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The current status of research in the field of combustion of heterogeneous nanostruc-
tural systems is reviewed. Four classes of reactive media are considered: nanoth-
ermites, sol-gels, mechanically activated nanocomposites, and multilayer nanofilms.
Based on the summary of publications, possible mechanisms of combustion in such
systems and prospects of their further applications are discussed.
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INTRODUCTION

Combustion investigations performed during the
last decade discovered new classes of combustible sys-
tems, whose typical feature is the use of nano-sized
reagents (fuel and oxidizer) and the associated ex-
tremely high reactivity, as compared to compositions
with microscale heterogeneity. The present review deals
with four classes of such systems: (i) reactive mixtures
of metal and metal-oxide nanopowders, i.e., the so-
called nanothermite compositions; (ii) sol-gel systems;
(iii) nanocomposites obtained by mechanical activation
of powder mixtures; (iv) multilayer reactive nanofilms.
Investigations in each of these fields are performed al-
most independent of each other, and “cross references”
are rather rare. Meanwhile, a comparison of specific
features of combustion of these systems could be help-
ful in identifying the general laws and mechanisms of in-
teractions in nanostructural combustible media, which
one of the goals of this review. In addition, Russian
publications do not provide adequate information about
such systems: most publications were in foreign jour-
nals. Therefore, another objective of this paper is to
attract attention of the Russian scientific community to
this topic. We deliberately avoid the topic of combus-
tion of nanopowder particles in gaseous oxidizers and
their applications as additives to propellants and gun-
powders, because this topic has been discussed in nu-
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merous publications, including monographs [1, 2].
Despite a comparatively short period of their re-

search, the high-energy nanosystems considered find
various applications: development of the new genera-
tion of energetic materials (nanothermites and mechan-
ically activated compositions), synthesis of nanopow-
ders including a wide range of catalysts (sol-gel sys-
tems), nanocrystalline materials with the microstruc-
ture optimized in advance (mechanically activated mix-
tures, and special types of welding/soldering of micro-
electronic components and other articles (multilayer re-
active nanofilms). Therefore, a review of these new as-
pects is also of interest for practice.

POWDER NANOSYSTEMS

The development of production technologies of var-
ious nanopowders, including metals and their oxides,
offers a possibility of preparing reactive heterogeneous
compositions with nanostructural reagents. Though the
range of available nanopowders is rather large (alu-
minum, boron, carbon, silicon, nickel, and many ox-
ides), the review of publications shows that the main
research objects were thermite nanosystems, which were
called nanothermites or superthermites. These systems
are highly exothermal mixtures of nanopowders of a re-
ducing metal (A) and an oxide (BOx) whose reaction
releases a large amount of heat (Q) in the classical gross
reaction of reduction

A +
y

x
BOx =

y

x
B+AOy +Q (1)
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TABLE 1

Some Characteristics of Nanothermite Systems

System φ Metal particle size, nm Oxide particle size Reference

Al—MoO3

0.5–4.5 17, 25, 30, 40, 53, 76, 100, 108, 160, 200 10 μ (plates 10 nm thick) [5, 6]

1.2 50, 80, 120 10 μm–10 nm [7]

1–1.45 44, 80, 120 1 μm–20 nm [8]

1 44 15.5 nm [9]

1.2–1.4 30, 45, 140, 170 BET=66 m2/g [10]

0.65–1.6 80 200 – 30 nm [11]

Al—WO3 1–1.5 80 100 – 20 nm [12]

Al—Bi2O3

1–1.5 80 25 – 2 μm (filaments) [13]

1 40, 100 40, 108, 321, 416 mn [12]

Al—CuO 1–1.5 80 100 – 20 mn [12]

Al—Fe2O3 0.9–4 52 BET=50 – 300 m2/g [14]

with formation of a more stable oxide (AOy) and metal
(B). In general practice, aluminum and magnesium
are the most frequently used reducing metals, through
nanoaluminum was mainly used for superthermites.
The latest achievements in nanoaluminum production
were described in recent monographs [2, 3].

Despite wide availability of nanopowders, prepar-
ing reactive mixtures involves several specific prob-
lems, including difficulties in homogeneous mixing of
fine species, ageing (passivation) of nanopowders dur-
ing their storage, and abnormally high sensitivity of
nanoheterogeneous compositions to ignition and self-
ignition. Optimal methods of storage and treatment
of metal nanopowders are important not only from
the viewpoint of safety, but also from the viewpoint
of reliability and credibility of scientific data obtained
[4]. Metal nanopowders with a large specific surface
are prone to rapid oxidation in an oxygen-containing
medium, which alters the reactivity of these powders
(ageing). For this reason, the use of the same ini-
tial nanopowders, which were stored and mixed under
different conditions, usually yields different results in
terms of ignition and combustion characteristics of such
systems. The data on the chemical compositions and
particle sizes of reagents of some superthermite systems
studied in [5–14] are summarized in Table 1. The widest
range of metal nanoparticles was provided in experi-
ments with the Al–MoO3 system. The parameter φ,
which determines the composition of the initial mix-
tures, is the ratio φ = (mf/mox)

exp/(mf/mox)
st, where

(mf/mox)
st is the stoichiometric ratio of the fuel and

oxidizer masses, and (mf/mox)
exp is the ratio of the

reagent masses used in experiments.

The parameters usually measured in the reported
works were the parameters of initiation (ignition delay
and temperature) and combustion (burning rate and
temperature profiles) in these systems. The burning
rate was determined in three different variants: (a) for
freely standing pressed samples, (b) for loose mixtures
on an open plane or in a channel open over its en-
tire length, and (c) for loose mixtures in tubes open
on one end. The process of ignition and combustion
was most often registered by photodetectors or by high-
speed video cameras (e.g., Phantom). Figure 1a shows
the generalized data [8–10, 12, 14] on the burning rate
U of nanothermites in closed channels or tubes, with
the mixture density close to the loose density. Though
the data are distributed in a wide range (from several
hundreds of meters to one kilometer per second), these
values are still much higher than the mean burning rates
of heterogeneous systems with micron-size particles. To
understand these results, we have to consider the spe-
cific features of experiments with combustion of nan-
othermite compositions in more detail.

The processes of combustion in the nanosystem
consisting of aluminum and molybdenum oxide were
studied in many works [5–12]. One of the first inves-
tigations of initiation and combustion of MoO3–Al het-
erogeneous nanothermites was performed with pressed
cylindrical samples (6 mm in diameter and 3 mm long)
and revealed many specific features and difficulties in
studying such objects [5]. Molybdenum oxide parti-
cles (MoO3) ≈10 μm in diameter and 10 nm thick with
plate-type morphology and a wide range of spherical
particles of aluminum (Technanogy, Irvin, CA, USA)
with the mean particle size from 15 nm to 20 μm were
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Fig. 1. Summary of the burning rates of Al–Me2O3 nanosystems in closed channels or tubes with low
relative densities of the mixture (a) and burning rate of the MoO3/Al thermite versus the density of the
reactive medium for nano- and microheterogeneous mixtures [5] (b): MoO3/Al [8] (1–3), MoO3/Al [10] (4),
MoO3/Al [9] (5), MoO3/Al [12] (6), Bi2O3/Al [12] (7), WO3/Al [12] (8), CuO/Al [12] (9), and Fe2O3/Al
[14] (10).

used (see Table 1). The problem of homogeneous mix-
ing of nanopowders was solved by wet ultrasonic stirring
in a hexane solution during 30 minutes. Granier and
Pantoya [5] noted that, apparently, they could not en-
sure desired homogeneity for all compositions. It turned
out that the compaction rate of nanoaluminum powder
mixtures is rather low, and the relative density ensured
by cold pressing was only 38% of the theoretical value,
which is close to the loose density of micro-sized mix-
tures. The latter circumstance makes direct compar-
isons of results for nano- and microheterogeneous com-
positions rather difficult. One more specific feature is
associated with a strong influence of oxide films on the
properties of metal nanoparticles. The fraction of active
aluminum decreases from 97.5% for 20-μm particles to
44% for 30-nm particles. This effect not only hinders
precise determination of the amount of metal aluminum
in the initial composition, but can also alter the reaction
mechanism owing to reduction of the adiabatic burning
temperature. In addition, in view of the high porosity
of the samples, experiments should be performed in an
inert medium rather than in air, as it was done in [5–
8, 10–13]. It is difficult to interpret results because of
competing reactions of solid reagents with each other
and with the ambient gases (oxygen, nitrogen). Never-
theless, the measured burning rates for pressed samples
were within 10 m/sec, which is lower than those plotted
in Fig. 1a by one or two orders of magnitude.

Bockmom et al. [8] used substantially longer sam-
ples (about 10 cm with a diameter of 2 mm) to study
the dependence of the burning rate on the metal particle

size (Al powders with 45, 80, and 120 nm). In all exper-
iments, powders with a loose density (relative density
equal to 5–10% of the theoretical value) were placed into
long acrylic tubes and were ignited from the closed end;
the second end of the tube was left open. The burning
rate was estimated on the basis of the frame-by-frame
analysis of high-speed video recording of the process
and measurements of changes in the gas pressure along
the tube after reaction initiation. Extremely high burn-
ing rates were obtained (600–1000 m/sec), which exceed
those given for the same compositions in [5, 6] by a
factor of hundreds. Though such burning rates offer
many prospects in constructing hypotheses on combus-
tion mechanisms, the primary necessary is to analyze
the test conditions and verification of the adequacy of
the results obtained.

