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Abstract


The electrification of high-temperature industrial processes requires refractory materials that combine thermal stability with tailored electrical functionality. In this study, Ta/Nb-Al2O3 composites were prepared by spark plasma sintering (SPS) to investigate densification, metal-phase deformation, electrical conductivity and percolation behavior. Coarse, fine and superfine alumina powders were combined with tantalum or niobium and sintered at 1300–1600 °C for 5 min with 50 MPa uniaxial pressure. The results show that the alumina particle size and morphology strongly influence the formation of conductive metal networks. Coarse alumina promotes deformation and elongation of the metallic phase, thereby improving metal-phase connectivity and lowering the operational percolation threshold. Fine and superfine alumina enhance densification but can delay percolation by embedding metal particles in a dense ceramic matrix. Combining these fractions, both effects can be balanced, enabling improved densification while maintaining effective conductive pathways. An operational percolation threshold of 7.5 vol.-% was obtained for Ta/coarse alumina, indicating highly effective metal-phase connectivity after SPS. Microstructural analysis supports the interpretation that matrix-controlled metal-particle deformation and spatial distribution govern the electrical response. Tailored alumina matrix design can reduce the refractory metal content required for conductive ceramic–metal composites.
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1. Introduction


Global energy supply continues to be predominantly reliant on fossil fuels. Despite the advanced shift to renewable sources, the challenges associated with this transition are visible in multiple dimensions. Because high-temperature industrial processes account for substantial energy consumption, their electrification requires materials that can withstand harsh thermal environments while providing tailored electrical functionality [1]. Recent work on conductive ceramic composites for high-temperature thermal energy storage further demonstrates the relevance of microstructural designs that combine thermal stability with controlled electrical functionality [2]. The combination of advanced processing methodologies and specified raw materials with regard to shape and particle size distribution offers novel approaches for optimized material characteristics and properties. Spark plasma sintering (SPS) is a pressure-assisted sintering technique in which pulsed electric current and uniaxial pressure are used to promote densification [3,4,5].



The process is known, among other things, for its ability to process fine-grained materials and limit grain growth due to its minimal dwell times and rapid heating rates. The present approach uses SPS to enhance densification, modify the aspect ratio of the refractory metal phase and promote the formation of an interconnected conductive network [6,7,8]. Recent SPS work on tantalum-containing alumina–zirconia ceramic–metal composites further demonstrates the current relevance of refractory-metal reinforcement in oxide ceramic matrices and highlights the role of metal-particle distribution for mechanical performance [9]. As demonstrated in the study, the alumina particle size and morphology strongly affect both densification and the formation of conductive metal networks. The results show that a tailored alumina matrix composition can reduce the operational percolation threshold by promoting metal-phase connectivity, thereby reducing the costs for economic processing of such materials.



This work addresses the first step of a two-step processing route aimed at producing dense, electrically percolating composite granules for subsequent sintering into refractory components. These granules undergo a second sintering step, resulting in a microscopically dense material with porosity on the macroscale for improving thermal properties and less shrinkage for large volume components.



Our study is part of a larger research project [10,11,12] focused on the development of coarse-grained, non-shrinking, electrically conductive refractory composite materials produced via a two-cycle sintering process. These materials are intended to provide improved thermal shock resistance after the second sintering cycle, combined with current-based preheatable applications and tools in metallurgy like stoppers and components in gas turbines [13].



Within this collaborative project, the present study focuses on the SPS-based initial processing step, which is used to produce dense and electrically percolating Ta/Nb–Al2O3 composites as starting materials for subsequent processing. This step is investigated for composites with metal contents up to 30 vol.-%, SPS temperatures between 1300 and 1600 °C, a dwell time of 5 min and a maximum uniaxial pressure of 50 MPa. Within this processing window, the alumina matrix composition is used to control relative density, metal-phase deformation, anisotropic electrical conductivity and the operational percolation threshold [14,15]. This study includes an investigation of microstructure and its effect on anisotropy, functional properties, densification behavior and the comparison of 3D-based simulation with experimental results.




