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ABSTRACT  11	

Exothermic reactions between oxophilic metals and transition/ post transition metal-oxides have been 12	

well documented owing to their fast reaction time scales (≈ 10 μs). This article examines the extent of 13	

reaction in nano-aluminum based thermite systems through a forensic inspection of the products formed 14	

during reaction. Three nanothermite systems (Al/CuO, Al/Bi2O3 and Al/WO3) were selected owing to 15	

their diverse combustion characteristics thereby providing sufficient generality and breadth to the 16	

analysis. Microgram quantities of the sample were coated onto a fine platinum wire, which was 17	

resistively heated at high heating rates (≈ 105 K/s) to ignite the sample. The subsequent products were 18	

captured/quenched very rapidly (≈ 500 μs) in order to preserve the chemistry/morphology during 19	

initiation and subsequent reaction and were quantitatively analyzed using electron microscopy (EM), 20	

focused ion beam (FIB) cross-sectioning followed by energy dispersive X-ray spectroscopy (EDX). 21	

Elemental examination of the cross-section of the quenched particles show oxygen predominantly 22	

localized in the regions containing aluminum, implying the occurrence of redox reaction. The Al/CuO 23	

system, which has simultaneous gaseous oxygen release and ignition (TIgnition ≈ TOxygen Release), shows 24	

substantially lower oxygen content within the product particles as opposed to Al/Bi2O3 and Al/WO3 25	

thermites, which are postulated to undergo a condensed phase reaction (TIgnition << TOxygen Release). An 26	

effective Al:O composition for the interior section was obtained for all the mixtures, with the smaller 27	

particles generally showing higher oxygen content than the larger ones. The observed results were 28	

further corroborated with the reaction temperature, obtained using a high-speed spectro-pyrometer, and 29	

bomb calorimetry conducted on larger samples (≈ 15 mg). The results suggest that thermites that 30	

produce sufficient amounts of gaseous products generate smaller product particles and achieve higher 31	

extents of completion. 32	
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I. INTRODUCTION 1	

Thermite reactions are exothermic, redox reactions between a metallic fuel and a metal oxide and are 2	

known to have high energy density on both gravimetric and volumetric basis1. Traditional thermite 3	

mixtures, with fuel and oxidizer moieties mixed at the micrometer scale, suffer from significant ignition 4	

delay times and poor reaction rates arising from large diffusion length scales and slow conductive heat 5	

transfer.2,3 With the advent of nanotechnology and the subsequent improvement of control at the 6	

nanoscale, researchers showed two decades ago that an enhanced reactivity could be observed when the 7	

fuel and oxidizer were mixed at the nanoscale4 and coined the term metastable intermolecular 8	

composites (MIC) for such systems. MICs have shown tremendous improvement in reaction rate5 and 9	

with sufficient tuning of the microstructure and composition, have been shown to approach propagation 10	

rates as high as 2500 m/s in burn tube measurements.6,7 11	

One of the most attractive aspects of MICs is the tunability that allows the use of different metal/ 12	

metal-oxide combinations, custom nanostructures7,8 and production techniques.9,10,11 Several studies 13	

have been undertaken to mechanistically explain the combustion of MICs.12,13 Heat transfer is 14	

considered to be dominated by convection and molten particle advection,14,15 corroborated by the 15	

observation of peak reactivity in cases with highest gas production. The initiation may undergo a 16	

condensed phase mechanism where the fuel and oxygen ions are transported across the reaction 17	

interface13,16 or it may undergo a heterogeneous mechanism where the oxygen released from the oxidizer 18	

would subsequently react with fuel particles.17,18,19 It has also been suggested that the fuel nanoparticles 19	

can have a more violent response under very high heating rates leading to a catastrophic failure of the 20	

protective oxide shell and subsequent spallation of the molten fuel.20 Egan et. al21 recently conducted 21	

experiments of nanoscale Al/CuO composites in a high heating rate transmission electron microscope 22	

(Dynamic TEM) and observed the rapid loss of nanostructure to occur about two orders of magnitude 23	
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faster than a heterogeneous reaction, highlighting the dominance of condensed phase reactions at the 1	

nanoscale. Other studies, which combine high heating rates and microscopy, have shown, for Al/WO3
13 2	

and Al/Bi2O3,
22 that the loss of nanostructure and the ensuing reaction is limited to regions where there 3	

is sufficient contact between the fuel and oxidizer, suggesting a condensed phase initiation. Another 4	

recent study23 that looked at the reaction products of three nanoscale thermite systems highlighted the 5	

morphological similarities between the products collected from high heating rate experiments under 6	

atmospheric conditions with that of those observed in the Dynamic TEM.21 The study concluded, 7	

through the inspection of the product distribution, that the major contribution to the exothermic reaction 8	

occurs through the condensed phase as opposed to a gas phase reaction. 9	

Recent work studying flame propagation of nanothermites24 has revealed a specialized condition 10	

termed ‘reactive entrainment’ which highlights the prolonged combustion of nanothermites which 11	

extend over time scales on the order of milliseconds (≈ 3 ms), displaying a gradual release of energy. 12	

This combined with the confined pressure cell data showing initial pressure rise times on the order of 10 13	

