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Abstract 

Aluminum has demonstrated compelling attributes over decades of research, encompassing 

affordability, abundance and a high specific energy density when utilized as a fuel in energetic 

materials such as nanothermites. However, combustion performance of Al suffers from its high 

ignition point and sintering tendency, the latter being hypothesized to be the rate-limiting step in 

Al-based nanothermite combustion. Herein, we examine the influence of nano-TiB2 addition on 

the ignition and combustion properties of CuO/Al by adjusting the Al-TiB2 binary fuel distribution. 

Magnetron sputtered CuO/Al-TiB2 multilayers were prepared and their ignition and combustion 

characteristics were studied. It was found that all configurations of CuO/Al-TiB2 system 

outperform CuO/Al. Notably, 62.5% loading demonstrated the most significant improvement in 

the ignition delay, with a decrease of ~ 100%. Furthermore, each nano TiB2-loaded CuO/Al 

thermite exceeded the propagation rate of CuO/Al by a factor of 2. Differential scanning 

calorimetry, high-speed videography, spectroscopy and microscopy were instrumental in 

elucidating the factors contributing to this improvement and understanding the role of TiB2. While 

a low temperature TiB2 oxidation contributed to shorter ignition delays, the combustion 

characteristics were found to be highly controlled by heterogeneous gas-condensed phase reaction 

rather than the flame temperature and materials’ thermal properties. This study demonstrates that 

the addition of nano-TiB2 to Al-based thermites holds a significant potential in the applications 

where it is necessary to either lower or finely tune the ignition times. From a manufacturing 

perspective, this integration technique provides a straightforward approach to enhance the ignition 

and combustion performance CuO/Al nanothermites. 
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1. Introduction 

Energetic materials, made from highly reactive metal fuels (Al, Mg, B) and metal oxide particles 

(CuO, MoO3, Fe2O3, Bi2O3) of sizes around 102 – 103 nm, known as nanothermites, have many 

commercial and research applications. These materials release a significant amount of energy with 

low gas release despite their small size. Nanothermites are therefore explored to provide intense, 

controllable and efficient energy release in small packages 1,2 making them valuable in a wide range 

of pyrotechnic applications including  cutting and welding 3, initiation 4–6, actuation 7–11, chip 

destruction and propulsion 8,12–14. There is continuing research effort in the area of nanothermites’ 

properties and their applications with a special focus on improving their performance, safety and 

industrial utility.  

Aluminum (Al) stands out as the most extensively studied metallic fuel, owing to its high reaction 

enthalpy (84 kJ/cm3, 31 kJ/g), widespread availability, cost-effectiveness and non-toxic nature. 

However, despite its thermodynamic advantages, Al faces a challenge in the form of a high ignition 

point, primarily attributed to the presence of its native oxide. This has led to the pursuit of various 

physical or chemical modifications of Al-Al2O3 core-shell microstructure, aiming to lower 

aluminum’s ignition temperature and consequently enhance the thermite ignition and combustion. 

In addition, thermal or plasma pre-treatment 15–17 in Al microstructures have shown to lower the 

initiation onset and the burn time. Because mass transport is a key factor in setting the reaction 

pathway and hence regulating the ignition point, several other studies have been populated by 

approaches modifying the native Al2O3 using polymeric material 18,19 or different oxides 20,21. 

While all these strategies prove categorically effective, it is undeniable that they require time-

consuming and cost-ineffective engineering efforts. 
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The combination of Al with other metallic or metalloid fuels has been considered an aspirational 

approach to modify the reaction pathway, thereby influencing both the ignition and the combustion 

processes in nanoscale energetic composites. While Al burns mostly in the vapor phase, metals 

such as Ti (boiling temperature of 3300 °C) burns in a condensed phase. Zhao et. al demonstrated 

species transfer across a boundary between two molten or solid materials in Al-Ti system resulting 

in a dual phase combustion regime with an improved efficiency 22. Nevertheless, Al-Ti (with CuO 

oxidizer) was reported to be a considerably sensitive nanothermite, accompanied by significant 

fabrication and safety challenges 23. Boron is another fuel of interest 24–26 due to its relatively higher 

gravimetric and volumetric reaction enthalpies (~140 kJ/cm3, ~60 kJ/g), but the associated kinetic 

constraints discourage its use 27. The natively occurring B2O3, with a low melting point at ~450 °C, 

presents itself as a major barrier to oxygen diffusion 28,29. However, B as an additive has been 

reported to boost the reactivity of Al/CuO thermites up to three times, elevating the reaction 

temperatures beyond the boiling point of B2O3 
30. More recently, TiB2 as an additive fuel in Al/CuO 

was demonstrated as a promising strategy to enhance the ignitability of Al/CuO thermites and 

accelerate the reaction kinetics 31. TiB2 in direct contact with CuO significantly enhances the 

decomposition of the latter at temperatures as low as 280 °C. Moreover, B2O3 reportedly reacts 

with Al at temperatures above ~ 620 °C, leading to the oxidation of Al accompanied by heat release, 

as well as the release of free B 32. Understanding the heats of reaction in a ternary system, given 

the simultaneous activation of various reactions, is complex. However, this complexity opens doors 

to a myriad of opportunities towards the tunability of energetic properties in titanium diboride 

integrated nanothermites.  