2. Materials and Methods


2.1. Raw Materials


Three different alumina powders were selected as ceramic matrix materials: alumina CT9FG by Almatis GmbH (Ludwigshafen, Germany), hereafter referred to as CT9FG; Treibacher Alodur WRG (Imery Fused Minerals Zschornewitz GmbH, Gräfenhainichen, Germany), referred to as Alodur; and Martoxid MR 70d (Martinswerk GmbH, Bergheim, Germany), referred to as Martoxid. The refractory metals tantalum (Haines & Maassen Metallhandelsgesellschaft mbH, Bonn, Germany) and niobium (EWG Wagner, Weissach, Germany) were chosen due to their high melting temperatures and similar coefficient of thermal expansion to alumina. The powders were also used in other publications related to the FOR 3010 project. Further XRD investigations have already been performed by [8,14].



Particle size distributions were determined by laser diffraction and dynamic image analysis using a CILAS system and a Bettersizer S3 Plus particle size analyzer (CILAS, Orléans, France).




2.2. Sample Processing


The powders with metal contents between 0 and 30 vol.-% were initially dry-mixed in a Turbular Tumbler T2C (WAB AG, Maschinenfabrik, Basel, Switzerland) and sieved twice with a mesh size of 180 µm (stainless steel, Retsch GmbH, Haan, Germany)) to destroy agglomerates.



The samples (d = 20 mm, height = 4 mm)) were heated with 100 K/min, controlled by pyrometer-based temperature control, and sintered at approximately 10 mbar after two argon flushing cycles at 1300–1600 °C with a dwell time of 5 min (Figure 1) by using a graphite tool setup in a SPS system (HP D 25/1 by FCT Systeme GmbH, Frankenblick, Germany). At the maximum temperature, a uniaxial pressure of 50 MPa was applied.



For comparison with the conventional sintering route, an Astro graphite furnace (model No. 1000-3560-FP20) with a Stange SE-502 (Stange Elektronik GmbH, Wiehl, Germany) controlling unit was used. The uniaxially pressed green bodies (50 MPa) were sintered for two hours at 1600 °C, while heating up with a ramp of 30 K/min.




2.3. Densification and Electrical Conductivity


The investigation put a focus on sintering behavior, resulting in densification and electrical conductivity depending on sintering parameters, raw materials and metal content (vol.-%). Relative density was measured according to Archimedes’ principle by taking the dry mass, the soaked mass and the immersed mass into account.



The electrical measurements were performed with a double-layer electrode. Before applying the electrodes, the samples were ground with SiC-papers (grit size P800) to ensure a plane surface for the electrode. After sputtering the surface using a Quorum Q150T ES (Quorum, Laughton, UK), the surface was covered with a layer of silver paste (Pelco Colloidal, Plano GmbH, Wetzlar, Germany) to ensure the same quality of electrodes regarding the surfaces and roughness of different material compositions.



The electrical conductance was measured in a four-wire configuration using full-area electrodes on both sample faces. Current was applied through the current leads, while the voltage drop across the sample was recorded using separate sense leads. The specific electrical conductivity was calculated from the measured conductance and the sample geometry. By applying current values of 1, 10 and 100 mA with a Keithley 220 Programmable Current Source, the resulting voltage was measured with a Keithley 220 Multimeter to calculate conductance G according to Equation (1)


  G =   I U    



(1)




and with respect to the geometry, the specific electrical conductivity σ was calculated with Formula (2)


  σ =    G · l    A    



(2)




using the conductance G, the distance between both sample faces l and the cross-section area A.



The percolation threshold was defined considering the measurement limits of the experimental setup, which allows conductance values down to 10−5 S to be measured. Accordingly, the lowest measurable specific conductivities, depending on the exact geometry of the samples, are between 10−6 and 10−5 S/cm, which is already in the range of electrical insulators. Non-measurable samples were therefore defined as “non-conductive”.




2.4. Structural Analysis


Microstructural characterization was performed with a digital light microscope VHX600 (Keyence, Neu-Sienburg, Germany) and a scanning electron microscope Nova NanoSEM 450 (FEI, Hillsboro, OR, USA).



Cross-sections were prepared from the samples by embedding and stepwise grinding and polishing with diamond suspension from 15 µm to 0.25 µm.