First, it was noted that the entire reactive medium
was “blown off” from the acrylic tube and it was im-
possible to analyze the composition and morphology of
the products after combustion. Second, in this arrange-
ment of experiments, the high (up to 100 atm) measured
pressures of the gas (of an unknown nature: gasifica-
tion of the reagents or desorption of foreign gases?) in
the front really indicate that the loose powder could be
blown off from the channel. It is not clear what was
measured: the velocity of the combustion wave in the
heterogeneous aluminum–molybdenum oxide system or
the velocity of exhaustion of the heated gas from the
tube after reaction initiation. If the latter case was re-
alized, then, most probably, no conclusions about the
reaction mechanism in the system can be drawn. Un-
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derstanding the role of the gas-phase component in the
process observed, Bockmom et al. [8] proposed a con-
vective mechanism of combustion, based on transporta-
tion of melted Al and gasified MoO3 by the gas flow to
the zone of non-reacted products.

This mechanism actually agrees with the previous
conclusion based on the analysis of model experiments
[9]. The original (so-called “barrier”) experiments with
sapphire disks (0.4 mm thick and 4.4 mm in diameter)
placed on the way of combustion wave propagation, the
measurements of the pressure wave profile, and the re-
sults on combustion in vacuum should be noted. All
these experiments were performed with loose mixtures
of Al (44 nm) and MoO3 (15 nm) nanopowders placed
into long acrylic tubes. Transparent disks for radiative
heat transfer were demonstrated to stop the combus-
tion wave front. At the same time, the front jumped
through inert loose-density plugs made of oxide powders
(several millimeters thick). The results of pressure mea-
surements at the open end of the tube showed that the
main increase in pressure was observed ahead of the lu-
minescent front, at a distance of ≈7 mm from the latter,
the pressure reached the maximum value (≈250 atm)
during the time of 10–12 μsec, and the velocity of the
luminescent front was≈900 m/sec. Based on these mea-
surements, the authors estimated the width of the “ig-
nition” zone (apparently, they meant the total thickness
of the heating and combustion zones) to be 10 mm. If
this is the case, then the rough estimate of the charac-
teristic reaction time is 1 μsec.

Son et al. [11] studied combustion in even thin-
ner microchannels (inner diameter 0.48, 1.01, and
1.85 mm). Consecutive frames of the process are shown
in Fig. 2a. As in [8], extremely high burning rates (400–
1000 m/sec) were registered, despite the small diame-
ters of the samples. The burning rate decreased with
decreasing channel diameter (Fig. 2b), which was at-
tributed to higher heat losses. Though the main result
of that paper was demonstration of the possibility of
superthermite combustion in slender channels, the pro-
posed mechanism of combustion should also be noted.
The mechanism does not differ much from that consid-
ered in earlier papers [8, 9] and is based on the lead-
ing role of the hot gas (in the case considered, sub-
limated aluminum oxide), which “pushes” the melted
molybdenum to the non-reacted medium, which leads
to rapid heating and reaction of the latter. The model
is based only on the results of thermodynamic calcula-
tions, which predict extremely high adiabatic tempera-
tures of combustion (above 2900 K, i.e., above the tem-
peratures of aluminum oxide sublimation and molyb-
denum melting). Obviously, it is necessary to measure
the temperature profiles of fast processes with a time

resolution of �1 μsec to verify the mechanism.
Walter et al. [10] discussed an important prob-

lem of production and storage of nanopowders. It was
emphasized that the work with superthermite mixtures
should be performed in accordance with the most rigor-
ous safety requirements. The influence of the time and
conditions of storage of nanopowders (by an example of
Al and MoO3) on their chemical composition and,hence,
on the reactivity was demonstrated. In particular, a
parabolic law of oxide film growth on Al particles be-
ing stored in a glass desiccator under non-sealed condi-
tions was obtained. Under such storage conditions, the
molybdenum oxide powder loses up to one half of its
Brunauer–Emmett–Teller (BET) specific surface dur-
ing ten days. It should also be noted that the large
time-dependent content of oxide phases makes the ex-
act estimate of the ratio of reagents in superthermite
systems rather difficult. For this reason, in turn, there
are problems in comparisons of results obtained in dif-
ferent works. In particular, the measured burning rates
for loose powders in the MoO3–Al system [10] were in
the range from 350 to 400 m/sec, which is substantially
lower than the values of 600 to 1000 m/sec obtained
during combustion of the same compositions in acrylic
tubes.

Sanders et al. [12] studied the burning rate as a
function of the composition and density of the reactive
mixture for four thermite systems: Al/WO3, Al/MoO3,
Al/Bi2O3, and Al/CuO. In all cases, the Al powder with
a particle size of 80 nm was used, whereas the oxide
powders were different: WO3 (100× 20 nm) and MoO3

(200× 30 nm) flakes, CuO (20× 100 nm) nanocolumns,
and micron-sized (2 μm) Bi2O3 particles. In the latter
case, coarser particles were used because of the high
sensitivity of nanomixtures containing bismuth oxide
to ignition (see also [13]). Combustion of these com-
positions was studied in three different situations: in
a closed reactor (the dynamics of pressure was mea-
sured), on an open substrate (loose density), and in
long thin (≈3.5 mm) acrylic tubes closed on one end
(with the relative loose density of 47%). As in the pre-
vious works, the wave front propagation velocity was
measured by photodetectors and pressure sensors. In
our opinion, two basic results should be noted. First,
the burning rate for all compositions on the substrate
turned out to be substantially lower than for those in
the tube: 365/925 m/sec for WO3, 320/950 m/sec for
MoO3, 525/800 m/sec for CuO, and 425/645 m/sec for
Bi2O3. Second, the burning rate of the packed mixtures
in acrylic tubes was much lower than that in loose mix-
tures: 580/950 m/sec for MoO3 and 560/645 m/sec for
Bi2O3. The maximum pressures of the gas for MoO3-
based compositions having a higher density are higher
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Fig. 2. Consecutive frames (with an interval of 13.8 μsec) of combustion in an acrylic tube (inner diameter
2 mm) (a) and burning rate as a function of the tube diameter (b) (based on results of [11]).

than that for loose mixtures (455/185 atm), whereas the
corresponding value for Bi2O3 is lower (395/535 atm).
These results confirm the strong effect of the gas phase
on the measured displacement of the luminescent front.
At the same time, it is not clear (a) what is the compo-
sition of the gas phase: sublimated initial components,
combustion products, or gasified admixtures from the
nanopowder surface, and (b) whether the location of
the luminescent front coincides with the real front of the
chemical reaction determining the velocity of the com-
bustion process. Without answers to these questions,
all attempts to explain the superthermite combustion
mechanism are non-proved hypothesis.

An important point in discussing the problem is
the result of Pantoya and Granier [6] who compared
the burning rates as functions of the reactive medium
density in the MoO3–Al system for nano- and micro-
heterogeneous mixtures (see Fig. 1b). It was shown
that the burning rate in micron-sized powders increases
with increasing density of the reactive medium (which is
associated with the increase in thermal diffusivity of the
mixture). The opposite effect was found in nanomix-
tures: very high burning rates (≈1000 m/sec) for sam-
ples with a comparatively low density and moderate
burning rates (≈1 m/sec) for dense samples, which is
commensurable to data obtained for micron-sized pow-
ders. These results indicate that the extremely high
velocities of luminescent front propagation during com-
bustion of superthermites in slender channels are caused
by the macrokinetics of exhaustion of hot gases in slen-
der channels rather than by the kinetics of chemical re-
actions in nanosystems. Therefore, the question about
significant differences (two or three orders) in the reac-
tion kinetics of nano- and microsystems remains open.

Nevertheless, nanosystems are undoubtedly more
“reactive” than compositions with micro-scale hetero-
geneity. As is seen from thermocouple measurements,
the ignition delay and for the nanothermite and its
ignition temperature are much lower than the corre-
sponding values for the mixture of a similar composi-
tion prepared from micron-sized powders (Fig. 3), even
though a less powerful heat source was used to ignite the
nanosystem [5]. Under identical ignition conditions (the
radiation of a 50-W CO2 laser is focused into a beam
2 mm in diameter on the flat end surface of a cylindri-
cal sample), a nanothermite with particles ranging from
17 to 200 nm is ignited approximately within 20 msec,
and this ignition time depends only weakly on the par-
ticle size. For a thermite of a similar composition with
micron-sized particles (3.5–20 μm), ignition under the
same conditions requires 1–5 sec, and this time increases
with increasing particle size.

The results of the differential thermal analysis
(DTA) confirm that the temperature needed for the re-
action to begin in nanothermite systems is lower. For in-
stance, the main exothermal peak appears in the MoO3–
Al system at a temperature of ≈950 ◦C if the Al particle
size is 10 μm and ≈500 ◦C if the Al particle size is 40
nm [6]. Certainly, these values differ significantly from
the results of thermocouple measurements in the course
of ignition of the samples (see Fig. 3), but the qual-
itative conclusion is the same: micron-sized powders
exhibit intense interaction when the melting point of
aluminum is reached, whereas nanopowders are fairly
active in solid-phase reactions as well. Pantoya and
Granier also studied this problem by means of DTA
for different heating rates [7].An approximately linear
dependence of the temperature of the reaction begin-
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Fig. 3. Temperature curves (measurements by a
C-type thermocouple 75 μm thick on the pellet sur-
face) of heating and ignition of the Al–MoO3 ther-
mite with the aluminum particle size of 3–4 μm
(curve 1) and 55 nm (curve 2). The mixture is ig-
nited by laser radiation with a power of 15 (1) and
5 W (2) (based on results of [5]).

ning on the particle size and a weak dependence of this
characteristic on the heating rate were demonstrated.