The objectives of this study are two-fold: (i) to investigate the impact of nano-TiB2 addition on the 

energetic properties of Al/CuO nanothermites by adjusting the distribution of the fuel 

concentrations between TiB2 and Al and, (ii) to gain deeper insights into ignition and combustion 
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processes of the resulting CuO/Al-TiB2 thermite. To conduct this study, we utilized magnetron 

sputtering to grow high-purity and well-defined CuO/Al-TiB2 nanothermites. Contrary to the 

powdered thermites, magnetron sputtering technique provides ideal model systems with precise 

control over the sizes, ratios and mixing of the reactants (fuel and oxidizer). CuO was selected as 

the oxidizer due to its relative stability in ambient conditions, ease of sputtering, and its established 

use as the source of oxygen in nanoscale thermite reactions 33–35.  

The ignition and the combustion performances of CuO/Al-TiB2 multilayers, adjusted to various 

TiB2 loadings, are characterized in open air conditions and subsequently compared to the reference 

CuO/Al. Each CuO/Al-TiB2 sample configuration exhibits more than 95% improvement in the 

ignition delay. By microscopically imaging the propagation front and characterizing the post-

combustion products, this study investigates the fundamental aspects of combustion dynamics in 

CuO/Al-TiB2 ternary thermite system. Our experimental findings reveal that the burning of TiB2 

in condensed phase leads to the formation of a glassy surface matrix (composed of TiOx and B2O3) 

that captures the burning Al particles to the proximity of the surface, promoting efficient heat 

transfer from the high temperature flame front to the unburnt thermite. This, in turn, leads to 

enhanced propagation rates, unlike CuO/Al. This work not only offers insights into the energetic 

properties of Al-TiB2 binary fuel, but also provides straightforward and effective technological 

methods for tailoring the ignition and the combustion properties of Al-based nanoscale energetic 

composites to meet diverse application needs. 

2. Materials and methods 

2.1 Sample preparation 

Each of the three nanolayers of CuO, Al and TiB2 were sputter deposited using Direct Current 

(D.C.) magnetron sputtering with a sputtering tool from Thin Film Equipment (TFE), Italy, 
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utilizing 8 by 3 square inches and ¼ inch thick targets from Neyco, France. The base pressure was 

set to 5 × 10-7 Torr. For CuO nanolayer, the oxygen and argon gas flow were set to 19.2 and 32 

s.c.c.m. The sputtering parameters can be found in Supporting Information, Table S1. The 

unbiased sample holder was centered at 15 mm from the target. Further information about the 

sputtering process can be found in our previous works 23,36.  

 

Figure 1. Schematic magnetron sputtered CuO/Al-TiB2 multilayers. The deposition begins with 

CuO, followed by Al and TiB2 nanolayers, together CuO-Al-TiB2 being referred to as one bilayer 

Various CuO/Al-TiB2 multilayers were prepared to perform a head-to-head comparison. Each 

sample was composed of 10 bilayers (BL) of CuO/Al-TiB2 starting with CuO followed by the 

deposition of the Al-TiB2 layer as shown in Figure 1. Al-TiB2 notation represents the deposition 

of Al (over CuO) followed by that of TiB2 over Al. The CuO layer thickness is set to 200 nm. It is 

assumed that CuO is fully consumed during the redox reaction with both Al and TiB2 fuels. The 

distribution of Al-TiB2 bi-fuel concentrations varies across different CuO/Al-TiB2 multilayer 

samples based on the following chemical reactions:   

2 Al + 3 CuO → 2 Al2O3 + 3 Cu 
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TiB2 + 5 CuO → TiO2 + 5 Cu + B2O3 

The fuel-to-oxidizer ratio (equivalence ratio) is maintained at 2 for both the above reactions. The 

percentages in CuO/Al-TiB2 x% in Table 1 denote the volume percent of CuO that will 

theoretically be consumed by TiB2 in a fuel-rich configuration. For simplicity, x% is referred to as 

TiB2 loading. For example, 25% TiB2 loading means that 25% of 200 nm CuO is consumed in 

CuO/TiB2 redox reaction, while the rest 75% of CuO reacts with Al in CuO/Al-TiB2 system. The 

thickness of each nanolayer is carefully controlled via a calibration process preceding each full 

stack deposition. For comparison purposes, two reference samples of CuO/Me {Me: Al, TiB2} 

were also fabricated wherein the thicknesses of CuO, Al and TiB2 were set to 200 nm, 200nm and 

100 nm corresponding to a fuel-rich (Me:CuO = 2) configuration to maintain the consistency 

throughout.  

Table 1. Thicknesses of each of the three, CuO, Al and TiB2 nanolayers corresponding to different 

TiB2 loading (percent) 

Sample name 
TiB

2
 loading 

(%) 

Thickness (nm) n (molar ratio of 

TiB
2
 and Al) CuO Al TiB

2 

CuO/Al 0 200 200 - - 

CuO/Al-TiB2 25% 25 200 159 25 0.1 
CuO/Al-TiB2 50% 50 200 106 49 0.3 
CuO/Al-TiB2 62.5% 62.5 200 80 62 0.5 
CuO/Al-TiB2 75% 75 200 53 74 0.9 
CuO/TiB2 100 200 - 100 - 

 

Free-standing 10 BL of CuO/Me {Me: Al, TiB2, Al-TiB2} foils were also fabricated for auto-

ignition temperature characterization and thermal analysis. A silicon wafer was plasma cleaned 

before being spin-coated with a layer of photoresist (NLOF, 5 µm). Succeeding a post-exposure 
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110 ˚C baking step, the multilayers were sputtered onto the wafer. The foils were then lifted-off in 

DMSO and rinsed.  