The micro-computed X-ray tomography (µCT) scans were performed with a Zeiss Xradia versa (Zeiss, Oberkochen, Germany) using 100–140 kV and 7–10 W depending on the metal content, resulting transmission and detector intensity. For high resolution, the magnification was chosen to be 20x with high emission filters. The voxel size was between 650 and 750 nm for each axis. The scans were analyzed and simulated with the software VGStudioMax (version 3.4.3) by Volume Graphics (Heidelberg, Germany).




2.5. Mechanical Properties


The Young’s modulus was measured according to the impulse excitation technique by a Grindo sonic MK5 (GrindoSonic, Heverlee, Belgium) and was calculated with respect to DIN EN 843-2 [16]. The samples were prepared using a 40 mm die by heating up with 50 K/min to 1600 °C and a dwell time of 5 min. The heating rate has been decreased in comparison to the samples for the functional characterization due to limited power capacity by the SPS.





3. Results


3.1. Raw Materials


Table 1 presents representative values for the single deciles. Martoxid demonstrates a median particle size of almost one order of magnitude lower than CT9FG, while Alodur exhibits the highest values with a d50-value of approximately 96 µm. Martoxid exhibits a nearly spherical particle morphology, while fine alumina CT9FG appears more rounded and flake-like. The particle size distributions indicate a very sharp peak around the median for Alodur with a small fine-grained content in the nanometer range. The finer powders also exhibit peaks but over a broader particle size range (Figure 2). While the fine powders Martoxid and CT9FG show a tendency for agglomeration, Alodur appears to be remarkably flowable with a glass-like morphology and sharp-edged particles (Figure 3).



The metal powders show similar decile values and are therefore largely comparable in the particle size distribution. The difference is primarily in the small fine content of the tantalum powder (see Table 1).




3.2. Comparison of SPS with Conventional Sintering


The comparison in Figure 4 of a conventional sintering process with preshaping by uniaxial pressing with and without cold isostatic pressing shows a significant difference in densification compared to SPS (here for Nb/Al2O3 20/80 (coarse/superfine alumina 50/50). The powder mixtures are very sensitive to CIP (400 MPa, 90 s), which can lead to cracks after pressing. These results highlight the advantage of SPS for obtaining dense metal–ceramic composites [17].



In particular, the coarse alumina matrix is difficult to densify by conventional sintering without pressure. In this context, SPS combines pressure-assisted compaction and rapid Joule-heating-assisted sintering, resulting in significantly improved densification. It must be kept in mind that sintering temperatures can be limited by the reaction of aluminum oxide and carbon at ~1800 °C [18,19].




3.3. Densification and Electrical Properties


3.3.1. Metal-Alumina Composites with Different Compositions


The densification diagrams for the metal-alumina compositions in Figure 5 (metal/fine alumina and metal/coarse alumina) show a clear dependency on sintering temperatures, alumina matrix and metal contents. While the composition with the coarse-grained alumina has lower densities for every sintering temperature, the values for the fine-grained CT9FG are >97% for Tsinter = 1600 °C, which align well with the results of Kraft et al. [20]. The results indicate that densification of the fine-grained CT9FG matrix increases markedly between 1400 and 1500 °C. While sintering at 1400 °C, relative densities are below 80%, whereas increasing the temperature to 1500 °C leads to an increase to more than 90% relative density.



Figure 6 shows the different specific conductivities depending on metal content and measured direction, referring to anisotropic electrical properties, later explained by microstructure and texture. The conductivity measured parallel to the applied pressure is lower than that measured perpendicular to the pressure direction. The coarse-grained composition has higher anisotropy than the fine-grained; independent of the metal content, the difference stays almost uniform. The observed anisotropic conductivity indicates direction-dependent metal-phase connectivity; its possible relation to SPS current paths and microstructural evolution is discussed in Section 4. Comparable orientation-dependent electrical responses have recently been reported for SPS-processed ceramic composites containing aligned conductive phases, where the measurement direction relative to the pressing direction strongly affects charge transport through the conductive network [21].



