
Article Not peer-reviewed version

Effects of the Total Thickness of

Multilayer Thermite Materials Al-CuO on

the Combustion Mode and Morphology

of Reaction Products

Alexander Novoselcev , Maxim Shiryaev , Roman Ryazanov , Lidiya Volkova , Artem Sysa , Sergey Dubkov ,

Dmitry Gromov , Egor Lebedev *

Posted Date: 21 January 2025

doi: 10.20944/preprints202501.1455.v1

Keywords: Thermite; multilayer structure; Al-CuO; combustion; combustion mode; energetic materials; MIC;

magnetron sputtering

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/2568548
https://sciprofiles.com/profile/2437321
https://sciprofiles.com/profile/2942770
https://sciprofiles.com/profile/437807


 

 

Article 
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Abstract: Multilayer Al-CuO thermite materials are a prominent representative of metastable 
intermolecular composites, which are characterized by outstanding energy and combustion 
properties. In this work, we investigated the effect of the total thickness of the multilayer Al-CuO 
thermite material (enriched with aluminum), formed on the surface of sitall substrates, on the 
combustion mode and the morphology of the reaction products. High-speed video recording from 
different angles allowed us not only to estimate the combustion front propagation velocity, but also 
to visually estimate the gas evolution intensity. Using scanning electron microscopy in combination 
with a focused ion beam and energy-dispersive X-ray spectroscopy, the morphology and 
composition of the combustion products of the multilayer structures were studied. The obtained 
experimental data allowed us to describe three combustion modes of multilayer thermite materials 
in terms of the combustion front temperature and to relate this parameter to the total thickness of the 
multilayer structure. 

Keywords: Thermite; multilayer structure; Al-CuO; combustion; combustion mode; energetic 
materials; MIC; magnetron sputtering 
 

Introduction 

Metastable intermolecular composites, which include multilayer thermite materials, have 
received a second life in recent years due to new unique applications in a wide variety of engineering 
and technology fields. Such materials are capable of storing thermal energy for a long time and 
releasing it in fractions of a second if necessary. However, researchers are usually interested in 
everything that happens in energetic materials from formation/synthesis until the end of combustion 
(unless we are talking about self-propagating high-temperature synthesis). Various methods of 
forming energetic materials are considered - direct ink writing [1, 2], electrospraying [3], spray drying 
[4], mechanical alloying [5], aerosol jet printing [6], electrophoretic deposition [7], magnetron 
sputtering [8, 9], for various applications - pyro-MEMS [1], underwater wet welding [10], gas-
generating energetic materials [11], joining and welding [12]. The results of experimental studies and 
mathematical modeling of combustion initiation processes [13, 14], phase transformations [15, 16], 
gas evolution [17], and long-term storage performance [18, 19] have been described many times. In 
this case, all possible types of thermite and not only energy pairs are considered – multilayer [8, 20], 
powder [21], core-shell [22], bimetallic [15], as well as multicomponent systems [23-26].  

Multilayer thermite materials Al-CuO are a bright representative of metastable intermolecular 
composite, which is characterized by outstanding energy and combustion properties. In this paper, 
the influence of the total thickness of the multilayer thermite material Al-CuO, formed on the surface 
of sitall substrates by magnetron sputtering of targets in vacuum, on the combustion mode and 
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morphology of the reaction products is considered. Based on the obtained experimental results, three 
combustion modes of multilayer structures will be proposed and substantiated from the point of 
view of the combustion front temperature. 

 

Experimental details 

Multilayer Al-CuO structures were formed on the surface of ST-50 sitall substrates by sequential 
magnetron sputtering of Al and CuO targets in vacuum. Deposition was performed on a URM-026 
setup at a residual gas pressure of 7*10-5 Torr. The substrate holders were mounted on a carousel with 
planetary rotation. The substrate surface was pre-bombarded with argon ions using an ion source 
(ion current 40 mA, processing time 120 seconds). To form aluminum and copper oxide layers, Al 
(diameter 100 mm, Al 99.995%) and CuO (diameter 100 mm, copper II oxide 99.995%) targets were 
used, respectively. The argon pressure during sputtering was 3*10-3 Torr. The sputtering process was 
controlled using PlasmaTech IVE 141 power supplies operating in the power stabilization mode with 
the ability to measure the current values of voltage and current. The sputtering power of the Al and 
CuO targets was 500 and 350 W, respectively. The thicknesses of the Al and CuO layers were 50 nm, 
and the total thickness of the multilayer structure was 2, 3, and 4 μm (20, 30, and 40 bilayers, 
respectively). Sputtering of the structures was performed with pauses to exclude the possibility of 
combustion initiation during the formation process due to heating of the substrates. 