Puszinski et al. [13] studied the parameters of initi-
ation and combustion in a Bi2O3/Al nanothermite sys-
tem. Particular attention was paid to searching for ef-
fective inhibitors that would allow mixing of aluminum
and bismuth oxide in water without significant changes
in the chemical composition of the reactive mixture. In
particular, it was shown that the ammonia dihydrophos-
phate (NH4H2PO4) is the best inhibitor: forming a
coating on the aluminum nanoparticle surface, it allow
mixing of Al and Bi2O3 powders in water and obtain-
ing mixtures with a highly homogeneous composition.
In addition, the problem of the electrostatic charge ac-
cumulated on the surface of nanopowder particles dur-
ing its mixing, for instance, in a glass vial was studied
in detail. The sensitivity of superthermite system in
terms of ignition under the action of an electrostatic
discharge was examined. The aluminum–bismuth oxide
system was demonstrated to be the most sensitive one,
because its ignition requires only ≈0.1 μJ of energy (the
corresponding values for Al–MoO3 and Al–Fe2O3 sys-
tems are ≈50 μJ and ≈1 μJ, respectively). The use of
such an inhibitor as oleic acid leads to a significant (by
more than an order of magnitude) increase in energy
necessary for self-ignition of the system under the same
conditions. This study again illustrates the importance
of safety aspects in operations with nanopowders.

The classical iron oxide–aluminum thermite system
was studied in [13–16]. Plantier et al. [14] investigated
combustion of this mixture in an open (0.3 × 0.3 cm
channel 5 cm long) and closed (tubes 0.3 and 0.6 cm
in diameter, 10 cm long) variants for different iron ox-
ide powders (with a specific surface of 50–300 m2/g).
The measured range of the burning rates for the open
channel was rather wide (0.02–120 m/sec) and de-
pended on the morphology and phase composition of
the iron nanopowder. The burning rates in experiments
with a tube closed on one end were fairly high (up to
950 m/sec). The burning rates for all compositions
were higher than those in experiments with the open
channel experiments.

Mehendale et al. [15] studied the combustion of an
Al–Fe2O3 system with the α-phase Fe2O3 powder was
obtained by the method of iron hydroxide annealing.
Addition of various surfactants was used to modify the
iron oxide powder microstructure (mainly, the pore size
and distribution). The burning rates in the open chan-
nel varied from 7 to 15 m/sec without addition of surfac-
tants and up to 19 m/sec with addition of surfactants.
A similar pattern was observed in the tubes: ≈150 and
270 m/sec, respectively. The authors attributed the in-
crease in the burning rate to the increase in the contact
area between the reagents in more ordered and finer
structures of powders obtained with addition of surfac-
tants. Prakash et al. [16] applied the sol-gel method
(the reagents were FeCl3 · 6H2O and 1,2-epoxybutane)
for obtaining the fine-grain (≈100 nm) iron oxide pow-
der. The mixture of this powder with the aluminum
powder (40 nm) obtained by simple mixing in the
ethanol environment burned at approximately 4 m/sec.

Finally, we should note the paper of Perry et al. [17]
who studied the combustion of the Al/WO3 nanosystem
The Al powder (Nanotechnologies Inc., Austin, TX)
with a particle size of ≈40 nm was mixed with the tung-
sten oxide powder obtained by the method of deposition
in chemical solutions and having a plate-type morphol-
ogy with a particle size of 100×7 nm. The burning rate
for a stoichiometric composition with a loose density on
the open substrate was ≈250 m/sec.

Based on the above-described results, we can draw
some preliminary conclusions on combustion of hetero-
geneous nanosystems. These conclusions can be clas-
sified into two groups. The first group covers the as-
pects of nanopowder synthesis, preparation of high-
energy mixtures, and experimental techniques associ-
ated with the characteristic scales of the proces sun-
der study. The second group refers to the fundamen-
tal nature of combustion of such systems and possible
mechanisms of interaction.
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The range of available non-oxide nanopowders is
not too large (Al, Ni, Fe, and Si). At the moment
only nanoaluminum powders have been synthesized in
a wide range of particle sizes, starting from ≈20 nm. At
the same time, various nano-sized powders of metal ox-
ides are easily available. Because of the high reactivity
of metal nanoparticles, particular attention should be
paid to problems of storage and preparation of samples.
These issues are important not only from the view of
safety engineering, but also for adequate arrangement
of basic research. The effect of oxide films on the metal
particle surface, which can occupy a considerable part
of the volume of nanoparticles, on the mechanism of
combustion of “gasless” systems has not been studied.

The above-considered reactive nanosystems are
characterized by low ignition temperatures and short
ignition delays, as compared with their microhetero-
geneous analogs. These effects would have been ob-
vious if the temperatures observed were not so low.
Indeed, experimental data show that, possibly, purely
solid-phase reactions are responsible for system self-
ignition. Studying the kinetics of solid-phase reactions
in nanosystems is a new field of science. The range
of the burning rates in such systems is even more sur-
prising. Different authors give the combustion wave ve-
locities (>1000 m/sec) at the level of the velocity of
sound in the reactive medium, emphasizing the absence
of detonation. In our opinion, these data require both
experimental validation and, possibly, revision of the
interpretation of the results obtained. In any case, in-
vestigations of the combustion of nanosystems requires
new methods of measuring combustion parameters in
heterogeneous systems with time scales of �1 μsec and
heterogeneity scales of �0.1 μm.

SOL-GEL SYSTEMS

The second class of combustible systems, which
refer to nanosystems, include gels obtained by drying
water-based reactive solutions. The sol-gel process has
been mainly studied as a method for production of
nanopowders [18–20], which can be used, for instance,
for preparing superthermite mixtures [16]. Reagents are
dissolved in water, and their molecular-level mixing nat-
urally occurs. After that, the solvent (e.g., water) is
removed by drying extraction; in some systems, gela-
tinization occurs: first, a colloid suspension is formed,
then, mechanical contact arise between the colloid parti-
cles, grids composed of colloid particles appear, and the
medium viscosity drastically increases: a gel is formed.
Depending on the regime of solvent removal, it is possi-
ble to obtain an extremely porous aerogel (with a poros-

ity greater than 95%) or a comparatively dense, almost
pore-free xerogel. In any case, the gel consists of nano-
sized particles, and this is the difference of the sol-gel-
process from the conventional procedure of crystalliza-
tion of a solid substance from a solution.

Let us discuss the process of direct (one-stage) for-
mation of reaction-capable gels from water-based so-
lutions of metal nitrates and a combustible substance
(glycine, carbamide, hydrazine, etc.) and the specific
features of their combustion. This method was called
the “solution combustion.” Let us consider this process
by an example of combustion of an iron-containing sys-
tem with the only final solid-phase product being the
iron oxide. Iron oxide, which is a known pigment with a
large specific surface and the particle size down to 3 nm,
is obtained by an industrial method of deposition from
solutions [21]. This process takes a rather long time
(hours) and is performed at low temperatures (≈400 K).
Another method is the combustion of the metal powder
in a gas (oxygen or air) [22]. This is a fast (seconds)
and high-temperature (>2300 K) process, but it pro-
vides comparatively coarse (tens of micrometers) parti-
cles. An attempt to unite these two approaches led to
the idea of combustion of solutions and sol-gel systems.

The oxidizer can be iron nitrate Fe(NO3)3 · 9H2O,
which contains several molecules of bound water. As
was noted above, the spectrum of reducing agents
is rather wide [19, 23], but here we will consider
glycine CH2NH2CO2H. Under standard conditions,
both reagents are powders with melting points of 135
and 251 ◦C, respectively. It is important that both
species are well soluble in water and form a homoge-
neous water solution.

The dependence of the adiabatic temperature of
combustion in such a system on the ratio of the reagents
and the amount of water is shown in Fig. 4 [27]. The
gross reaction for combustion in air can be written
in the form

Fe(NO3)3 +
5

3
φCH2NH2CO2H+

+
15

4
(φ− 1)O2 ⇒ 1

2
Fe2O

(s)
3 +

10

3
φCO

(g)
2 +

+
25

6
φH2O

(g) +
1

2

(
5

3
φ+ 3

)
N

(g)
2 ,

where φ = 1 corresponds to a stoichiometric composi-
tion, where the reaction proceeds completely without
using oxygen contained in air; φ > 1 (<1) refers to
rich (lean) mixtures. It is seen from Fig. 4 that the
system, first, is strongly isothermal: the adiabatic tem-
perature of combustion for a stoichiometric composition
in the absence of water is above 2200 K. Second, a large
amount of gas-phase products is formed during com-
bustion, which increases with increasing φ. Third, the
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Fig. 4. Adiabatic temperature of combustion
and amount of gas-phase products of combustion
(thermodynamic calculation) in the glycine–
iron nitrate system versus the equivalence ratio
φ = fuel/oxidizer = [C2H5NO2]/[Fe(NO3)3 · 9H2O] (a)
and versus the amount of residual water at φ = 1 (b)
(based on results of [27]).

amount of water in the system determines the phase
composition of solid-phase products.

As in combustion of heterogeneous powder systems,
two regimes of interactions are possible in sol-gel sys-
tems; volume thermal explosion and autowave propaga-
tion of the reaction [24, 25]. Various methods of heat-
ing the reactive medium up to the thermal explosion are
used: heating on a usual laboratory oven, heating of the
solution in an over with a given temperature, heating
in microwave ovens, etc.

