   14  Si   19   are semiconducting compounds [28,39,40,41,42]. Orthorhombic Ca   2  Si is semiconductive with a direct energy bandgap of about 0.88 eV, recently reported from optical spectra of a Ca   2  Si thin film on sapphire substrate [32], which is slightly lower than the value of 1.02 eV found with GW calculations, a post-DFT method that corrects the energy bandgap obtained from the DFT method [40]. Growth of thin films has been performed for applications such as light-emitting diodes in the near-infrared range [32]. Thermoelectric and electrical transport experiments on orthorhombic Ca   2  Si [43,44] showed that it is p-type and that the electrical conductivity ( σ ) is too weak, even after doping with Na, and that the energy activation found is much smaller than the energy bandgap found from the optical experiments [32]. Concerning Ca   5  Si   3  , there are several contradicting results. Jun et al. [45] reported an energy bandgap of 0.65 eV from infrared absorption on a badly crystallized thin film of Ca   5  Si   3  , but there was still a strong absorption signal below this energy in their data, which cast doubts about their conclusions. Inaba et al. [46] and Wen et al. [43] both reported an increase in electrical conductivity ( σ ) with temperature, whereas Uhera et al. [47] found an almost independent behavior and Imamura et al. [48] found a decrease of the electrical conductivity ( σ ) at higher temperatures characteristic of metals that is in agreement with DFT calculations [41]. Ca   5  Si   3   is of p-type and its Seebeck coefficient varies from 30  μ V/K to 90  μ V/K, depending on the different works [46,47,48]. Imamura et al. [48] reported a rather large power factor of about 0.6 mWm    − 1   K    − 2    and a moderate ZT of 0.11 at 950 K for Ca   5  Si   3  . CaSi and R6 rhombohedral CaSi   2   have Seebeck coefficients of few  μ V/K, typical of metals, with a negative sign for CaSi [47,48].



Ca   3  Si   4   and Ca   14  Si   19   are of particular interest as they are semi-conducting valence-charge-balanced Zintl phases with complex crystal structures [39,49]. Ca   3  Si   4   is a low-temperature phase whereas Ca   14  Si   19   is a high-temperature phase, and both phases coexist between 900    ∘  C and 930    ∘  C [39]. The electronic energy bandgaps were approximated for Ca   3  Si   4   and Ca   14  Si   19   from DFT calculations. Different DFT studies concluded that Ca   3  Si   4   has indirect bandgaps of 0.35 eV [42] and 0.56 eV [39]. The bandgap for Ca   14  Si   19   was found from DFT to be 0.02 eV [39] and experimentally to be 0.12 eV [21]. The Seebeck coefficients of Ca   3  Si   4   and Ca   14  Si   19   at room temperature are 42  μ V/K and −183 V/K, respectively, but the electrical conductivity ( σ ) at room temperature of Ca   3  Si   4   is low [39]. Their thermoelectric properties must be studied in order to conclude their TEM potential. According to the phonon glass electron crystal concept [11,12,13,14], their structural complexity should facilitate low   k l   values and enhance   Z T   appreciably. The drawback of the structural complexity is, however, a difficult synthesis process that comprises long-time annealing for several weeks for bulk materials [39], and only very recently thin films containing significant amounts of Ca   14  Si   19   in addition to CaSi   2   have been obtained [32]. As a consequence, while the elements Ca and Si are abundant and cheap, their casting into semiconducting thermoelectric compounds has been tedious, long-lasting, and expensive.



This work aims to pave a new way of synthesizing calcium–silicide compounds. We show a new approach to reduce the time, energy, and thus costs needed to synthesize the rhombohedral Ca   14  Si   19  . This is accomplished by the application of the reactive spark plasma sintering (RSPS) technique [50,51].



