Pierre Gibot 
email: pierre.gibot@isl.eu
  
Franck Oudot 
  
Bastien Lallemand 
  
Fabien Schnell 
  
Denis Spitzer 
  
Nanosized niobium (V) and tantalum (V) oxide ceramics as competitive oxidizers within aluminium-based nanothermites

Keywords: Composite energetic materials, Nb2O5, Ta2O5, Nanostructuring, Reactive properties

come   L'archive ouverte pluridisciplinaire

Introduction

At the end of the 1990s, Fischer and Grubelich established a list of reagent pairs characterized by highly exothermic reactions with adiabatic flame temperatures between 2000 and 3000 K, high energy densities (3 -27 kJcm -3 ) associated to gas releases or not [START_REF] Fischer | Theoretical energy release of thermites, intermetallics, and combustible metals[END_REF]. Among this list, metallothermic reactions involving a reducing metal (aluminium, magnesium, zirconium...) and a metal oxide (iron (III), copper (II), molybdenum (VI), tungsten (VI), bismuth (III) oxides) occupy a non-negligible part and are referenced under the classification of thermite reactions. These energetic mixtures can be used in various applications, depending on their thermochemical properties, as welding agents, torches for cutting or perforating operations in severe environments, gas generating substances for airbags, igniters or delay pyrotechnic compositions.

The energetic formulations of aluminium/niobium (V) oxide (Al/Nb2O5) and aluminium/tantalum (V) oxide (Al/Ta2O5) are characterized by elevated combustion temperatures of 2432 ℃ and 2179 ℃ respectively, moderate heats of reaction of 10.26 kJcm -3 (2.5 kJg -1 ) and 8.91 kJcm -3 (1.4 kJg -1 ) and in both cases no gas generation [START_REF] Fischer | Theoretical energy release of thermites, intermetallics, and combustible metals[END_REF]. They do not receive as much attention as other mixtures (Al/CuO, Al/MoO3, Al/WO3) for possible civil and military energetic applications [START_REF] Petrantoni | Synthesis process of nanowired Al/CuO thermite[END_REF][START_REF] Zhou | Influence of Al/CuO reactive multilayer films additives on exploding foil initiator[END_REF][START_REF] Sullivan | The role of fuel particle size on flame propagation velocity in thermites with a nanoscale oxidizer[END_REF][START_REF] Walter | Manufacturing and performance of nanometric Al/MoO3 energetic materials[END_REF][START_REF] Son | Combustion of nanoscale Al/MoO3 thermite in microchannels[END_REF][START_REF] Birce | The effect of preheating on flame propagation in nanocomposite thermites[END_REF][START_REF] Sanders | Reaction propagation of four nanoscale energetic composites (Al/MoO3, Al/WO3, Al/CuO and Bi2O3)[END_REF][START_REF] Sullivan | In situ microscopy of rapidly heated nano-Al and nano-Al/WO3 thermites[END_REF][START_REF] Gibot | Safer and performing energetic materials based on polyaniline-doped nanocomposites[END_REF]. In the literature, these energetic composites have been rather used for the synthesis of NbxAly, TaxAly intermetallic compounds and TaxSiy transition metal silicides materials by means of modified self-propagating high-temperature synthesis (SHS) and high energy milling [START_REF] Yeh | Effects of sample stoichiometry of thermite-based SHS reactions on formation of Nb-Al intermetallics[END_REF][START_REF] Yeh | Formation of Ta-Al intermetallics by combustion synthesis involving Al-based thermite reactions[END_REF][START_REF] Yeh | Thermite reduction of Ta2O5/SiO2 powder mixtures for combustion synthesis of Ta-based silicides[END_REF][START_REF] Wang | Thermite reactions: their utilization in the synthesis and processing of materials[END_REF][START_REF] Delazzari | Study of the aluminothermic reduction of niobium pentoxide through thermal analysis experiments and high energy milling processing[END_REF][START_REF] Mostaan | Non-isothermal kinetic studies on the formation of Al2O3/Nb composite[END_REF]. The modification consisted in using metal oxides (Nb2O5, Ta2O5 and SiO2) instead of metal species (Nb and Ta), leading to a more exothermic reaction with aluminium (thermite reactions). The flame front velocities of the combustion reactions were determined to be around 5 -35 mms -1 for mixtures compacted at 50% of the theoretical maximum density (TMD) and for chemical compositions close to stoichiometry [START_REF] Yeh | Effects of sample stoichiometry of thermite-based SHS reactions on formation of Nb-Al intermetallics[END_REF][START_REF] Yeh | Formation of Ta-Al intermetallics by combustion synthesis involving Al-based thermite reactions[END_REF].