Figure 5 shows a typical thermogram of the pro-
cess for the case of heating of the Fe(NO3)3 · 9H2O +
C2H5NO2 solution by a heat source with a constant
temperature. The process can be divided into several
stages. As long as water is boiling at 100 ◦C, the tem-
perature is constant, and the length of this zone de-

Fig. 5. Time evolution of the thermal explosion tem-
perature in the Fe(NO3)3 · 9H2O + C2H5NO2 system
[27, 28].

pends on the amount of water in the initial solution
and on the power of heating. When all free water boils
away, there follows a short (several seconds) stage (II)
of heating to the ignition temperature (Tign). Note
that the medium in this pre-explosion zone is a viscous
homogeneous sol-gel mass whose crystalline structure
has not yet been formed (the X-ray diffraction analysis
does not reveal any peaks). The thermal explosion (III)
occurs at Tign = 400 K, and the temperature rapidly
(≈1000 K/sec) increases to its maximum value. At the
next stage (IV), the temperature decreases owing to in-
tense gas release. After that, there follows a slow in-
crease in temperature (stage V) owing to the oxidation
reaction with participation of oxygen contained in air.
As a result, a single-phase powder of iron nanooxide
(Fe2O3) is obtained.

There are many publications on using the solu-
tion combustion as a method of synthesizing various
nanopowders (see, e.g., the monograph [19] and the re-
views [20, 26, 27]). The nano-scale size of combustion
products and their high specific surface are caused by
several reasons: (i) molecular level of mixing of reagents
in the solution, which ensures an extremely small scale
of heterogeneity of the initial sol-gels; (ii) large amount
of gas-phase products whose intense liberation prevents
agglomeration (sintering) of solid-phase products; (iii)
specific features of formation of the solid-phase product
in the form of thin layers or suspensions, which is re-
sponsible for the high rate of product cooling, i.e., short
duration (<1 sec) of the high-temperature zone behind
the combustion wave.

In this paper, however, we mainly consider the laws
and mechanisms of the combustion process rather than
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microstructural characteristics of materials obtained,
and there are few publications on this topic. What is
the factor responsible for the thermal explosion tem-
perature in such a system? What is the mechanism of
structural transformation from the sol-gel to the solid
particle? What are the main parameters of the combus-
tion wave? How do these parameters affect the prop-
erties of the synthesis product? How can the process
be controlled? These and many other questions still
wait for answers. Paying much attention to the mate-
rial science aspects of the process and synthesis prod-
uct properties, most researchers were little interested in
the combustion mechanism proper. As the long-time
experience of using combustion processes for obtaining
various materials shows, it is impossible to develop ef-
fective technologies for production of materials without
knowing the physical laws of the phenomenon. Let us
consider the available publications.

Deshpande et al. [28] studied the mechanism of
the thermal explosion in the iron nitrate–glycine system
with the use of differential scanning calorimetry (DSC)
and thermogravimetry (TG) It was demonstrated that
the self-ignition temperature is practically independent
of the ratio of reagents and on other parameters of the
process, such as the volume of the reactive medium
and the chemical nature of the ambient atmosphere (air
or inert gas). The range of temperature where dras-
tic enhancement of the reaction is observed coincides
with temperatures of intense decomposition of iron ni-
trate (135–140 ◦C). It is known [29] that heating of
Fe(NO3)3 · 2H2O results hydrolysis with formation of
HNO3 molecules, which immediately react with glycine.
Similarly, the ignition temperature in the iron nitrate–
hydrazine (N2H4) system is equal to the boiling point
of hydrazine (≈105 ◦C), which is lower than the tem-
perature of nitrate decomposition. A hypothesis was
put forward that the temperatures of self-ignition of
such systems are related to the temperatures of phase
transitions or decomposition of compounds (dissocia-
tion, evaporation, etc.). It is of interest that similar
conclusions were made by the authors of many publi-
cations on the thermal explosion of heterogeneous pow-
der systems (e.g., [30, 31]). Understanding of this face
can substantially facilitate the control of this process,
but the conclusion still needs comprehensive verifica-
tions. This and other aspects (role of inert dilutants
critical scales, inhibitors and catalysis, closed and open
volumes) associated with the thermal explosion in sol-
gel-type media is a new area of the combustion science,
which was not yet adequately studied.

As was noted above, the thermal explosion is the
most “popular” mode for researchers, but it was also
demonstrated in many papers that the combustion in

the sol-gel system can also proceed in the autowave
regime. Figure 6a shows a typical curve of propaga-
tion of the combustion wave front in the Fe(NO3)3 +
C2H5NO2 system heated to 373 K (below the tempera-
ture of self-ignition of this composition). Note that the
maximum burning temperature in the front is substan-
tially lower than in the case of the thermal explosion
(see Fig. 5), which is, apparently, caused by a large
amount of water still present in the reactive medium.
The burning rate U is plotted in Fig. 6b as a function
of the initial temperature T0. Note that the range of
the burning rates is 0.5–2.0 cm/sec, which is consider-
ably higher than the burning rates of the superthermite
systems considered above.Though the value of U in-
creases with increasing T0, as in conventional heteroge-
neous systems, the temperature coefficient of sensitivity
of the burning rate is substantially higher for the solu-
tion combustion. Indeed, a typical value of d(lnU)/dT
for powder mixtures is ≈10−3 cm · sec−1 ·K−1, whereas
we have ≈0.05 cm · sec−1 ·K−1 for the system consid-
ered, i.e., a minor change in T0 leads to a strong change
in the burning rate [24].

Available publications mainly describe the depen-
dence of the properties of combustion products on var-
ious parameters, such as the ratio of the species [32–
35], acidity (pH) of the reactive medium [36–38], and
dilution of the reactive composition by solid-phase fine-
grain powders [39–41]. Though it is difficult to find
more or less systematized data on combustion parame-
ters, some specific features can still be noted.

Wu et al. [36] studied the combustion in a sys-
tem including a mixture of nitrates Meν(NO3)ν , where
Me = Zn, Ni, or Fe, citric acid, and additives of an in-
ert powder (silicon nanooxide). Nitrates of zinc, iron,
and nickel with the ratio Ni : Zn : Fe = 1 : 1 : 4 were
dissolved in deionized water with addition of 5 wt.%
of the SiO2 aerosol (<100 nm). The ratio between the
nitrates and citric acid was 1 : 1. A small amount of
ammonia was used to change the acidity of the reactive
medium (in the pH range from 3 to 7), which did not
affect the exothermal properties of the system. The en-
tire mixture was stirred during 6 h at a temperature of
70 ◦C and then was dried in vacuum at 100 ◦C during
24 h. After that, the reaction was locally initiated, and
the combustion wave front propagated over the gel with
formation of a nanopowder having a complex composi-
tion. It turned out that the size of the product grains
and crystallites, which was determined by the method
of transmission electron microscopy (TEM) and on the
basis of broadening of diffraction X-ray peaks, drasti-
cally decreased with decreasing pH (i.e., with increas-
ing acidity of the medium) The DSC study of the re-
action stages showed that the activation energy of the
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Fig. 6. Typical temperature profile of the combus-
tion wave (a) and burning rate as a function of the
initial temperature (b) in the glycine–iron nitrate
system [27, 28].

oxidation stage (formation of oxide nanopowders) de-
creases with decreasing pH of the initial solution: it is
633 kJ/mole in the neutral solution with pH= 7 and
536 kJ/mole at pH= 5 and drastically decreases to 55
kJ/mole at pH= 3. Obviously, the mechanism of the
oxidation reaction becomes different. Wu et al. [36] at-
tributed this fact to an increase in the concentration of
NO3 ions in the solution, which favor faster decomposi-
tion of organic substances at the stage of gel formation
preceding the stage of oxidation with oxygen. In other
words, the molecular composition and the structure of
the gel at the beginning of the oxygen-assisted combus-
tion reaction depend on the acidity of the initial water-
based solution. There are no doubts that this effect
requires further investigations.

The first activities on studying the combustion
mechanism with the use of macroscopic video film-

Fig. 7. Macrophotograph of the combustion wave in
the glycine–iron nitrate sol-gel system [42]: 1) melt-
ing zone, 2) intermediate reaction with formation of
a solid intermediate product, 3) basic reaction, and
4) final solid-phase product.

ing are of particular interest [25, 42]. It turned out
that the combustion wave front, for instance, for the
iron nitrate–glycine system, consists of many hot spots,
which form the bases for growth of porous fine-grain iron
oxide columns. The macrostructure of the combustion
wave is shown in Fig. 7. It is seen that the process
has many stages: it is possible to identify zones of melt-
ing and of the intermediate and basic reactions. The
mechanism of formation of the crystalline solid phase
from a sol-gel-type solution in the combustion mode is
still poorly understood and is of great interest from the
viewpoint of both basic research and applications.

To conclude, we can note an interesting type of
combustion where the above-described solutions im-
pregnate porous inert [25, 41, 43] and reactive [25, 44]
media. It turned out that the combustion wave can
be initiated in such systems as well. In the first case,
catalysts on an inert support with a large specific sur-
face and improved mechanical properties are obtained.
Some data on the burning rate and temperature depen-
dences in such systems can be found in [41]. In the case
of an active porous medium, it is possible to realize the
combustion process in weakly exothermal solutions [25]
or continuous synthesis of nanopowders [44]. In terms
of basic research, it is interesting to study (a) the com-
bustion wave structure (reaction of the active substrate
+ the reaction of the solution) and (b) the transition
from the readily controlled regime of smoldering to the
convective combustion mode.

