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Abstract

:

Nanoporous structures with 3D interconnected networks are traditionally made by dealloying a binary precursor. Certain approaches for fabricating these materials have been applied to refractory multi-principal element alloys (RMPEAs), which can be suitable candidates for high-temperature applications. In this study, nanoporous refractory multi-principal element alloys (np-RMPEAs) were fabricated from magnesium-based thin films (VMoNbTaMg) that had been prepared by magnetron sputtering. Vacuum thermal dealloying (VTD), which involves sublimation of a higher vapor pressure element, is a novel technique for synthesizing nanoporous refractory elements that are prone to oxidation. When VMoNbTaMg was heated under vacuum, a nanoporous structure was created by the sublimation of the highest vapor pressure element (Mg). X-ray photoelectron spectroscopy depth profiling indicated significantly less ligament oxidation during VTD as compared to traditional dealloying methods. Furthermore, np-RMPEAs exhibited outstanding stability against coarsening, retaining smaller ligaments (~25 nm) at elevated temperature (700 °C) for a prolonged period (48 h).
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1. Introduction


Porous materials with nanoscale features exhibit distinct characteristics as compared to their bulk counterparts, e.g., a high surface-area-to-volume ratio. This makes nanoporous (np) materials promising for a wide range of applications, including catalysis, gas sensing and separation, biosensors, medical applications, energy storage, fuel cell technology, radiation tolerance, etc. [1,2,3,4,5,6,7]. These diverse applications offer ample opportunities for scientists to explore novel strategies and techniques for synthesizing such materials.



Typically, np-materials are fabricated by a dealloying process that involves selectively removing an element from a precursor alloy. According to Rugolo et al. [8], dealloying is particularly effective in achieving a uniform nanoporous structure when the precursor alloy system exhibits minimal phase separation, or even better, if it is a homogenous solid solution. Consequently, many np-structures reported previously have been fabricated from single-phase solid solution precursor alloys [9,10,11]. While it is relatively easy to identify homogenous solid solutions for certain binary alloy systems, the suitable precursor possibilities are limited. Moreover, the complexity of traditional chemical or electrochemical dealloying increases significantly for precursor alloys with three or more elements. Recently, an emerging class of alloys has become increasingly popular: multi-principal element alloys (MPEAs). Unlike typical alloys with one or two major components, MPEAs have four or more major components, with the concentration of each element varying between 5 and 35 at.% [12,13]. MPEAs increase the configurational entropy [12], leading to enhanced thermodynamic stability with minimal phase separation, at least in theory [12]. There are several MPEA systems in which the elements form a single-phase solid solution. Importantly, certain MPEAs exhibit excellent mechanical properties such as high strength and fracture toughness [14,15,16,17], fatigue and creep resistance [18,19,20], extraordinary corrosion resistance in harsh environments [21,22,23,24], and irradiation resistance [25,26,27,28].



Np-materials composed of MPEAs are attractive candidates for these applications due to their enhanced surface area [29,30]. Moreover, MPEAs offer an extensive range of unexplored compositions and phase spaces, providing virtually limitless opportunities for suitable precursors. Very recently, there have been several attempts to fabricate nanoporous high entropy alloy (np-HEA) materials that showed improved performance in catalysis [31,32,33,34], oxygen evolution and reduction reaction [35,36,37,38,39], and hydrogen evolution reaction [40,41,42].



Conventional np-materials experience significant ligament coarsening at elevated temperatures due to increased diffusion, leading to the decreased stability of the pore–ligament structure and degraded physical properties [43,44,45,46]. Refractory MPEAs potentially offer an effective solution to resist this tendency to coarsen. Combining different elements in a solid solution may lead to decreased diffusion due to atomic size mismatch and high activation energy resulting from fluctuations in lattice potential energy [47,48,49]. It was reported by Joo et al. [49] that nanoporous Ti-V-Nb-Mo-Ta, synthesized via liquid metal dealloying, retains smaller ligament sizes at high temperatures compared to other, more conventional, np-systems. Another investigation by Okulov et al. [50] with a slightly different nanoporous Ta-Mo-Nb-V-Ni alloy also supports the notion of stability against thermal coarsening. These studies indicate that refractory np-MPEAs have a potential for application in high-temperature and radiation environments [51,52] without the significant degradation of physical properties [53,54,55].