Taking into consideration, the above-mentioned data both concerning the thermochemical (combustion temperature, heat of reaction and no gas-generating systems) and reactive (combustion velocity of a few millimeters per second) properties, Al/Nb2O5 and Al/Ta2O5 energetic systems could be potentially interesting candidates for delay compositions for shock tube detonators [START_REF] Focke | Review of Gasless Pyrotechnic Time Delays[END_REF][START_REF] Kalombo | Sb6O13 and Bi2O3 as oxidants for Si in Pyrotechnic Time Delay Compositions[END_REF]. Two of the essential criteria to satisfy this type of application are the use of gasless energetic mixtures, in order to avoid any distortion of the tube (containing the energetic mixture) by the effect of pressurization, and compositions with a low combustion rate (a few mms -1 ) for transmission of the ignition signal to the detonator within a well-defined time interval. However, in the published investigations, micron-scale fuel (aluminium) and oxidizers (Nb2O5 and Ta2O5) powders were used and ignition of the derived-thermites required an intensive heating source operating at 60 V and 1.5 A. This ignition technology may be difficult to integrate into portable devices. The use of fuel and metal oxides nanopowders could facilitate the ignition step [START_REF] Pantoya | Combustion Behaviour of Highly Energetic Thermites: Nano versus Micron Composites[END_REF][START_REF] Granier | Laser ignition of nanocomposite thermites[END_REF] and consequently the use of a more convenient device to ignite these Nb and Tabased energetic compositions. Consequently, a more promising future may emerge for these thermite composites.

Herein, the Nb2O5 and Ta2O5 nanopowders were successfully prepared by a template method involving the use of calcium triphosphate biomaterial as the template. The resulting metal oxide nanoparticles were mixed with aluminium nanoparticles to form the derived energetic composites. The microstructure of Al/Nb2O5 and Al/Ta2O5 mixtures were checked by scanning electron microscopy and X-ray diffraction analyses. Their reactive properties were investigated by differential scanning calorimetry analysis and their combustion behaviours, triggered by a laboratory-made low cost and portable igniter (optical flash device [START_REF] Ohkura | Flash ignition of Al nanoparticles: Mechanism and applications[END_REF][START_REF] Ohkura | Reducing minimum flash ignition energy of Al microparticles by addition of WO3 nanoparticles[END_REF]), were recorded by means of a high-speed camera.

Experimental section

Aluminium nanopowder (Al, Al-50P, average particle size (APS) = 50 nm, specific surface area (SSA) = 37 m 2 g -1 , 56.8 wt. % of active Al) was supplied by Nanotechnologies Inc. Niobium (+V) ethoxide (Nb(OCH2CH3)5, 99.95%), niobium (V) oxide (Nb2O5, 44 µm, 99.9%), tantalum (+V) ethoxide (Ta(OC2H5)5, 99.98%), tantalum (V) oxide (Ta2O5, < 20 µm, 99.99%), tricalcium phosphate hydrate (Ca3(PO4)2.xH2O, < 200 nm, reagent grade) reactants and ethyl alcohol (C2H5OH, reagent grade) and acetonitrile (CH3CN, 99%) solvents were all purchased from Sigma Aldrich. Hydrochloric acid (HCl, 37%) was obtained from Prolabo. Chemical reagents were used as received and without any further purification.

