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New classes of reactive systems that are characterized by nano-scale heterogeneity and possess extre-
mely high reactivity, as compared to that for similar reactive systems with micro-scale heterogeneity,
have attracted a vast attention of many researchers. The recent developments and trends in combustion
science toward such ‘‘nano’’ reactive media are presented. These systems include mechanically induced
composite particles, sol–gels, super thermites and multilayer nano-foils. Various combustion-based
applications of such nanostructured reactive systems are also discussed.
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1. Introduction

Combustion synthesis (CS) or self-propagating high-tempera-
ture synthesis (SHS) is an attractive technique to synthesize a wide
variety of advanced materials including powders and near-net
shape products of ceramics, intermetallics, composites, and func-
tionally graded materials. It is based on the ability of exothermic
reactions to self-propagate in the heterogeneous media in the form
of a glowing combustion wave producing solid materials with the
desired microstructures, as well as physical and chemical proper-
ties. This method was discovered in the late sixties in the former
Soviet Union [1,2]. The history of this discovery and development
of its technological applications have been described in many
books and reviews [3–7]. It is not necessary to reiterate these pub-
lications. We emphasize that the development of SHS has encoun-
tered-the hot enthusiasm and confidence for the enormous
potential of this method, as well as the complete negation of the
idea to use ‘uncontrolled’ combustion processes for the direct syn-
thesis of materials. This is vividly described in the memoirs of A.G.
Merzhanov, who is one of the founders of SHS [8].

It is worth noting that the combustion synthesis can be consid-
ered as a specific part of the powder metallurgy [3,7]. Indeed, the
traditional metallurgical methods based on the aluminothermic
and magnesiothermic processes, have the basic features of com-
bustion synthesis, i.e. local ignition, self-heating and self-accelera-
tion of the reaction, propagation of the reaction wave, and
formation of a useful product e.g. metal from ore. But the develop-
ment of SHS has brought many new advances in the field. The
search for gasless flammable compounds was first based on the
use of iron–aluminum thermite heavily diluted by alumina in
order to lower combustion temperature and suppress evaporation
of the components. In these works the metallothermic process was
studied using the methodology, which had been developed to
study the combustion of gunpowder. This approach involves the
organization of the plane front of the combustion wave propagat-
ing in one direction; recording the linear velocity of reaction front
propagation; the study of the thermal structure of the wave; the
identification of controlling stages and burning patterns. The nov-
elty was already in the fact that the metallothermy was not studied
as a process of metallurgy, but as a combustion process. Such
approach led further to the discovery of other (non-thermite) type
of combustible systems, which can be used for synthesis of
materials.

Another traditional powder-based method, which has similar-
ity with SHS is the reactive-bonding or reactive sintering, i.e. the
consolidation process that involves the reaction between the
components. However, during reactive sintering the technologies
try to avoid the self-propagation reaction at any point of the con-
solidated media, since it may result in non-uniformity of materi-
al’s microstructure. In the above context, SHS can be considered
as a limiting case of the reactive sintering. The CS technologies
became feasible because the fundamental studies showed that if
the physicochemical parameters of the medium, along with the
instantaneous spatial distributions of temperature and concentra-
tion are known, one can calculate the combustion velocity and
reaction rate throughout the reactive mixture. Thus, the SHS is
a controllable, well-organized wavelike process, which leads to
synthesis of materials with desired microstructures and
properties.
lease cite this article in press as: A.S. Mukasyan et al., Combustion synthesis
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Currently, scientists and engineers in many countries are
involved in research and further development of combustion syn-
thesis, and interesting theoretical, experimental, and technological
results have been reported from various parts of the world. The
number of recent publications on CS of metals, alloys, ceramics
and composites, approaches ten thousand. Thus it is not possible
to even briefly overview all of the latest achievements in this field.
Our previous reviews on combustion synthesis were dedicated to
specific aspects of this effective energy saving route to produce
materials, which includes solution combustion synthesis of oxides
[9], CS of nanopowders [10] and exothermic reaction waves in
multilayer nano-foils [11] and other nano-systems [12]. This
review places emphasis on material science aspects of nano-
structured reactive systems.

Analysis of recent research papers on heterogeneous combus-
tion has clearly revealed that the new classes of reactive systems,
which are characterized by nanosized-scale and possess extremely
high reactivity, as compared to similar reactive systems with
micro-scale heterogeneity, has attracted the attention of research-
ers and has dominated R&D. The present paper gives an overview
of four classes of such reactive nano-media: (i) mechanically-struc-
tured composites; (ii) sol–gels; (iii) mixtures of metal and metal-
oxide nanopowders, i.e., so-called, super thermite compositions
and (iv) multilayer nano-foils. Research in each of these areas is
being performed almost independently and cross-references are
rare. However, a comparison of specific features of these phenom-
ena is critical for fundamental understanding of interaction mecha-
nisms in nanostructured combustible systems. The above systems
are also attractive for a variety of advanced applications, such as:
(i) synthesis of materials with pre-defined nano-crystalline struc-
tures and thus properties (mechanically-structured composites);
(ii) synthesis of nanopowders including a wide range of catalysts
(sol–gel systems); (iii) new generation of energetic materials
(nano-thermite); (iv) joining/soldering of microelectronic compo-
nents, refractory or dissimilar articles (multilayer reactive nano-
foils). This review also attempts to discuss some of the above
applications.
2. Mechanically fabricated reactive microstructures and
combustion synthesis

