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A mixture of copper complex and Al/CuO nanothermite, Al/CuO/CuC, represents one state-ofthe-art gas-generating thermite systems with various pyrotechnic applications with respect to their tunable gas release rates. The reactivity of reactive inks with various loading of polyvinylpyrrolidone (PVP) binder mixed with Al/CuO/CuC is characterized using high-speed imaging diagnostics and pressure measurement. For a PVP mass fraction < 7 wt%, the printed materials remain highly reactive and burn at a high velocity (10 -54 m/s) which was one of the important goals in this study. At higher PVP content, the polymer inhibits the reaction. Printing (dropwise and continuously writing) of inks containing 5 wt% of PVP and 95 wt% of reactive Al/CuO/CuC powder was demonstrated using volumetrically controlled dispenser and pneumatically actuated syringe. The pressure development and burning rates of the printed materials are 0.37 MPa (at 46.3% TMD) and 17 m/s (at 0.24% TMD), more than a 10 times faster than the majority of works dealing with printed energetic formulations.

Introduction

Nanothermites, consisting of a metal fuel and a metal oxide both in nanoscale (the order of 100 nm or less), have been extensively investigated for a large variety of formulations (Al/CuO, Al/Fe2O3, Al/MoO3, etc) [START_REF] Aumann | Oxidation Behavior of Aluminum Nanopowders[END_REF][START_REF] Stamatis | Thermal Initiation of Consolidated Nanocomposite Thermites[END_REF][START_REF] Pantoya | Combustion Behavior of Highly Energetic Thermites: Nano versus Micron Composites[END_REF][START_REF] Martirosyan | Nanoenergetic Gas-Generators: Design and Performance[END_REF][START_REF] Rossi | Al-based Energetic Nanomaterials : Design, Manufacturing, Properties and Applications[END_REF] and developed for use in welding and joining, propulsion [START_REF] Chaalane | The Formulation and Testing of New Solid Propellant Mixture (DB plus x%BP) for a new MEMS-based Microthruster[END_REF][START_REF] Staley | Fast-Impulse Nanothermite Solid-Propellant Miniaturized Thrusters[END_REF][START_REF] Rossi | Solid Propellant Microthrusters on Silicon: Design, Modeling, Fabrication, and Testing[END_REF] and propellant rate modifier [START_REF] Bezmelnitsyn | Modified Nanoenergetic Composites with Tunable Combustion Characteristics for Propellant Applications[END_REF] , heat source applications [START_REF] Nicollet | Fast Circuit Breaker based on Integration of Al/CuO Nanothermites[END_REF][START_REF] Fleck | Controlled Substrate Destruction Using Nanothermite[END_REF] , as well as micro-energetics. [START_REF] Rossi | Engineering of Al/CuO Reactive Multilayer Thin Films for Tunable Initiation and Actuation[END_REF][START_REF] Zapata | Self-propagating Combustion of Sputter-Deposited Al/CuO Nanolaminates[END_REF][START_REF] Nicollet | Investigation of Al/CuO Multilayered Thermite Ignition[END_REF] For practical use in many applications, loose powder may not be suitable, and the thermite must be either pressed or mixed with a binder to form contiguous layer of reactive materials. In the last decade, the main focus for printing reactive materials has been inkjet [START_REF] De Koninck | A Shadow-Mask Evaporated PyroMEMS Igniter[END_REF][START_REF] Murray | Selectively-Deposited Energetic Materials: A Feasibility Study of the Piezoelectric Inkjet Printing of Nanothermites[END_REF][START_REF] Rodriguez | A Microactuator Based on the Decomposition of an Energetic Material for Disposable Lab-on-Chip Applications: Fabrication and Test[END_REF] , vapor deposition 18- 20 , or spray technologies [START_REF] Huang | Electrospray Deposition of Energetic Polymer Nanocomposites with High Mass Particle Loadings: A Prelude to 3D Printing of Rocket Motors[END_REF] . Although all these techniques are viable and efficient methods to engineer thin reactive film, they present limitations in their application: they are well adapted to thin film deposition but not suitable to engineer structures of varying three-dimensional (3D) geometries; they present scale-up limitations and often additional processing steps are required after deposition to achieve structural integrity. Direct-writing of solvent based thermite inks appear to be a good alternative method to deposit thick reactive layers with varying submillimeter features [START_REF] Muravyev | Progress in Additive Manufacturing of Energetic Materials: Creating the Reactive Microstructures with High Potential of Applications[END_REF][START_REF] Fleck | The Effect of Process Parameters on the Structural Energetic Properties of Additively Manufactured Reactive Structures[END_REF][START_REF] Zheng | 3D Printing of