Preparation of the Al/Nb2O5 and Al/Ta2O5 energetic composites

Based on the writing of the traditional aluminothermic reactions [START_REF] Fischer | Theoretical energy release of thermites, intermetallics, and combustible metals[END_REF], the reaction between aluminium and niobium (V) oxide and tantalum (V) oxide materials are given below:

10Al(s) + 3Nb2O5(s) → 5Al2O3(s) + 6Nb(s) + H (1) 10Al(s) + 3Ta2O5(s) → 5Al2O3(s) + 6Ta(s) + H (2)
where the alumina (Al2O3) inorganic material, niobium (Nb) and tantalum (Ta) metals are the solid combustion products and H the heat released.

For the present work, reactants were mixed according to an equivalence ratio (ϕ) of 1.2; i.e. with an excess of fuel to boost the reactivity of the mixtures. The formula of the equivalence ratio is described in Eq. (I):

ϕ = ( F O )exp. ( F O
)st.

(I)

with F/O the mass ratio between active fuel (Al) and oxidizer (Nb2O5 and Ta2O5) components, and the subscripts exp. and st. the "current" and stoichiometric conditions. Considering the Al/Nb2O5 and Al/Ta2O5 energetic systems, the (F/O)st. are equivalent to 0.338 and 0.204, respectively.

First, the nano-sized niobium (V) and tantalum (V) oxides powders were synthesized according to reference [START_REF] Gibot | Synthesis of Nb2O5 and Ta2O5 nanopowders by means of an endo-templating method[END_REF]. More details are given in Supporting Information. Then, for the formulation of energetic composite materials, the process can be described as follows: for 100 mg of energetic composite material, 41.7 mg of passivated Al and 58.3 mg of Nb2O5_nm nanopowder -or 30.1 mg of passivated Al and 69.9 mg of Ta2O5_nm nanopowder -were suspended in 60 mL of acetonitrile in a round-bottomed flask. The suspensions were stirred during 1 hour, punctually interrupted by sonication steps (3 x 5 min.)

to break up agglomerates and optimize the homogeneity of the energetic formulations. The solvent was evaporated at 80 ℃ under 2 × 10 4 Pa till to obtain dried grey mixtures that were stored in conducting containers up to be used for further experiments.

Characterization techniques

The crystalline structures of the samples were determined by means of the X-ray diffraction (XRD) The various methods are described in reference [START_REF] Gibot | Safer and performing energetic materials based on polyaniline-doped nanocomposites[END_REF]. Typically, the impact test consists of dropping a weight of known mass and defined height onto the sample caught between two metal cylinders. The mass and height of the weight define the impact energy experienced by the specimen. In the friction test, the specimen is placed between a ceramic plate and stud, with the latter performing a translational motion to stress the specimen. The force applied is defined by the mass and position of a weight placed on the lever holding the stud. The spark test is described by the passage of a spark through the specimen.

The energy of the spark is determined by the voltage and capacitance of the device. The sensitivity of the specimen to these different tests, expressed in joules (J), newton (N) and millijoules (mJ), corresponds to the maximum value where six consecutive negative tests are recorded. The thermal signatures of the Al/Nb2O5_nm and Al/Ta2O5_nm thermites were achieved using a SDT 650 thermal apparatus (TA Instruments, New Castle, DE, USA). For that, the energetic composites (m = 1-2 mg), held in an alumina crucible, were heat treated between 25 to 1000 ℃ at a heating rate of 10 ℃  min -1 under a 100 mLmin -1 argon flow. Combustion experiments were performed on unconfined energetic composite materials. A detailed description of the setup is given in reference [START_REF] Gibot | Templated synthesis of Cr2O3 material for energetic composites with high performance[END_REF]. Briefly, 10 mg of energetic powders were placed on a 2 mm-thick glass substrate held on an optical flash device delivering an energy density of 0.11 Jcm -2 (Supporting Information -Figure 1S). The different powders were deposited uniformly on a 50 mm 2 -glass surface. A high-speed camera (Phantom Ametek, Wayne, NJ, USA) was used to record videos of the combustion events according to a 10000 fps recording rate at an exposure time of 10 µs. Figure 1 shows the X-ray diffraction patterns of the two nanothermites. The combination of marketed aluminium fuel with the as-synthesized crystallized oxidizers as niobium (V) oxide and tantalum (V) oxide was confirmed on diffractograms presented in Figure 1, respectively. The Miller planes of the diffraction peaks attributed to the different ingredients were given on the corresponding patterns.