The thickness of individual layers and the overall thickness of the multilayer structure were 
controlled using a Jeol JSM–6010 Plus/LA scanning electron microscope (SEM). The reaction 
products, including cross-sections formed using a focused ion beam, were examined using an FEI 
Helios G4 CX equipped with an energy-dispersive X-ray spectroscopy attachment (EDX). 

The combustion process of multilayer thermite materials was monitored using a NAC 
MEMRECAM HX-7 high-speed video camera with a video recording speed of 15,000 frames per 
second. The combustion front propagation velocity was determined based on the distance it traveled 
per unit time. 

The adiabatic reaction temperature was calculated using "THERMO" - a package of computer 
programs designed for calculating thermodynamic equilibrium in the complicated multicomponent 
heterophase systems at the Institute of Structural Macrokinetics of the Russian Academy of Science. 
It includes the database of thermodynamic information and the computer program for equilibrium 
calculations. Calculations were made for combustion at atmospheric pressure. 

Results 

In this study, samples with different total structure thickness were considered, where the bilayer 
thickness (the combined thickness of one aluminum layer and one copper oxide layer) was 100 nm. 
The multilayer thermite structure (MTS) consisted of 20, 30, and 40 layers, which corresponded to a 
total thickness of 2 μm, 3 μm, and 4 μm, respectively. Figure 1 shows the SEM images of the cross 
sections of the formed multilayer structures of different thicknesses. 

 
Figure 1. – SEM images of 2 μm (a), 3 μm (b) and 4 μm (c) thick Al-CuO multilayer thermite materials. 
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SEM images indicate the preservation of the multilayer structure and clear boundaries of 
individual layers throughout the thickness. The presence of heterogeneities on the cleavage is due to 
the peculiarities of sample preparation - cross-sections were formed as a result of mechanical fracture 
of the substrate.  

The combustion features of the formed multilayer Al-CuO structures were studied using a high-
speed video camera with a shooting speed of 15,000 frames per second. Combustion was initiated 
using a spark generated by a low-power piezoelectric element. During shooting, the samples were 
placed on a millimeter dimensional scale for ease of determining the speed of combustion front 
propagation. The combustion storyboards of multilayer structures of different thicknesses are shown 
in Figure 2. 

 

Figure 2. – Storyboards of the combustion process of multilayer Al-CuO thermite materials with a total thickness 
of a) 2 μm, b) 3 μm and c) 4 μm. 

In all cases, the combustion front was clearly visible and spread uniformly from the initiation 
point over the entire surface of the sample. However, the combustion pattern for different total 
thicknesses of the structures differed significantly. Thus, for samples with 20 bilayers (total thickness 
of 2 μm), combustion occurred without visually noticeable gas evolution and separation from the 
substrate surface and scattering of reaction products. Figure 3 shows a frame chart of the combustion 
process of multilayer thermite materials Al-CuO with different total thicknesses, with the shooting 
performed from the side. 

 

Figure 3. - Storyboards of the combustion process of multilayer Al-CuO thermite materials with a total thickness 
of a) 2 μm, b) 3 μm and c) 4 μm. High-speed shooting was performed from the side. 

The velocity of the front propagation was 6.5±0.2 m/s. The combustion of structures with a total 
thickness of 3 μm was already accompanied by visually observable gas evolution and separation of 
heated reaction products from the substrate surface in the form of sparks. However, the expansion of 
hot particles in this case occurred along the substrate surface, as was observed earlier [27]. The 
velocity of the combustion front propagation increased and was 11.0±0.3 m/s. The combustion of 
multilayer structures with a total thickness of 4 μm was accompanied by even greater gas evolution 
and the expansion of heated reaction products occurred, including at an angle to the substrate 
surface. At the same time, a slight decrease in the velocity of the combustion front propagation was 
recorded, which was 10.7±0.3 m/s.  
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The morphology and elemental composition of the combustion reaction products of multilayer 
thermite materials with different total thicknesses were studied using SEM and EDX. SEM images 
with different magnifications are shown in Figure 4. 

 

Figure 4. – SEM images of combustion products of multilayer structures with thicknesses of a) 2 μm, b) 3 μm 
and c) 4 μm with different magnifications. 

The morphology of combustion products differs for different total thicknesses of the multilayer 
structure. The combustion products of multilayer structures with a thickness of 2 and 4 μm are a 
network of island structures of complex elongated shape, uniformly distributed over the surface of 
the substrate. At the same time, the size of the objects for a thinner multilayer structure is significantly 
larger. The combustion products of a multilayer structure with a thickness of 3 μm are spatially 
separated large drop-shaped objects with overall dimensions of up to several tens of micrometers. 
Nevertheless, despite the difference in the characteristic sizes of the reaction products for different 
total thicknesses of the original multilayer structures, in all cases the presence of a complex-shaped 
matrix with spherical inclusions was observed. 