High energy ball milling (HEBM) is a complex process that
involves multiple deformations, fragmentation, cold welding,
micro-diffusion, agglomeration, recrystallization, amorphization,
micro-melting, crystallization and heterogeneous chemical reac-
tions [13]. Two basic types of the HEBM process can be outlined
[14]. First, is the so-called mechanical alloying process (MAP),
which is used to produce novel alloys (phases) during HEBM. The
second one is the mechano-chemical processing (MCP) which
describes the chemical reactions and phase transformations occur-
ring in materials upon application of mechanical energy. MAP has
resulted in the formation of large number of materials like Al-,
Cu- Ni- and Fe- based alloys reinforced with nano-oxide particles
[15,16], supersaturated crystalline solid solutions [17,18], amor-
phous phases [19,20], nanocrystalline solids [21,22], solid solu-
tions containing immiscible components [23], and other unique
materials. The main feature of this process is the in-situ formation
of new compounds during the mechanical treatment.
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Mechanical activation (MA) can be distinguished from MCP by
the fact that no chemical reactions or phase transformations take
place during MA, however it influences the properties (e.g. reactiv-
ity) of the mechanically treated media. Recently, a large number of
publications have been devoted to the so-called mechanically
assisted self-propagating high-temperature synthesis (MASHS),
which describes the synthesis of different materials by initiation
of a combustion reaction in a heterogeneous mixture of powder
precursors primarily subjected to high-energy ball milling
[12,24,25].
2.1. Equipments used for mechanical alloying (MA)

The spectrum of equipments used for production of nano-com-
posite materials by MA is very broad and even a brief overview of
the specific devices would go far beyond the scope of this review.
Depending on the method, which is used to set the motion of
milling balls, several types of devices are recognized. In an attritor
mill, the mixing tank is stationary, and the balls are moved by the
rotating stirrer (mixer) inserted into the vessel. In a rotary ball mill,
the cylindrical vessel is lying on the drive rollers, and the motion of
the balls (inside the jar) is caused by rotation of the vessel around
its horizontal axis. The planetary ball mill combines rotation of two
or more jars around their own axes with rotation around its com-
mon general axis, similar to the revolution of planets around the
Sun. Comparative considerations of various milling devices has
been made in several reviews and books [26–29].

The most widely used methods for mechanical treatment of
reactive materials are rotary and planetary ball mills. Trajectories
of the balls inside the vessel have also been the subject of numer-
ous theoretical and experimental studies. Depending on the rota-
tion speed, friction force, size of the balls and other parameters,
the balls can: (i) roll or slide along the inner surface of the jar’s
wall; (ii) fall down inside the vessel and (iii) make periodic circular
or chaotic swirling motions. To show the correlations between the
rotation regimes and trajectories of the balls for different mills,
special parametric maps have been plotted (cf. [29]). However,
there are no direct experimental data on the real ball behavior dur-
ing milling. Moreover, the limited available observations often con-
tradict the theoretical predictions. Recently, direct video recording
of the motion of balls has been made by using a video camera
installed on the rotating ‘‘sun wheel’’ above the jar, covered with
a transparent lid [30]. Unexpectedly, analysis of the recorded
images showed essentially only rolling and sliding of the balls for
all operational parametric regions for the considered planetary
mill. No free falling ball regime was observed. These results indi-
cate that friction and slip may play much more significant role dur-
ing HEBM than it was assumed based on theoretical models.

During HEBM, the modification of the micro- and crystal struc-
tures of the heterogeneous powder mixtures that occurs may also
depend on the intrinsic values of temperature and pressure in the
zones of ‘‘ball-ball’’ or ‘‘ball-wall’’ contacts. The calorimetric mea-
surements of the balls and the vial immediately after the milling
procedure indicated that the temperature of the steel balls
(7–9 mm in diameter) reaches as high as 873 K after 10 min of
milling [31]. This high temperature was detected for the most
intense regime (balls velocity 8.24 m/s) of the AGO-2 planetary
ball mill, in an inert atmosphere (0.1 MPa of Ar) and without
any powder in the vial. Other measurements using wireless tem-
perature and gas pressure monitoring system in a Fritsch
Pulverisette P6 planetary ball mill have shown much lower vial
temperatures (�313 K) [32]. Thus for the proper comparison of
the results reported in literature, it is critical to know the
HEBM parametric regions, which define the mechanism of the
ball-powder interaction.
Please cite this article in press as: A.S. Mukasyan et al., Combustion synthesis
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2.2. Fundamentals of MASHS