Spark plasma sintering (SPS) is an advanced powder metallurgy technique belonging to the family of electrical current-assisted sintering technologies, is a more than 30-year-old advanced sintering process for generating quick powder consolidation–densification, employing a high-intensity pulsed direct current under high uniaxial pressure [50,52]. It became more widespread for the rapid elaboration–densification of all classes of materials (metals, ceramics, and polymers) and their composites because of several advantages over more conventional techniques such as pressureless sintering and hot-pressing, including lower sintering temperatures, higher heating rates, and shorter holding times. This may somehow influence/change the mechanisms involved in the sintering (in densification and/or grain growth stages) of the materials. The development of SPS is still in progress. High-pressure SPS, SP-texturing, and -extrusion have recently been proposed, but the most important progress of the process was achieved with the lifting of one of the technological locks with the development of strategies to develop 3D near-net-shape materials by SPS [53,54]. Sintering involves kinetics and thermodynamics effects; more recently, flash-SPS (with heating rate up to several thousand of    ∘  C/min) and cold-SPS (densification at a temperature lower than 400    ∘  C) have been developed to control the microstructures (grain size, porosity rate, and size, as well as the nature and size of the grain boundaries) of the densified materials [55,56]. Even though specific SPS mechanisms have not been clearly evidenced and generalized, studies have shown that the combination of thermal, electrical, and pressure effects have huge impacts on the structure, the microstructures, and, as a consequence, on the properties of the materials thus obtained. Depending on the nature of the starting material and the technique used, up to three driving forces may be involved to reduce the free energy of the system when conventional sintering occurs: the curvature of the particulate surfaces, externally applied pressure, and chemical reaction [57]. The chemical reaction can be of a different nature (dehydration or decomposition of precursors, reaction of a mixture of elemental or binary compounds, etc.) and may occur during the SPS process which is then RSPS [50,51,58]. This strategy has been applied in particular to sinter refractory materials like borides, carbides, and their composites, or materials of complex compositions such as MAX phases [59] and high-entropy materials [60]. In the case of an exothermic reaction, self-sustained RSPS can achieve an even quicker synthesis, but it is more difficult to manage than conventional RSPS [51]. The utilization of small-sized grains, such as those obtained through ball milling, can improve the reaction in RSPS [50,51,58].



We report a process to form dense Ca   14  Si   19   pellets by combining short-time mechanical milling (5 min) with the RSPS approach. The quality of the synthesis products was followed by X-ray diffraction experiments and the final specimens were characterized for their thermoelectric properties and their hardness. Note that the scope of the discussed RSPS approach can be conveniently extended to synthesize other incongruent phases as previously observed on  β -FeSi   2  , while avoiding longtime annealing [58].




2. Material and Methods


2.1. Synthesis of Ca   14  Si   19  


High-purity Ca granules (99.5% Alfa Aesar) and Si lumps (99.9999% Alfa Aesar) were used to prepare 0.4–0.5 g of Ca-Si pre-alloy buttons in an arc melting furnace (Welding Concept, France) under an argon atmosphere. The samples’ homogeneity was improved by melting the samples twice. A slight excess of Ca was added to compensate for its evaporation during the melting process. An agate mortar and pestle were used to grind the formed buttons into fine powders. The purest pre-alloy samples obtained from this process were selected by means of X-ray diffraction data. They were sealed under argon in a jar with three 15 mm diameter balls, both made of tungsten carbide. The samples were mechanically milled for 5 min without pauses. We applied a speed of the grinding bowls of ≈740 rpm and a speed of the supporting disc of ≈370 rpm, corresponding to an acceleration speed of ≈5 g in a planetary micro-mill “Pulverisette 7” (Fritsch, Germany).



The reactive spark plasma sintering (RSPS) technique was used to prepare dense pellets using a “Dr Sinter 515S Syntex” machine (Fuji Electronic Industrial Co., Ltd., Japan). Graphite dies (ISO 68 Toyo Tanso) with 8 mm inner diameters were used for these experiments, along with a graphite foil as a protective layer between the sample and the die to increase the lifetime of this latter and for easy removal of the sample. Prior to the experiment, the system was purged with argon gas and the experiment was performed under a primary vacuum (residual cell pressure P = 10 Pa). Uniaxial pressure (100 MPa) was applied at room temperature and all along the thermal cycle and DC pulses were delivered by the graphite punches. The temperature was increased to 900    ∘  C at 100    ∘  C/min, this temperature was then maintained for a dwell of 5 min. Cooling was applied down to room temperature (100    ∘  C/min) and the uniaxial load was gradually released during the same time. The temperature was controlled by a K-type thermocouple incorporated in the mold, close to the sample area. The pattern for the applied pulsed direct current delivered by the SPS machine was a set of 12 consecutive pulses of 3.3 ms each, with a pause of 6.6 ms between pulse sets.