Summarizing the review on combustion of sol-gel
systems, we should note that they have comparatively
low temperatures of self-ignition, as well as superther-
mite nanomixtures. Another similar feature is the for-
mation, in addition to the condensed phase, of a large
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amount of gases in the combustion wave, which affect
the formation of the microstructure of the solid-phase
product.On the other hand, though the scale of hetero-
geneity of the initial sol-gel media is smaller than that in
the mixtures of metal and oxide nanopowders (gel parti-
cles are smaller than the particles in superthermite mix-
tures), the burning rates of reactive sol-gels are substan-
tially lower than the burning rates of powder mixtures.
This can be attributed to the low thermal conductiv-
ity of gels. Finally, we should note that the mechanism
of combustion in such systems is poorly studied, despite
the great potential for various applications, basically re-
lated to synthesis of nanomaterials. One of the goals of
the present review is to attract attention of researchers
to this interesting phenomenon.

MECHANICALLY ACTIVATED
COMPOSITIONS

Mechanical activation of combustible mixtures is
their processing in high-speed planetary ball mills, vi-
brational mills, and other devices, where the particles of
the mixture are subjected to mechanical impacts with a
force sufficient for breakdown of brittle components and
plastic deformation of viscous components [45]. Brittle
components are milled to finer particles, whereas plastic
components (usually, metals) are subjected to multiple
flattening procedures, forming layered composites with
the layer thickness decreasing as the activation duration
is increased. Small fragments of brittle components are
often found inside the particles of plastic reagents. Ac-
tivation not only decreases the particle size of reagents,
but also increases their contact area, the contact sur-
face is cleaned from oxide films and other admixtures,
defects of the crystalline structure are accumulated,
and all these factors enhance the chemical activity of
the combustible mixture [46, 47]. The stage of activa-
tion may include partial or complete dissolution of one
reagent in the other (mechanical doping or mechanical
fusion); otherwise, the components of the mixture can
be involved into a chemical reaction with formation of a
new compound (synthesis). In some cases, self-ignition
of the mixture occurs directly in the course of activa-
tion. Thus, a natural question arises: which degree of
fragmentation of the reactive heterogeneous composi-
tion can be reached before the reagents start to interact
with each other? It will be further demonstrated that
many papers provide direct evidence (electron micro-
scope images, etc.) that mechanical activation can be
used to obtain nanostructural reactive composites with
the size of structural components (phases) of the order
of 10–100 nm. Even in those cases where direct evidence

was not given, however, mechanical activation led to sig-
nificant changes in the properties of reactive mixtures,
for instance, a decrease in the self-ignition temperature
by hundreds of degrees. Let us note that the nanos-
tructural state of the system is determined by drastic
changes in its properties (melting point, reactivity, etc.)
rather than by the “numerical” values of its character-
istic size (1, 10, or 100 nm) [48, 49]. Based on this fact,
let us consider the specific properties of the behavior of
mechanically activated combustible compositions.

There are comparatively many publications on me-
chanical activation of combustible mixtures during the
last decade. Comparisons of results obtained by dif-
ferent authors is difficult because the mechanical acti-
vation process depends on many parameters, including
the velocity, acceleration, mass, size, and shape of the
milling bodies, the geometric size of the facility, the
mass ratio of the milling bodies (balls) to the activated
mixture, the medium where the activation is performed
(air, inert gas, vacuum, or liquid), and many others.
Still, it is possible to identify three parameters that re-
flect the physical (not engineering) aspect of the pro-
cess most obviously: the energy of one impact (collision
between the balls or between the ball and the wall), fre-
quency of collisions, and total time of activation. By
multiplying these three parameters, we obtain the to-
tal energy spent on activation. IN reality, this does not
mean that all energy is “pumped” into the activated
mixture because the major part of this energy is con-
verted to heat. Nevertheless, these three parameters
and their product can be used as a physical basis for
comparisons of results.

The reported results fall into two clearly distin-
guished groups in terms of the impact energy. The first
group can be called low-energy activation, where the im-
pact energy is 0.1–0.2 J, and the activation time ranges
from minutes to tens of hours (note that the authors of
these publications often speak about high-energy treat-
ment, but we refer these processes to low-energy acti-
vation). The burning rates and temperatures for this
group are shown in Fig. 8 as functions of time [50–54].
The second group of results is associated with high-
energy activation, where the impact energy is 1–2 J,
and the activation time ranges from several seconds to
minutes; the combustion parameters of thus-activated
compositions are presented in Fig. 9 [55–58].

As is seen from the figures, the burning rate of the
absolute majority of the mixtures in the case of low-
energy activation increases with increasing time of me-
chanical processing. The maximum burning rate also
increases, but still remains lower than the adiabatic
value for many of the compositions examined. For in-
stance, the thermodynamic calculation of the adiabatic
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Fig. 8. Combustion parameters of mechani-
cally activated compositions (low-energy activation):
Ti + C [50] (1 and 1′); Ti + 0.43C [50] (2 and 2′);
Nb + 2Si [51] (3 and 3′); 5Nb + 3Si [51] (4 and 4′);
Ta + 2Si [52] (5 and 5′); 5Ta + 3Si [52] (6 and 6′);
Ti + 2Si [53] (7 and 7′); 5Ti + 3Si [53] (8 and 8′);
Si + C [54] (9 and 9′).

combustion temperature yields the value Tad = 3290 K
for the Ti + C composition, 1870 K for Nb + 2Si, 2290 K
for 5Nb + 3Si, 1690 K for Ti + 2Si, and 2400 K for
5Ti + 3Si. It seems logically to assume that an increase
in the reaction rate owing to mechanical activation for
these compositions decreases the level of heat losses dur-
ing combustion and increases the depth of conversion,
which leads to an increase in the maximum tempera-
ture; thereby, the burning temperature approaches the
adiabatic value, but does not reach the latter. For other
systems, the burning temperature could be higher than
the adiabatic temperature. These systems include Ta +
2Si (Tad = 1794 K), 5Ta + 3Si (Tad = 1823 K), and Si +
C (Tad = 1873 K). It is possible to argue that the excess
of the burning temperature over the adiabatic value is
an indication of the excess energy accumulated by crys-
tal lattices of reagents during mechanical processing?

Fig. 9. Combustion parameters of mechanically
activated compositions (high-energy activation):
3Ni + Al [55] (1 and 1′); 3Ni + Al [57] (2 and 2′);
(Ti + 2.1B) + 60% Cu, acceleration of milling
balls 60g [56] (3 and 3′); (Ti + 2.1B) + 60% Cu,
acceleration of milling balls 40g [56] (4 and 4′);
Ti + Ni [57] (5 and 5′); 4Ni + Si (Ni + 10% Si) (6);
Ni + Al [57] (7); Ni + Al, activation in air [58] (8);
Ni + Al, activation in argon [58] (9).

In our opinion, this conclusion is premature. There
are at least three sources of errors: (1) error of ther-
modynamic calculations owing to inaccuracies of ther-
modynamic functions for the chosen substances at high
temperatures; (2) inaccuracy of temperature measure-
ments, especially with the use of pyrometry [52]; (3)
uncertainty of the initial temperature. The latter error
could appear, in our opinion, because cylindrical sam-
ples 8 mm in diameter and 10 mm long were ignited by
a heated spiral located at a distance of 1 mm from the
end face of the cylinder [52]. As there was no direct
contact between the spiral and the sample, the sample
could be heated comparatively slowly, and the heat pen-
etrated into the sample to a considerable depth, thus,
increasing its initial temperature. Therefore, additional
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investigations are necessary to make a grounded conclu-
sion about the influence of energy stored in solid com-
ponents in the course of mechanical activation on the
burning temperature.

The dependences obtained after high-energy acti-
vation are qualitatively different (see Fig. 9). The burn-
ing rates have maximums at activation times of 120 to
300 sec. The decrease in the burning rate at long times
of mechanical activation is usually explained by the for-
mation of the reaction products already at the stage of
activation. The temperature curves for some systems
also have maximums; as is seen from the figure, the
maximum of the temperature curve can differ from the
maximum of the burning rate for the same composition.
A monotonic decrease in the burning temperature was
observed for Ti–B–Cu compositions. In all cases, the
maximum burning temperature measured by thermo-
couples was lower than the adiabatic value. It should
be noted that an increase in the burning rate is ob-
served at the limit of combustion for compositions pro-
viding weak burning without activation because of the
low thermal effect (curves 1–6) or low density (curve 7).
In those cases where the initial mixture corresponded to
stoichiometry with the maximum heat release and was
pressed to the optimal density (curves 8 and 9), the
increase in the burning rate was not observed [58]. Me-
chanical activation of weakly exothermal compositions
makes it possible to increase the level of conversion and
to decrease the contents of secondary phases [59].

It was noted in many papers that mechanical ac-
tivation leads to a drastic decrease in the self-ignition
temperature usually determined by the DTA method.
For instance, the self-ignition temperature for the Ti–C
system decreased from 1600 K for non-activated mix-
tures to 770 K after low-energy activation during 5–10 h
[50]; the corresponding decrease for the Ti–Si system
was from 1670 to 870 K after several hours of activa-
tion [60]. For the Ti–Si–C system (with the composition
3Ti + Si + 2C), the self-ignition temperature decreased
from 1190 to 430 K (90 min of activation), and spon-
taneous ignition of the mixture occurred directly in the
milling drum at a temperature of 340 K at the 106th
minute of activation [61].

Investigations are performed to combine mechan-
ical activation with other types of activating effect,
which allows the domain of combustion to be further
expanded. One of the research directions is chemical
activation. Addition of several percent of NH4Cl to the
mechanically activated mixture Si + C allowed initi-
ation of combustion at room temperature (this com-
position usually requires significant heating) and ob-
taining fine-grain silicon carbide [62, 63]. By adding
KNO3 (20 wt.%) to the Fe–Si system, stable combus-

tion was provided and iron silicides with a fine-grain
microstructure were obtained [64]. Combustion of the
4B + C [65], Fe + Al [66], and 2Mg + Ni [67] com-
positions was additionally activated by passing electric
current through the sample subjected to preliminary
mechanical activation. The activating effect of electric
current is not restricted to the Joule heating of the en-
tire sample; most probably, constant or pulsed current
generates spark and arc microdischarges at places of
contact of the reactive mixture particles. This phe-
nomenon formed the basis of the method of plasma-
spark activation combined with mechanical activation,
which was used, in particular, to obtain the TiC–TiB2

cermet [68] and dense nanocrystalline MoSi2 [69] in the
burning regime. In some publications, these methods of
activation are additionally combined with a mechanical
action on condensed combustion products of hot press-
ing [66–68] or extrusion [70].