In general, it has been established that high-energy ball milling
of reactive mixtures significantly enhance their reactivity
[12,24,25,33,34]. The reported effects of HEBM on materials syn-
thesis by use of the combustion approach can be classified as
follows:

(a) Expansion of the combustion limits: The HEBM of weakly
exothermic compositions, under conventional conditions, does
not permit the combustion reaction mode and leads to the
possibility of self-sustained reaction regime in such systems; (b)
After HEBM the ignition temperature of the system can be several
hundred degrees lower, as compared to conventional mixtures; (c)
Typically solely solid state reactions are responsible for the reac-
tion initiation in mechanically activated systems; (d) The mechani-
cal activation of green mixtures results in an increased combustion
velocity (even for mixtures which react without HEBM, e.g. Ni–Al);
(e) In some cases, the combustion temperature of mechanically
activated mixtures turns out to be higher than that for similar con-
ventional mixtures. Differential thermal analysis (DTA)/calorimet-
ric analysis reveal an increase in overall heat released during the
reaction of such mechanically pretreated systems. However, the
combustion temperature and thermal effects of the activated mix-
tures never exceed the thermodynamically pre-determined adia-
batic temperature and enthalpy of the reaction; (f) Finally, it was
shown that the microstructure of the products and materials syn-
thesized from mechanically activated mixtures differs from those
obtained by non-activated CS.

2.3. Hypotheses and mechanisms

Several hypotheses have been suggested in literature to explain
the above effects of HEBM on the reactivity of heterogeneous pow-
der mixtures. These hypotheses were recently analyzed for the Ni–
Al system [35]. The most important ones are: (i) decreasing appar-
ent activation energy by the magnitude of the energy stored into
reactants during MA; (ii) increasing atomic mobility due to a high
concentration of grain boundaries and defects created by plastic
deformation; (iii) formation of non-equilibrium meta-stable
phases; (iv) increase of the contact (interfacial) surface area
between reactants; (v) formation of freshly formed reactive sur-
faces and (vi) nano-scale mixing of the reagents.

Thus two groups of effects can be outlined based on energy and
microstructure. The energy-based mechanism assumes the accu-
mulation of some additional energy by the crystal lattice of parti-
cles undergoing mechanical activation. However, the excess of
enthalpy, stored by the lattice defects and lattice strain during
mechanical treatment, usually does not exceed a few kJ/mole even
for nanometer-scale grain size [35,36]. This value is much lower
than the enthalpy of formation from the elements (e.g., for
Ti + C = TiC, DH = 209 kJ/mole). Therefore, the energy accumulated
by crystal lattices can hardly be responsible for increasing the com-
bustion temperature and the other above mentioned effects.

Microstructure-based explanations assume that acceleration of
combustion synthesis occur due to a decrease in the effective reac-
tant size (milling, multiple ductile deformations) and an increase
of contact surface area between the reactants. Through high res-
olution electron microscopy [35,37,38], it was shown that short
term (<10 min) HEBM not only increases the surface area of con-
tacts between reagents by thinning and folding of the materials,
but more importantly, creates regions where nanometric Ni is
embedded in an Al matrix, without oxide barriers. The appearance
and development of nanometrically mixed region is attributed to
the significant enhancement of the reactivity of the system.

Assuming Arrhenius approximation, the kinetics of reaction
between Ni and Al, can be presented as follows:
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 1. Typical microstructures of the Ni–Al reactive media (a) and Semenov’s diagram for linear heating taking into account the phase transformation (b) (adopted Ref. [39]).
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@g
@t
¼ Fðg; TÞ ¼ AðTÞ � Sc � e�

Eef
RT �UðgÞ ð1Þ
where g – degree of conversion; Sc – contact area between the reac-
tants; Eef – effective or apparent activation energy of reaction; A(T)
– pre-exponent function and U(g) – function which accounts the
dependence of reaction rate on the order of the reaction (g). From
this equation it can be concluded that the reaction takes place at
any temperature, Sc and Eef values. However, the important issue
is the rate of heat evolution. Before HEBM, reactants have extremely
small, ‘‘point’’-type contact areas (Fig. 1a). If the rate of heat release
is lower than that of the heat loss (e.g. through conduction and con-
vection) from the reaction volume, the self-sustained process can-
not be accomplished (Fig. 1b: T < Teu). Also it is well known that
metal particles, especially Al, have oxide layers on their surfaces,
which significantly increases the energy barrier for the metal–metal
reaction (Eef). For this reasons the ignition temperature in the Ni–Al
system regardless of particle size of the initial reagents (Fig. 1a) is
equal to or above the eutectics (912 K) [39]. When the melt is
formed, the oxygen film ruptures and Al spreads along the surface
of Ni particle increasing Sc. Also liquid–solid reactions are character-
ized by lower activation energies as compared to solid–solid ones.
Thus the rate of heat evolution (q+) abruptly increases at T = Teu
Please cite this article in press as: A.S. Mukasyan et al., Combustion synthesis
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and becomes higher than the heat loss rate (q�), i.e. self-sustained
process initiates (Fig. 1: T > Teu).