μs25 suggests the possibility of a two-stage combustion where the fast initiation is followed by a slow 14	

burning. As the majority of the applications of nanothermites are contingent upon the rapid release of 15	

energy feeding the initial pressurization, a quantification of the extent of reaction during the first stage 16	

of combustion seems necessary for the development of smart energetics that could be appropriately 17	

tuned for maximizing the power output. 18	

The current work is an extension of the previous work on product analysis wherein we tried to 19	

identify the predominant energy release pathway in nanothermite reactions.23 The first part of this work 20	

consists of igniting microgram quantities of nanothermites on a resistively heated fine wire followed by 21	

rapid quenching and collection of the combustion products, within ≈ 500 μs. This allows us to look at 22	

the products formed exclusively during the rapid, first stage of combustion. The extent of oxidation is 23	
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evaluated by employing the focused ion beam (FIB) technique to cross-section the collected product 1	

particles, which are subsequently subjected to quantitative elemental analysis using energy dispersive X-2	

Ray spectroscopy (EDX). Three different nanothermite compositions (Al/CuO, Al/WO3 and Al/Bi2O3) 3	

are analyzed owing to their diverse combustion characteristics, as discussed in the experimental section. 4	

The result obtained from the cross-section analysis is corroborated with the macroscopic heats of 5	

reaction for these systems, found using bomb calorimetry. Furthermore, temperature measurements 6	

using a spectro-pyrometer were also made to augment the analysis on the extent of reaction. 7	

 8	

II. EXPERIMENTAL 9	

A. Materials and Preparation 10	

The composites were chosen to be consistent with those in a previous publication23 and all three 11	

composites exhibit distinctive combustion properties. Jian et. al26 evaluated reaction phenomena for the 12	

three systems at high heating rates (≈ 105 K/s) and per their conclusion, Al/CuO nanothermite shows 13	

concurrent oxygen release and ignition temperatures in high heating rate experiments, which may entail 14	

a gas phase ignition. Al/Bi2O3 nanothermite ignites almost 700 K below the oxygen release temperature 15	

from the bare oxidizer and it has been subsequently verified that its initiation proceeds through the 16	

condensed phase.22 It is also the most gas producing/ energetic nanothermite of the three studied.27 17	

Al/WO3 is believed to undergo a completely condensed phase initiation/ reaction as WO3 does not 18	

release any gas phase oxygen, although it decomposes into gas phase sub-oxides (WOx) at ≈ 2800 K.25 19	

The adiabatic temperatures vary with the choice of the thermites, with Al/WO3 mixtures exhibiting a 20	

very high adiabatic flame temperature (3447 K) compared to the Al/CuO formulation (2967 K).25 Based 21	

on the results of Sanders et al.,12 stoichiometric Al/Bi2O3 showed the highest maximum pressure in a 22	

closed bomb pressure cell followed by Al/CuO and Al/WO3. Such variance in combustion performance 23	

provides breadth to the current analysis performed in this work. 24	
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Physical mixing of the reactants followed by ultra-sonication is the most common preparation 1	

technique for nanothermites and hence, is used in this work. Commercially available aluminum 2	

nanoparticles (Argonide Corp.) † with an average particle size of 50 nm were used as the fuel. These 3	

particles had a core-shell structure with an active aluminum content of 64.5 %, which was confirmed by 4	

thermo-gravimetric measurements. The nanoparticles were ultra-sonicated in hexane for approximately 5	

20 min. with three different metal oxide nanopowders. The metal oxide nanopowders used in this study 6	

were copper oxide (CuO), tungsten oxide (WO3), and bismuth trioxide (Bi2O3) (all from Sigma Aldrich 7	

Corp. and <100 nm) in particle size. A representative scanning electron microscopy (SEM) image of the 8	

ultra-sonicated mixtures (Al/Bi2O3) can be seen in Figure 1a. A higher magnification image is shown in 9	

Figure 1b which highlights the intimate mixing with the brighter areas corresponding to the heavier 10	

bismuth trioxide particles and the darker areas corresponding to the lighter aluminum particles (back 11	

scattered electron imaging). After ultra-sonication, the intimately mixed nanothermite slurries were 12	

micro pipetted onto fine platinum wires for ignition. 13	

14	
FIG. 1. (a) Precursor (reactant) image of Al/Bi2O3 showing the intimate mixing and the elemental contrast owing to the 15	
atomic mass of the different reactant species; (b) Higher magnification of the same system as in (a). 16	
 17	

																																																								
†	Certain commercial equipment, instruments or materials are identified in this paper to foster understanding. Such 
identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor 
does it imply that the materials or equipment identified are necessarily the best available for the purpose. 
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B. Wire Ignition Experimental Setup and Product Collection 1	

The wire ignition experiment consisted of a platinum wire, ≈12 mm length, 76 μm diameter (Omega 2	

Engineering Inc.) onto which a slurry of thoroughly mixed nanothermite is coated. The wire is then 3	

resistively heated at ≈ 105 K/s using a tunable voltage pulse generated by a custom-built power source. 4	

The pulse duration was 3 ms and the experiment was conducted in air. The reaction products were 5	

collected on an SEM stub (15 mm dia. aluminum, Ted Pella Inc.) which was fixed upon a Z-directional 6	

translational stage, allowing the placement of the substrate at various collection distances away from the 7	

sample. A layer of carbon tape was attached to the stub so as to improve the sample conductivity under 8	

the electron beam. The combustion event was monitored using a high-speed camera (Phantom Miro) 9	

from which the approximate transit time for the products before quenching on the stub was calculated. 10	