The composites showed partially carbide phases after sintering, most likely due to a reaction at elevated temperatures with the graphite tool [22]. Further investigations are planned to analyze the influence of carbon diffusion. An overview of SPS phenomena is given in [17,23].



As a verification, the pure refractory metals niobium and tantalum could be densified with the standard parameters (1600 °C, 50 MPa, 5 min dwell time) to more than 95% relative density, while the measured electrical conductivity aligned well with the literature values [24].




3.3.2. Metal-Alumina Composites with a New Matrix Composition


Combining different alumina powders makes it possible to exploit both key effects: deformation and densification. The matrix composition was adapted with a mixture of coarse- and fine-grained alumina in different vol.-ratios. Figure 7a shows the different particle size distributions for the modified alumina matrices, which align well with the expected mixture ratios of both powders. While the coarse/fine compositions lead to distributions with three significant peaks (trimodal), the coarse/superfine composition shows the two major peaks of every single distribution also in the combined mixture (bimodal).



Figure 7b and Figure 8 show the significant effect of the superfine-grained alumina powder with a d50 size approximately one order of magnitude smaller. While the effect for the ratios coarse/fine 75/25 coarse/superfine 75/25 is almost negligible, the 50/50 compositions evidently demonstrate the initiation of the sintering process at lower temperatures, accompanied by better densification with superfine alumina. At Tsinter = 1300 °C the difference ranges between 5 and 10 points when comparing coarse/fine (Alodur/CT9FG) and coarse/superfine (Alodur/Martoxid) matrix compositions. All the compositions show the same trend that a higher metal content leads to better densification. The differences vary but reach up to 5 points when comparing metal contents of 10 and 30 vol.-%.



Comparing the resulting electrical conductivities in Figure 9, a clear difference can be observed depending on the matrix composition not only in the conductivity values themselves but also in the percolating or non-percolating behavior and therefore non-measurable state. With a finer matrix grade, a decreasing conductivity for the same metal content and, above all, a smaller likelihood of percolation is observed.



Compositions with 30 vol.-% metal content and a coarse-dominated matrix show similar conductivities independent of sintering temperature. Two conclusions can be drawn from this result. By adjusting porosity through lowering sintering temperatures, similar electrical properties can be achieved at lower sintering temperatures, which may be relevant for reducing energy consumption. With an increased fine content up to 25 vol.% in the alumina matrix, it seems to be the case that the matrix here does not affect the metal paths for 30 vol.-% metal content, although densification is improved (see Figure 5a and Figure 8). A decrease in the amount of metal present is accompanied by a reduction in the intensity of the effect. This behavior cannot be clearly transferred to fully fine-grained matrices. (Figure 9, right). These results resemble each other for the compositions with tantalum or niobium.





3.4. Microstructural Characterization


Figure 10 shows the comparison of the microstructure between a coarse-alumina and a fine-grained alumina matrix (gray), each of them with 20 vol.-% metal content. The deformation of the metal phase (white) is more elongated for the coarse-grained composition (Figure 10a). The finer matrix seems to provide better embedding with fewer contact points between the single particles and shows a very dense microstructure with almost no porosity (Figure 10b).



Figure 11 shows the microstructural evolution of a niobium/alumina composition with increasing metal content from 10 to 30 vol.-%, while the alumina matrix consists of 50/50 vol.-% of coarse-grained Alodur and superfine-grained Martoxid. The micrographs show the evolution of the metal network with increasing metal content. For the 30 vol.-% composition, a connected metal network is already apparent in the 2D micrograph.




3.5. 2D-Circularity Analysis of the Metal Particles


To support these visual and experimental investigations, the deformation behavior of the metal particles was evaluated as a function of the surrounding matrix (Figure 12). Particles with a diameter smaller than 10 µm were not included due to the limited deformation and therefore deviating influence. These particles are mostly located in the pores and were not affected by the deformation mechanism.



The analysis for different metal content quantitatively shows the deformation in a coarse-grained matrix, which leads to lower circularity values of around 0.42 compared with an average value of approximately 0.61 for the fine-grained matrix.