2.4. Nanostructured reactive systems prepared by MASHS

During HEBM of the Ni + Al powder mixture (Fig. 2a) in an inert
atmosphere, composite particles of both Ni and Al phases are
formed (Fig. 2b and c). It is more important that these phases pos-
sess high contact surface area and are devoid of oxygen [35]. This
leads to a significant decrease of reaction activation energy, which
was experimentally confirmed both by TGA/DTA and electro-ther-
mal explosion methods [40,41] and thus in some sense, a mechani-
cal activation process (MAP) of the reaction takes place. However,
one more microstructural aspect, which shows the formation of
zones with the characteristic size of Ni and Al phases in nanometer
range is important (Fig. 2d) [35,37,38]. It is clear that in such nano-
mixtures, the reactive diffusion on the scale of several nanometers
leads to a significant degree of conversion, resulting in rapid heat
release rates even at relatively low temperatures. Dependences of
ignition temperature (Ti) as a function of content of nano-scale
mixed areas in composite particles are shown in Fig. 3 [38]. It
has been theoretically predicted that for Eeff � 250 kJ/mol, Ti can
be as low as 500 K and this value was confirmed experimentally
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 2. SEM images of initial Ni–Al powder mixture (a) and after (b) and BF TEM images of HEBM Ni–Al powder mixture (c,d): (Ni - dark, Al - white regions; adopted Ref.
[37,38]).

Fig. 3. Calculated correlation between content of activated nano-structures and
temperature of the reaction initiation (adopted Ref. [38]).
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Fig. 4. Microstructure of the initial compacted sample an
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[40,42,43]. Thus the self-sustained rapid reaction of such compos-
ite particles occurs at temperatures well below the melting point of
Al for which solid state mass-transfer is responsible. This result
takes us back to the basic concept of ‘‘solid flame’’ suggested by
A.G. Merzhanov in 1967 [4], which claim that a rapid combustion
wave may propagate along the heterogeneous reactive media
due to the solely solid state interactions.

The above discoveries are important for controlling the condi-
tions for combustion synthesis of NiAl based intermetallics.
Specifically, an extremely rapid reaction in the ‘‘nano-mixed’’ com-
posite particles, which is initiated at a temperature well below the
melting point of Al, leads to the fact that the melting process does
not influence the microstructure of the media (compare
Fig. 4a and b) [37,42]. Thus the microstructure of the CS material
‘‘mimics’’ the microstructure of green samples. The latter allows
one to control the material structure and thus properties, by pre-
designing of the microstructure the final material by controlling
that of the ‘‘green’’ sample.
0µm x 1500

b 

d that after combustion reaction (adopted Ref. [37]).
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Fig. 5. The typical microstructures: Initial Ti particles and C flakes (a); same mixture after HEBM (b); cross section of the composite Ti/C particles (c); TiC powders obtained by
CS of ball-milled composite particles (adopted Ref. [44]).
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Similar results were obtained for the titanium-graphite sys-
tem [44]. It was shown that short term (1–7 min) HEBM converts
the initial powder mixture (Fig. 5a) to the composite particles
with a size range of 1–5 lm (Fig. 5b). The cross section of a typi-
cal Ti/C composite particle is shown in Fig. 5c. It can be seen that
it consists of sub-micron layers of Ti and C. XRD and TEM analy-
sis revealed the amorphous nature of the carbon layers thus con-
firming the formation of nanoscale structures using HEBM. Such
nano-mixed particles possess extremely low reaction onset-
temperature (�500–600 K), which is 3 times lower than that
for the conventional powder mixture. It is more important that
combustion synthesis in such MA mixtures leads to the forma-
tion of sub-micron titanium carbide powders with an average
particle size of �100 nm (Fig. 5d) and a specific surface area of
25 m2/g. The mechanism for the formation of such nano-powder
is not yet clear. It is possible that the disintegration of micron
size (1–5 lm) composite particles takes place in the combustion
wave due to the intensive evolution of hydrogen initially
adsorbed on titanium layers. Similarly, nano-particles of other
metals from groups IV and V may be synthesized by MASHS
approach.

Another example of using MASHS is the combustion synthesis
of sub-micron SiC powders. From the viewpoint of chemical nat-
ure, the gasless combustion reaction from the elemental powders
in Si–C system is characterized by the following equation:

Siðs;lÞ þ CðsÞ ! SiCðsÞ; DH273 ¼ 73 kJ=mol ð2Þ

It can be seen that the reaction (2) has a moderate enthalpy of
product formation (e.g. compared with DH273 = 230 kJ/mol for Ti–C
system) and is thus characterized by a relatively low adiabatic
combustion temperature (Tad = 1873 K; while for the Ti + C reac-
tion Tad = 3290 K). This feature implies that it is not easy to accom-
plish a self-sustained SHS process in this system.