Results and Discussion

Aluminium metal is described as a face-centred cubic structure with an Fm-3m space group as reported on the JCPDS card No. 65-2869. Regarding oxidizers, the diffraction peaks were indexed according to the niobium (V) and tantalum (V) oxides identified with the JCPDS cards No. 28-0317 and No. 25-0922, respectively. Nb2O5 material adopts a pseudo-hexagonal phase (TT-Nb2O5) with a p space group while Ta2O5 material an orthorhombic one with a pmm2 space group. 

Reactive properties of the Al/Nb2O5 and Al/Ta2O5 energetic composite materials

Table 1 gathers the different sensitivity thresholds of both Al/Nb2O5 and Al/Ta2O5 composites prepared from nano and micron sized oxidizers components. [START_REF] Gibot | SnO2-polyaniline composites for the desensitization of Al/SnO2 thermite composites[END_REF], attributing an insulating character at all energetic composites.

However, as demonstrated in the literature, the higher the electrical conductivity value of the composites is, the higher the ESD sensitivity threshold is [START_REF] Gibot | Safer and performing energetic materials based on polyaniline-doped nanocomposites[END_REF][START_REF] Gibot | SnO2-polyaniline composites for the desensitization of Al/SnO2 thermite composites[END_REF][START_REF] Poper | Controlling the electrostatic discharge ignition sensitivity of composite energetic materials using carbon nanotube additives[END_REF][START_REF] Steelman | Desensitizing nano powders to electrostatic discharge ignition[END_REF][START_REF] Yan | Iron oxide /aluminum /graphene energetic nanocomposites synthesized by atomic layer deposition: Enhanced energy release and reduced electrostatic ignition hazard[END_REF].

The combustion reactions of the different energetic formulations Al/Nb2O5 and Al/Ta2O5 (nm and µm)

were evaluated in unconfined mode using a low-cost portable optical flash igniter. The thermal energy density delivered during the pulse is of the order of 0.11 Jcm -2 . The video recordings are presented in Supporting Informationvideos 1Sa-d for the Al/Nb2O5_nm, Al/Nb2O5_µm, Al/Ta2O5_nm and Al/Ta2O5_µm energetic systems, respectively. As expected, the two energetic composites consisting of micron-scale oxidizers (Nb2O5_µm and Ta2O5_µm for videos 1Sb and 1Sd, respectively), were more difficult to ignite after the thermal pulse was emitted. Combustion reactions, corresponding to a crackling fire and poorly dense, were not complete, leaving a small part of the original mixture intact.

On the other hand, for nano-systems (videos 1Sa and 1Sc), combustion reactions occurred more quickly, and were more violent and characterised by emission of extremely dense sheafs of incandescent particles. No residues were found on the substrate at the end of the reactions.

One of key parameters which characterizes the ignition ability (IA) of an energetic composite can be illustrated by the formula (II):

𝐼𝐴 (composite) = 𝑑 app(composite) × 𝑎 𝑠(composite) (II)
with dapp(composite) and as(composite), its apparent density and specific surface area, respectively. dapp(composite) can be seen as the degree of contact between components and as(composite) represents the surface where the combustion reaction can take place [START_REF] Gibot | Templated synthesis of Cr2O3 material for energetic composites with high performance[END_REF]. For a considered metal/oxide system, the ratio of the IA between a nano and a micro-system (IA(composite_nm)/(IA(composite_µm)) can serve to distinguish the ignition performance between both configurations. A ratio > 1 will translate a better ignition capacity for the nanosystem and conversely for a ratio < 1. Assuming, the dapp(composite) apparent density is about 5% of the theoretical maximum density (TMD), according to [START_REF] Walters | Manufacturing and Performance of Nanometric Al/MoO3 Energetic Materials[END_REF], for both nano-and micro composites, the IA ratio can be resumed as follows:

𝐼𝐴 (𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒_𝑛𝑚) 𝐼𝐴 (𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒_µ𝑚) = 𝑎 𝑠(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒_𝑛𝑚) 𝑎 𝑠(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒_µ𝑚) (III)
The specific surface area (as(composite)) is calculated using the formula (IV)

𝑎 𝑠(composite) = ∑ 𝑋 𝑖 × 𝑎 s(𝑖) 𝑛 𝑖=1 (IV)
where Xi and aS(i) represent the weighted average and the surface areas (aS) of the compound (i) constituting the composite. Hypothesis taken into account with this formula, is that no strong interaction between particles is considered. From nitrogen physisorption measurements, specific surface areas values of 37 m 2 g -1 , 166 m 2 g -1 , and 84 m 2 g -1 and were determined for the Al, Nb2O5_nm, and Ta2O5_nm materials, respectively. Regarding micron sized oxidizers, as of < 1 m 2 g -1 were determined by means of krypton gas adsorption. Assuming the respective mass fraction of each chemical, as(composite)

was calculated equal to 112 m 2 g -1 , 16 m 2 g -1 , 70 m 2 g -1 and 12 m 2 g -1 for Al/Nb2O5_nm, Al/Nb2O5_µm, Al/Ta2O5_nm and Al/Ta2O5_µm, respectively. Finally, based on data mentioned-above, IA(composite_nm)/IA(composite_µm) ratios of 7.1 and 5.9 were thus determined for Al/Nb2O5 and Al/Ta2O5 energetic formulations, respectively, verifying the hypothesis that Al/oxide_nm systems have a better reactivity than Al/oxide_µm systems.

A second important fact that may explain the observed trend in the ignition capability of this type of composite is the degree of homogeneity between the reactive ingredients and the overall microstructure.

It is generally accepted that a better homogeneity and consequently a better stoichiometry on a small scale is more easily achieved in a nano-composite compared to a micro-composite (Supporting Information -Figure 3S), due to the small size of the different particles that constitute them. Therefore, when a thermal pulse is initiated on the surface of the composite (nano and micro), the chemical reaction will appear more easily (and will propagate more easily) as the stoichiometry is respected at a low scale. Now, focusing on the combustion reactions of Al/Nb2O5_nm and Al/Ta2O5_nm energetic composites, representative combustion sequences are presented in Figure 3a and 3b, respectively. For both composites, the combustion reactions were complete with a total consumption of the starting reagents.

The combustion was characterized by a bright yellow-white sheaf for the Al/Nb2O5_nm energetic composite (Figure 3a), while a warmer (yellow-orange) spray of particles was formed from the Al/Ta2O5_nm energetic formulation (Figure 3b). The colour difference can be interpreted as a difference in combustion temperatures, with a combustion temperature of the niobium-based system higher than for the tantalum-based system. The white thermal signal is more generally synonymous of a higher temperature than warm colours such as orange and yellow. In addition, the niobium system has a denser and more homogeneous spray than the tantalum formulation, which can be interpreted as a result of the increased exothermicity of the reaction [START_REF] Fischer | Theoretical energy release of thermites, intermetallics, and combustible metals[END_REF][START_REF] Yeh | Effects of sample stoichiometry of thermite-based SHS reactions on formation of Nb-Al intermetallics[END_REF][START_REF] Yeh | Formation of Ta-Al intermetallics by combustion synthesis involving Al-based thermite reactions[END_REF]. Finally, in both cases during the combustion reactions, no generation of smokes and/or gas clouds was observed around the sprays of burning particles as predicted in the literature [START_REF] Fischer | Theoretical energy release of thermites, intermetallics, and combustible metals[END_REF]. This result was also noted for the aluminium/chromium (III) oxide formulation, in contrast to the aluminium/tin (IV) oxide composite [START_REF] Gibot | Templated synthesis of Cr2O3 material for energetic composites with high performance[END_REF][START_REF] Gibot | Aluminium/tin (IV) oxide thermite composite: sensitivities and reaction propagation[END_REF]. system, the onset temperature and peak temperature were determined at 406.2 ℃ and 544.9 ℃, respectively. For the Al/Ta2O5_nm formulation, values of 349.7 ℃ and 537.8 ℃ were observed.