n-Al/Polytetrafluoroethylene-Based Energy Composites with Excellent Combustion Stability[END_REF][START_REF] Durban | Development and Characterization of 3D Printable Thermite Component Materials[END_REF][START_REF] Wainwright | Designer Direct Ink Write 3D-Printed Thermites with Tunable Energy Release Rates[END_REF] . Not only it is a fast and simple technique, but the safety during processing is improved by the presence of the solvent. Sullivan et al. [START_REF] Durban | Development and Characterization of 3D Printable Thermite Component Materials[END_REF][START_REF] Sullivan | Controlling Material Reactivity Using Architecture[END_REF] and Murray et al. [START_REF] Murray | Selectively-Deposited Energetic Materials: A Feasibility Study of the Piezoelectric Inkjet Printing of Nanothermites[END_REF] have both presented first technological demonstrations of 3D printed reactive materials and explored direct-writing or 3D printing to tailor the energy release and combustion performance by architecting the reactive film at the microscale. For example, Sullivan et al. [START_REF] Sullivan | Controlling Material Reactivity Using Architecture[END_REF] succeeded in tuning burn rate in the range of 1-10 m/s, in 3D-printed Al/CuO thermite by printing void channels inside the film. Mao et al. [START_REF] Mao | 3D Printing of Micro-Architected Al/CuO-Based Nanothermite for Enhanced Combustion Performance[END_REF] printed Al/CuO thermite with micro-architected patterns that also showed tunable burning rate ranging from 3 to 35 cm/s. Not only the printing architecture impacts the energy release and combustion performance, but also the binder, even though it is added in the minimum quantity necessary to provide structural integrity to the thermite formulations and afford stable reactive films, plays an important role in particle mixing, deposition thickness, and density, all of which affecting the flame temperature, burn rate, and energy release rate. Groven et al. [START_REF] Ruz-Nuglo | 3-D Printing and Development of Fluoropolymer Based Reactive Inks[END_REF] and Son et al. [START_REF] Murray | Selectively-Deposited Energetic Materials: A Feasibility Study of the Piezoelectric Inkjet Printing of Nanothermites[END_REF][START_REF] Fleck | Additive manufacturing of multifunctional reactive materials[END_REF][START_REF] Collard | Tailoring the reactivity of printable Al/PVDF filament[END_REF] have both shown success in printing fluoropolymer-based reactive material. Meeks et al. [START_REF] Meeks | Deposition and characterization of energetic thin[END_REF] successfully synthesized and characterized the burn rate of thick Mg/MnO2 thermite films mixed with different binders (PolyvinylideneFluoride (PVDF) -Methyl Pyrrolidone (NMP); Vitonfluoroelastomer (Viton A). Results showed that both the binder type and concentration influence the film combustion behaviour. Considering Viton binder, burn rates decrease with increasing binder concentration, with a maximum of 0.14 m/s 32 . Using a polyvinylidene fluoride (PVDF) binder gives the highest burn rates (0.15 m/s) which Meeks et al. attributed to a more homogenous distribution of the reactants in the film. Another study [START_REF] Clark | 3D processing and characterization of acrylonitrile butadiene styrene (ABS) energetic thin films[END_REF] has incorporated thermite into the common 3D printing polymers, acrylonitrile butadiene styrene (ABS), and has found a maximum burn rate of 1.21 cm/s at 20 wt% ABS. Shen et al. successfully synthesized and characterized the burn rate of an Al/CuO nanothermite ink with particle loading as high as 90 wt% mixed in a PVDF (4 wt%) and hydroxy propyl methyl cellulose (HPMC) (6 wt%) [START_REF] Wang | Direct Writing of a 90 wt% Particle Loading Nanothermite[END_REF] . The burn rate of the printed films is ~2-10 cm/s, with flame temperatures of ~2800 K. Faster burn rates (up to 25 cm/s) are found when PVDF is replaced by nitrocellulose and polystyrene [START_REF] Shen | Combustion of 3D printed 90 wt% loading reinforced nanothermite[END_REF] . Interestingly, with wellchosen binders, all studies produced stable, safe and printable reactive materials that have the potential to be printed or written on any devices or substrates but all produced slow to moderate burning rates i.e. on the order of cm/s, almost two decades lower that burn rate measured using loose thermite powders [START_REF] Pantoya | Combustion Behavior of Highly Energetic Thermites: Nano versus Micron Composites[END_REF] . Low burning rate characteristic is not a difficulty for propulsion applications but constitutes a limitation for other applications requiring highly reactive materials to ensure the flame propagation.