Several approaches have been developed to enhance the
reactivity of the Si–C system, which can be subdivided into four
categories [45]:
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� SHS with preliminary preheating of the reactive media: Pampuch
et al. [46] showed that a uniform preheating of the stoichiomet-
ric Si + C mixture in a flow of argon gas leads to self-ignition of
the heterogeneous media at a temperature of �1600 K with the
formation of b-SiC powders with a morphology similar to that of
the initial carbon.
� SHS with an additional electrical field: This method proposed by

Yamada et al. [47] was used for the synthesis of different
SiC-based ceramics (see also [48–50]).
� Chemically activated SHS: This method was pioneered by

Nersisyan et al. [51] wherein chemical additives like
polytetrafluoroethylene (PTFE), which allows gas-phase reac-
tion routes, are added as activation agents for Si + C reaction.
� SHS synthesis in a reactive atmosphere: for example, in nitrogen

or air, since the reaction between silicon and nitrogen is much
more exothermic as compared to Si + C one [52].

The first method for CS of silicon carbide, which involved HEBM
consists of the following steps [53]: (i) addition of a small amount
(1–3 wt%) of NH4Cl and PVC into the Si + C powder mixture; (ii)
mechanical activation of the mixtures through HEBM (2–12 h);
(iii) preheating the mixture to a desired temperature (1200–
1500 K) and maintaining it at this temperature until the reaction
self-initiates. Fine b-SiC powder with a specific surface area of
4.5 m2/g and particle size <5 lm were synthesized. However, the
above method involves the combination of several approaches,
i.e., mechanical and chemical activations, as well as preheating,
which makes it complex and requires high external energy con-
sumption. The mechanically activated pure Si + C mixtures (with-
out any additives) were burned in air to synthesize nano-SiC
powder. In the SHS mode [54] it was shown that after 4 h of
HEBM the mixture can be ignited in air at 1 atm. During the initial
stages, the surface reaction between oxygen and silicon leads to
the formation of a relatively thin layer of SiO2 phase, which
simultaneously preheats the bulk media. This reaction is followed
by a combustion wave due to the reaction between silicon and car-
bon with the formation of b-SiC and a small amount of Si2N2O
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 6. Typical microstructures of: Initial Si + C mixture (a); same mixture after HEBM (b); (c,d) SiC powder after combustion synthesis (adopted Ref. [55]).
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phases. Again, the combination of relatively long-term HEBM and
oxidation/nitridation reactions were used to produce ceramic pow-
der in SHS mode.

It was only recently [55,56] demonstrated that short-term
(15 min) HEBM allows the direct combustion synthesis of silicon
carbide powders in an inert (argon) atmosphere without the addi-
tion of any chemical activators. The initial micron sized silicon and
graphite powder mixtures (Fig. 6a) after 15 min of milling trans-
forms to the nano-sized composite particles (Fig. 6b), which consist
of amorphous carbon and crystalline silicon. Self-sustained
reaction can be accomplished in such nano-media in an argon
atmosphere that propagates with velocity of �5 mm/s and has a
maximum temperature of 1800 K. Under optimum conditions,
the synthesis of sub-micron (50–200 nm) SiC powder with a
specific BET surface area of �20 m2/g can be accomplished in the
self-sustained reaction (Fig. 6c and d).

All the above examples demonstrate MASHS to be a powerful
tool for the synthesis of nano-materials. Based on the understand-
ing of fundamental processes, which occur during short term high
energy ball milling, one may produce powders of desired
Fig. 7. Typical temperature–time profiles for SCS in (Ni(NO3)2�6H2O)/glycine
(C2H5NO2) system for gels prepared under different drying conditions (adopted
Ref. [61]).
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microstructure and properties. High energy ball milling allows for-
mation of composite particles with reagents mixed on the nanos-
cale level. It is worth noting that HEBM being attractive method
for the synthesis of nano-powders cannot be directly used for bulk
materials production and to achieve this goal additional energy
consuming sintering stage is required. The combination of
HEBM + CS permits the formation of nano-structured bulk materi-
als. Direct synthesis of such materials and net shape articles by
using MASHS approach is a promising next step in development
of this scientific endeavor.

3. Sol–gel combustion synthesis

With the advent of solution combustion synthesis (SCS) in 1986,
a large number of research efforts have been focused toward the
preparation of technologically important materials, mostly oxides,
with improved properties [8,9]. In solution combustion synthesis,
aqueous reactive solutions are used, where the precursors are
mixed essentially on the molecular level. The versatility of this pro-
cess has been demonstrated by the use of different fuels and oxi-
dizers, varying the oxidizer/fuel (O/F) ratio and ignition sources,
as well as combination of various synthesis approaches [57].
Among these, sol–gel combustion is an important modification of
SCS that has shown the potential of yielding not only oxides but
also metals, alloys and metal foams [58]. The sol–gel combustion
(SGC) process, as the name indicates, is a unique combination of
chemical gelation and combustion processes. Most of the used sys-
tems are highly exothermic and hence, due to the release of large
amounts of heat, the phase formation of the final product occurs
in the high temperature reaction front. Thus the compounds syn-
thesized by SGC are typically well crystallized and essentially no
post-combustion calcination is required. The SGC synthesis of cera-
mic oxides offers advantages such as high purity and good
homogeneity [59]. Recent developments and trends in SGC method
for the synthesis of nanosized spinel ferrites are briefly discussed
and critically analyzed in a recent review [60]. More process details
including the recent advancements in SGC are discussed below.