Common dealloying methods, such as electrochemical dealloying (ECD) and liquid metal dealloying (LMD), face inherent challenges in the processing of certain materials. ECD requires a significant difference in reduction potential between sacrificial and retained elements, and chemical waste (acid containing the sacrificial metal) is generated as a byproduct [56,57]. LMD requires very high temperature(s) for removing sacrificial elements and often requires the use of an etchant to remove the dealloying medium (metal bath material) after it has solidified. Furthermore, certain metallic baths used in LMD pose safety risks, e.g., molten Mg. Finally, np metals and alloys prepared by ECD and LMD are susceptible to oxidation due to the reactivity of the metal ligaments (V, Ti, Mo, Ta, W, etc.).



In this study, we propose the utilization of a novel dealloying technique, vacuum thermal dealloying (VTD), which proceeds at lower temperatures than those used for LMD and also avoids the generation of hazardous waste (used acid) that is inherent to ECD. Because the VTD process is performed in vacuum, oxidation is significantly minimized compared to conventional dealloying methods. Our objective was to synthesize refractory np-MPEA from VMoNbTa-Mg precursor thin film samples using vacuum thermal dealloying with Mg as a sacrificial element. As shown in Figure 1, Mg has a significantly higher vapor pressure compared to the other elements in the MPEA, and this holds over a large temperature range. Therefore, by heating precursor samples in vacuum, Mg should sublimate and facilitate the formation of a nanoporous structure via local surface diffusion. Precursor thin films were deposited on Si substrates by magnetron sputtering. The resulting nanoporous structure of refractory alloys fabricated by vacuum thermal dealloying offers potential improvements with respect to improved thermal stability and corrosion resistance. After dealloying, the np-MPEA samples were characterized using electron microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. The thermal stability of ligaments was investigated by heating the porous alloys at 700 °C for a prolonged period (48 h).




2. Materials and Methods


The deposition of precursor thin films was performed in an ORION magnetron sputtering system (AJA International, Inc.; Hingham, MA, USA) with a main chamber base pressure of 10−8 torr. Small pieces of 100-oriented Si wafer were used as substrate and were cleaned by RF biasing for 90 s at 2.5 × 10−2 torr prior to deposition. Argon was used as the process gas at a pressure of 2.7 × 10−3 torr. This pressure was selected to minimize stress in the as-deposited thin films on Si and was determined by depositing individual films onto thin Kapton substrates at pressures ranging from 2.4 × 10−3 to 2.9 × 10−3 torr, followed by visual inspection of induced curvature after release from the specimen carrier plate. High-purity metal targets were used for the deposition of the films: V (99.8%), Mo (99.97%), Nb (99.98%), Ta (99.99%), and Mg (99.95%). Prior to each alloy film deposition, a 10 nm Ta interlayer was deposited for promotion of adhesion between the substrate and alloy film. Precursor alloy composition was optimized by combinatorial screening of a composition gradient film that was deposited onto a stationary substrate. This gradient sample was thermally dealloyed, as described below, to identify regions with the desired nanoporous structure and correlate these with the precursor composition(s) that lead to the preferred structure. Subsequent films with a targeted single composition were achieved by depositing for 20 min onto a rotating substrate.



The thermal dealloying process was performed in the main chamber of the high vacuum sputter deposition system (10−7 torr), using a quartz heater (AJA model SHQ-X) attached to the system. Precursor alloy film samples were heated at 10 °C/min ramp rate to 600 °C and were held there for 2 h. At this temperature, the vapor pressure of Mg is significantly higher than that of the other (refractory) metals in the precursor, facilitating sublimation of the sacrificial element Mg from the precursor thin film. It should be noted that the sample temperature may be ~50 °C lower than the quartz lamp temperature setpoint. Considering the large size of the main chamber compared to the sample dimensions, saturation of Mg in a vapor above the film is expected to be negligible, and the partial pressure of gaseous Mg was not expected to approach the vapor pressure where simultaneous sublimation and deposition (de-sublimation) might occur. After thermal dealloying, film samples were allowed to cool naturally to room temperature.