2.2 Exothermic reaction characterization in neutral atmosphere 

The heat released during each step of the chemical reaction in the multilayers is characterized by 

thermal analysis performed in Ar atmosphere using differential scanning calorimetry (DSC) carried 

out in a NETZSCH DSC 404 F3 Pegasus system equipped with a DSC-Cp sensor type S and a 

platinum furnace. The thermogram, normalized to the foil mass (typically ~5 mg), was recorded at 

a constant heating rate of 10 °C per minute up till 950 °C. Prior to running each sample, a blank 

run was performed to correct the baseline after each measurement. The heat released as a result of 

each exothermic event was determined by the area under the associated DSC peak. 

2.3 Ignition characterization 

Auto-ignition temperature - ~ 2 mg of CuO/Me {Me: Al, TiB2, Al-TiB2} foils were dropped onto 

the hot plate (Wenesco, USA) and the auto-ignition temperature was recorded when a flash was 

detected immediately upon contact between the foils and the surface of the hot plate. The hotplate 

was held at each temperature sufficiently long enough to stabilize at that temperature before 

dropping the foils. 

Ignition delay - The multilayers were ignited under ambient conditions using externally applied 

direct current pulse through the Ti filament of the chips as presented in the previous works 23,31. 

Briefly, a simple photolithography process was used to define a 300 nm Ti resistance. Thereafter, 

350 nm thick Au was evaporated onto the surface and subsequently patterned to identify the contact 

pads as well as the resistive filament. 10 BL CuO/Me {Me: Al, TiB2, Al-TiB2} were then sputter 

deposited through a shadow mask onto the Ti resistance (Supporting Information, Figure S1a). 
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For each test, the current was adjusted so as to keep the same dissipated power (6.125 W). The 

ignition delay was measured using a photodiode (VISHAY, BPV10) biased at 5 V placed a few 

centimeters away from the sample and capable of detecting the optical flash emitted from the 

ignition event. A 1 kΩ dummy resistance was used to measure the photocurrent. All electrical 

signals were acquired on a digital oscilloscope and processed using in-house programs. Ten tests 

were performed per sample configuration, and a mathematical average value of ignition delay (ms) 

was constituted. The ignition energy, calculated as the integral of power over time (up to initiation) 

was also calculated.  

2.4 Macroscopic and microscopic imaging 

The combustion behavior was investigated via two configurations of the imaging system using a 

high-speed camera (VEO710 Phantom, USA) recording at a sample rate of 48000 frames per 

second and a resolution of 512 × 64 pixels for macroscopic recording; and 14000 frames per second 

and a resolution of 1024 × 512 for microscopic recording. Two 10 BL CuO/Me {Me: Al, TiB2, Al-

TiB2} thermite structures were manufactured, one with dimensions of 30 mm (length) by 2 mm 

(width) and other (Supporting Information, Figure S1b), with that of 15 mm (length) × 2 mm 

(width) (Supporting Information, Figure S1c) following the same procedure as described earlier 

31. The videoed films from multiple samples of each type were processed using the Phantom 

Camera Control (PCC) Cine Viewer (CV) software. The statistical values of average macroscopic 

burn rate were obtained by tracing the lateral movement of six locations on the flame front for each 

test corresponding to different configurations. Each sample was macroscopically imaged directly 

from the top, while the microscopic imaging was performed from both the top (direct imaging) and 

the bottom (indirect imaging) of the sample (looking through the glass substrate) as shown in 

Supporting Information, Figure S2. The images were processed post collection using Gwyddion 
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software to visualize the burning surface. The measurements on the microscopic snapshots were 

then performed using ImageJ software to obtain flame front widths as well as the fragments’ size 

in each case. Additionally, to obtain a better view of the surface obstructed by fumes/particles, the 

collection of optical micrographs during direct imaging were aided by Cavilux HF system 810 nm 

emitting low power pulses (50 ns pulse duration) at a frequency of 6000 Hertz. 

2.5 Characterization of products post combustion 

To supplement the understanding of optical micrographs acquired during combustion, the 

byproducts were collected from each configuration after the combustion event. A 150 mm × 90 

mm and 500 µm thick Si substrate (at ambient temperature) kept ~1 mm above the active thermite 

area of each sample collected the residue (Supporting Information, Figure S3) which was then 

examined for particle morphology as well as elemental composition using FEI Helios 600i 

DualBeam scanning electron microscope (SEM) equipped with SDD X-Max 80 mm2 detector to 

perform Energy Dispersive X-Ray Spectroscopy (EDX). The images were obtained at different 

magnifications using backscatter electron detector to achieve better contrast. The elemental 

distribution of Cu, O, Al, Ti and B was then chemically mapped. 