For the current work, the collection stub was placed such that it allowed ≈ 500 μs of transit time for the 11	

products before being quenched on the substrate. 12	

 13	

C. Dual Beam FIB/SEM 14	

The substrates were subsequently analyzed with focused ion beam scanning electron microscopy 15	

(FIB/SEM). The instrument used was a FEI Nova NanoLab 600 DualBeam (Gallium ion source and a 16	

Schottky field-emission electron gun) coupled with an 80 mm2 Oxford X-Max silicon drift detector to 17	

do EDX analysis. The primary advantage of the FIB/SEM instrument is the ability to image embedded 18	

phases28, where the high-energy ion beam, upon elastic interaction with the sample, mills the material, 19	

revealing the cross-section of the sample. The dual beam system has a vertical electron beam column 20	

and a gallium ion beam column tilted at an angle of 52o, both focusing at the same point on the sample. 21	

The stage with the sample is first tilted at 52o so as to make it perpendicular to the ion beam and the 22	

specimen is subsequently milled. Once the milling is complete, the electron beam is used to image the 23	

milled surface as well as obtain elemental spectra (EDX). Obtaining the EDX spectra from a tilted 24	
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surface has its advantages in that the electron beam enters the sample at an oblique angle, which results 1	

in the sample surface absorbing a larger portion of the incident electrons when compared to normal 2	

incidence, thereby improving the X-ray emission. However, the stage was not rotated to optimize the 3	

take-off angle of X-rays toward the EDX detector from the milled surface and thus the X-ray photon 4	

collection was not optimized and longer acquisition times were needed for the analysis.28 Dual beam 5	

FIB/SEM has been extensively used in the semiconductor industry29 and has found other applications in 6	

biological sciences,30 fuel cells, optical coatings, atmospheric chemistry28 and primarily TEM sample 7	

preparation.31 Applications of FIB milling in energetics have been limited. FIB assisted nanotomography 8	

is a technique that has been used to characterize microstructure and porosity of high explosives to shed 9	

more light on the pore collapse mechanism.32 It has also been used to study intermetallic reactions,33 10	

synthesis of high explosive composites,34 as well as examining the extent of oxidation in fine aluminum 11	

particles.35 In this work, we employ the FIB/SEM to mill the product particles of nanothermite reactions 12	

so that their interiors can be subjected to quantitative elemental measurements. A representative image 13	

of the products on the substrate is shown in Figure 2a. Selected particles are then cross-sectioned using 14	

the gallium ion beam, as can be seen in Figure 2b. The cross-section of the sample is subsequently 15	

analyzed using the electron beam and the silicon drift detector for elemental quantification. 16	

 17	
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FIG. 2. (a) Representative SEM image of products collected for the Al/CuO case; (b) a 20 μm particle sliced using high 1	
intensity gallium ion beam. 2	
 3	

D. Calorimetry 4	

The micro-calorimeter used in this study is a low heat capacity instrument specially designed for 5	

making measurements of small amounts of reactive materials at 1 atm pressure with a choice of ambient 6	

gas. The bomb calorimeter is made from titanium and has an inlet valve to adjust the environment and 7	

two electrical feed-through pins. Within the bomb, a thin nichrome filament bridges the two electrical 8	

pins and is bent to a point and lowered into the sample that is held in a small ceramic crucible 9	

(Supplementary Figure S1a-c). The bomb is sealed, vacuum purged twice and filled with 1 atm of argon 10	

to ensure a highly inert environment. The bomb is then suspended in a low heat capacity silicone oil that 11	

is constantly stirred. To react the sample, a 10 V potential is applied between the electrical pins, causing 12	

the filament to heat and ignite the powder in the crucible. The heat from the reaction disperses within the 13	

bomb and into the surrounding oil bath, causing the temperature of the entire system to increase by a 14	

small amount, as shown in the Supplementary Figure S1d. The total test time was approx. 6 min, with 2 15	

minutes each for three regions of temperature measurement: pre-reaction baseline, temperature rise after 16	

ignition, and the post-reaction baseline. The heat of reaction is calculated from the product of the 17	

calorimeter constant measured during calibrations (135 J/K) and the temperature rise of the oil bath 18	

measured during the experiment. The electrical power from ignition is very small and is subtracted from 19	

the calculated heat of reaction. More information about this system can be found in Ref. 36. 20	

 21	

E. Spectroscopy and Temperature Measurement 22	

In addition to calorimetry and elemental quantification, temperature measurements during 23	

combustion of these nanothermite composites augment the analysis since a reaction temperature closer 24	

to the adiabatic flame temperature would suggest a more complete reaction. Given the transient nature of 25	
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the event, the diagnostics used require sub millisecond temporal resolution, which precluded the use of 1	

conventional techniques such as thermocouples as well as infrared (IR) cameras. A high-speed 32-2	

channel spectro-pyrometer was built in house which consisted of an optical fiber that collected the light 3	

from the reaction zone and transported it into a 0.5 m spectrometer (Acton SP 500i), which dispersed the 4	

light using a 150 lines/mm grating. The resulting spectrum was focused onto a 32 channel PMT (Photo 5	

Multiplier Tube) array (Hamamatsu H7260) interfaced with a high-speed data acquisition system 6	