Following dealloying, samples were characterized in a focused ion beam and scanning electron microscope (FIB-SEM; FEI Helios 660 dual-beam system; Hillsboro, OR, USA), including composition analysis by X-ray energy dispersive spectroscopy (EDS; Oxford Instruments X-Max 80 mm2 detector; Concord, MA, USA). The composition of certain samples was corroborated by separate EDS measurements (FEI Quanta SEM equipped with Oxford Instruments X-Max 50 mm2 detector). Depth profiling of dealloyed film composition was performed using X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha™; Madison, WI, USA) with a micro-focused monochromatic Al Kα (hν = 1486.6 eV) X-ray source and an EX06 ion source (applied spot size: 200 µm). The peak fitting analysis for XPS spectra was completed using Avantage Data System software. The distribution of ligament widths in dealloyed np samples was measured from plan-view and cross-section images that were analyzed with ImageJ software (version 1.54f). Calibration of the measurement scale was performed in ImageJ using the scale bar from SEM images. Subsequently, a straight line was drawn along the narrowest region in the middle of each ligament in an image, and the measurement function was applied to determine ligament width. Redundant measurements were avoided by annotating ligaments that had already been measured. For each unique annealed sample condition, the average and standard deviation were calculated from the histogram of ligament width measurements. In each case, at least 400 ligaments were measured to minimize error due to data scatter. Crystal structure in precursor and dealloyed samples was investigated by X-ray diffraction (XRD) using a Siemens D500 diffractometer (Cu Kα radiation, λ = 1.5406 Å).



High-temperature heating for long duration was performed on a heating stage inside a custom-built high-vacuum chamber (10−6 torr base pressure, with pressure remaining below 10−5 torr during dealloying experiments). The temperature of heated samples was measured using an infrared camera (Optris Xi400; Portsmouth, NH, USA).




3. Results and Discussion


3.1. Parting Limit for Successful Dealloying and Formation of Nanoporous Structure


To obtain the desired nanoporous structure, it is crucial to maintain the concentration of the sacrificial element Mg in the precursor alloy at an optimum level [59,60], which is typically near the parting limit, Xp [61,62]. Below this threshold, Xp, the less noble element(s) will not be sufficiently interconnected for effective dealloying and the creation of a bicontinuous nanoporous structure. Conversely, if the concentration of sacrificial element(s) significantly exceeds the parting limit Xp, film cracking will occur. The (VMoNbTa)-Mg precursor alloy system was investigated via combinatorial screening of a composition gradient film, as described above. Based on a comparison of thermally dealloyed film regions and the precursor alloy composition in those regions, it was determined that the parting limit Xp for Mg lies in the range of 75–80 at.%. The plan-view and cross-section images of nanoporous structure from a precursor sample with optimized composition (VMoNbTa)24Mg76 are shown in Figure 2.



Excessive Mg content in the precursor alloy film, e.g., above 80 at.% Mg, leads to widespread film cracking due to the removal of such a significant amount of the original material during dealloying and subsequent instability of the resulting free volume. Too much Mg in the precursor precludes attainment of the desired nanoporous structure after dealloying, as shown in Figure 3a,b. On the other hand, a significantly lower Mg content, e.g., 65 at.% Mg, proves to be insufficient for pore development and formation of a bicontinuous nanoporous structure, as shown in Figure 3c,d. This is attributed to Mg being effectively buried in the solid solution beneath refractory elements and therefore limiting the extent of dealloying that can occur and/or to the abundance of refractory elements that can diffuse at the elevated temperatures employed in thermal dealloying and thereby cover the sacrificial Mg. The film cracking observed in the dealloyed film created from a precursor that contained excessive Mg (Figure 3a,b) is similar to a phenomenon commonly observed in other dealloying methods, such as ECD and LMD [63,64]. Significant removal of material from a film that is attached to a substrate (which does not experience dealloying) can result in microscale void or crack formation [65] and, ultimately, film delamination [66]. Dealloying induces residual stress in the film, and this is typically tensile stress [63,67]. Because the lateral dimensions of the film are constrained by the substrate, the film can only shrink in thickness without experiencing cracking. The formation of cracks and voids can relieve the stress induced in the film during dealloying. However, from a practical perspective, it is often desirable to obtain crack-free nanoporous material.