Mechanical activation of thermite-type composi-
tions is a separate aspect of activities in this field.
Aluminothermic systems were reviewed in [71]. Ther-
mite systems usually burn vigorously, with consider-
able heat release, and do not require additional acti-
vation for obtaining a self-sustained reaction. Mechan-
ical activation is used for these systems to obtain ei-
ther fine-grain (nanocrystalline) products, for instance,
the Al3Ni/Al2O3 nanocomposite [72], or a superac-
tive thermite composition. The latter circumstance is
closely related to the above-considered nanothermites
(superthermites), where mechanical activation is used
as a method for obtaining nanothermites [72–76]. For
this purpose, the critical time necessary for self-ignition
of the Me1 + Me2Ox system during mechanical mix-
ing is determined first (usually, tens of minutes). Af-
ter that, mechanical activation is “arrested” (arrested
reactive milling) approximately in the middle of this
period to obtain a certain half-finished product in the
form of micron-sized composite particles with a small
(beginning from several nanometers) size of crystal-
lites, depending on mechanical activation conditions.
An increase in the burning rate for mechanically ac-
tivated compositions was reported, and fairly moder-
ate burning rates (≈0.5 m/sec for Al—Fe2O3 [74]) were
given. The activation energies of ignition were deter-
mined: ≈150 kJ/mole for the Al–MoO3 nanothermite
and 170 kJ/mole for Al–Fe2O3. These values are close
to the activation energies of ignition for non-activated
thermites, for instance, ≈170 kJ/mole for the Al–Fe2O3

system [77].
Another group of mechanically activated com-

bustible compositions is composed of hybrid systems
(solid fuel–gaseous oxidizer–solid product) reacting in
the filtration combustion mode. Mechanical activation
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of a mixture of Si and α-Si3N4 with addition of 4–5%
NH4Cl during several hours made it possible to obtain
combustion of this mixture in nitrogen at a pressure of
1–3 MPa, which is substantially lower than the pres-
sure necessary for combustion of non-activated silicon
in nitrogen [78, 79]. A similar approach was developed
for synthesis of β-sialons (Si6AlzOzN8−z, 0 < z � 4.2).
In that case, a mixture of silicon, aluminum, and alu-
minum oxide was subjected to activation in a plane-
tary ball mill, and combustion took place in a nitro-
gen medium at a pressure of 1 MPa [80, 81]. Mechan-
ical activation of the mixtures of Y2O3, Si, Al, SiO2,
α-Si3N4, and stearic acid (CH3(CH2)16COOH) made
it possible [82] to obtain a composition burning in air
at a standard pressure and forming α-sialon. Another
approach includes mechanical activation of the metal
fuel (e.g., titanium powder) in a gaseous oxidizer (ni-
trogen) medium until self-ignition occurs. Nano-sized
TiN [83] and cermets on the basis of TiCxN1−x [84]
were obtained by this method. The laws of combustion
of hybrid systems on the basis of mechanically activated
powders and, moreover, combustion directly during me-
chanical activation have been little studied yet.

Summarizing this paragraph, we can state that me-
chanical activation (i) decreases the temperature of self-
ignition of various combustible systems, (ii) expands the
flammability limits, (iii) favors a more complete reac-
tion, and (iv) sometimes increases the combustion wave
front velocity. What is the mechanism of these effects?
There are several explanations in publications.

The first explanation is obtaining of reactive me-
dia with nanoscale heterogeneity, which enhances the
reactivity of these mixtures. Most authors determine
the crystallite sizes in activated mixtures on the basis
of broadening of X-ray diffraction peaks with the use
of the Sherrer formula [85] or by the Williamson–Hall
method [86]. These methods provide indirect evidence,
because broadening of the peaks can be caused not only
by small sizes of crystallites and stresses in the crystal
lattice, but also by inhomogeneity of sizes or chemical
composition (within the range of homogeneity). A di-
rect method is transmission electron microscopy, but
this it an expensive and labor-consuming method, and
only few authors give TEM results for mechanically ac-
tivated mixtures [58, 69], which confirm the presence
of particles or crystallites of the order of 100 nm or
smaller. Thus, we have to admit that the assumption
about the nanostructural components in reactive mix-
tures after their mechanical activation is based in most
cases on indirect data: broadening of X-ray diffraction
peaks and drastic changes in properties (ignition tem-
perature) of these compositions. Further investigations
are necessary to draw more definite conclusions.

The second explanation involves the formation
of unstable solid solutions. Wen et al. [87]
studied the mixture of Al :Ti 3 : 1 and stearic acid
(CH3(CH2)16COOH), which was used as a controlling
agent preventing cold welding of metal particles. This
mixture was subjected to mechanical activation in an
argon medium. After 100 h of mechanical activation,
the X-ray diffraction analysis revealed the emergence
of a new phase, which could be identified in terms of
its lattice parameters as an oversaturated solid solu-
tion of titanium in the FCC lattice of aluminum. The
size of crystallites of this phase, which was determined
by the Sherrer formula [85], was extremely small (3.8
nm). Moreover, such solutions cannot exist in accor-
dance with the equilibrium diagram of state. A TEM
analysis of particles confirmed the formation of such
a nonequilibrium solution with nano-sized crystallites.
It is important that these particles turned out to be
highly reactive: the action of an electron beam with a
current density of ≈20 pA/cm2 during 1 sec was suffi-
cient for “self-ignition” of the solution, with formation
of the equilibrium Al3Ti phase with the particle size
of several nanometers. Thus, it was demonstrated that
mechanical activation can lead to formation of nonequi-
librium oversaturated solutions with small-sized crystal-
lites, which can possess unique reactive properties owing
to structural changes. Based on these results, the pa-
rameters of ignition and combustion of such nonequilib-
rium oversaturated nanocryctallite solutions in various
oxidizer media (air, oxygen) were further investigated
[88–91]. For instance, Shochin et al. [88] prepared a
nonequilibrium solution in the Mg—Al (10–50% Mg)
by this method. The ignition temperatures of these so-
lutions (≈1000 K) turned out to be substantially lower
than that for aluminum (≈2300 K). Qualitatively simi-
lar results were also obtained in Al–Ti, Al–Li, and Al–Zr
systems [89–91].

Many authors also indicate that mechanical defor-
mation ensures a clean contact surface of the reagents,
free from oxides and contamination, which enhances the
reactivity of the mixtures. This hypothesis also requires
experimental validation and quantification.

As is seen from the discussion above, the assump-
tion about the key role of “pumping” of additional en-
ergy, which is stored in defects of crystalline structures
of the mixture components, has not yet found reliable
experimental validation (in the form of an increase in
temperature above the adiabatic value or other effects).

The nature of “ageing” of activated compositions
(gradual reduction of their activity with time after ac-
tivation) is not elucidated either. This effect can be at-
tributed to relaxation of defects of the crystalline struc-
ture, decomposition of unstable solid solutions, passi-
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vation (e.g., oxidation) of clean contact surfaces, and
other processes.

The mathematical model of combustion of acti-
vated mixtures [92] is based on taking into account three
basic effects: pumping of excess energy into the mixture,
increase in the contact surface area (fragmentation of
the reagents), and changes in the activation energy of
the chemical reaction. This model was later extended
by including the heat of phase transitions [93]. As a
whole, this model yields reasonable and predictable re-
sults: an increase in the burning rate with increasing
surface area of the reagents, with increasing excess en-
ergy of the mixture, etc. Some features of propagation
of gasless combustion waves in mechanically activated
(structured) systems, especially at the microscopic level,
are successfully explained by the microheterogeneous
(discrete) model [94]. The discrepancy between the ex-
perimental results and theoretical models of the process
is still too large to allow precise quantitative modeling
of the process.

COMBUSTION OF MULTILAYER
NANOFILMS

A new class of combustible systems is composed of
reactive multilayer nanofilms consisting of alternating
nano-sized layers of reagents capable of exothermal re-
actions in the combustion mode. The basic method
of obtaining such films is layer-by-layer magnetron-
assisted deposition. Two magnetron sources operate
simultaneously in the deposition chamber: one spray-
ing the reagent A, and the other spraying the reagent
B; the flows of the sprayed atoms are separated in space
and do not mix with each other. The substrate used for
deposition is mounted on a rotating table so that it is
alternatively located in the flow of the atoms A (de-
position of the layer of the solid reagent A) and then
in the flow of the atoms B (deposition of the layer of
the reagent B above the previously deposited layers).
This method allows obtaining continuous layers with a
thickness of 3–4 nm and more, and the number of lay-
ers reaches several thousands. An example of the mi-
crostructure of a reactive multilayer nanofilm is shown
in Fig. 10. A detailed review of methods of obtain-
ing such films, reaction mechanisms, and formation of
the structure of the products can be found in [95]. In
this paper, we consider some aspects associated with
the laws of combustion of such multilayer systems.