(Vertilon IQSP 580). PMT based systems have the advantage of extremely fast rise times (≈ 1 ns) along 7	

with high dynamic range and sensitivity, which allowed for extremely fast data acquisition. The data 8	

was acquired over the wavelength range of 513 nm to 858 nm (incorporating 27 channels of the PMT). 9	

The wavelength calibration was done using a HgNe pencil lamp (Newport) and the intensity calibration 10	

was done using a calibrated tungsten halogen lamp (Avantes) operated at 2440 K. In this configuration, 11	

each channel collected light over a band of wavelengths ≈ 13 nm wide. The sampling rate on the 12	

acquisition system was set at 50 kHz, which produced a sample every 20 μs, sufficient to resolve the sub 13	

millisecond reactions. The spectrum was subsequently fit to Planck’s law, assuming grey body behavior 14	

with temperature as a free parameter, to obtain the time-resolved temperature profile.37 More 15	

information regarding the calculation is provided in the supplementary section. 16	

 17	

III. Results 18	

A. Stoichiometric Al/CuO Reaction Product Cross-Section 19	

As can be seen in Figure 2, the collected product particle sizes have a wide distribution. However, 20	

almost all the product particles seen in the SEM micrograph are two orders of magnitude larger than the 21	

nanoscale reactants (50 to 100 nm primaries). Such large products are a direct consequence of 22	

coalescence during the rapid exothermic reaction.13,21 In addition to these large particles, nanosized 23	

product populations were also observed on the substrate, which are a result of nucleation from the gas 24	
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phase, although their contribution to the net product mass was previously determined to only be ≈ 10 1	

%.23 In order to provide sufficient breadth to the analysis, a range of particle sizes (> 1 μm) are 2	

considered for ion beam cross-sectioning. Figure 3 shows the cross-sectional view of a ≈ 2 μm diameter 3	

product particle, quenched during the combustion of a stoichiometric Al/CuO thermite mixture (ignition 4	

temperature: (1040 ± 50) K),26 accompanied by the area scans. As we can see, there are no visible phase 5	

separations within the interior of the particle and the oxygen seems to be evenly distributed throughout 6	

the sample. 7	

 8	
FIG 3. Cross-section SEM image of a ≈2 μm product particle (Al/CuO, ϕ = 1) with the EDX area scans of the associated 9	
elements: aluminum (pink), copper (blue), and oxygen (green). Electron beam conditions are 20 keV and 0.62 nA. 10	
 11	

Prior to obtaining quantitative data from the EDX spectra, the instrument’s calibration was checked 12	

using pure, micrometer scale alumina powder (100 μm, Sigma-Aldrich), for which the EDX system 13	

quantified the Al:O atomic ratio as 0.64:1 which is close to the expected value of 0.66:1 for pure 14	

alumina, implying an accuracy within 3 %. The elemental composition obtained for the sample in Figure 15	

3 is shown in Table 1 along with an average composition obtained for particles of a similar size range (2 16	

to 3 μm). The aluminum to oxygen ratio corresponds to an effective Al2O2.7 composition, which is close 17	

to the expected Al2O3 from complete oxidation of the fuel. However, several points regarding this 18	

conclusion must be clarified. Firstly, since Al2O3 is the only known oxide of aluminum in the condensed 19	

phase, an effective value of x = 3 in Al2Ox would imply either a composition of (M + Al2O3), where M 20	
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is the reduced metal (Cu in this case) or a mixture of alumina, MOy and Aluminum, with the Al and 1	

MOy being mixed such that an effective Al2O3 composition is obtained. Similarly, if x > 3, it would 2	

imply that the Al2O3 in the product is mixed with another oxide (MOy) and a x < 3 would imply the 3	

Al2O3 in the product is mixed with some residual aluminum. Secondly, it can be seen from the Al:Cu  4	

ratio in Table 1 that the system is significantly aluminum-rich even though the reactants were 5	

stoichiometrically mixed.  6	

TABLE I: Atomic %1 values obtained for the cross-section for different nanothermite systems along with their standard 7	
deviations. Equivalence ratio of 1 implies stoichiometrically mixed. 8	

Al/CuO Eq. Ratio Al (at %) Cu (at %) O (at %) x in Al2OX Al:Cu 

Particle in Fig. 3 1 32 26 42 2.7 1.2 

Avg. <5 μm particles 
(total 5) 

1 38 ± 3 21 ± 4 41 ± 3 2.2 ± 0.3 1.9 ± 0.5 

Avg. >5 μm (total 3) 1 34 ± 4 36 ± 5 30 ± 1 1.8 ± 0.1 1 ± 0.3 

Fuel-rich (Fig. 5b) 1.5 49 14 37 1.5 3.5 

Al/WO3 Eq. Ratio Al (at %) W (at %) O (at %) x in Al2OX Al:W 

Avg. <5 μm particles 
(total 2) 

1 32 ± 0 13 ± 1 55 ± 1 3.4 ± 0 2.4 ± 0.2 

Avg. >5 μm (total 2) 1 40 ± 2 13 ± 3 47 ± 1 2.3 ± 0.1 3.2 ± 0.8 

Al/Bi2O3 Eq. Ratio Al (at %) Bi (at %) O (at %) x in Al2OX Al:Bi 

Avg. <5 μm particles 
(total 2) 

1 42 ± 1 7 ± 3 51 ± 4 2.4 ± 0.2 7 ± 2.4 

Avg. >5 μm (total 2) 1 17 ± 1 46 ± 4 37 ± 4 4.4 ± 0.2 0.4 ± 0.1 

Theor. Complete 
Rxn. 