3. Results and Discussions 

3.1 Ignition behavior in ambient conditions 

Figure 2a shows the trend of ignition delays (ms) as a function of TiB2 loading in CuO/Al-TiB2 

multilayers compared to CuO/Al and CuO/TiB2 reference multilayers. TiB2 containing CuO/Al 

multilayers demonstrated 100% ignition success and feature much shorter ignition delays 

compared to CuO/Al and CuO/TiB2. With 25% TiB2 loading, ignition delay is 0.36 ± 0.240 ms, 

~98% lower compared to the reference CuO/Al sample (18.6 ± 3.26 ms). Further increasing the 
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loading to 50%, 62.5% and 75% registered 0.28 ± 0.166 ms, 0.08 ± 0.05 and 0.18 ± 0.039 ms 

ignition delays respectively. The shortest ignition delay is found for 62.5% TiB2 loading, i.e., a 

TiB2:Al molar ratio of 0.5. Unexpectedly, for TiB2:Al molar ratio greater than 0.5, ignition delay 

increases. Overall, this suggests not only a higher reactivity of CuO/Al-TiB2 system compared to 

unary fuel systems (CuO/Al, CuO/TiB2) but also offers a remarkable window of tunability of 

ignition delays, easily controlled via TiB2 loading. Notably, all the measured values of ignition 

delay are ~50% lower than that of CuO/TiB2 reference sample (0.76 ± 0.100 ms). 

 

Figure 2. Characterization of the ignition parameters as a function of TiB2 loading in CuO/Al-

TiB2: (a) ignition delay with the ignition detection signals from the photodiode shown inset (b) 

auto-ignition temperatures determined using hot-plate tests. Note that 0% TiB2 loading corresponds 

to CuO/Al while 100% to CuO/TiB2. 

Figure 2b plots the variation in the auto-ignition temperatures obtained via hot-plate tests as a 

function of TiB2 loading. All configurations of CuO/Al-TiB2 multilayers show ignition 

temperatures in the range of 440 °C to 465 °C, which is significantly lower than that of CuO/Al 

(690 °C), CuO/TiB2 being even lower (285 °C). TiB2 loaded samples feature an auto-ignition 
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temperature trend similar to that of the ignition delays, although characterized by a slight but 

continuous decline between 50-75% loading, further supporting that 62.5% TiB2 loading accounts 

for the optimized condition in terms of thermite ignitability. 

3.2 Thermal analysis 

In order to better understand the observed trends for ignition, we investigated the low temperature 

condensed-phase reactions by DSC. DSC traces of various CuO/Al-TiB2 systems are displayed in 

Figure 3. Dotted lines correspond to the DSC scans of the reference systems, CuO/Al (bottom 

curve) and CuO/TiB2 (top curve). Each configuration is characterized by similar exothermic 

occurrences leading up to the oxidation of TiB2 at temperatures below 500 °C and that of Al at 

temperatures > 500 °C as detailed in our previous work 31. Supporting Information, Figure S4 

features a simple schematic that illustrates the progress of the reaction. 

The first exotherm (onset ~ 230 °C) centered around ~ 340 °C is attributed to TiB2 oxidation via 

oxygen atoms released through CuO decomposition forming TiOx 
23,37. One of the potential 

mechanistic explanation of early CuO decomposition is the several highly mobile vacancies with 

migration activation calculated at ~0.6 eV in a previously reported study 38, created as a result of 

Al migration in direct contact with CuO 31. Boron is shown to oxidize next, giving the second peak 

(onset ~400 °C). The endotherm at ~480 °C within the second exotherm corresponds to B2O3 

melting. The third and the final heat release at temperatures > 500 °C is the result of Al oxidation 

via remaining CuO and liquid B2O3. CuO/Al-TiB2 systems do not exhibit exothermic events after 

~650 °C, unlike CuO/Al meaning, that the reaction occurs over a shorter extent of time. It is 

noteworthy that the final Al oxidation exotherm, as seen in the CuO/Al reference sample, is 

drastically diminished upon TiB2 loading because Al is mostly consumed at low temperatures.  
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Figure 3. DSC traces recorded from each CuO/Al-TiB2 thermite as a function of TiB2 loading 

varying from 0% (CuO/Al) to 100% (CuO/TiB2)  

Table 2 summarizes the total heats of reaction of each thermite system. The theoretical heat of 

reaction of CuO/Al is ~3.3 kJ/g 39. However, the literature does not contain such data on CuO/TiB2. 

The theoretical heats of reaction of CuO/Al-TiB2 are estimated using the heat release from CuO/Al 

and CuO/TiB2 that has been obtained experimentally. The total heat released exhibits a 

considerable decrease as the TiB2 loading varies, dropping from 1.4 kJ/g at 25% to 0.8 kJ/g at 50%, 

after which it shows minor variations. This phenomenon could arise due to the increasing presence 

of B2O3, leading to the formation of a surface melt composed of B2O3-TiOx, which in turn hinders 

oxygen diffusion. The ratio of total heat released to the estimated theoretical heat (Table 2) suggest 

similar degree of reaction completion in different CuO/Al-TiB2 systems. In addition, whereas each 

undergoes a similar sequence of reaction, it is the amount of heat released during the low 
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temperature exothermic events (< 350 °C, i.e., onset temperature of CuO decomposition 40) that 

sets them apart. The heat released increases significantly by 33% (of total expected heat ΔHth) with 

the rise in TiB2 content from 0% to 62.5%. 25% TiB2 loading records a 7% low temperature heat 

release, while the samples with 50% TiB2 loading released 17% of the total expected heat. This 

observation suggests an apparent enhancement in the superior thermal reactivity of the successive 

thermite configurations. Continuing to increase TiB2 content demonstrated a slight reduction in the 

amount of heat released (24% for 75% TiB2 loading) during the low temperature regime. This may 

either be attributed to the secondary higher order reactions or excess B2O3 melting. Interestingly, 

this distinctive behavior is clearly observed throughout the tunability of ignition delay; the more 

pronounced the heat released in the low temperature exotherms, the shorter the recorded ignition 

delay. Nevertheless, it does not imply that the heat release directly governs the ignition times. One 

possible explanation of such a trend could be the change in the thermal conductivity of the thermite, 

however the estimated thermal conductivities feature a slight decline as a function of TiB2 loading 