The 2D circularity of the metal particles in polished cross-sections was calculated using


  c i r c u l a r i t y =    4 · π · a r e a     p e r i m e t e  r 2        



(3)







Figure 13 shows the comparison in specific electrical conductivity between the µCT-based simulation and experimental results, which agree well with each other, with a slightly higher simulated value than determined experimentally. This can be explained by the transfer losses of applied electrodes, compared with the assumed ideal electrode in the simulation software.



Thus, due to the high density and atomic mass of the refractory metals, the quality of scans with respect to intensity and transmission is reduced or requires substantially longer acquisition times with increased metal content. Therefore, only smaller areas with voxel sizes of around 600–700 nm were scanned over the whole range up to 30 vol.-% with acceptable resolution. The observation that a small, randomly selected area exhibits results that are nearly identical to those of the macroscopic sample indicates a relatively homogeneous distribution of the metal phase within the investigated volume. Figure 13a also shows that metal content closer to the percolation threshold leads to larger differences in results because the statistical probability for the same properties microscopically and macroscopically decreases.




3.6. Percolation Theory


From the perspective of percolation theory, minimizing the metal content required to form a conductive network is essential for reducing material costs [20,25]. Recent continuum-percolation models for anisotropic particles show that excluded area, particle orientation and average connectivity at the threshold must be considered when interpreting conductive network formation [26]. This is particularly relevant for the present composites, where SPS-induced deformation of the metallic phase leads to elongated and direction-dependent conductive pathways. Figure 14 should be read in a way that for a given composition and sintering temperature, a certain metal content is required for the sample to become measurably conductive. With respect to that, an operational percolation threshold of 7.5 vol.-% was obtained under the applied measurement criterion, indicating highly effective metal-phase connectivity after SPS, which is consistent with the results reported by Kraft et al. [14]. The threshold was checked stepwise by decreasing the metal content for 2.5 percentage points. Berkowitz mentioned in [27] that the percolation threshold, for a three-dimensional, two-phase composition, is pcrit = 24.9 vol.-% for a conventional simple-cubic lattice in a bond percolation model, while 31% for a site-bonded model, which can be seen here as a landmark for common percolation models, although this composite system consists of randomly packed particles, which requires new approaches [28,29].



Additionally, it must be kept in mind that the investigated system does not only consist of two phases (ceramic and metal), but of three since porosity represents an additional non-conductive phase that may interrupt conductive pathways. This further underlines the significance of the low operational percolation threshold.



An adapted matrix composition leads to a reduction in the percolation threshold, particularly at low temperatures (Figure 15). Here the percolation threshold can be reduced by up to 50%, which could contribute to a significant reduction in material costs.




3.7. Mechanical Properties


In Figure 16, both compositions show higher stiffness for the niobium variant. But with rising metal content, the trends are inverse to each other. While fine-grained alumina decreases in E-modulus, the coarse-grained matrix leads to higher values, which may increasingly reflect the contribution of the metallic phase with rising metal content. The literature and suppliers could not provide an E-modulus for the Alodur bulk material. It must be mentioned that even with the standard SPS parameters, Alodur reaches relative densities of only 75–80%. As an assumption, the E-modulus of Alodur was calculated based on the model by Spriggs [30]. The number of tested samples is between 25 and 35.



Dotta et al. [31] confirm the decreasing influence of a higher metal content on the E-modulus, which aligns with our results for the fine-grained CT9FG.



Deeper insights regarding mechanical properties, especially for high temperature, are shown in [32,33].





4. Discussion


The results demonstrate the importance of the chosen processing route for densification and functional property development. Compared with the conventional route, cold isostatic pressing increases the relative density by almost 10 percentage points; however, the powder mixtures appear to be highly pressure-sensitive, probably due to the elastic response of the metallic phase, which may lead to crack formation after pressing [34,35]. In contrast, SPS enables substantially higher densification by combining uniaxial pressure, rapid heating and short dwell times.



Regarding the effect of spark plasma sintering parameters, two clear tendencies can be observed. Higher metal content leads to a better filling of the porosity by the metal, additionally supported by an increased plastic behavior of the metal with higher sintering temperatures. Secondly, higher temperatures lead, as expected, to better densification.