Eq. Ratio Al Reduced 
metal 

O x in Al2OX Al:M 

Al/CuO 1 27.3 31.7 41 3 0.86 

Al/WO3 1 34.6 13.4 52 3 2.58 

Al/Bi2O3 1 30.5 23.7 45.8 3 1.29 
1 atomic % from normalized k-ratios 9	

Incorporating the 35.5% weight of the protective oxide shell (estimated via Thermogravimetric 10	

Analysis)  and assuming complete reduction of copper oxide, the exothermic reaction can be written as 11	

2Al + 3CuO + 0.29Al2O3    1.29Al2O3 + 3Cu. 12	

This corresponds to an Al:Cu ratio of 0.86 in products, which means that the interior of the particle in 13	

Figure 3 contains substantially less copper (1.2 vs. 0.86). Calculation of reaction products using the 14	
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NASA CEA38 equilibrium code gives an adiabatic flame temperature of ≈ 2840 K for the Al/CuO 1	

system which is at the boiling point of elemental copper. The calculation predicts a copper vapor mole 2	

fraction of 0.29, which theoretically leads to a Al:Cu ratio of 1.41 in the condensed phase, in qualitative 3	

agreement with the results in Table I that the reaction products should be aluminum-rich. The vapor 4	

phase copper would subsequently nucleate into nanosized particles, but their capture efficiency in our 5	

experiment is expected to be low. 6	

A similar analysis is extended to larger particles on the order of 10 μm as shown in Figure 4. There 7	

is substantial phase separation in the cross-section of these larger particles. Moreover, several cracks and 8	

holes can be seen in the copper-rich region, which suggests the production of gaseous species during 9	

sintering. The	 elemental	 maps	 show	 that	 oxygen	 is	 exclusively	 found	 in	 regions	 containing	10	

aluminum and the effective oxidation in this case is Al2O1.8 as outlined in Table I. This does not imply 11	

that the reaction is producing condensed phase AlO, but rather that the product Al2O3 is mixed with 12	

some residual Aluminum from the reactant, leading to an effective Al:O composition that implies fuel 13	

rich, in spite of the reactants being mixed stoichiometrically. What it also means is that at the upper 14	

limit, the effective oxidation of the fuel is approximately only 50 % complete in these large particles. 15	

 16	
FIG 4. Cross-section SEM image of a 10 μm product particle (Al/CuO, ϕ = 1) with the EDX area scans of the associated 17	
elements: aluminum (blue), copper (pink), and oxygen (green). Electron beam conditions are 20 keV and 0.62 nA. 18	
 19	

B. Non-Stoichiometric Al/CuO Reaction Product Cross-section 20	
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Similar analysis is extended to Al/CuO thermite mixtures. Two cases were analyzed here: a fuel-lean 1	

case with Equivalence ratio (ϕ) = 0.5 and a fuel-rich case with ϕ = 1.5. Figure 5 shows the product cross-2	

sections of non-stoichiometric reactants along with the elemental maps. For the fuel-rich case (Figure 3	

5b), we can see that there is a substantial volume of aluminum with oxygen distributed uniformly 4	

throughout the particle. For the aluminum-rich region, an effective composition of Al2O1.55 is obtained 5	

which reiterates poor oxidation. This implies that the improved combustion behavior commonly 6	

observed at slightly fuel-rich conditions may not be a direct consequence of enhanced oxidation but 7	

merely because of the larger amount fuel in the reactants and the improved thermal conductivity which 8	

aluminum provides to the reactant mixture.39 For the case of fuel-lean mixtures, large voids were found 9	

within the product cross-sections (Figure 5a) and the elemental maps confirmed that the voids were 10	

found in regions with excess copper. The presence of such voids made getting effective Al:O ratio 11	

pointless and subsequently we focused more on examining the compositional gradients within the 12	

particle. A possible mechanism for the creation of voids could be the un-reduced or partially reduced 13	

CuO losing its oxygen during sintering. Given the fuel-lean compositions and the lack of aluminum in 14	

the elemental maps, it would be reasonable to assume that the temperature of this particle would have 15	

been quite low, thereby making the evaporation of the copper less likely. The presence of oxygen 16	

throughout the particle (even in aluminum-lean areas) suggests that some of the oxygen is indeed 17	

bonded with copper, which may subsequently be released into the gas phase leading to void formation.  18	
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 1	
FIG 5. (a) Cross-section SEM image and elemental maps of a 10 μm product particle (Al/CuO, ϕ = 0.5); (b) Cross-section 2	
SEM image and elemental maps of a 7 μm product particle (Al/CuO, ϕ = 1.5). Electron beam conditions are 20 keV and 0.62 3	
nA. 4	
 5	