The primary focus of this work is therefore to engineer printable reactive layers with high burn rates (> 10 m/s) notably for micro-energetic application such as chip destruction that requires large energy output and gaseous production within a short time. Recently, copper complex, Cu(NH3)4(NO3)2 (referred to as CuC in this paper), selected for its propensity to generate nontoxic gases (0.03 mol/g of N2, NH3, H2O, N2O) through exothermic chemical decomposition (300 J/g), were mixed with Al/CuO nanothermites to produce a highly-reactive gas generating composite [START_REF] Wu | New Coordination Complexes-Based Gas-Generating Energetic Composites[END_REF] . The presence of CuC over Al/CuO in a 1:3 mass ratio permits to achieve a pressure development (in close bomb) and burn rate (unconfined) ~5 and 2 times higher than sole Al/CuO thermite mixture, respectively [START_REF] Wu | Unexpected Enhanced Reactivity of Aluminized Nanothermites by Accelerated Aging[END_REF] . However, in powder form, this reactive mixture is inconvenient to be integrated onto or into a miniaturized device. The main technical objectives of this study are three-fold: first to develop a stable Al/CuO/CuC reactive inks using various concentrations of polymeric PVP binder. PVP was chosen as it is commonly used in materials preparation and MEMS technologies [START_REF] Wang | Fabrication of Organic PVP Doping-Based Ba0.5Sr0.5TiO3 Thick Films on Silicon Substrates for MEMS Applications[END_REF][START_REF] Santra | CMOS Integration of Inkjet-Printed Graphene for Humidity Sensing[END_REF] and presents the advantage to be biocompatible [START_REF] Biazar | Biocompatibility Evaluation of a New Hydrogel Dressing Based on Polyvinylpyrrolidone/Polyethylene Glycol[END_REF] . Second, to investigate the influence of PVP mass fraction on the combustion performances of the printed materials. Third, to demonstrate and characterize the printing (dropwise and continuously writing) produced by two writing methods: volumetrically controlled dispenser and pneumatically actuated syringe. As final results, a stable ink with 5 wt% of PVP polymer and 95 wt% Al/CuO/CuC powder was optimized that can be printed in contiguous layer by a simple direct-writing method. The pressure development and burning rates of the prepared materials are 0.37 MPa (for a very low compaction of 0.06 g/cm [START_REF] Pantoya | Combustion Behavior of Highly Energetic Thermites: Nano versus Micron Composites[END_REF] ) and 17 m/s i.e. more than a decade faster than the majority of works dealing with printed energetic formulations featuring combustion speed well below 1 m/s.

Experimental section

Materials

The aluminum nanopowders (Al, average particle size: 80 nm, purity: 69%) were purchased from Novacentrix (USA) and stored in a glove box for future uses. Copper oxide (CuO, average particle size: 100 nm), copper nitrate trihydrate, 25% aqueous ammonia, ethanol (CH3CH2OH, anhydrous, 99.9%), and polyvinylpyrrolidone (PVP, molar weight: 40k) purchased from Merck (Germany) were directly used as received. CuC was synthesized according to a previous published method [START_REF] Wu | New Coordination Complexes-Based Gas-Generating Energetic Composites[END_REF] . In brief, 4.83 g (0.02 mol) of copper nitrate trihydrate was dissolved in 10 mL of distilled water followed by addition of 15 mL of 25% aqueous ammonia solution (0.24 mol). The final powder was separated via vacuum filtration and dried in an oven (Carbolite Gero, England) at 70 °C. Materials description is listed in Table S1.

Thermite mixtures and reactive inks preparations

To prepare Al/CuO nanothermite, 114 mg of Al powder and 286 mg of CuO were dispersed in ethanol and then stirred for 45 minutes in a sonication bath cooled by ice. The suspension was then dried at 50 °C. The dry powder (referred to as Al/CuO_ref) was collected and reserved for future use. Note that the masses of Al and CuO were calculated based on an equivalence ratio of 1.2.