The process of combustion in multilayer nanofilms
was first realized and patented by American researchers
in 1996 [96]. They found that a reaction wave can be
initiated by means of short-time local heating of mul-

Fig. 10. Microstructure of reactive multilayer
nanofilms of the Ti/Al system [95, 99].

tilayer nanofilms by an electric spark, a laser pulse, or
a glower; after initiation, this reaction wave propagates
over the entire film and does not need external sources
of heat. The self-sustained character of the process,
the presence of the wave front clearly seen as lumines-
cence of solid incandescent reaction products, a drastic
increase in temperature in the front by 1000–1500 K,
and almost instantaneous formation of solid combustion
products behind the wave front allow this phenomenon
to be classified as gasless combustion [97]. Figure 11
shows the video frames of the process and the quenched
front of the combustion wave in multilayer nanofilms.

The parameters of propagation of the combustion
wave front, which are typical for reactive multilayer
nanofilms, differ from those of systems with a similar
composition obtained by mixing of powders. Available
data [98–104] on the burning rate, temperature, and
regimes are summarized in Table 2. The burning rates
usually observed are higher and the maximum temper-
atures are lower than the corresponding values for pow-
der systems. As is seen from Table 2, only few sys-
tems have been studied so far. One of the main rea-
sons for that is the technological difficulties of produc-
tion of reactive multilayer structures. It is sufficient to
stir powder reagents to obtain the initial reactive com-
positions, whereas fabrication of multilayer nanofilms
requires careful selection of spraying regimes for each
reagent, as well as appropriate magnetron targets and
substrates. In addition, not all pairs of reagents are
suitable for obtaining multilayer films with a desired
structure and mechanical properties. Crystallographic
discrepancy of the structure, differences in the thermal
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TABLE 2

Parameters of Combustion of Multilayer Nanofilms

System Burning rate, m/sec Burning temperature, K Combustion mode Reference

Ni–Al 0.6–10 — Stationary [98]

Ti–Al 0.05–0.5 1360
Stationary,
pulsed,
spin (?)

[99]

Pt–Al 40–80 — Stationary [100]

Co–Al 0.5–9 — —′′— [101]

Ni–Si 20–30 1 565 —′′— [102]

Nb–Si 0.3–4 — —′′— [103]

3CuO + 2Al 1 — — [104]

Fig. 11. Video frames of the combustion wave in
reactive multilayer Ti/Al nanofilms (a) and quenched
wave in this system (b) [95, 134].

expansion coefficients and mechanical properties, and
other factors can break the layers or the entire film al-
ready at the stage of film production (deposition) or
during an attempt of combustion initiation. For in-
stance, multilayer films of the Ti–C system with a total
thickness of ≈1 μm are obtained by means of magnetron

deposition, but local heating makes the film immedi-
ately tear off and roll into a “tube.” For this reason,
combustion wave propagation to macroscopic distances
(at least, several millimeters) could not be obtained.
For another popular system, Ti–B, it is impossible to
obtain a multilayer film because of the problems of mag-
netron spraying and deposition of boron. Nevertheless,
the number of gasless systems used to prepare multi-
layer nanofilms permanently increases, and the research
in this field is pursued.

Because of intense luminescence of the reaction
wave front, it is comparatively easy to measure the
burning rates of reactive multilayer nanofilms, which
is usually performed by methods of high-speed video
filming or on the basis of signals from a photodetec-
tor array. The temperature measurement is a more
complicated problem. Even thermocouples with thin
junctions welded to foil give underestimated values of
temperature because of heat removal and interfere with
the combustion process. Pyrometric methods require
special calibrations to take into account the emissiv-
ity of the film material. For this reason, the data on
temperature in Table 2, which were obtained by optical
pyrometry methods, are not very exact.

The dependences of the burning rate on the layer
thickness reported in many publications are summa-
rized in Fig. 12. It is seen that almost all dependences
have maximums in the range of 10–50 nm, which, in
our opinion, can be attributed to the presence of a thin
layer (about 0.1–1 nm, independent of the thickness of
individual layers) between the surfaces of the reagents,
where the atoms have partly reacted already at the de-
position stage. This reacted layer acts both as a dif-
fusion barrier preventing interaction of reagents in the
combustion wave front and as an inert diluent, and the
relative fraction of this layer increases as the thickness
of the main layers is reduced. Therefore, both the burn-
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Fig. 12. Velocity of reaction wave propagation
versus the period of the multilayer structure (to-
tal thickness of two adjacent layers): Ti/Al
film, T0 = 473 K, spark ignition [99] (1); Ta/Al film,
T0 = 473 K, ignition by a heated tungsten wire [99]
(2); Ni/Al film after deposition, T0 = 298 K [98] (3);
Ni/Al film after annealing at 423 K during 90 min
[98] (4); Ni/Al/ film after annealing at 423 K dur-
ing 6 h [98] (5); Ni/Al film after annealing at 423 K
during 24 h [98] (6); 2Ni/Si film with a total thick-
ness of 1.62 μm, T0 = 298 K, laser ignition [102]
(7); 2Ni/Si film with a total thickness of 0.73 μm,
T0 = 298 K, laser ignition [102] (8); Pt/Al film,
T0 = 298 K, laser ignition [100] (9); Nb/Si film,
T0 = 298 K [103] (10); Co/Al film with a total thick-
ness of 7.5 μm [101] (11).

ing temperature and burning rate are seen to decrease
if the layer thickness is extremely small. The fact that
it is the reacted layer that decelerates the combustion
process is also evidenced by the decrease in the burning
rate of annealed samples (curves 3–6 in Fig. 12), because
annealing increases the reacted layer thickness. Obvi-
ously, the decrease in the burning rate on the right of
the maximum, i.e., with increasing layer thickness, is as-
sociated with an increase in the characteristic diffusion
scale of the reactive system, which leads to a decrease
in the effective rate (macrokinetics) of heterogeneous
interaction [105].

Among Al-containing systems used to obtain multi-
layer nanofilms, the Ni–Al system has the greatest reac-
tion heat, and the combustion wave propagation veloc-
ities measured in this system are substantially higher
than the values obtained in powder systems with the
same composition. Thus, the reaction front velocity
was ≈4 m/sec, with the total thickness of the film be-
ing within 300 nm [106]. It was also shown that the
dependence of the reaction wave propagation velocity
on the thickness of the layers in metal–aluminum sys-
tems reached the maximum value if the total thickness

of two layers of the reagents (A + B) is 25–30 nm.
A decrease in the burning rate with increasing thick-
ness of the layers for Ni/Al and 3Ni/Al compositions
was noted in [107].

The question of the limit of existence of self-
sustained reactions with increasing thickness of the
nickel and aluminum layers in layered systems has not
yet gained any definite answer. As it is difficult to ob-
tain comparatively thick (above 1 μm) layers by means
of spraying, the studies are performed with piled or
stranded foils. Combustion of thus-obtained layered
systems with a thickness of metal foils of ≈50 μm was
studied in [105, 108]. It was shown that the system
had to be heated to a temperature of 540 ◦C to ensure
stationary propagation of the reaction front under the
examined conditions. The burning rates observed were
≈0.5 cm/sec. The model proposed in [105, 108] allows
the burning rate in layered systems to be estimated as
a function of the thickness of the reagent layers. The
model is based on the kinetic data obtained in [109,
110], which indicate that the leading stage of interac-
tion in binary systems with melting of one component in
the heating zone is the dissolution of the high-melting-
point component in this melt. In the case considered,
this stage is the dissolution of nickel in the aluminum
melt (first-order reaction with an almost zero activa-
tion energy). Based on these assumptions, Shteinberg
et al. [105] proposed a simple formula for determining
the burning rate in such systems

Ub = (aDL)
0.5/δ, (1)

where a is the thermal diffusivity of the reactive
medium, δ is the thickness of the aluminum layer, and
DL is the diffusion coefficient in the fluid. As was shown
[109], in a wide range of variation of the individual layer
thicknesses (from 50 μm) to 50 nm) and burning rates
(from 0.5 to 5 m/sec), the experimental points on gas-
less combustion in the Ni–Al system reported in differ-
ent papers, including [106, 107] mentioned above, are
well approximated by a straight line in the coordinates
Ub = F (1/δ); the calculation based on the slope of this
straight line by Eq. (1) yields DL ≈ 10−5 cm2/sec.

These activities recently gained more applications
owing to the development of rolling methods. Qiu and
Wang [111] obtained a multilayer Ni/Al film by the
method of multiple cold rolling; the total thickness of
the film was about 200 μm, and the layer thickness
was approximately 1–10 μm, as it follows from the mi-
crostructures presented in that paper. When the film
was heated in the flame, comparatively slow propa-
gation of the first “reaction front” was observed dur-
ing several seconds, and the film surface became dark.
Then, the second reaction front having a red color prop-



18 Rogachev and Mukasyan

agated “very rapidly” over the entire film. No quanti-
tative data were given in [111] for these reaction waves.

The Ti–Al system ensures a lower heat release than
the Ni–Al system. For instance, the adiabatic burning
temperature is 1912 K for the Ni–Al composition and
only 1519 K for the Ti–Al system. The curve of the
burning rate as a function of the layer thickness [99]
has a similar shape to that of the Ni–Al system, with
a maximum around 20 nm. It is interesting that the
burning rate depends on the method of reaction ini-
tiation.Identical samples initiated by a spark and by a
hot wire have different burning rates. This may indicate
nonuniqueness of reaction wave propagation regimes. It
was noted that samples initiated by a wire practically
do not change their appearance during combustion, and
their surface remains smooth. Samples initiated by a
spark slightly warp, and their surface becomes rough
after combustion. At the same time, the X-ray diffrac-
tion analysis showed that the phase composition of the
products is identical for all methods of initiation.