(Supporting Information, Table S2). This retreats us to the conclusion that the low temperature 

exothermic events, indicative of the degree of heterogeneous reaction through fuel-oxidizer 

mixing, cannot be completely overlooked. 

Table 2. Summary of the heat of reaction as a result of TiB2 loading in CuO/Al-TiB2 

Sample name 
TiB

2
 

loading 

(%) 

Total heat 

release ΔH 

(kJ/g) 

Theoretical heat 

of reaction ΔHth 

(kJ/g) 

ΔH/ΔHth 

Heat released 

below 350 °C 

(%) 
CuO/Al 0 1.8 - - 0.1 
CuO/Al-TiB2 25% 25 1.4 1.4 1.0 7 
CuO/Al-TiB2 50% 50 0.8 1.0 0.8 17 
CuO/Al-TiB2 62.5% 62.5 1.0 1.2 0.9 33 
CuO/Al-TiB2 75% 75 0.9 1.2 0.8 24 
CuO/TiB2 100 1.3 - - 6 
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3.3 Macroscopic and microscopic combustion behavior 

Macroscopic imaging: Each CuO/Al-TiB2 system sustains continuous propagation under ambient 

conditions, the propagation rates plotted in Figure 4a. As an illustration, for each TiB2 loading 

condition, one snapshot of the flame propagation is shown in Figure 4b. The snapshots of the flame 

propagation in CuO/Al and CuO/TiB2 are shown in Supporting Information, Figure S5. 25% 

TiB2 loading burns at 10.8 ± 0.42 m.s-1, nearly twice as fast as CuO/Al (4.2 ± 0.1 m.s-1), and 50%, 

62.5% and 75% TiB2 loadings propagate at 9.1 ± 0.54 m.s-1, 10.8 ± 0.85 m.s-1 and 8.7 ± 0.61 m.s-1 

respectively, all of which are nearly four times that of TiB2-only sample (2.2 ± 0.04 m.s-1).   

 

Figure 4. (a) Macroscopic burn rate of CuO/Al-TiB2 thermites as a function of TiB2 loading 

varying from 0% (CuO/Al) to 100% (CuO/TiB2) as well as (b) macroscopic snapshots from each 

of the four CuO/Al-TiB2 samples. The burning surface ejects larger and a greater number of 

particles as the TiB2 concentration in CuO/Al increases. They appear to be still burning (higher 

brightness) even though the front has moved away along the propagation axis. 

CuO/Al-TiB2 thermites burn much faster than CuO/Al despite the low thermal diffusivity and low 

combustion temperature of CuO/TiB2 (1.6 × 10-5 m2.s-1
 and 1800 °C, respectively) in comparison 

to CuO/Al (2.1 × 10-5 m2.s-1 and 3500 °C, respectively). This brings the mechanisms controlling 
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the combustion dynamics in such new Al-TiB2 based thermite into question. We know that the 

flame propagation in the thermite system is highly influenced by the modes of heat transfer (flux 

by conduction, convection, radiation and/or advection) and the reaction pathways (which include 

heterogeneous gas-condensed phase reaction; interfacial condensed-phase reactions e.g. oxygen 

and metal ions transport across two molten or solid materials; or even more complex mechanisms, 

especially for a ternary system). Thus, to better understand the combustion regime in Al-TiB2 based 

thermite, the self-propagating reaction zone is microscopically imaged from the bottom (indirect 

imaging through the glass substrate) and from the top (direct imaging). From indirect microimaging 

observations, the flame front width and the corrugation of the flame surface is calculated as key 

indicators of the heat flux released during the propagation. Then from direct microimaging, burning 

particles in the air, fuel agglomerates burning on or in the vicinity of the surface, their shape and 

sizes are characterized to get insights into the combustion mechanisms. For the purpose of 

comparative analysis, the reference CuO/Al and CuO/TiB2 samples were also characterized. 

Figure 5. Microscopic snapshots (indirect imaging) of the self-propagating front in (a) CuO/Al (0 

% TiB2); CuO/Al-TiB2 with (b) 25% TiB2 (c) 50% TiB2 (d) 62.5% TiB2 (e) 75% TiB2 and (f) 

CuO/TiB2 (100% TiB2) samples. The front width measured in each case is indicated against each 

micrograph 
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Flame front analysis from indirect microimaging: Figure 5 shows the flame front of CuO/Al, 

CuO/TiB2 and CuO/Al-TiB2 multilayers imaged indirectly at a resolution of ~1.5 m/px. All the 

optical micrographs were collected under exactly same conditions and exposure time values (1 µs). 