To prepare Al/CuO/CuC reactive mixture, Al (96 mg), CuO (214 mg) and CuC (90 mg) were mixed following the same procedure as for Al/CuO. The equivalence ratio for Al/CuO was kept at 1.2 and the CuC over Al/CuO ratio is 33 wt%. The dry powder (referred to as TC_ref) was then collected and stored in vials for future use.

To prepare Al/CuO/CuC/PVP reactive inks, PVP was first dissolved in ethanol (PVP/ethanol 5 wt%) and sonicated for a certain amount of time till it is fully dissolved. Next, the Al/CuO_ref and TC_ref dry powders were mixed with PVP solution followed by 45 minutes sonication.

The obtained solution was then sealed in a 10 mL glass vial and reserved for characterizations.

The chemical compositions of each prepared mixture are listed in Table 1. For clarity, the following labelling was chosen: TC_#%, with TC refers to Al/CuO/CuC reactive mixture and #% indicates the mass fraction of PVP in the mixture. As an example, TC_5% means that the composite contains 5% of PVP and 95% of Al/CuO/CuC in mass. Figure 1a presents a schematic of the preparation of reactive inks. Then, the writing of prepared inks was done using either a pneumatically actuated syringe (Figure 1b) or a volumetrically controlled dispenser (Figure 1c). The writing patterns are controlled precisely by regulating the ink output using injection parameters: pressure (0. 

2.3.Experimental methods

The viscosity of the ink was measured using an Anton Paar AMVn viscometer and a 1.6 mm capillary at ambient temperature (25 °C). Two sensors in the equipment measure the falling time of a perfect metal ball in the capillary using different tilt angle. This time is compared with the falling time in water while taking the water viscosity (1 mPa.s) as reference.

The morphology and particle sizes of obtained reactive layers (dried inks) were observed by scanning electronic microscopy (SEM) using a Hitachi S-4800 (cold FEG) operating at 2.0 kV.

The pressure data were acquired by a high-frequency pressure transducer (Kistler 6215 type) :

for all tests, about ~13 mg of materials were printed in a annular mold [START_REF] Wu | Unexpected Enhanced Reactivity of Aluminized Nanothermites by Accelerated Aging[END_REF] and placed in a stainless steel and high pressure resistant cylindrical reactor [START_REF] Wu | New Coordination Complexes-Based Gas-Generating Energetic Composites[END_REF][START_REF] Glavier | Nanoenergetics as pressure generator for nontoxic impact primers: Comparison of Al/Bi2O3, Al/CuO, Al/MoO3 nanothermites and Al/PTFE[END_REF] which has a total volume of ~200 mm 3 (details in Figure S1). The final packing density of reactive materials inside the bomb is calculated at 1.625 g/cm 3 ~ 46.3% TMD (Theoretical Maximun Density).

The mean linear burn rate was recorded using a high-speed camera Photon SA3 at a speed of 75,000 frames per second, with a 128 × 32 images resolution : a printed line of each materials were deposited in polycarbonate mold (trench of 30 mm long, 1 mm wide and 1 mm deep) [START_REF] Julien | Elucidating the dominant mechanisms in burn rate increase of thermite nanolaminates incorporating nanoparticle inclusions[END_REF] and ignited at one end with a pyroMEMS [START_REF] Nicollet | Investigation of Al/CuO Multilayered Thermite Ignition[END_REF] . The density of the reactive material inside the mold was evaluated to be at 0.08 g/cm 3 ~0.24% TMD. In parallel, the optical emission spectrum produced by the combustion is captured by an optical fiber and recorded by a spectrometer (AvaSpecULS2048CL-EVO spectrometer, Avantes Inc.). A 6 mm diameter collimating lens (confocal length 8.7 mm) is placed at approximately 40 mm from the propagating front to capture light. The system is calibrated using a HG-1 mercury-argon calibration source from Ocean Optics, Inc. Figure S2 shows the experimental setup scheme employed in the combustion experiments. A multi-wave pyrometry method was then used to calculate the flame temperature. The method is similar to that first reported by Ng and Fralick [START_REF] Ng | Use of a multiwavelength pyrometer in several elevated temperature aerospace applications[END_REF] and further detailed in [START_REF] Zapata | Self-propagating Combustion of Sputter-Deposited Al/CuO Nanolaminates[END_REF] . In brief, considering that the flame is mainly composed of an aluminum oxide particles cloud at temperature, T, near 3000 K, the emissivity, 𝜀, is assumed to be independent of the wavelength (greybody assumption). Therefore, the Planck's distribution can be written as in Equation 1.