 The composition of the combustion products was determined using energy-dispersive X-ray 
spectroscopy. Using a focused ion beam, cross-sections of the objects of study were prepared. Figure 
5 shows the distribution maps of elements on the surface of the combustion product of a 3-μm-thick 
Al-CuO multilayer structure. Similar results were obtained for the combustion products of 2- and 4-
μm-thick multilayer structures. 
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Figure 5. - Maps of the distribution of elements on the surface of the combustion product of a multilayer Al-CuO 
structure with a thickness of 3 μm. 

For the presented results, the largest combustion product of a multilayer structure with a 
thickness of 3 μm was chosen as the object of study. The combustion product has a spherical shape 
with a cavity inside. The matrix of the structure consists of a chemical compound of aluminum and 
oxygen, since the distribution maps of these elements coincide. Drop-shaped inclusions consist of 
copper. The sizes of these inclusions are in a fairly large range - from hundreds of nanometers to units 
of micrometers. Some inclusions are on the surface of the matrix, and some are in its volume. In 
copper inclusions, one can see the presence of cavities in the form of bubbles with sizes from 10 to 
200 nm in diameter. On the inner surface of the large cavity of the combustion product, one can 
observe the presence of a layered structure with a number of bilayers up to 10 pieces, which is 
obviously a partially unreacted original multilayer structure of Al-CuO. In this paper, the mechanism 
of formation of the internal cavity of the combustion products will not be discussed, since this 
requires additional research. However, it should also be noted that not all reaction products have a 
cavity inside. The combustion products visible in the background of the images have a similar 
distribution of elements over the surface. 

Discussion 

Generalization of the obtained experimental results allows us to make an assumption about the 
combustion modes of multilayer thermite materials formed on the surface of the substrate. The heat 
released as a result of the chemical reaction Qr is dissipated by the atmosphere Qatm and the substrate 
Qwafer, and the rest of the energy is transferred to the unreacted region and is spent on initiating the 
chemical reaction in it (initiation energy Qini). Figure 7 schematically shows the image of the heat 
balance in the "multilayer structure - substrate" system. In the framework of this work, no assessment 
of heat losses was made, however, for further discussions we will assume that the values of these 
quantities are constant and do not depend on the thickness of the multilayer structure. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 January 2025 doi:10.20944/preprints202501.1455.v1

https://doi.org/10.20944/preprints202501.1455.v1


 6 of 10 

 

 

Figure 6. – Schematic representation of the heat balance in the “multilayer structure – substrate” system. 

The condition for the combustion front propagation after the reaction initiation can be 
considered the predominance of the released energy over the heat losses: Qr > Qatm + Qwafer + Qini. 
Depending on the total thickness of the multilayer structure, the absolute value of the released energy 
Qr will also change - more energy for thicker structures. At the same time, the share of heat losses to 
the atmosphere and the substrate will decrease with an increase in the total thickness of the multilayer 
structure.  

The reason for the change in the combustion character of multilayer thermite structures with a 
change in their overall thickness may be associated with a change in the temperature in the reaction 
front due to the influence of the substrate and the atmosphere - the smaller the overall thickness, the 
lower the temperature of the front. As a result, the intensity of gas evolution, which largely 
determines the combustion mode and which depends on the aggregate state of the reagents and 
reaction products (the aggregate state of substances is determined by the temperature of the front), 
can vary and change in a wide range. 

The maximum value of the combustion front temperature corresponds to the adiabatic reaction 
temperature. For the stoichiometric ratio of 2Al + 3CuO, the adiabatic temperature is 2828 K [28]. In 
this work, aluminum-rich multilayer thermite structures were considered, for which the 
stoichiometric ratio corresponded to 5Al + 2CuO, and Tadiab = 2666 K, which was calculated using the 
THERMO software package. This value exceeds the melting temperatures of aluminum (Tmelt_Al = 933 
K), copper oxide (Tmelt_CuO = 1720 K), copper (Tmelt_Cu = 1358 K), aluminum oxide (Tmelt_Al2O3 = 2317 K) 
and the evaporation temperature of copper oxide (Tvapor_CuO = 2273 K). In other words, both the initial 
reagents and the reaction products will be in the liquid phase as a result of the thermite reaction. The 
reason for gas generation during combustion of multilayer thermite materials is the evaporation of 
copper oxide or its decomposition (CuO → Cu2O + O2↑), which occurs at 1373 K and is energetically 
more favorable than other phenomena. The Tadiab temperature is lower than the boiling point of 
aluminum (2743 K), copper (2835 K) and aluminum oxide (3250 K), which excludes their contribution 
to gas evolution. The values of melting and evaporation temperatures, as well as latent heats of 
vaporization / decomposition at atmospheric pressure [17] are presented in Table 1. 