At first glance, the brightness of the self-propagating front declines as the amount of TiB2 is 

increased in Al, with CuO/TiB2 burning the dimmest. This is in direct relation with lower flame 

temperature for TiB2 fuel in comparison to the Al one. The flame temperatures of CuO/Al, 

CuO/TiB2 and CuO-Al-TiB2 systems were measured at 3500 °C, 1800 °C and ~3000 °C  31.  

Another striking feature is the planarity of the flame front of CuO/Al-TiB2 samples over that of 

CuO/Al, which exhibits severe irregularity and corrugation. Also, CuO/Al shows a front width of 

~248 µm, significantly shorter in comparison to that of CuO/Al-TiB2 samples (492 µm for 25% 

TiB2, 333 µm for 50% TiB2, 423 µm for 62.5% TiB2 and 307 µm for 75% TiB2 loadings). This 

enlargement comes as a direct consequence of condensed-phase combustion of TiB2 (front width 

of 497 µm) which extends the combustion zone upstream of the flame front. In order to characterize 

the burning surface area, we introduce a corrugation factor, i.e., the ratio of the total geometrical 

length (L) of the flame to the width (W) of the sample in the direction perpendicular to the 

propagation. It was shown in a precedent paper 41 that the average macroscopic burn rate (BRmacro) 

can be predicted as the product of the micro-burn rate (local vector burn-rate in microscopic scale 

controlled by the reaction kinetics) and the corrugation (Eq.1). Micro-burn rates are measured from 

the snapshots of Figure 5 averaging the value across multiple points on flame-front by defining a 

400 × 400 squared pixel element (summarized in Supporting Information, Figure S6). It is 

assumed that each point on the front propagates to the nearest point on the next front captured 

through the high-speed camera. We have: 

                                                      𝑩𝑹𝒎𝒊𝒄𝒓𝒐 =  𝑩𝑹𝒎𝒂𝒄𝒓𝒐  ×  
𝑾

𝑳
      Eq.1 
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where BRmicro and BRmacro represents the estimated average microscopic and measured average 

macroscopic burn rates respectively, L represents the measured geometrical length of the flame 

front and W represents the width of the sample perpendicular to the direction of the flame 

propagation.  

 

Figure 6. Microscopic burn rates (estimated and measured) as well as the respective flame front 

width as a function of TiB2 loading in CuO/Al. The columns correspond to the flame front widths. 

0% TiB2 loading represents CuO/Al nanothermite and 100% TiB2 loading represents CuO/TiB2 

ones 

Figure 6 plots the variation in the measured (Supporting Information, Figure S6) and the 

estimated (from Eq.1) micro-burn rates as a function of TiB2 loading. The respective values for 

each are summarized in Table 3. The corrugation increases the reaction surface area which in turn 

can manifest itself as an increase in the average macroscopic burn rate as observed in CuO/Al 

thermites 41. In CuO/Al-TiB2 nanothermites however, this is not found to be true. 50% TiB2 loading 

sample is observed to have the maximum extent of flame corrugation, however its burn rate shows 
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a slight decline compared to that of 25% TiB2 loading sample. It is worth noting that CuO/Al shows 

a more corrugated front compared to CuO/Al-TiB2 samples, yet propagates much slower. 

Furthermore, Eq.1 does a decent job in estimating the trend in micro-burn rates across each 

CuO/Al-TiB2 configuration as well as that of the reference CuO/Al and CuO/TiB2 samples. 

Nevertheless, corrugation is seemingly not the only factor, and the reasons to account for this 

behavior must be carefully assessed. 

Table 3. Summary of flame length, sample width, observed macro and microscopic as well as 

calculated microscopic burn rates for CuO/Al, CuO/TiB2 and CuO/Al-TiB2 system 

Sample name 
TiB

2
 

loading 

(%) 

n (molar 

ratio of 

TiB
2
 and 

Al) 

L/W 

Corrugation 

factor  

Burn rate (m.s
-1

) 

Measured 

macroscopic 
Estimated 

microscopic 
Measured 

microscopic 

CuO/Al 0 - 1.71 4.2 2.46 2.72 
CuO/Al-TiB

2 
(25%) 25 0.1 1.56 10.8 6.93 4.76 

CuO/Al-TiB
2 

(50%) 50 0.3 2.01 9.1 4.52 3.33 
CuO/Al-TiB

2 
(62.5%) 62.5 0.5 1.49 10.8 7.25 4.01 

CuO/Al-TiB
2 

(75%) 75 0.9 1.49 8.7 5.82 3.45 
CuO/TiB

2
 100 - 1.55 2.2 1.42 0.74 
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Figure 7. Microscopic snapshots (direct imaging) of the self-propagating front showing the 

burning surface in (a) CuO/Al (0 % TiB2); CuO/Al-TiB2 with (b) 25% TiB2 (c) 50% TiB2 (d) 62.5% 

TiB2 (e) 75% TiB2 and (f) CuO/TiB2 (100% TiB2) samples 

Combustion regime analysis from direct microimaging: Next, we imaged the front directly from 

the top by placing the high-speed camera 60 mm away from the top of the sample to analyze the 

fuel agglomerates released from the flame. Figure 7a-f show the optical micrographs obtained 

from CuO/Al-TiB2 samples with different TiB2 loadings as well as the reference samples. In Figure 