The different kinds of raw alumina lead to two key effects while sintering. The coarse alumina enhances the deformation of the plastic deformable metal phase and increases the aspect ratio of the metal particles. Considering the particle morphology shown in Figure 3, the sharp edges of the coarse alumina particles may promote localized deformation of the metallic phase. Due to the coarse microstructure, which can only be densified to a limited extent, the metal phase can elongate into the pores, particularly perpendicular to the applied pressure. That leads to an anisotropic microstructure, resulting in direction-dependent electrical conductivities (Figure 6) and texture (Figure 10). Fine-grained alumina has been demonstrated to enhance the sintering process, leading to improved and earlier densification, explained by the well-known size-dependent sintering behavior of smaller particles [5,36,37]. Additionally, the application of balanced forces is promoted, reducing metal elongation. The alumina particles do not show any significant change in morphology. The results of Weiner et al. further support the relevance of particle morphology for sintering activity [38,39].



The mentioned sintering characteristics provide a wider variety of composite properties to include the effects of coarse-grained and fine-grained alumina. The key aspect for a modified alumina matrix is the combination of both mechanisms working as a trade-off between better densification and higher deformation of the softer phase (here metal). The difference between the alumina ratios can be explained by the ideal packing of the alumina mixtures [40]. While a fine content of 25 vol.-% is not sufficient to fill the porosity of a coarse matrix, it still improves densification, while a percolating network formation benefits from the higher aspect ratios. Martoxid seems to densify superiorly compared to the fine CT9FG, leading to higher values of conductivity and demanding lower sintering temperatures for percolation.



The investigation of the percolation threshold in Figure 15 showed that both effects add to each other. The results indicate that an adapted alumina matrix contributes to a percolating structure for lower temperatures. This suggests an ideal ratio between densification for lowering distances between particles and enough room for elongation of the conductive phase. This raises the question of whether there is a critical correlation between densification and metal content, combined with the results of aspect ratios/circularity and size of the metal particles. Further investigations will examine this correlation, supported by 3D-analysis with µCT to include geometrical aspects like tortuosity in these considerations.



The results of the electrical properties provide insights into how different compositions densify, depending on current flows only through the tools or also through the powder/sample. The densification map in Figure 5, combined with the results relating to percolating or isolating electrical properties, explains when the current flow approximately changes during the process. The spark plasma sintering process depends not only on metal content and sintering temperature but also on the time required to form an electrically conductive network within the compact, i.e., a sintered body, which modifies the current flow during sintering. Initially, during the heating process, the current is predicted to flow exclusively through the graphite tools. The beginning is controlled by indirect heating induced by the graphite. The sample is primarily heated by conduction; as the temperature rises, the amount of thermal radiation increases [5]. In regard to the relatively high thermal conductivity of alumina [41] for a ceramic material, in addition to the metal phase, a homogeneous heat transfer is expected while sintering.



However, concurrently, an enhancement in the densification and plastic deformation of the metal phase occurs. Consequently, developing percolating networks may carry part of the current. This affects the sintering mechanisms and the phenomena occurring during SPS [42,43]. High current densities at the first necks in the network are expected and would therefore lead to high temperatures [3]. Further formation of the network should engender a more homogeneous current flow and temperature distribution. This may also contribute to particle-surface cleaning, as discussed in SPS literature [44]. Additionally, thermal gradients are reduced by better volumetric thermal conductivity [45]. This higher conductivity should now be considered with respect to the temperature-dependent conductivity of graphite to assess the preferred pathway for the current and therefore also the resulting heating mechanism in the green body.



It seems that there is no clear dependency between densification, percolation and electrical conductivity. This suggests a multifactor dynamic relationship which is characterized by reciprocal influence and interaction between the input parameters and resulting properties (see Figure 5, Figure 8 and Figure 9).



The assertion that elevated densification results in enhanced conductivity is only applicable to each specific composition. In this instance, higher densification is observed due to higher sintering temperatures, accompanied by enhanced conductivity. It is imperative to consider the potential of a matrix to densify prematurely, as this phenomenon could impede the percolation of a network by obstructing potential pathways.