Table 1. - Melting and evaporation temperatures, as well as latent heats of vaporization/decomposition at 
atmospheric pressure. 

Material Tmelt, K Tvapor, K Latent heat of vaporization / decomposition, kJ/mol 

Al 933 2792 294 (vapor) 

CuO 1720 2273 70 (decomp) 

Al2O3 2317 3253 1402 (decomp) 

Cu 1358 2835 338 (vapor) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 January 2025 doi:10.20944/preprints202501.1455.v1

https://doi.org/10.20944/preprints202501.1455.v1


 7 of 10 

 

Summarizing the obtained experimental results of the study of the combustion features of 
multilayer thermite materials formed on the substrate surface, we can conditionally distinguish three 
combustion modes, which are schematically shown in Figure 7. The implementation of one or another 
combustion mode will be determined by the front temperature (Treac), which in turn depends not 
only on the composition and stoichiometric ratio of the components of the multilayer structure, but 
also on its total thickness, as was shown experimentally in this work. The first combustion mode is 
realized when the reaction temperature does not exceed the melting temperatures of the reactants 
and reaction products - in this case, a solid-state reaction occurs and the combustion products will be 
in the form of a continuous film, like the original multilayer structure. In the second case, if the 
reaction temperature is in the range between Tmelt and Tboil of the reactants and products, then as 
a result of chemical interaction, liquid combustion products will be formed, which can collect in drops 
or structures of a more complex shape depending on the viscosity of the solution and the wettability 
of the substrate surface. Gas evolution in the first and second combustion modes is possible and can 
be caused by the decomposition of reagents or combustion products of the multilayer structure. 
Finally, in the third combustion mode, the reaction temperature exceeds the evaporation temperature 
of one or more reagents and combustion products, which can result in intense gas evolution, which 
leads to the fact that part of the combustion products can be removed from the surface of the substrate 
in the form of heated droplets (which was observed during high-speed video recording) or gas.  

 

Figure 7. - Schematic representation of combustion modes. 

In practice, the implementation of only one combustion mode seems unlikely, since the melting 
and evaporation temperature values of reagents and combustion products of multilayer structures 
are in a fairly wide range. For example, for a pair of Al and CuO, the difference in aluminum melting 
and aluminum oxide evaporation temperatures is more than 2000 degrees, and as a result, a 
combination of two combustion modes is implemented in practice. 

Based on the described combustion mechanisms, it is possible to explain the change in the 
morphology and size of the combustion products of the Al-CuO multilayer structures of different 
thicknesses considered in this work. The shape and composition of the combustion products indicate 
that the reaction temperature exceeded the melting point of Al2O3 (2317 K) for all considered total 
thicknesses. As shown in Figure 4, an increase in the total thickness of the multilayer structure from 
2 to 3 μm led to an increase in the characteristic sizes of the reaction products. This may be due to an 
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increase in the combustion front temperature, which led to a decrease in the viscosity of copper and 
aluminum oxide melts, due to which larger objects were formed. On the other hand, an increase in 
the total thickness of the multilayer structure to 4 μm led to an even greater increase in the 
combustion front temperature, which increased the intensity of gas evolution as a result of 
evaporation and decomposition of copper oxide. This ultimately led to the fact that a significant part 
of the combustion products was removed from the substrate surface, and the remaining material 
formed smaller structures. As a result, for the total thicknesses of the multilayer structure of 2 and 3 
μm, we can talk about the prevalence of the 2nd combustion mode, and for 4 μm, combustion was 
carried out mostly in the third mode. In this context, we can also justify the change in the combustion 
front propagation velocity with a change in the total thickness of the multilayer structure - an increase 
in the velocity with an increase in the total thickness of the structure from 2 to 3 μm is associated with 
an increase in the amount of energy released in the combustion front. On the other hand, with a 
further increase in the total thickness of the multilayer structure to 4 μm, an increase in the front 
velocity was not only not observed, but also an insignificant decrease from 11.0 to 10.7 m/s was 
recorded. This may be due to the fact that some of the thermal energy was removed from the front 
with heated reaction products.  

Conclusions 

The combustion features of multilayer thermite structures Al-CuO with different total thickness, 
formed on the surface of the substrate, are studied. It is found that with a change in the total thickness 
of the structure, the combustion mode changes - the intensity of gas evolution and dispersion of 
heated combustion products increases. As a result of the study of the morphology and composition 
of the combustion products, it was found that for all thicknesses, the combustion products were 
formed in the form of drop-shaped structures of complex shape, consisting of a matrix based on 
aluminum oxide with copper inclusions. With a change in the total thickness of the multilayer 
structure, the characteristic size of the reaction products changes nonlinearly. Based on the 
experimental results obtained, three combustion modes of multilayer structures are proposed and 
substantiated from the point of view of the combustion front temperature. 
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