According to the literature, while the peak temperatures are of the same order of magnitude compared to other energetic systems (Al/MoO3, Al/CuO, Al/Fe2O3, Al/MnO2, Al/Bi2O3) formulated from different ϕ [START_REF] Pantoya | Combustion Behaviour of Highly Energetic Thermites: Nano versus Micron Composites[END_REF][START_REF] Song | A comparative study of thermal kinetics and combustion performance of Al/CuO, Al/Fe2O3 and Al/MnO2 nanothermites Vacuum[END_REF][START_REF] Puszynski | Processing and characterization of aluminum-based nanothermites[END_REF], the onset temperatures are lower by 100-150 ℃. This result, can be supported by a thermal evolution of the amorphous phase (decomposition, crystallization) present in the as-synthesized Nb2O5 and Ta2O5 oxidizers [START_REF] Gibot | Synthesis of Nb2O5 and Ta2O5 nanopowders by means of an endo-templating method[END_REF]. The heat releases of reaction, corresponding to the area of the exothermic peaks, were calculated to be 1250.5 Jg -1 and 788.2 Jg -1 for the energetic Al/Nb2O5_nm and Al/Ta2O5_nm formulations, respectively. This result confirms the higher exothermicity of the niobiumbased energetic composite material compared to its tantalum-based counterpart, which is consistent with previous observations from video recordings of combustion reactions. 

Post-combustion characterization

The combustion residues characterizations of both Al/M2O5_nm energetic formulations (M = Nb, Ta)

were directly performed on the glass holders used for combustion experiments (unconfined environment).

Representative scanning electron microscopy views of the combustion residues of the energetic Al/Nb2O5_nm and Al/Ta2O5_nm formulations are shown in Figures 5a-c and 5d-f respectively. As can be seen in the low magnification images (Figures 5a and5d), the glass supports carry tiny particles covering a very large area. These particles are spherical in morphology and nanometric in size, as clearly suggested in Figures 5c and5f. In both cases, the particles, highly agglomerated and showing sintering phenomena in some places, have sizes of the order of 50 nm with very narrow particle size distributions. Energy dispersive X-ray analysis of the samples (at low magnification) showed the presence, over large areas, of the niobium/aluminium and tantalum/aluminium chemical pairs within the combustion residues, depending on the sample studied (Figure 6). However, at this scale, it was not possible to distinguish Al and Nb or Ta at the nanoparticle scale. Investigation is underway to determine the chemical composition of particles at the nanoscale. 

Conclusion

The nanostructuring of energetic composites, such as metastable intermolecular composites or thermites, plays an important role in their reactive performance (ignition delay, combustion rate). Here, the reactivity of Al/niobium (V) oxide and Al/tantalum (V) oxide energetic formulations has been successfully demonstrated using size-optimized metal oxide materials. Nb2O5 and Ta2O5 were synthesized using a template approach as they are not commercially available at the size required to act in aluminothermic reactions. This reduction in the size of the oxide particles facilitated the ignition of the derived thermite formulations with a portable low energy density device. Production of niobium and tantalum based-metal nanoparticles with spherical shape and at nanoscale was also evidenced. As a result, taking into consideration gasless and the low combustion front speed criteria, these nanothermites can be considered as potential new candidates for delay compositions.