The optimized precursor alloy (VMoNbTa)24Mg76 strikes a balance between providing sufficient Mg to obtain the desired nanoporous structure via thermal dealloying while avoiding an overabundance of Mg that would lead to film cracking. Consequently, a crack-free film with np-structure closely resembling np-Au [68,69] was obtained.



After vacuum thermal dealloying, a significant portion of Mg from the (VMoNbTa)24Mg76 precursor was removed, leaving a low residual amount of Mg (<4 at.%). However, the relative proportions of refractory elements (V, Mo, Nb, Ta) before and after vacuum thermal dealloying (Table 1) remained nearly identical. This suggests that only Mg was removed from the precursor alloy, which is consistent with expectations based on the relative vapor pressures of all elements in the precursor.



An XRD scan of the precursor thin film (Figure 4a) revealed a strongly textured (101) orientation of the hexagonal close-packed (HCP) crystal structure. Under bulk equilibrium conditions, V, Mo, Nb, and Ta all exhibit positive values for their binary enthalpies of mixing with Mg (ΔHmix(Mg-V/Mo/Nb/Ta)), indicating complete immiscibility with Mg. This can be verified via calculation using Miedema’s model [50,70]. However, during the sputtering process, the deposited atoms impinge on the substrate quickly and are rapidly cooled, thereby preventing adatoms from relaxing into their lowest-energy state. As a result, phase separation between the refractory elements and Mg does not occur, and there is no evidence of separate phases in the XRD scan. This phenomenon was observed in similar thin films with high Mg content, such as Mg-Nb [71], where an analogous textured peak indicative of an HCP solid solution was reported. Another study [72] of thin film Mg on silicon substrate also exhibited the same (101) HCP texture. In contrast, an XRD scan of the dealloyed film (Figure 4b) indicated a single-phase body-centered cubic (BCC) structure, which is completely different from the highly textured HCP structure in the precursor. A single-phase structure is common and indeed desirable in certain MPEA or HEA systems [12,73,74].



Conversion of the HCP to BCC crystal structure occurs during dealloying via the ongoing simultaneous processes of Mg sublimation and ligament formation by the refractory elements (all of which crystallize in the BCC structure as bulk metals). As the sacrificial element (Mg) is removed from the precursor, the refractory elements V, Mo, Nb, and Ta remain on the dealloyed, exposed surface. These refractory surface atoms can minimize their energy by undergoing surface diffusion, reorganizing, and clustering together on the surface instead of remaining isolated as thermodynamically unstable adatoms. These atomic clusters grow by accretion of additional refractory metal atoms and eventually form randomly oriented ligaments that constitute the structure of the resultant nanoporous alloy. Because the clusters and ligaments typically form via the combination of freely moving adatoms undergoing surface diffusion, they crystallize in the lowest-energy crystal structure, which is the BCC structure, because all of the refractory elements prefer to exist as BCC crystals. The precursor alloy primarily contained Mg (>75 at.%), which prefers to exist as an HCP metal. Because the precursor alloy was fabricated by thin film deposition and experienced non-equilibrium cooling conditions that exist during condensation from the physical vapor, the precursor alloy formed as an HCP solid solution, i.e., a metastable condition that is not consistent with equilibrium phase diagrams but is stabilized by the dominant Mg content. During dealloying, the refractory metal atoms were liberated into adatoms that subsequently agglomerated and formed the equilibrium BCC crystal structure.