2.2. Sample Characterization


After arc-melting and RSPS treatment, the intermediate and final products were analyzed by X-ray diffraction (X’Pert Pro from Malvern Panalytical in the UK, Cu-K α  radiation 1.5406 Å with an accelerated detector PW3050/60 at 45 kV and 30 mA settings). The X-ray data were refined using the Rietveld method with the FullProf software [61]. The chemical homogeneity and composition of the samples were checked using an energy dispersive analyzer of X-ray (EDX) S4800 mounted on an S2600N scanning electron microscope (SEM), both from Hitachi, Japan. Prior to the experiments, the samples were mirror-polished using absolute ethanol as a solvent to avoid surface oxidation. A pellet of diameter 8 mm and thickness 1.456 mm (specimen 1) with a Ca   14  Si   19   content of weight percentage ∼89% was selected for measurements of the electrical resistivity  ρ  [62], and Seebeck coefficient [63] in the temperature range 325 to 650 K. We used homemade equipment, working under vacuum conditions (≈  2 .  10  − 3     mbar) for both experiments. The Van der Pauw method was chosen for the  ρ  measurements [62]. The pellet’s macroscopic density was determined with Archimedes’ method by measuring both the mass of the pellet in the air and in absolute ethanol. Each sample was measured 10 times for statistics and it was then compared with the microscopic density obtained by the Rietveld refinement. Vickers micro-hardness experiments were performed on a small piece from a pellet (specimen 2) with Ca   14  Si   19   content of weight percentage ∼98% (see below for details) by using a micro-hardness testing machine HM-220 (Mitutoyo, Japan) with two different 0.1 and 0.2 kg loads applied during 10 s. In each case and for both faces of the sample, 10 measurements were performed and the average value is reported in GPa.





3. Results and Discussion


3.1. Sintering Process and Phase Stability of Ca   14  Si   19  


A large amount of Ca   14  Si   19   was obtained after arc melting; however, significant percentages of secondary phases such as CaSi and CaSi   2   were also detected. Figure 1a shows a typical X-ray pattern on a powdered sample immediately after arc melting. The weight fractions of Ca   14  Si   19  , CaSi, and CaSi   2   were 0.630, 0.210, and 0.160, respectively. Figure 1b shows an X-ray pattern on the pellet of specimen 1 immediately after RSPS with no CaSi detected. The weight fraction of CaSi   2   was reduced to 0.046, but a small quantity of CaO phase appeared with a weight fraction of 0.068. Despite our efforts, it was not possible to obtain oxygen-free samples. The sintering displacement curve of specimen 1 is given in Figure 2, with data recorded every second. From Figure 2, we observe a slight shrinkage between 250    ∘  C and 650    ∘  C and a much higher shrinkage between 650    ∘  C and 750    ∘  C. We conjecture that the shrinkage between 250    ∘  C and 650    ∘  C could be due to granular rearrangement and that the sintering occurs mainly in the shrinkage between 650    ∘  C and 750    ∘  C where the shrinkage rate is the largest (0.35 mm/s at 711    ∘  C). Dwelling at a temperature of 900    ∘  C was chosen to complete the reaction. This temperature is far below the peritectic transition at 1085    ∘  C, in which Ca   14  Si   19   decomposes into CaSi and a liquid phase. Note that pellets with high Ca   14  Si   19   content proved to be somewhat brittle. In some RSPS runs we formed pellets with a Ca   14  Si   19   purity higher than weight percentage 98% as shown in the X-ray pattern on the pellet of specimen 2 in Figure 1c. Those pellets broke after extraction from the mold due to residual stresses, which are a consequence of rapidly decreasing temperature, and their brittle nature.



The macroscopic density of the pellets was found to be >99% of the microscopic density. The SEM picture in Figure 3 shows little black regions corresponding to pores in the pellets, confirming their high density. The presence of white spots corresponds to tungsten carbide contamination from the mechanical milling process. Their amount is negligible and does not affect the thermoelectric properties. Larger dark regions are also visible. EDX analysis performed found higher Si content in these regions than expected for Ca   14  Si   19  , which is in line with the presence of the secondary phase CaSi   2   in addition to Ca   14  Si   19  . Within the region free of secondary phases, we observe good homogeneity of the 14:19 stoichiometry. From the EDX analysis, we determine the stoichiometry to be Ca    14.08   Si   19   with a standard deviation of less than 0.6%, which is within the accuracy of the experiment.