Regarding the mechanical results, a significant indicator for percolation was not found. It must be kept in mind that percolation is not uniform for different characteristics. Therefore, it can be assumed that the electrical percolation threshold varies from the mechanical threshold. It can be asked here whether mechanical properties show a smoother transformation from non-percolating to percolating composition by developing a network which becomes stronger with better interconnection and thicker paths. While electrical conduction can occur through very small, connected pathways and shows a punctual steep increase from an insulating to a conducting state at the moment a network is created, which would be even the case for a sufficiently small metal path, mechanical properties are expected to increase more steadily.



Microstructural evolution in Figure 11 visualizes the mentioned effects. Due to its larger particle size by a factor of (~20×)3 (~100 µm vs. 5 µm) compared to CT9FG, a single particle of coarse-grained Alodur results in a reduction in possible paths for metal particles due to their volume. This, in turn, increases the possibility of interconnecting paths by forcing the metal into more concentrated areas. The additional effect of deformation serves to further enhance interconnectivity. These more concentrated areas are now better densified by the presence of superfine or fine-grained alumina.



The slightly higher conductivity of tantalum compared to niobium can be attributed to the enhanced conductivity of tantalum composites [24]. A more salient difference, however, is the lower percolation threshold, which is contingent on the structural condition. This can be determined through an examination of particle size distribution.



Tantalum has a fine particle fraction with particle sizes of 200–500 nm. SEM images (Figure 17a) show that these particles form fine aligned networks around the alumina particles in the outer regions of the sample [46]. The observations may indicate an electromigration-related effect, as discussed for SPS processes in the literature, which remains difficult to verify experimentally [5,17,42]. The high current could exert a directed force on the particle motion. The possibility of other typical SPS phenomena like the Peltier effect, which could influence the temperature and current distribution [5] locally, should also be considered here as an additional factor.



Therefore, the results may indicate that a modified particle size distribution for the metal phase can lead to higher conductivity at the same or even lower metal content as well as a reduction in the percolation threshold [20].



To strengthen that argumentation, the number of particles for a median d50 particle with ~30 µm can be compared with that of two orders of magnitude smaller fine particles. Regarding the volume, one large particle is equivalent to 106 smaller particles with a length of 30 cm if they were perfectly aligned, demonstrating the potential effect on structural conditions. Experiments showed that the conductivity could be increased at the same metal content of 10 vol.-% by almost two magnitudes for the Ta (fine particles)/coarse alumina composition. In general, it can be stated that smaller particles influence the percolation threshold by decreasing the statistical distance between each other and enhancing the formation of a network [46]. Some publications even regard electron tunneling as a possible factor, where electrons could pass even due to thin, insulating contact points [47,48], which may also contribute to the observed electrical behavior.



To investigate whether current-path-dependent particle migration may contribute, a Ta/Alodur 10/90 sample was sintered with electrically isolating alumina disks at the upper and lower punch. Migration is not detectable anymore at the top and bottom of the sample but is only observed at the right and left sides of the disk-shaped sample, where the specimen still has physical contact with the conducting graphite foil. Also, the grayish area (Figure 18b), which showed a macroscopic core–shell structure before, seems ring-shaped with the insulation setup.



The different grayish coloration is consistent with possible carbon diffusion and/or carbide formation, but further phase analysis is required.



The carbide phases are not assumed to influence the functional properties and percolation significantly. Otherwise, the compared results of µCT-based analysis and experiments (Figure 13a), especially for electrical conductivity, would have shown a substantially higher deviation.




5. Conclusions


This study demonstrates that the alumina matrix composition strongly affects densification, metal-phase deformation and electrical percolation in SPS-processed Ta/Nb-Al2O3 composites. The results show that matrix-controlled deformation and spatial distribution of the metal phase govern the formation of conductive pathways.



By adjusting the composition, densification can be varied from approximately 70% to almost 100%, while the electrical conductivity can be tuned over ten orders of magnitude for metal contents of up to 30 vol.-%. The results demonstrate that percolation can occur with metal contents of only 7.5 vol.-%. Further investigation indicates that this could be even further improved by varying the metal particle size distribution, including a higher content of very fine particles.