Rogachev et al. [99] also determined the burning
rates (in vacuum) as functions of the initial tempera-
ture for reactive multilayer Ti/Al nanofilms. Stationary
combustion was observed in the range of initial tem-
peratures from 400 to 600 K. Below 400 K, station-
ary propagation of the wave could not be realized in
these films, and self-ignition of the films occurred when
the initial temperature of ≈600 K was reached. Thus,
the temperature of self-ignition in such layered nanosys-
tems is 300–400 K lower than the value at which self-
ignition (thermal explosion) occurs in powder mixtures
with micron-sized particles of reagents [112].

Extremely high burning rates were registered in
films of the Pt–Al system. The burning rates above 70
m/sec [100] were later confirmed in [113] where record-
beating velocities of the gasless combustion wave in
Pt/Al films were obtained: from 20 to 90 (!) m/sec,
depending on the thickness of the layers and the to-
tal thickness of the film. The films were ignited by a
short pulse of laser radiation on a (Si—SiO2) substrate
without additional heating. These results require exper-
imental validation and also explanations of the anoma-
lously high reaction rates obtained.

The laws of combustion of the Co–Al system [101]
are similar to those in the Ni–Al system. The tem-
perature of self-ignition of multilayer Co/Al films was
measured as a function of the layer thickness. The
self-ignition temperature was demonstrated to decrease
monotonically from 720 K for the total thickness of two
layers (Co + Al) of 250–300 nm to 510 K for the total
thickness of the layers equal to 5 nm.

The data on propagation of reaction waves in the
Ni–Si system were obtained with the use of high-speed

video filming [103] (curves 7 and 8 in Fig. 12) with a fre-
quency of 6000 frames per second. Based on the video
frames reported in [103], the width of the luminescent
zone was approximately 3–4 mm, and the propagation
velocity was 23 m/sec; therefore, the characteristic re-
action time can be estimated as 0.1 msec. High-speed
pyrometric measurements showed that the time of exis-
tence of the high-temperature zone is much shorter.

The burning rate of multilayer Nb–Si films was
measured by an array of optical fibers arranged in a
row along the reaction wave direction; the fiber outputs
were connected to a photodiode [103]. The transition
of the luminescent front near each fiber induced a jump
of the electric signal from the photodiode, which was
registered by an oscillograph. It is seen from Fig. 12
(curve 10) that the burning rate in this system is lower
than in the Ni–Si system, though the adiabatic temper-
ature of combustion of the Nb–Si system is higher than
that of the Ni–Si system.

Multilayer nanofilms were also obtained in the
Ti–Si system, but the data on characteristics of the self-
propagating process are rather approximate: the reac-
tion propagated to a 1-cm distance within a fraction
of a second [114]. A similar situation is also observed
for several more systems, for instance, for Ni–Ti. Pow-
der mixtures of Ni and Ti are well known in the the-
ory and practice of self-propagating high-temperature
synthesis [115]; they are used for synthesis of titanium
nickelide, which is an intermetallic compound with the
shape memory effect. Obtaining of the same compound
from thin multilayer films (up to 100 alternating lay-
ers of Ni and Ti) was proposed as a new method in
[116], but the process of combustion wave propagation
in these films was not studied.

The thermite-type CuOx–Al system is charac-
terized by intense heat release during the reaction
(e.g., the adiabatic temperature of combustion of the
3CuO + 2Al composition is 2840 K). Multilayer films
obtained in this system by the method of magnetron
spraying [104] had a total thickness of the layers
CuOx + Al of the order of 1000 nm. The velocity of
reaction wave propagation without additional heating
in such films was 1 m/sec.

We should also mention the papers on combustion
of comparatively thin (of the order of 100 μm) layers
of the Ti–B powder mixture [117] and porous Ti + 2B
films 230 μm thick, which were obtained by the method
of rolling from the corresponding powders [118, 119].
The burning rates of these objects turned out to be com-
mensurable with the burning rates of the usual powder
samples with the same composition (≈0.1 m/sec), and
the microstructures of the initial films and the products
are closer to the traditional powder compositions than
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to multilayer films considered in the present review.
There are many publications dealing with the

mechanism of combustion of reactive multilayer
nanofilms, in particular, mathematical modeling of this
process. Most of them are based on the well-known lay-
ered model of combustion [120, 121], where the reactive
medium is presented in the form of alternating layers
of the fuel and oxidizer, aligned parallel to the direc-
tion of combustion wave propagation.The solid product
is formed on the interfaces between the layers of the
reagents, and the diffusion-controlled reaction occurs
owing to diffusion of the reagents through the layer of
the product in the direction perpendicular to the in-
terface between the layers. At first glance, the layered
model is perfectly suitable to describe reactive multi-
layer films. In contrast to heterogeneous combustible
compositions and an irregular microstructure (gunpow-
ders, powder mixtures), where the layered model is
used to obtain an approximate description of the mi-
crostructure, the layered model in the case of multilayer
films coincides with the real microstructure of the reac-
tive medium. Nevertheless, it is necessary to consider
whether it is admissible to use the macrokinetic layered
model for systems with nano-sized layers. An analysis
of the layered model of combustion for a heterogeneous
reaction [122–124] controlled by the reactive diffusion
mechanism showed that the wave propagation velocity
is inversely proportional to the total thickness of two
adjacent layers of the reagents (d). The burning rate is
described by the equation

U =
4λTc

d

(
3k0R

E(Tc − T0)

)1/2

exp

(
− E

2RTc

)
, (2)

where λ is the thermal conductivity of the medium, Tc

and T0 are the combustion temperature and the initial
temperature, respectively, k0 is the pre-exponent in the
Arrhenius law, E is the activation energy, and R is the
gas constant. To adapt the layered model to very thin
(nano-sized) layers, the model was supplemented with
the previously mentioned partly reacted layer along the
interface between the reagents. The presence of this
layer in the initial reactive multilayer nanofilms was val-
idated by TEM and DSC experiments [125, 126]. If the
thickness of this layer is small, as compared with the
layered structure period, the wave propagation velocity
follows Eq. (2) with E and k0 being understood as the
activation energy and pre-exponent for volume diffu-
sion. When the period of the structure becomes smaller
than 10–20 nm, the influence of the mixed layers leads
to a drastic decrease in the wave velocity.

The calculations performed within the framework
of the layered model [98, 125] provided reasonable agree-
ment with experimental data for the Ni–Al system. It
should be noted, however, that the layered model [125]
contains a number of parameters that can be defined ar-
bitrarily or in comparatively wide ranges, for instance,
the initial thickness of the reacted layer and the profiles
of concentrations inside this layer (linear, exponential,
etc.), diffusion activation energy, and pre-exponent.

There are some recent theoretical publications
where many specific features of combustion of reactive
multilayer nanofilms were reproduced by methods of
computer modeling. Jayaraman et al. [127] showed that
an increase in the mass fraction of the inert product in
the initial sample leads to the loss of stability and to
the transition of combustion to a self-oscillatory mode.
An increase in the ambient temperature (i.e., reduction
of heat losses) decreases the amplitude of oscillations
and stabilizes the combustion. The roughness of the
reactive layers and the inhomogeneity of their composi-
tion enhance the amplitude of oscillations.These results
agree with experimental observations of the oscillatory
combustion mode in Ti/Al nanofilms [99] and also the
traces of self-induced oscillations in combustion prod-
ucts of Zr/Al/(CuNi) [128] and Ti/Al [129] films.

The effect of radiative and conductive heat losses
on the burning rate of multilayer nanofoils was studied
theoretically [130]. The model predicts that more in-
tense heat losses leads to a decrease in the burning rate
and the amplitude of velocity oscillations, while the pe-
riod of oscillations increases. Jayaraman et al. [130]
took into account the effect of melting of a thin addi-
tional layer (Ni, Cu, or Sn) on the foil surface, which can
either quench or enhance the oscillations. According to
this model, melting of one of the reagents or synthesis
products reduces the mean burning rate [131]. Makino
[132] performed mathematical modeling of combustion
of a three-species reactive multilayer nanofilm consist-
ing of alternating layers of the pure reagent and layers
of a two-species alloy.

Thus, it may seem that theoretical papers pub-
lished during the last decade adequately describe all
known regimes of gasless combustion of multilayer
nanofilms. A detailed analysis, however, shows that
this is not so. First of all, to obtain the calculated
burning rates that coincide with experimental measure-
ments, the authors of the theoretical papers [127–132]
have to use strongly overestimated values of the diffu-
sion coefficients (sometimes, by several orders of mag-
nitude). The validity of these assumptions is no obvi-
ous. The arguments about faster diffusion of atoms in
nano-sized systems owing to a greater concentration of
defects ar not supported by quantitative data for partic-
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ular phases in the systems considered. Many of the ex-
amined systems contain aluminum (see Table 2) whose
melting point is much lower than the burning temper-
ature. Therefore, the mechanism of dissolution of the
high-melting-point reagent in the melt and crystalliza-
tion of the solid product inside the melted layer can turn
out to be the basic mechanism in combustion of these re-
active multilayer nanofilms, whereas this mechanism is
ignored in the proposed layered models, except for that
in [105]. Finally, the formation of a continuous layer of
solid products along the reagent boundaries has not yet
found direct experimental confirmations. Electron mi-
croscope investigations of intermediate (quenched) and
final products of combustion reveal the formation of in-
dividual islands, grains, or columnal structures aligned
perpendicular to the layers [133, 134, 101], which obvi-
ously contradicts the proposed layered models. Appar-
ently, further experimental studies of combustion and
structure formation in reactive multilayer nanofilms can
be expected to reveal new specific features of the mecha-
nisms of nanoheterogeneous reactions, which will assist
in developing more adequate theoretical models.
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