7a, corresponding to CuO/Al sample, the front is very luminous with bright spherical particles 

ejected from the burning surface as the front progresses. These are Al droplets which continue to 

burn in the atmosphere (in air) as Al melts at 660 °C and boils at 2470 °C, i.e., below the estimated 

combustion temperature of 3300 °C. The size distribution of these agglomerates (Figure 7a and 

Figure 8a) is shown in Supporting Information, Figure S7a. The less bright region around the 

front is presumably alumina fumes coming from gas phase aluminum oxidation 42. As TiB2 loading 

is increased to 25%, the size of the burning Al droplets and Al/Al2O3 byproducts (Figure 7b and 

Figure 8b) decrease (particle size distribution shown in Supporting Information, Figure S7b) 

and the front becomes much evener compared to severely irregular CuO/Al front. Most notably, 

any further increase in TiB2 loading no longer results in any particle ejections from the surface. 

Rather, the region close to the front is seen to be relatively populated with condensed matter 

burning on the surface which indicates solid Ti and B combustion (50 % TiB2 loading, Figure 7c 

and Figure 8c). Note that B and Ti boiling points, at 3900 °C and 3260 °C respectively, are well 

above the flame temperature. Interestingly, 62.5% TiB2 sample features a single and continuous 

burning fragment latched to the surface being dragged upstream by the propagation front (bright 

region marked by arrows, Figure 7d). Finally, 75% TiB2 loading sample displays several porous 

fragments of burning material coming off of the thermite surface as the combustion progressed 
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(Figure 7e). This is an intermediate behavior between molten product ejection (Al presence, low 

loading) and fully condensed combustion (no Al). Indeed, CuO/TiB2 (100% TiB2) burns faintly 

without driving any residual material out (Figure 7e).  

In summary, TiB2 is seen to combust in condensed phase whereas Al burns in vapor phase 43 i.e., 

molten Al droplet burns in air with the formation of a detached flame envelop producing bright 

spots. Vapor phase combustion is a much faster process compared to condensed phase burning 

limited by slow diffusion of O2 and other species (Ti, B). Therefore, a synergistic effect between 

condensed phase burning of TiB2 and vapor phase burning of Al explains the significant burn rate 

enhancement when TiB2 is brought into CuO/Al: (i) Firstly, since TiB2 does not generate any 

residues far away from the surface during burning, it reasonably traps Al particles to not only burn 

closer to the surface but also reduces agglomeration by acting as a barrier between them. This is 

clear from the visualization of the snapshots presented in Figure 7a-c. Increasing TiB2 loading 

results in reducing the number of large spherical Al particles burning farther away from the front. 

The proximity of the flaming material close to the surface ensures higher heat feedback and less 

thermal losses into the environment aiding in the propagation rate. (ii) Secondly, as TiB2 loading 

is increased, one can expect a higher concentration of B2O3. As reported before, TiB2 tends to 

oxidize much before and way faster than Al in CuO/Al-TiB2 system 31. Under such a scenario, 

oxidized and condensed Cu accumulates and contributes to enhancing the front propagation due to 

its high thermal conductivity (348 W.m-1K-1) in comparison to that of CuO (33 W.m-1K-1). 

Furthermore, B2O3 has a melting temperature of ~450 °C while Al melts at ~600 °C. Additional 

heat can come from Al oxidation via B2O3 to release free B in the bulk. However, such a situation 

can only arise as a result of proper reactant mixing.  
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Finally, to confirm these above stated conclusions on the mechanisms that lead to an enhanced 

burn rate, the combustion products were collected from each sample and analyzed using SEM-

EDX. 

3.4 Characterization of the post-combustion product 

 

Figure 8. SEM images of post-combustion product collected from (a) CuO/Al (0% TiB2); CuO/Al-

TiB2 with (b) 25% TiB2 (c) 50% TiB2 (d) 62.5% TiB2 (e) 75% TiB2; and (f) CuO/TiB2 (100% TiB2) 

samples 

Figure 8a-f show SEM images obtained from the byproducts collected after combustion of 

CuO/Al, CuO/TiB2 as well as the different CuO/Al-TiB2 samples. The micrographs were collected 

from different locations across each configuration of CuO/Al-TiB2 (and reference) samples and 

chemically mapped using EDX, which can be found in Supporting Information. As expected, the 

byproducts of CuO/Al display surfaces composed of large alumina agglomerates with nearly oval 

shaped Cu particles embedded onto it (Figure 8a). Some of this alumina can also be seen to 

condense unevenly on the surface of Cu (Supporting Information, Figure S8). Furthermore, the 

Cu surface is inhabited by several nanoparticles that show the presence of Al and O in them as 
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confirmed by EDX. We speculate this to be a metastable AlxCuyOz product in addition to Al2O3 

owing to the rapid quenching of the products on a cold collection slide. 25% TiB2 loading sample 

(Figure 8b) shows less alumina agglomerates with a simultaneous presence of Al-Ti on its surface 

(Supporting Information, Figure S9). Since Ti melting point (1668 °C) is much higher compared 

to that of Al (660 °C), it can presumably lower Al sintering by decreasing the likelihood of Al-Al 

coalescing, which can in turn increase contact area of Al with other species to induce faster reaction 

rates. Additionally, Al-Al and Al-Ti bonds carry equal probability of formation with similar bond 

dissociation energies (264 kJ.mol-1 and 263 kJ.mol-1). Notably, several small B clusters were seen 

on top of larger Al-Ti and Cu particles (Supporting Information, Figure S9). Figure S10 