The Rietveld-fitted lattice parameters of the Ca   14  Si   19   phase in the different specimens are reported in Table 1 and the corresponding fractional positions of the atoms of specimen 2 after the RSPS process are listed in Table 2. The derived lattice parameters are in good agreement with experimental data recorded at room temperature and published in the literature (  a = b = 8.6707 ( 1 )   Å,   c = 68.4864 ( 8 )   Å [39]). We attempted to estimate the occupation numbers of the non-equivalent sites in the Ca   14  Si   19   phases. No systematic or noteworthy deviations from the nominal site occupancies were identified.




3.2. Thermoelectric and Mechanical Properties


We present results from temperature-dependent measurements of electrical resistivity ( ρ ) and Seebeck coefficient (S) in Figure 4. The electrical resistivity shows a temperature variation characteristic of semiconductors. It decreases from ≈4.5 to ≈1 m  Ω ·  cm upon heating from 50 to 400    ∘  C. Assuming a temperature-activated conduction process, we derive from an Arrhenius fit an electronic bandgap of   E g   = 0.145   ±  0.015   eV, which is in reasonable agreement with the experimental value of 0.12 eV reported in the literature [21]. In prior calculations, we have found that Ca   14  Si   19   has an indirect bandgap with the valence band maximum along the  Γ -L line and the conduction band minimum at the X point [39].



As expected from the narrow bandgap, the Seebeck coefficient is small. Interestingly, it changes its sign at about 100    ∘  C, decreasing from +12 to −16  μ V/K upon heating. We exclude the possibility that the sign change of the Seebeck coefficient is due to a phase transition or oxidization of the specimen since high-temperature X-ray diffraction experiments performed on Ca   14  Si   19  , obtained by conventional longtime annealing did not reveal any sign of structural changes up to 873 K [64]. We similarly do not expect any significant contribution of the secondary phases in the electrical transport and thermoelectric properties because CaO is an insulator while CaSi   2   is a metal with a low negative Seebeck coefficient of −7  μ V/K that is independent of temperature [47]. In addition, neither of the two phases is present in sufficient quantity to contribute to the electronic transport.



The sign change of the Seebeck coefficient should be due to a significant contribution arising from an increase in the electronic charge carrier minority concentration. Indeed, as Ca   14  Si   19   is a narrow gap semiconductor, let us consider the case of a two-band model, taking into account both conduction and valence bands [65]. In this case, one can express the total electrical conductivity (  σ  t o t   ) as   σ  t o t    =   σ e   +   σ h  , where   σ e   and   σ h   are the electrical conductivities from the conduction and valence bands, respectively. Therefore the total Seebeck coefficient (S    t o t   ) is defined in Equation (2) as [65]


   S  t o t   =    σ e   S e  +  σ h   S h     σ e   σ h     



(2)




with the Seebeck contributions S   e   and S   h   from the conduction and valence bands, respectively. As can be seen from the band structure of Ca   14  Si   19   reported by Moll et al. [39], the conduction band is very flat, whereas the valence band is much more dispersive, although being degenerated several times along different directions. Thus, the effective mass of the electrons m    e  *   must be much larger than the effective mass of the holes m    h  *  . Since the larger the effective masses of the charge carrier, the larger the Seebeck coefficient, S   e   must be much larger than S   h  . Therefore, when the minority charge carrier concentration increases with the temperature, their electrical conductivity follows as well. In Ca   14  Si   19  , the electrons are the minority charge carriers but have larger Seebeck coefficient S   e  . Thus, when   σ e   increases sufficiently with temperature, the sign change of the Seebeck coefficient happens.



However, to reduce the electrical resistivity ( ρ ) and the contribution from minority charge carriers and thus to increase the absolute Seebeck coefficient (S), it will be necessary to dope Ca   14  Si   19   with appropriate elements. Alkaline metals have a low melting point and high partial pressure and their handling is thus challenging within the arc melting furnace used in this synthesis process. Sealed refractory tubes could be employed, which could avoid problems associated with elements boiling off at high temperatures. Such difficulties would not be observed in synthesizing with aluminum or yttrium for p-type and n-type doping, respectively, as these elements have higher melting points and lower partial pressure.