The (110) BCC peak for the dealloyed film exhibited dominant intensity, indicating that it is the preferred crystallographic orientation that evolves during dealloying, i.e., np-RMPEA ligaments are oriented with a <110> VMoNbTa out-of-plane orientation. This may result from lattice coherency between the ligaments (as they form during thermal dealloying) and the underlying precursor alloy. The lattice parameter of the dealloyed np-RMPEA film, calculated as 3.201 Å from the XRD scan, closely matches the lattice parameter (3.202 Å) calculated by the rule of mixtures, including remnant Mg along with the refractory elements. This is also very close to the value reported in the literature for the equiatomic medium entropy alloy MoNbTaV (3.204 Å) [75], which has a similar composition to the alloy in the current study. The peak positions in XRD scans were determined using Origin software and a Gauss model for peak fitting. The standard errors in peak position (2θ) for the dealloyed sample were determined as 0.00645°, 0.008° and 0.00921°. This information was used to calculate the corresponding d-spacings and determine the bounding values of the lattice parameter for each peak. The maximum error associated with the lattice parameter calculations is 0.0005 Å. Only BCC peaks were observed in XRD scans of the np-MPEA, confirming the existence of a random solid solution of V, Mo, Nb, and Ta, and corroborating that Mg was (nearly) completely removed during dealloying.




3.2. Ligament Size Measurement and Time-Dependence of Ligament Coarsening


The evolution of ligament width in nanoporous structures is governed by surface diffusion and mobility of the more noble element(s) and, therefore, depends on the homologous temperature TH [defined as T(K)/Tmelting(K)] [76]. Materials with higher melting points have a lower TH, thereby reducing the temperature-dependent diffusion rate at a given temperature. The refractory elements in the present study have relatively high melting points (V: 1910 °C, Mo: 2623 °C, Nb: 2477 °C, Ta: 3017 °C [58]). Thermal dealloying at 600 °C, therefore, results in low TH values for the constituent refractory metal atoms. Consequently, these elements exhibit small ligament size due to slow diffusion rates [76,77]. Additionally, the formation of the MPEA further hinders diffusion due to atomic size differences among the constituent elements, leading to the formation of finer ligament size [50].



The average ligament size observed in the as-dealloyed film was 10 ± 2 nm, as shown in Figure 5. This is smaller than other values in the literature reported for nanoporous structures consisting of single refractory metals fabricated at a comparable dealloying temperature [57]. Similar ligament sizes at 600 °C have also been reported by Joo et al. [47] for TiVNbMoTa HEA nanoporous alloy fabricated by liquid metal dealloying. These findings suggest that nanoporous refractory MPEAs can effectively resist thermal coarsening at high temperatures by suppressing surface diffusion.



The smaller ligament size observed for np-RMPEA specimens in the current study may result from the “sluggish diffusion” phenomenon that was postulated for MPEAs. A study by Tsai et al. [48] demonstrated slower diffusion in MPEAs, proposing that the atomic size mismatch in MPEAs induces fluctuations in lattice potential energy (LPE), resulting in the presence of lower potential energy sites that can hinder atomic diffusion. However, other researchers [78,79,80] did not find explicit evidence supporting “sluggish diffusion” as a core phenomenon in MPEAs. They argue that adding four or more elements does not necessarily produce the sluggish diffusion effect but rather that a particular element can contribute to the formation of a deep potential barrier that hinders diffusion. Nevertheless, there is currently no definitive consensus on the sluggish diffusion effect in BCC MPEAs. At TH values similar to those in the current study, other researchers [79,81] observed relatively slow diffusion in MPEAs. Targeted studies specifically focusing on diffusion in the BCC MPEAs are needed to determine whether sluggish diffusion is a characteristic feature or not. In the current study, it is assumed that small atoms (such as V in this RMPEA) contribute to the presence of lower-energy LPE sites that hinder atomic motion.