3.1. Sol–gel combustion modes

In both the SCS and SGC methods the precursors used are usu-
ally metal nitrates (oxidizers) and nitrogen containing organic
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 8. (a–c) IR images of the reaction front propagation in sol–gel nickel nitrate) /
glycine system; (d) Temperature time distribution in the reaction front (adopted
Ref. [61]).
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substances such as urea, glycine, and citric acid (fuels). The main
differences lie in the fact that in the sol–gel combustion method,
the pH of the redox mixture is typically controlled by the addition
of a weak base (e.g. ammonia) and the aqueous solution is dried to
evaporate most of the water and forms a highly viscous reactive
gel. Similarly to conventional combustion synthesis systems, in
reactive gels, the combustion may proceed in different modes. In
self-sustained propagation mode, the reaction is locally initiated
and the combustion wave rapidly propagates through the gel con-
verting the media to a valuable solid product. The temperature of
the wave front in SGC is typically higher than that for conventional
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SCS. During the volume combustion synthesis mode, the bulk of
the gel is heated uniformly in a controlled manner until the reac-
tion occurs almost simultaneously throughout its volume. In both
modes, the combustion reaction changes the gel to homogenous,
highly pure nanopowders or highly porous foams [59,60].

Let us consider an example for the specifics of self-sustained
combustion mode, which allows more for controllable synthesis
conditions as compared to those for volume combustion mode.
Fig. 7 shows the examples of temperature–time histories for the
synthesis process in several nickel nitrate-glycine gels, which were
formed at different gelation temperatures (Tg) [61]. It can be seen
that that the maximum combustion temperature increases from
900 to 1150 �C with increase of Tg from 30 to 90 �C. It is worth not-
ing that the propagation velocity of the reaction front, Uc, also
increases from 0.25 cm/s (Tg = 300 K) to 0.45 cm/s (Tg = 360 K).
The data demonstrates that gel preparation parameters are critical
to control the synthesis conditions.

Detailed IR image analysis of the combustion wave (Fig. 8a) in
reactive gels indicates that the total width of combustion wave
does not exceed 1 mm. A magnified view of the reaction zone
(Fig. 8b) and corresponding two-dimensional temperature dis-
tribution map (Fig. 8c) clearly suggests three distinctive zones in
the combustion wave. Zones 1 and 2, are the so-called preheating
zone, in which there is no chemical reaction. Intensive evaporation
of bounded water takes place in zone 1, which leads to the forma-
tion of water free reaction mixture in zone 2. The exothermic reac-
tion begins on the boundary between zones 2 and 3. The estimated
width of the chemical reaction zone 3 is �0.5 mm. Taking into
account that Uc in this system in the range 0.1–0.5 cm/s the total
reaction time is on the order of 10�1 s. The rapid temperature
increase (103 K/s) in the reaction zone and rapid cooling
(>102 K/s) outlines the uniqueness of the synthesis conditions.

3.2. Fuels, additives and their roles

Organic compounds containing chelating ligands like carboxy-
late groups (citric acid, glycine) or aliphatic amine groups (hydra-
zides, glycine) are the most widely used fuels for the synthesis of
metallic oxides. These agents can effectively facilitate the chelation
of metal ions of varying ionic sizes, which helps in preventing
their selective precipitation and in turn maintain compositional
homogeneity among the constituents and also serve as a fuel in
the combustion reaction. In SGC method, citric acid is the most
widely used fuel and has been mostly utilized for producing a large
variety of ferrites [60]. It is relatively inexpensive and a more effec-
tive complexing agent as compared to glycine, urea, and hydrazide
based fuels. Nitrate salts are the preferred precursors, as they are
both water-soluble and are low temperature oxidizer sources for
synthesis [62].

It is possible to control the system stability, microstructure,
reaction temperature, the rate and volume of gases generated by
choosing appropriate complexing agent, oxidizer to fuel ratio
(O/F, U), chemical additives, heating source and atmosphere.
Ammonia increases metal cation chelation with citric acid, which
could help to control the oxygen balance and develop a porous
3D network in nitrate-citrate aerogels. Excess or deficient fuel is
characterized by a lower combustion rate and combustion tem-
perature, this in turn reduces the possibility of particle growth
and sintering at the same time. However, the product obtained
may have lower crystallinity and phase purity compared to the
stoichiometric compositions. The addition of an appropriate
amount of NH4NO3 to the reactant mixture will compensate for
the loss of NO3 during the dehydration process [63]. With an
increasing pH value, crystallite size increases due to higher com-
bustion temperature. Ethylene glycol acts as a gelating agent as
it forms an organic ester by forming bonds with the complexant
in nanostructured reactive systems, Advanced Powder Technology (2015),

http://dx.doi.org/10.1016/j.apt.2015.03.013


A.S. Mukasyan et al. / Advanced Powder Technology xxx (2015) xxx–xxx 9
[64,65]. Polymerization is facilitated by heating and results in the
formation of a homogeneous polymer network with metal ions
uniformly distributed throughout the organic matrix.
3.3. Influence of atmosphere and heating source