(Supporting Information) shows the matter ejected from the burning zone, which consists of a 

Cu head, followed by Al-Ti-O tail decorated non-homogeneously with B. The product morphology 

changes considerably in 50% TiB2 sample (Figure 8c) where large Cu grains are decorated with 

small Ti ones (Supporting Information, Figure S11). Within the experimental limits of EDX, B 

seemingly segregates to the grain boundaries of Cu, embedded into severely cracked alumina 

surface confirming the B clustering stage during TiB2 oxidation 44. As for the fragmented 

condensed matter (Figure 7c), Supporting Information, Figure S12 shows it to be alumina 

tenanted by micron sized Cu particles and fewer Ti particles. B shows little clustering in the vicinity 

of Cu grain boundaries. Increasing TiB2 further to 62.5% gives several perfectly spherical Cu 

nanoparticles (<100 nm in size) and a few Al2O3 embedded in Ti-Al-O-B surface (Supporting 

Information, Figure S13). The surface shows uneven and continuous thin-film peeling 

(Supporting Information, Figure S14a), as seen in the high-speed snapshot from this sample 

(Figure 7d). The solid fragment collected (Supporting Information, Figure S14b-c) contains 

mostly metallic Cu and alumina. As for 75% TiB2 loading, there is a distribution of widely cracked 

planar surfaces (Figure 8e) and quenched molten product. The EDX analysis reveals a surface 
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covered in oxides of B with nano size Cu particles engrained into it. A simultaneous and uneven 

occurrence of Al-Ti-O is also recorded (Supporting Information, Figure S15a-b). Finally, 

CuO/TiB2 displays some interesting sintering among Ti-B-O containing grains (Supporting 

Information, Figure S16). The multilayer also shows excessive crack development post 

combustion with few hundreds of nm scale Cu particles seated in a pool of Ti-O-B with B 

segregation towards the boundaries of the cracks (Supporting Information, Figure S17). Due to 

the presence in the quenched product we conjecture that B2O3 never reached its boiling temperature 

in this regime. Additionally, given the low flame temperature and unduly non-luminosity, we 

hypothesize incomplete combustion in this sample. Overall, these observations confirm the 

scenario presented in Section 3.3. TiB2 combustion forms B2O3 (and TiOx) which, until its boiling 

point (1860 °C) acts as a trap for Al droplets impeding the latter’s escape from the surface. It raises 

the local temperature and enhances the flame propagation rate by facilitating the heat feedback to 

the unburnt material. Furthermore, Al burning in the gas phase assists in increasing the burning 

surface as well as raising the combustion temperature (~3000 °C for Al-TiB2 samples against 1800 

°C for TiB2-only samples) leading to the formation of several Cu nanoparticles, which in turn due 

to their higher thermal conductivity, help achieve faster flame propagation rates. B2O3 melt can 

either segregate to the grain boundaries, or remain in bulk and cause hinderance to atomic diffusion, 

as seen in CuO/TiB2 samples. With Al present in the system, the former phenomenon occurs and 

thus CuO/Al-TiB2 samples exhibit higher propagation rates compared to TiB2-only thermites. 

4. Conclusion 

By systematically incorporating nano-TiB2 into CuO/Al and adjusting the bi-fuel distribution 

between Al-TiB2 through TiB2 loading (25%, 50%, 62.5% and 75%), CuO/Al-TiB2 multilayers 

were fabricated using magnetron sputtering.  The study of their ignition points revealed that loading 
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TiB2 into CuO/Al thermite decreases the ignition delay, with a minimum at 62.5% (0.08 ms): a 

notable ~3-orders of improvement from the reference CuO/Al sample. Examining the low 

temperature redox reactions using DSC, TiB2 showed superior oxygen affinity compared to Al. 

Despite each CuO/Al-TiB2 multilayer being characterized by a similar degree of reaction 

completeness and the same order of thermal conductivities, the samples with 62.5% loading 

exhibited superior reactivity. It released 33% of the expected heat of reaction below 350 °C, highest 

among all. Then a combination of high-speed videography and SEM-EDX permitted to investigate 

the combustion regime of ternary CuO/Al-TiB2 nano-thermites. Two main observations can be 

highlighted as the factors contributing to the positive synergistic effect between TiB2-condensed 

phase burning and Al-vapor phase combustion, resulting in a twofold enhancement in the burn rate 

when TiB2 is introduced into CuO/Al. In CuO/Al-TiB2, the Al droplets burn closer to the surface 

ensuring an effective heat feedback to the unburnt material to sustain propagation, compared to 

CuO/Al wherein the particles burn away from the surface causing heat losses. This is primarily due 

to the B2O3 surface melt created as a result of TiB2 oxidation. Furthermore, TiB2-rich samples 

(loading > 62.5%) showed a higher presence of small sized Cu nanoparticles (<100 nm), owing to 

a relatively faster TiB2 oxidation, that then facilitates propagation due to its high thermal 

conductivity. This work introduced an accessible method for preparing Al-based nano-laminates 

with tunable reactivity and additionally, elucidates the factors contributing to the improved ignition 

and combustion behavior resulting from nano-TiB2 addition. 
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