ln

[ 2πhc 0 2 λ 5 L ] = hc 0 k B λT ⁄ +ln [1-ex 𝑝 ( -ℎ𝑐 0 𝑘 𝐵 𝜆𝑇 ⁄ )] -ln ε (1) 

With

• L, emitted radiation intensity,

• λ, wavelength,

• h is the Planck's constant,

• c 0 is the speed of light in vacuum,

• k B is the Boltzmann constant, Then, plotting:

ln [ 2πhc 0 2 λ 5 L ] hc 0 k B λ ⁄ 2a
as a function of λ is a straight line with a slope of:

-k B ln ε hc 0

The spectral range of 400 -800 nm was used for this analysis as it features the best detector efficiency.

Results and Discussion

3.1.Reactive inks characterization

The addition of PVP does not increase the viscosity beyond 3.2 mPa.s, which means that the inks remain in liquid as long as the content of PVP < 25 wt%. As references, viscosity of ethanol and water is 1.2 mPa.s and 1 mPa.s, respectively. Figure 2a exhibits optical images of the prepared inks, i.e. TC_ref, TC_1%, TC_3%, TC_5%, TC_7%, TC_10%, TC_15%, TC_20%, TC_25%, after 24 hours storage at room temperature. Without PVP, all particles precipitate to the bottom of the vial after less than 1 hour. Adding ≥ 5 wt% of polymers stabilize the ink for 24 h. After one full day, the particles precipitate and the suspension needs to be re-stirred 10 min in a sonication bath before printing. Figure 2b plots the viscosity of solutions as a function of the binder content. For less than 7 wt% of polymer, the impact on the viscosity is almost null, at 20 wt% of polymer, the viscosity is almost the double of the ethanol viscosity value. 

Influence of the mass fraction of PVP on the reactive materials combustion performances

To test the effects of PVP mass fraction on reactive inks, a series of samples was printed from various inks using the pneumatically driven syringe (Figure 1b) and then characterized for their combustion performances (flame temperature, pressure development and burning rate). From burning rate experiments, the average linear burn rate of each material is calculated and reported in Figure 4a. The burn rate decreases from 51 to 14 m/s as PVP mass fraction increases from TC_3% produces 0.6 MPa and 250 MPa/s against 0.2 MPa and 90 MPa/s for TC_7%. For higher polymer content, the pressure drops down to 0.07 MPa for TC_10% and 0.01 MPa for TC_15%. Below 5 wt%, PVP has only a slight impact on pressurization rate (decrease of ~10 %) which was not the case for burn rates and pressure. Nevertheless, for comparison, the maximal pressure generated by the TC with 3 wt% and less is double of those developed by a Al/CuO thermite characterized in the same conditions.

The calculated flame temperature (Figure 4d) is ~2800  60 K and is independent of the polymer content. It is above the Al vaporization point (2740 K) and the Al2O3 melting point For a PVP mass fraction < 7 wt%, the reactive prints remain highly reactive and self-propagate at high velocity (> 10 m/s) which was one important searched goal in this study. Note that 10 m/s is a decade faster than the majority of works dealing with printed energetic formulations featuring combustion speed well below 1 m/s [START_REF] Rehwoldt | Ignition and combustion analysis of direct write fabricated aluminum/metal oxide/PVDF films[END_REF][START_REF] Mao | 3D Printing of Micro-Architected Al/CuO-Based Nanothermite for Enhanced Combustion Performance[END_REF] .

(2345 K). (a) (b) (c) (d)
A PVP mass fraction of 5 wt% is therefore chosen to prepare printable Al/CuO/CuC reactive inks and characterize the prints (dropwise and continuously writing) produced by the two writing methods represented in Figure 1b, c: volumetrically controlled dispenser and pneumatically actuated syringe. S2 provides the detailed characteristic of the droplets printed drop by drop using the two writing methods. The minimum size of one droplet printed with the volumetrically controlled dispenser is slightly larger in size than the one written by the pneumatically actuated syringe. For the former case, the mass and size of a single droplet are about 1.14 mg and 3.3 mm; for the latter, 0.84 mg and 3.1 mm respectively. The mass and droplet size increase linearly with number of prints from 1 mg to > 10 mg. When six consecutive single droplets are deposited in the same position, a larger droplet is formed: its mass and diameter is of 6.96 mg, 9.3 mm (pneumatically actuated syringe) and 5.17 mg, 8.4 mm (volumetrically controlled dispenser).