C. Stoichiometric Al/WO3 and Al/Bi2O3 Nanothermite Mixtures 6	

Experiments on Al/CuO nanothermite mixtures revealed an enhanced effective oxidation at the 7	

smaller product length scales. Copper oxide nanopowder has a high propensity to release gas phase 8	

oxygen upon heating,26 whereas oxidizers like bismuth trioxide and tungsten trioxide show no traces of 9	

gas phase oxygen release at temperatures at or below the ignition temperature. Thus it can be expected 10	

that upon reaction with aluminum, Bi2O3 and WO3 must show even higher traces of oxygen within the 11	

product particles as they are speculated to react solely through the condensed phase. The images for the 12	

tungsten and bismuth cases are shown in Figure 6 and the quantitative data shown in Table I reveal 13	

higher oxygen content for both cases. Although only a limited amount of data could be obtained for 14	

these two thermite systems, the results are in qualitative agreement with the predicted reaction 15	

mechanism. For the Al/Bi2O3 system, four particles (two per size regime) were analyzed and the 16	

proportion of oxygen atoms in Al2OX was found to be 2.4 for < 5 μm and 4.4 for > 5 μm particles. The 17	

expected Al:Bi ratio for a stoichiometric reaction is 1.29 which implies the smaller particles are 18	
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substantially low in bismuth whereas the larger particles seem to be bismuth-rich. Equilibrium 1	

calculations predict that most bismuth in the reaction products is in the vapor phase, owing to its low 2	

boiling point (1837 K) which could explain the lack of bismuth in the smaller particles. The larger 3	

particles, which show substantial amounts of bismuth (Supplementary Figure S3), need a more 4	

comprehensive examination since they cannot be formed from the vapor phase coagulation.23 A visual 5	

inspection of the collected products for Al/Bi2O3 revealed that the majority of the particles were on the 6	

order of a few micrometers. We tried to confirm this observation by performing the image processing 7	

routine outlined in Ref. 23 on the electron micrographs of the collected particles. From this analysis, 8	

outlined in the Supplementary section, we obtained a qualitative comparison between the product sizes 9	

of the three systems. Al//Bi2O3 products were the smallest with average particle diameters ranging from 10	

600 nm to 1 μm. This suggests that the large particles found for the Al/Bi2O3 case are probably from a 11	

region of poor mixing with excessive Bi2O3, which might subsequently decompose due to the heat from 12	

the adjacent reaction zones. This would also lead to the scenario where x > 3 in Al2Ox which would 13	

imply the mixing of aluminum oxide in the reaction product with excess, unreacted/ partially reacted 14	

oxide from the reactants. 15	

Similarly, for the Al//WO3 case, the proportion of oxygen atoms in Al2OX was found to vary 16	

between 2.3 and 3.4 (Table I) for different particle sizes, which is near the expected value of 3. In both 17	

cases the amount of oxygen in the interior was higher than the case of copper oxide and the oxygen was 18	

predominantly localized to regions with aluminum. The Al:W ratio vary between 2.4 to 3.2 which is 19	

near the predicted value of 2.58, a consequence of barely any gasification. Also, like the copper oxide 20	

case, the larger particles contained less oxygen than the smaller ones. 21	
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 1	
FIG 6. (a) Cross-section SEM image and elemental maps of a 3 μm product particle (Al/ Bi2O3, ϕ = 1); (b) Cross-section 2	
SEM image and elemental maps of a 2 μm product particle (Al/ WO3, ϕ = 1). Electron beam conditions are 20 keV and 0.62 3	
nA. 4	
 5	

D. Bomb Calorimetry Results 6	

Bomb calorimetry measurements were conducted under argon to prevent any secondary reaction 7	

with air. The measured heat of reaction (ΔHRx), for the three nanothermite systems (stoichiometric), are 8	

shown in Table II along with an estimated percentage of completion. The reported average values were 9	

obtained from 5 runs of Al/CuO, which helped ensure the repeatability of the experiment and were 10	

subsequently extended to Al/WO3 and Al/Bi2O3 (2 runs each). The standard deviations were within 11	

10%, which precluded the need for additional runs for the latter cases. 12	

TABLE II: Bomb calorimetry results for nanothermite reactions along with standard deviations 13	
Thermite 
(phy.mix) 

Exp. ΔHRx 
(J/g) 

Theo. ΔHRx 
(J/g)1 

% Complete 
Gas Prod. @ 101325 Pa 

(g of gas/g of mix)40 
Press. Rate 
(kPa/us)22,25 

Tad 
(K)1 

Al/CuO 2479 ± 334 4071 61 0.343 76.6 2843 

Al/WO3 2192 ± 176 2910 75 0.146 0.2 3253 
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Al/Bi2O3 2141 ± 54 2115 ≈100 0.894 108.3 3253 

 1	

Nanothermite systems reacting via condensed phase mechanism (Al/Bi2O3 and Al/WO3) show 2	

higher completion than those having a gas phase reaction component. Literature values for the 3	

theoretical gas production, adiabatic flame temperature (Tad) and pressurization rate in constant volume 4	

cell tests are also tabulated for further discussion. 5	

 6	

E. Reaction Temperature 7	

Reaction temperature was also measured for these nanothermite systems in inert environments (Ar, 1 8	

atm) and the results are shown in Fig. 7a-c along with the adiabatic flame temperature for comparison. 9	