Because it is governed by surface diffusion, ligament width evolution in np-RMPEAs should depend on temperature and duration of dealloying time. Remarkably, ligaments in the np-RMPEA studied here exhibited excellent stability and interconnectivity (Figure 6), even after being subjected to an elevated temperature of 700 °C for an extended period of 48 h. The average ligament width after annealing at various temperatures is listed in Table 2, where it is seen that heating for 48 h resulted in an average ligament size of 26 nm. Figure 7 shows a plot of ligament width vs. time, plotted on a logarithmic scale, for samples annealed at the same vacuum level. During the initial 10 h, the plot exhibits a linear relationship between ln(l) and ln(t), indicating that ligament growth during VTD and annealing is a thermally activated process. After 10 h, the slope (growth rate) decreases significantly and almost plateaus. This indicates that ligaments undergo minimal coarsening beyond 10 h, further emphasizing the ability of this RMPEA to be stable against coarsening at high temperatures. By analyzing the initial region of the plot, the relationship between ligament width (l) and time (t) was found to be l ∝ t0.25. Coarsening processes can often be described by the relationship d ∝ t1/n (where d is feature size, t is time, and n corresponds to the mechanism controlling coarsening) [82]. This would indicate that n~4 for the RMPEA studied here, which is consistent with surface diffusion governing the coarsening process [82,83,84].



Surface diffusivity,     D   s      , can be estimated from Equation (1) [82,85,86]:


    D   s   =     l   4   K T   32 γ t   α   4      



(1)




where     D   s       is surface diffusivity, l is ligament width,   K   is the Boltzmann constant (1.3806   ×   10−23 JK−1),   T   is absolute temperature,   γ   is surface energy calculated by rule of mixtures (2.404 Jm−2) [87], t is annealing time, and   α   is the lattice parameter (3.201 Å, as obtained from XRD). Based on the experimentally measured average ligament width   l   = 10 nm (and also considering 12 nm, which represents the upper end of the range of measured ligament widths) after thermal dealloying at   T   = 873 K for   t   = 7200 s (2 h), the diffusivity of np-VMoNbTa was calculated as 2.07 × 10−16 cm2/s (and 4.2 × 10−16 cm2/s, respectively, for l = 12 nm). Similarly, using the average ligament width   l   = 25 nm (and also 30 nm, representing the upper end of the ligament width range) after annealing at 973 K for   t   = 172,800 s (48 h), we obtain a diffusivity of 3.75 × 10−16 cm2/s (and 7.8 × 10−16 cm2/s, respectively, for l = 30 nm). Note that the initial dealloying time period was not included in the 700 °C annealing time, as those 2 h at 600 °C are roughly equivalent to 1 min at 700 °C. Both of the calculated values of surface diffusivity are significantly (1–2 orders of magnitude) lower than the diffusivity of Ta, which has the lowest surface diffusivity of the constituent refractory elements [47]. This is reflected in Figure 8, where the calculated diffusivity values are compared to temperature-dependent values of surface diffusivity for each refractory metal based on relationships from the literature. Ta still has a diffusivity that is higher than that of the np-RMPEA by one order of magnitude or more.



Enhanced structural stability of np-RMPEAs enables them to retain high values of specific surface area, even after extended times at elevated temperatures. Figure 9 shows the evolution of specific surface area at 700 °C at different annealing times, calculated from the measured values of average ligament width. The specific surface area S is useful for comparing materials with different atomic weights or densities and can be estimated by assuming a disordered nanoporous structure and applying Equation (2) [91]:


  S =   C     ρ   s   × l    



(2)




where C is a constant that depends on nanoporous structure,   l   is average ligament size, and     ρ   s     is bulk solid density. The value for     ρ   s     was calculated using a rule of mixtures approach and incorporated np-RMPEA composition along with the metallic radii of constituent metals and the lattice parameter determined using XRD. A value of C = 3.7 was used in the calculations and corresponds to a disordered nanoporous structure [91].




3.3. Depth Profiling


The VTD process is particularly suitable for materials that have a strong tendency to form oxides, such as refractory metals. The XPS depth profiling of the dealloyed sample was used to determine the elemental composition as a function of depth in the nanoporous film. A sequence of 20 incremental etching steps was executed, and an XPS scan was acquired after each etching step. The result indicated that np-VMoNbTa primarily consisted of metallic elements, albeit with a non-negligible degree of oxidation when analyzed after the VTD process. For simplification, the plot in Figure 10 represents total metal content (V + Mo + Nb + Ta with metallic bonding) compared to total metal oxide content (bonding between a refractory metal and oxygen). While the surface of the dealloyed film exhibited significant oxidation, the ligament cores (and therefore, the majority of the np structure that was exposed by etching steps during depth profiling) remained predominantly metallic, and this accounted for ~75% of the np-VMoNbTa volume. This agrees well with similar findings reported in the literature [57], corroborating the claim that VTD is effective for minimizing the oxidation of ligaments.