The ambient atmosphere can influence the nature of combus-
tion reactions. For e.g., the mass-changing rate in nitrogen will
be nearly twice that compared to an air atmosphere. This is due
to the supply of additional nitrogen to the gel and formation of
NO3 ions acting as oxidants and the reaction could be restrained
in nitrogen [66]. Also, the temperature for the spinel ferrite forma-
tion after the combustion reaction is lower in air than in nitrogen
[67]. The reaction rate is slower and temperature higher when
ignition is induced in a muffle furnace due to differences in oxygen
availability. Employing a hot plate during the combustion reaction
of ferrites yielded pure spinel type structures, while products
formed in the muffle furnace revealed hematite as the secondary
phase. Also, powders obtained on a hot plate were characterized
by lower particle and agglomerate sizes and higher specific surface
area. Heat is generated from inside the gel in case of microwave
heating, in contrast to conventional heating methods in which
heating proceeds from the surface [68].
3.4. Oxidizer to fuel ratio

Metal, alloy or cermet foams that can be used for a wide range
of potential applications can be prepared by SGC method by chang-
ing the oxidizer to fuel ratio (U) values [69–71]. Near-stoichiomet-
ric conditions produced a vigorous reaction, yielding a mixture of
fine cermet-type foam consisting of Ni and NiO phases. For
U > 1.25 i.e., fuel-rich conditions, the reaction progressed much
more slowly with a flame front moving through the reactant solu-
tion, leaving behind pure Ni foam, while the material synthesized
using U < 0.8 value was pure metal oxide. These findings are
important as they indicate that high purity metal or cermet foams
can be obtained through SGC, even when the reaction takes place
in an open container, simply by selecting a proper fuel to oxidizer
Fig. 9. (a) Photograph of iron foam next to Fe-BTA unburnt pellet and (b) in-set
shows SEM data of iron foam in 100 nm scale (adopted Ref. [72]).
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ratio (U). However, it has to be noted that the critical Ucr values,
above which pure metal can be obtained are different for different
systems, e.g., for Cu, Ucr = 2.5; and for 90%Ni–10%Cu alloy Ucr = 1.5
[69].

Specific reaction pathways have been suggested by Kumar et al.,
to describe the metallic phase formation during the synthesis of
nanopowders by SGC approach [70,71]. It is proposed that the
exothermic reaction between NH3 and HNO3 species formed dur-
ing the decomposition of glycine and nickel nitrate acts as the
source of energy required to achieve the self-sustained reaction
regime. A thermodynamic analysis of the combustion synthesis
reaction indicates that increasing glycine concentration leads to
establishing a hydrogen rich reducing environment in the combus-
tion wave that in turn results in the reduction of metal oxide
phases and the formation of pure metals or/and metal alloys.

It can be concluded from the above that the sol–gel combustion
is a versatile technique for the preparation of porous nanostruc-
tured materials that possess high surface area, ultralow density
and high-strength-to-weight ratio.

3.5. SGC synthesized materials

Nanoporous metal foams (NMFs) with high surface area have
been a long sought-after class of materials as they can find applica-
tions in high power-density batteries, hydrogen storage, high-field
magnets, and production of fuel cell anodes and hybrid
supercapacitors. An overview of newly developed synthetic strate-
gies for producing NMFs along with an in-depth discussion of com-
bustion synthesis as a versatile and scalable approach for the
preparation of nanoporous, nanostructured metal foams was pre-
sented by Tappan et al. [72,73]. The technique for producing metal
nano foams using combustion synthesis was discovered during the
characterization of a class of energetic salts and transition-metal
complexes being developed at Los Alamos. Chavez et al. had syn-
thesized the alkali- and alkaline-earth-metal salts and copper com-
plexes of several members of the tetrazole family, primarily those
of bistetrazole (BT) and bistetrazolamine (BTA) [74]. KlapÖtke et al.
has since explored these and other related complexes in depth
[75,76]. As energetic additives to pyrotechnics, these compounds
produce color through excitation of metal atoms released during
combustion, generating primarily only N2 and CO2 gas as by-prod-
ucts. Hunt et al. [77] demonstrated a different type of combustion
process for preparing NiAl intermetallic foams by passivating
nanometer-sized Al particles with fluorinated organic ligands
(C13F27COOH) that double as gasifying agents. These foams could
potentially serve as useful precursors to nanoporous Raney Ni
foams (Raney Ni foam is a fine grained solid composed of Ni
derived from Ni–Al prepared by leaching the Al using concentrated
sodium hydroxide). Combustion synthesis of metal foams with
nanoporous structures was first demonstrated by Tappan et al.
by use of yet another combustion synthesis technique involving
metal complexes containing the high-nitrogen ligand ammonium
tris(bi(tetrazolato)amine)ferrate(III) (FeBTA) [72]. In this approach,
metal bistetrazolamine (MBTA) complexes were synthesized,
pressed into pellets, and ignited under an inert atmosphere. The
result is the formation of metal foams (Fig. 9) with pores primarily
ranging from a few nanometers to several microns in diameter. The
materials produced through combustion synthesis of MBTA com-
plexes are referred to as ‘‘nanofoams’’, as they are not only nano-
porous but also intrinsically nanostructured—a property that
differentiates their potential technological applications markedly
from those of macroporous foams.