Fig. 7d shows high-speed temporal snapshots of the Al/CuO nanothermite reaction, from Fig. 7a, with 10	

the time elapsed from trigger shown as insets. The snapshot at 2.882 ms corresponds to the peak 11	

temperature observed. Except for the Al/CuO system, the other two nanothermites produce temperatures 12	

that are at or below their respective adiabatic flame temperature. 13	

 14	
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FIG 7. Temperature profiles in inert environments for (a) Al/CuO, (b) Al/WO3 and (c) Al/Bi2O3; (d) High speed snapshots of 1	
Al/CuO reaction on wire shown in (a). 2	
 3	

IV. Discussion 4	

The results from the previous section show that the dimensions of the final nanothermite reaction 5	

products are on the micrometer scale in spite of the reactants being nanoscale. Molecular dynamics 6	

simulations done by Chakraborty et. al41 have shown that nanoscale aluminum aggregates can lose their 7	

surface area and sinter into characteristically larger particles in nanoseconds. Since most nanopowders 8	

exist in an agglomerated state, this rapid loss of surface area could be substantial. Experimental 9	

validation of this postulate was recently published where temporal snapshots of nanoaluminum 10	

aggregates,42 subjected to high heating rates, were taken in an electron microscope. The results showed 11	

that the loss of nanostructure occurred on the order of ≈ 50 ns which is 3 to 4 orders of magnitude faster 12	

than the fastest aluminum combustion time observed.43 The same experiment, extended to Al/CuO 13	

nanothermite21, also showed this rapid loss of nanostructure, occurring on a microsecond timescale. A 14	

direct consequence of this loss of nanostructure is the formation of large, condensed phase products23 15	

which greatly increase the diffusion length scales for the reactants, leading to slow afterburning,24 16	

thereby defeating the purpose of using nanoscale material for rapid reaction. With this work, we try to 17	

examine the detrimental effects of such sintering by quantifying the energy release as well as the internal 18	

composition. 19	

The biggest difference between the three nanothermite systems studied here is that in reactions 20	

where condensed phase chemistry is predominant (Al/WO3 and Al/Bi2O3), the elemental compositions 21	

from the interior revealed a higher oxygen content, implying a higher extent of reaction. This is directly 22	

observed on the macroscopic scale as well, in the bomb calorimetry experiments, where larger sample 23	

mass and longer sampling duration was employed. The aforementioned nanothermite systems (Al/WO3 24	

and Al/Bi2O3) were observed to approach their theoretical heats of reaction to a greater extent than 25	
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Al/CuO. Moreover, from Table II, it can be seen that the Al/Bi2O3 system is expected to produce the 1	

most gas phase products upon reaction. This is primarily due to the low boiling point of the bismuth 2	

product compared to the other two reduced metals, copper and tungsten. Such excessive gas production 3	

could significantly influence the heat of reaction. Firstly, higher gas production could mean a stronger 4	

pressure wave emanating from the ignition point which could help in de-aggregating the adjacent 5	

reactant particles into smaller clusters, thereby preventing large-scale sintering. Since condensed phase 6	

reactions rely on species diffusion, these smaller clusters of fuel and oxidizer would react much faster, 7	

owing to their shorter diffusion length scales. This could also lead to the prevention of a two-stage 8	

combustion, as outlined earlier, where sintered particles would undergo slow burning in ambient 9	

atmosphere. 10	

The influence of gas production on the product sizes was examined further following the procedure 11	

in Ref. 23, where image processing, using ImageJ, was performed on the electron micrographs of the 12	

collected product. As outlined in the Supplementary section, the electron micrographs of the product 13	

particles were converted into a binary greyscale image, which helped in isolating the particles against 14	

the background. Once isolated, their effective diameters were calculated from their projected area using 15	

the built in algorithm in ImageJ. This helped in obtaining a qualitative comparison between the product 16	

sizes of the three systems. Al/Bi2O3 products were the smallest with particle diameters ranging from 600 17	

nm to 1 μm. Al/CuO product sizes were approximately 1 μm to 2 μm and Al/WO3 had product sizes in 18	

the 3 μm to 4 μm range. Correlating this observation with that of the gas production, one can see the 19	

influence quite clearly with gas production scaling as Al/Bi2O3 > Al/CuO > Al/WO3 leading to product 20	

sizes Al/Bi2O3 < Al/CuO < Al/WO3 and reaction completion being Al/Bi2O3 > Al/WO3 > Al/CuO. 21	

The latter correlation for reaction completion does not strictly align with theory of smaller products 22	

leading to higher completion. A possible reason for this would be the gas phase oxygen release from 23	
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copper oxide nanopowder, which has been shown to be concurrent with ignition of the Al/CuO 1	

nanothermite.26 This release of oxygen could lead to local asphyxiation of the fuel particles, leading to 2	

poor reactivity. This is indeed observed in the spectrometric temperature measurements shown in Fig. 3	