4. Conclusions


In this study, we employed a novel dealloying technique, vacuum thermal dealloying (VTD), to synthesize np-RMPEAs from a Mg-(VMoNbTa) precursor thin film that had been deposited using magnetron sputtering.




	
By leveraging its significantly higher vapor pressure, Mg was almost completely removed from the precursor thin film. The precursor film exhibited the HCP crystal structure with a strong 101 texture, whereas the dealloyed np-RMPEA transformed to the BCC crystal structure. VTD of Mg-based precursor thin films resulted in a nanoporous structure featuring fine (10–12 nm) ligaments and no cracks.



	
np-VMoNbTa exhibits smaller ligaments than corresponding elemental refractory np-metals, which can be attributed to the slow diffusion kinetics of RMPEAs. Surface diffusion in this np-RMPEA proved to be slower than in Ta, which has the slowest diffusion rate among the constituent refractory elements present in the alloy. This slow diffusion phenomenon enables np-VMoNbTa to retain excellent structural stability and fine ligament size (25–30 nm width) during high-temperature annealing for extended times.



	
np-VMoNbTa fabricated by vacuum thermal dealloying experienced an intermediate degree of oxidation, especially compared to the constituent refractory metals, i.e., it was not oxidized to the degree that refractory metals would experience during chemical dealloying. This was confirmed by XPS, where the results were consistent with the ligament cores in the np-structure being predominantly metallic and the ligament surfaces being oxidized.








With its ability to produce fine ligaments that are thermally stable and resistant to oxidation, the VTD fabrication of np-VMoNbTa can potentially yield materials for service in high-temperature environments where a conventionally prepared np-material would experience structural instability due to ligament coarsening. More broadly, similar np-RMPEAs could offer enhanced performance in high-radiation environments, which may be the subject of future studies.
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Figure 1. Comparison of vapor pressures for the constituent elements in precursor alloys, with Mg having the highest vapor pressure across a broad temperature range. This graph was generated using equations found in reference [58]. 
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Figure 2. (a,b) Plan-view SEM micrographs of thermally dealloyed np-RMPEA thin films, showing the open porosity and interconnected ligaments in this nanoporous structure. (c) Cross-section SEM micrograph showing ligament structure through the thickness of the dealloyed film. 
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Figure 3. (a,b) SEM micrographs of the dealloyed structure from precursors that contained >80 at.% Mg, exhibiting cracks that extended from the film surface nearly to the substrate. (c,d) For a precursor that contained 65 at.% Mg, dealloying was suppressed, and a minimal amount of porosity was generated, limited to the bottom of the film near the substrate. 
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Figure 4. XRD scans before and after thermal dealloying. (a) The precursor alloy exhibits a strong (101) fiber texture corresponding to the HCP crystal structure (only). (b) The dealloyed film exhibits a (110) BCC fiber texture, with no remnants of the HCP Mg-based phase from the precursor. 
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Figure 5. Ligament size distribution of np-RMPEA after vacuum thermal dealloying at 600 °C, with ligaments exhibiting an average width of 10 ± 2 nm. The size distribution was determined by measuring more than 400 ligaments in plan view as well as cross-section images. 
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Figure 6. Cross-section SEM image of the np-RMPEA after annealing at 700 °C for 48 h. The nanoporous structure is highly interconnected, and ligaments are stable for long periods at elevated temperatures. 
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Figure 7. Logarithmic plot of ligament width l versus annealing time t, which exhibits the relationship l ∝ t0.25 during the first 10 h. This suggests that surface diffusion governs ligament coarsening, at least initially. 
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Figure 8. Calculated values of surface diffusivity for the np-RMPEA in the current study, as compared to the constituent refractory elements, indicating that the np-RMPEA exhibits slower diffusion kinetics. Surface diffusivity values for the pure metals were plotted using equations fo