Reactive materials writing

A major concern of printing or writing applied to energetic materials is the consistency of the prints as it can lead to combustion instabilities and even quenching. The presence of bubbles or voids can typically create instabilities: as the reaction front encounters a void, the heat will be transported by convection whereas in dense media the main transport mechanism will be conduction. Hence, inhomogeneities will lead to velocities variation at the microscale as described in [START_REF] Julien | Elucidating the dominant mechanisms in burn rate increase of thermite nanolaminates incorporating nanoparticle inclusions[END_REF] . In addition, the presence of bubbles, if they are big, can lead to pressurization inside the material which may induce cracking and even disintegration of the film. As shown in Figure S6 giving optical images of the printed material cross section show no inhomogeneity in the print at the microscale.

Finally, it is also observed on Figure 6a that the volumetrically controlled dispenser achieves cleaner and better defined contiguous film: the line width precision using the volumetrically controlled dispenser is ± 0.5 mm against ± 1.1 mm using the pneumatically actuated syringe.

As the ink is liquid (viscosity ~1.5 mP.s), using the pneumatic actuated syringe, it is sometimes hard to avoid leakage of droplets or even the syringe gets blocked after a few seconds as the ink dries in the needle which makes this solution unsuitable especially for continuous deposition.

The volumetrically controlled syringe driver solves all these technical issues as the ink is totally isolated from the outside air. When the ink output volume is set to 6 μl, a single droplet fell.

Under the condition that the output speed of the syringe was set to 30μL/min, the time between 2 droplets writing is 12 s. 

  3 bar) and application time (0.25 s) in pneumatically actuated syringe apparatus and volume (6 μL) for the volumetrically controlled dispenser.
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 1 Figure 1. Schematic of (a) the thermite composites and inks preparation and direct-writing

Figure 2 .

 2 Figure 2. (a) Photographs of the vials containing the different prepared reactive inks after 24

Figure 3

 3 Figure3displays SEM images of four dried reactive inks: TC_3%, TC_5%, TC_10%, TC_25%

Figure 3 .

 3 Figure 3. SEM images of Al/CuO_ref (a + insert), TC_ref (b + insert), TC_3% (c + insert),

3 wt% to 7 5 .

 75 wt%, which are more than 3 times slower than what obtained for Al/CuO/CuC mixture without PVP, i.e. TC_ref (140 m/s). Generally, the reaction rate increases as the PVP content decreases. A coefficient of regression is calculated when applying an exponential fit to the burn rate results: r²=0.976. Increasing the amount of PVP above 5 wt% in the ink rapidly penalizes the combustion speed: it drops down to 7 m/s at 7 wt% of PVP and the flame quenches when it is above 7 wt%. Visual comparison of the burning rate are presented in Figure The temporal pressure records of the different reactive material samples are presented in supplementary file Figure S3. Pressure results in terms of maximal pressure and pressurization rate are summarized in Figure 4b, c. As expected, the results are in accordance with the burn rate characterizations: the highest pressure and pressurization rates are obtained with the TC_ref material, i.e. without the polymer (0.8 MPa and 280 MPa/s). Increasing the mass fraction of PVP in the mixture has the effect to decrease the pressure generation performance linearly (r² = 0.96.).
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 45 Figure 4. (a) Burn rate, (b) maximal pressure, (c) pressurization rate and (d) flame

Figure 6a ,

 6a Figure 6a, b demonstrates representative images of linear writing and dropwise writing of

Figure 6 .

 6 Figure 6. (a) Representative photographs of linear writing and (b) dropwise writing results

  

Table 1 .

 1 Reactive mixtures prepared for this study detailing their composition.

	Thermite	PVP mass	Al	CuO (mg)	CuC	Ethanol
	Materials	(mg)	(mg)		(mg)	(ml)
		wt%				
	Al/CuO_ref	No PVP	114	286	0	4
	Al/CuO_5%	PVP (20)	108	272	0	4
		5 %				
	TC_ref	No PVP	96	214	90	4
	TC_3%	PVP (12)	93	208	87	4
		3%				
	TC_5%	PVP (20)	91	203	86	4
		5%				
	TC_7%	PVP (28)	89	199	84	4
		7%				
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