Tailored mixtures of coarse and fine or superfine alumina provide a promising route to combine the effects of deformation and densification. In conclusion, this allows the reduction in the required refractory metal content while maintaining electrical functionality and sintering at lower temperatures for a less energy-consumptive process.



Microstructural results confirm these findings by showing a pressure direction-dependent elongation of metal particles and analyzing circularity. The coarse-grained alumina composition shows higher aspect ratios of the metal than the fine-grained alumina composition and, in conclusion, lower circularity of 0.42 compared to 0.61 for a fine-grained composition. µCT-based simulation confirms our results with analysis of the properties and structure. Simulated conductivities match well with the experimental findings, supporting the assumption about the structural influence of metal and alumina.



These findings can be broadened in further work by an interconnected model of electrical, mechanical and structural properties. A deeper understanding could be gained by applying different models (e.g., effective medium theory).
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Figure 1. Produced samples at different sintering temperatures (a) and SPS parameters (b). 
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Figure 2. Particle size distribution of the different alumina powders. 
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Figure 3. Microscope images of the alumina powders (a) Alodur (coarse), (b) CT9FG (fine) and (c) Martoxid (superfine, source: martoxid powder, Huber advanced). 
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Figure 4. Comparison of relative densities after sintering at 1600 °C by conventional route (dwell time 2 h) and SPS for Nb/Al2O3 20/80 (coarse-grained/superfine-grained alumina 50/50). 
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Figure 5. 3D densification maps for Ta/coarse alumina (a) and Ta/fine alumina (b) with metal contents from 10 to 30 vol.%. 
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Figure 6. Anisotropic conductivity for compositions with different metal contents and alumina powder for sintering temperature at 1600 °C. 
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Figure 7. Particle size distributions of different matrix alumina mixtures (a) and their densification behavior via SPS (1600 °C, 5 min) (b). 
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Figure 8. Densification map for Ta/Al2O3 (coarse/fine and coarse/superfine in ratios of 50/50 and 75/25 vol.-%). 
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Figure 9. Electrical conductivity of Ta/alumina composites, depending on sintering temperatures and matrix compositions. 
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Figure 10. Comparison between the microstructure of Ta/coarse alumina 20/80 (a) and Ta/fine alumina 20/80 (b) vol.-%. 
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Figure 11. Microstructural development of Nb/Al2O3 (coarse/superfine 50/50) with increased metal content. 
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Figure 12. Circularity analysis of elongated metal particles after sintering depending on the alumina matrix composition. 
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Figure 13. Comparison between µCT-based simulation and experimental results of Ta/alumina (coarse/superfine 50/50) composites (a), µCT analysis with visualization of conducting paths (b) and simulated body (c). 
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Figure 14. Sintering temperature dependent percolation threshold for Ta/Nb-Alodur/CT9FG compositions. 
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Figure 15. Effect of matrix mixtures on percolation threshold on the Ta/alumina system for Ta/coarse-fine alumina (a) and Ta/coarse-superfine alumina (b). 
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Figure 16. E-Modulus for Nb/Ta–coarse-grained/fine-grained alumina compositions with metal contents from 10 to 30 vol.-% and sintered with SPS standard parameters (1600 °C, 5 min). 
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Figure 17. Particle size distribution of the raw materials tantalum (a) and niobium (b). 






Figure 17. Particle size distribution of the raw materials tantalum (a) and niobium (b).



[image: Metals 16 00742 g017]







[image: Metals 16 00742 g018] 





Figure 18. Networks of nm-sized tantalum particles for Ta/coarse/alumina 10/90 in the outer area of the sample (a), Visual difference in embedded specimen of Ta/coarse alumina 10/90 depending on metal content and sintering temperature (b). 
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Table 1. Particle size distribution of different used raw materials.
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	Raw Material
	d10 (µm)
	d50 (µm)
	d90 (µm)





	niobium
	8.17
	34.2
	70.68



	tantalum
	6.07
	32.18
	68.0



	coarse alumina “Alodur”
	44.83
	95.78
	162.35



	fine alumina “CT9FG”
	0.98
	4.7
	12.14



	superfine alumina “Martoxid”
	0.15
	0.71
	2.51
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