Until now, only a few alkaline-earth silicides have been investigated for their mechanical properties. Vickers hardness has been reported for the two semiconducting silicides Mg   2  Si (4–4.4 GPa) and BaSi   2   (9.11 GPa) [66]. We have determined the Vickers hardness on specimen 2 of Ca   14  Si   19   to be   6.0 ± 0.5   GPa. It is thus located between the values of Mg   2  Si and BaSi   2   [66].





4. Conclusions


Dense Ca   14  Si   19   pellets can be formed from a Ca-Si pre-alloy formed by arc melting followed by combining mechanical milling with the reactive SPS technique. The sintering conditions for obtaining a high level of purity for the Ca   14  Si   19   specimens are 100 MPa at 900    ∘  C for a dwell duration of 5 min.



From electrical resistivity ( ρ ) experiments, we have found an electronic energy bandgap that agrees reasonably well with the values previously reported [21]. The Seebeck coefficient (S) for Ca   14  Si   19   indicates the large contribution from the minority charge carriers, which should be due to the narrow bandgap and a large Seebeck of the minority charge carriers. Doping will be necessary to reduce the contribution from the minority charge carriers and to increase both the Seebeck coefficient and the electrical conductivity. Finally, we find that the hardness of Ca   14  Si   19   is about 6 GPa.
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Figure 1. X-ray diffraction and Rietveld refinement results for specimens after arc melting (a), after RSPS for specimen 1 giving a weight percentage of ∼89% of Ca   14  Si   19   (b), and for specimen 2 giving the weight percentage of ∼98% of Ca   14  Si   19   (c). The figure shows the X-ray data (red points), Rietveld profile (black solid lines), the difference between both (dark blue lines), and the Bragg peak positions for the phases identified in the specimens (green tick marks). The relative compositions of the specimens and the fit quality factors (Bragg R-factor and RF-factor are for the Ca   14  Si   19  ; Chi2 factor for the entire refinement) are shown to the left and right, respectively. 
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Figure 2. Temperature-dependent displacement curve (black solid line) recorded during the sintering process of specimen 1. Inset highlights the derived corresponding shrinkage rate (blue solid line). 
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Figure 3. SEM image (backscattered electron detector) of specimen 1 sintered at 900    ∘  C under 100 MPa for 5 min. Few black and white spots as well as dark gray areas correspond to signals from voids, tungsten carbide, and regions with higher Si content, respectively. 
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Figure 4. Temperature dependence of electrical resistivity  ρ  (black open circles, left y-axis indicated by the left arrow) and Seebeck coefficient (S) (dark blue open circles, right y-axis indicated by the right arrow) measured after RSPS. Inset highlights  ρ  data in an Arrhenius presentation. The red solid line indicates the result of a linear fit to the data representing an activation energy E   g  ≈ 0.145   ±  0.015   eV. 
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Table 1. Lattice parameters of Ca   14  Si   19   specimens determined from Rietveld fitting analysis of the X-ray diffraction data after the arc melting and the RSPS process.
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	Specimen
	a = b [Å]
	c [Å]
	V [Å    3   ]





	After Arc Melting
	8.6712(3)
	68.4789(24)
	4458.1(3)



	RSPS-Specimen 1
	8.6710(4)
	68.4761(34)
	4459.7(4)



	RSPS-Specimen 2
	8.6698(2)
	68.4707(19)
	4456.4(2)
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Table 2. Fractional positions of Ca   14  Si   19   specimen 2 after RSPS processing determined from Rietveld fitting analysis of the X-ray diffraction data.
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	Atoms
	x
	y
	z





	Ca(6b)
	0
	0
	0



	Ca(12c)
	0
	0
	0.5552(1)



	Ca(12c)
	0
	0
	0.6101(1)



	Ca(18e)
	0.2505(8)
	0
	0.2500(0)



	Ca(36f)
	0.0071(6)
	0.2488(7)
	0.1869(5)



	Si(12c)
	0
	0
	0.6527(2)



	Si(12c)
	0
	0
	0.7184(2)



	Si(18e)
	0.5785(12)
	0
	0.2500(0)



	Si(36f)
	0.0679(10)
	0.3081(8)
	0.1426(8)



	Si(36f)
	0.3846(7)
	0.0609(8)
	0.0533(9)
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