  technique. The X-ray diffraction patterns were recorded on a D8 Advance diffractometer (Cu) (Bruker, Billerica, MA, USA) working at 40 kV-40 mA and on the 2= 20-80° angular domain (2 step size of 0.02°). The specific surface areas (SSA) of samples were obtained by N2 or Kr adsorption measurements at -196 ℃ on an ASAP2020 device (Micromeritics, Norcross, CA, USA). The samples were degassed at 200 ℃ for 6 hours under vacuum before analysis. SSAs were determined taking into consideration the Brunauer-Emmett-Teller (BET) theory. A Nova Nano-SEM 450 scanning electron microscope (SEM, FEI, Hillsboro, OR, USA) was used to image gold-sputtered samples and energetic composites (thermites) at 10 kV. Chemical element maps were established by means of energy dispersive spectroscopy analyses (EDS). Reactive behaviour of both Al/Nb2O5 and Al/Ta2O5 energetic formulations was investigated by determining their sensitivities to mechanical and spark tests, their thermal signatures and their combustion properties. The sensitivities examination was carried out using a fall-hammer and a Julius Peter BAM devices for mechanical tests and on an ESD 2008A apparatus for spark test (or electrostatic discharge test, ESD).
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 1 Characterizations of the Al/Nb2O5 and Al/Ta2O5 energetic composite materials XRD and SEM techniques were used to characterize, in term of chemical composition, microstructure and homogeneity, the Al/Nb2O5_nm and Al/Ta2O5_nm energetic composite materials.

Figure 1 :

 1 Figure 1: XRD patterns of the Al/Nb2O5 and the Al/Ta2O5 energetic formulations.

Figure 2

 2 Figure 2 displays the microstructure of the two as-formulated Al/Nb2O5_nm and Al/Ta2O5_nm energetic

Figure 2 :

 2 Figure 2: SEM pictures of the (a, b) Al/Nb2O5 and (c, d) Al/Ta2O5 energetic formulations, respectively, accompanied by their respective elemental mappings with Al, Nb and Ta chemical species coloured in green, pink and grey, respectively.

Figure 3 :

 3 Figure 3: Sequences of combustion pictures of the (a) Al/Nb2O5_nm and (b) Al/Ta2O5_nm thermites, respectively. The first image of both series corresponds to the flash emitted by the igniter. Elapsed time between images is of 50 ms. Scale bar (right top in the first image of each series) represents 20 mm.

Figure 4 :

 4 Figure 4: DSC plots of the Al/Nb2O5_nm and the Al/Ta2O5_nm energetic formulations. The equivalence ratio was fixed to 1.2 for both energetic composite materials.

Figure 5 :

 5 Figure 5: SEM pictures of combustion products obtained after burning of the (a -c) Al/Nb2O5_nm and (d -f) Al/Ta2O5_nm energetic materials. Equivalence ratio was fixed to 1.2.

Figure 6 :

 6 Figure 6: Energy dispersive X-ray analysis of combustion residues of the (a) Al/Nb2O5_nm and (b) Al/Ta2O5_nm energetic composites, respectively.

Table 1 : Sensitivity threshold values of the Al/Nb2O5 and Al/Ta2O5 thermites depending on the oxidizer particle size (nm and µm).

 1 

	Thermite	Impact/J	Friction/N	ESD/mJ
	Al/Nb2O5_µm	> 49.6	> 360	10.82
	Al/Nb2O5_nm	> 49.6	> 360	< 0.31
	Al/Ta2O5_µm	> 49.6	> 360	1.42
	Al/Ta2O5_nm	> 49.6	> 360	< 0.31

Table 1

 1 

	/Ta2O5 composites

highlights two main points. Firstly, the sensitivity threshold values determined from mechanical and electrostatic tests are similar regardless the nature of the oxidizer used and the size of the particles consisting it (i.e. nanometric or micronic). Thus, values of > 49.6 J, > 360 N and ≤ 10 mJ were thus obtained for impact, friction and spark stimuli, respectively, for the four Al/Nb2O5 and Al/Ta2O5 energetic formulations. The greater and less than signs indicate that the values obtained correspond to the maximum or minimum values that the devices can provide. Secondly, in view of the sensitivity classes of energetic materials or composites established by

[25,26]

, Al/Nb2O5 and Al
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