7a, where the initial spike in temperature for the Al/CuO case is near the micrometer aluminum flame 4	

temperatures/ alumina volatilization temperatures.44,45 Since the flame temperatures were measured in an 5	

inert environment, the high initial temperature can be explained to be a consequence of a sintered 6	

aluminum particle reacting with the gas phase oxygen released from the bare CuO. Such large sintered 7	

aluminum aggregates may not completely combust, leading to a drop off in heat of reaction. Moreover, 8	

the flame cloud shown in Fig. 7d at 2.882 ms (at the peak temperature shown in Fig. 7a) need not have a 9	

homogenous temperature distribution since the spectrometer would be biased to the highest temperature 10	

within the cloud (due to intensity being a function of T4). Hence isolated events of aluminum 11	

combustion with ambient oxidizer could be responsible for the high temperature. It should be noted that 12	

the measured temperatures for Al/Bi2O3 are substantially lower than the adiabatic flame temperature in 13	

spite of the reaction going to near completion. A possible reason for this could be that the grey body 14	

assumption for temperature calculation fails for this particular reaction due to the highly dilute flame 15	

cloud. Recent studies on the effect of emissivity of aluminized flame clouds have suggested that in case 16	

of dense particle clouds, multiple scattering could result in an effective grey body behavior.46 High 17	

speed video of the Al/Bi2O3 reaction, shown in Supplementary Figure S5, reveals that the flame cloud 18	

produced for this system looks less dense compared to those produced for the other two thermites. 19	

Experimental evidence of cracks and voids in the cross-section of the collected products of the 20	

oxygen releasing thermites like Al/CuO, suggest that the sintering might be occurring on a time scale 21	

much shorter than the gas release. This could be particularly detrimental as the released oxygen would 22	

neither support condensed phase nor gas phase oxidation of the fuel. Moreover, this was observed only 23	
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in large particle cross-sections (Fig. 4) and in fuel-lean Al/CuO systems (Fig. 5a), further supporting the 1	

claim that smaller products must lead to a more efficient combustion. Several recent experiments have 2	

been directed at reducing the product particle size47,48,43 owing to the higher reactivity that has been 3	

observed in cases where there is less coalescence of reactants. Results of Wang et al.48 showed an 4	

increase in the pressurization rate and peak pressure for nanothermite composites that were designed to 5	

reduce the coalescence of the reactants through internal gas generation, thereby allowing greater 6	

exposure for the fuel to react. Another recent study,43 which looked at the reactivity of nano aluminum 7	

based composites containing gas generators, showed an order of magnitude improvement in reactivity 8	

owing to a smaller sized reactant matrix. The underlying principle for all such observations could be 9	

explained, based on the current results, as a consequence of reducing the effective diffusion length 10	

scales for reactants as well as dispersing the reactants, which would ensure faster reaction and also 11	

prevent the unreacted material from getting arrested within a coalesced particle, as seen in Figs. 4 and 12	

5a.  13	

 14	

V. Conclusion 15	

Quenched reaction products of thermite systems were analyzed to understand the extent of reaction and 16	

energy yield. The product particles were quenched immediately (within 500 s) upon ignition so as to prevent any 17	

adulteration from subsequent reaction with the ambient. The elemental analysis of the product particle cross 18	

section revealed that nanothermite compositions where condensed phase reactions are predominant (Al/WO3 and 19	

Al/Bi2O3), the elemental compositions from the interior revealed a higher oxygen content, implying a higher 20	

extent of reaction. This was correlated on the macroscopic scale as well, in the bomb calorimetry experiments, 21	

where the aforementioned nanothermite systems (Al/WO3 and Al/Bi2O3) were observed to approach their 22	

theoretical heats of reaction to a greater extent than Al/CuO. The product particle sizes were estimated from the 23	

SEM images via image processing and were found to be in the order: Al/Bi2O3 < Al/CuO < Al/WO3. Which 24	
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correlated with the total gas release from each nanothermite system (from pressure cell tests) Al/Bi2O3 > Al/CuO 1	

> Al/WO3. This implies that strong gas generation during thermite reaction could have a significant effect on 2	

inhibiting sintering in the reactants, thereby reducing the length scale that the reactants have to diffuse for reaction 3	

in the condensed phase. 4	

 The reaction completion, found using bomb calorimetry scaled as Al/Bi2O3 > Al/WO3 > Al/CuO. The lack of 5	

correlation between reaction completion and gas generation for the Al/CuO case was interpreted as a consequence 6	

of gas phase oxygen release from the bare oxidizer which has been experimentally found to match the ignition 7	

temperature. Such release of oxygen gas led to limited oxidizer being present in the condensed phase, which 8	

results in poor reactivity observed in calorimetry results as well as lower oxygen content in the elemental maps 9	

from cross section. This could also imply that condensed phase reactions are more efficient when it comes overall 10	

reactivity since gas phase reactions often occur over longer durations and are plagued by sintering. Furthermore, 11	

the results were corroborated with reaction temperature in inert environments where for Al/CuO, significant gas 12	

phase reaction between Al and oxygen (released from CuO) was observed ~ 1 ms after ignition. The measured 13	

reaction temepratures were at and below the adiabatic flame temepraturs for Al/WO3 and Al/Bi2O3 respectively. 14	

The elemental maps revealed that in all cases, the oxygen was predominantly localized in the regions 15	

containing aluminum, although in the case of non-gas-generating thermites, some oxygen could be seen with the 16	

reduced metal too. These results imply that the thermite reaction are not be achieving completion even though the 17	

constituents are mixed on the nanoscale, owing to severe sintering of the reactants before the reaction can go to 18	

completion. 19	

	20	

VI. Supplementary Material 21	

Please refer to the supplementary material for schematics and description of the Bomb Calorimeter 22	

and Spectro-Pyrometer. Also provided therein are the SEM images and high speed images of the 23	

Al/Bi2O3 system as well as the image processing routine utilized for product size analysis. 24	

 25	
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