Insight into the assembly mechanism underlying the formation
of metal nano-foams has been obtained by analyzing the heats of
formation and calculated adiabatic flame temperature which, sug-
gests that melting does not occur during formation of the foam and
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 10. Photograph of (a) the iron precursor gel in a quartz tube before combustion and (b) the porous iron foam after combustion (adopted Ref. [78]).

Fig. 11. SEM image of a printed, non-sintered van der Pauw structure (adopted Ref.
[79]).
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that the foam assembly occurs by rapid sintering and/or localized
surface melting in a highly non-equilibrated state [72]. Thus con-
trol over wave propagation is important for enabling the formation
of foams over powders, which result if the combustion wave
propagates too vigorously.

Nanoporous iron metal foams (Fig. 10) were also synthesized by
an improved SGC method using citric acid and ethanol by adjusting
the pH to �5–6 by ammonia [78,79]. From the photographs shown
it can be seen that the volume of the synthesized sample is about
ten times larger than that of the initial sample. The synthesis
method is inexpensive and very convenient, and the obtained iron
foams present quite large saturation magnetization at room tem-
perature. The developed ferromagnetic porous iron foams may find
wide applications in the fields of catalysis, fuel cells, hydrogen
storage, unique insulation, and electromagnetic absorption.

The reduction ability of the SGC process was improved by the
addition of a suitable amount of ethanol during the preparation
of the sol; thus, the metal ion could be reduced from its dried gel
by the improved SGC process. This makes the synthesis of metal
foams in the forefront of materials science. Transition metal foams
of nickel, copper, cobalt, and Ni–Cu and Ni–Co alloys have been
synthesized with the controlled combustion method by adjusting
the O/F ratio.

Cu, Ni and CuNi alloy nanoparticles prepared using citric acid
and ethylene glycol were sintered at 800 �C and their resistivity
values were equal to or two times higher than that of the bulk
phase Constantan (CuNi44Mn1, q = 5 � 10�7 Xm) and about 7–13
times lower than the earlier 7.3 � 10�6 Xm reported for Ni–Cu
thick film [79]. Printed van der Pauw Cu–Ni structures which is
Please cite this article in press as: A.S. Mukasyan et al., Combustion synthesis
http://dx.doi.org/10.1016/j.apt.2015.03.013
commonly used in resistive applications with a thickness of
1–4 lm were deposited on a Si-wafer from ethylene glycolic dis-
persions (c = 25 g/100 cm3) of CuNi alloy nanoparticles by means
of Aerosol Jet� printing (Fig. 11). From an application perspective,
these results demonstrate that SGC synthesized alloy nanoparticles
are suitable for the preparation of printed conductive structures by
AerosolJet� printing.

Nickel-based catalysts are used in many industrial processes
including hydrogenation reactions, reforming reactions, Fischer–
Tropsch synthesis, hydrogen production, ethanol decomposition
etc. More specifically, as research interest on fuel cell technology
increases, the need for a hydrogen supply is also rising. The solu-
tion combustion method was used to prepare Ni catalysts sup-
ported on c-Al2O3 pellets with controlled metal distribution. It
was shown that impregnation time of the SCS solution onto the
pellet determines the distribution of the Ni in the pellet which in
turn affects the catalyst selectivity toward hydrogen production
during ethanol decomposition [80].

Shinde and Madras have reported the combustion synthesis and
catalytic activity of ionic substituted Cu catalysts in the reducible
supports (SnO2, CeO2) and non-reducible supports (Al2O3and
ZrO2) [81]. An important feature of this synthesis is that a tin oxa-
late precursor was used as an oxidizer. 5 at.% Cu impregnated over
combustion synthesized SnO2 and ZrO2 were prepared by reducing
Cu(NO3)2 dispersed over the oxide supports by hydrazine. The
resulting dried sample was reduced in H2 at 350 �C for 3 h and used
for catalytic studies. All compounds showed high activity for the
catalytic combustion of H2 and 100% conversion of H2 was
obtained below 480 �C.

The zirconia and doped zirconia was prepared by SGC technique
using zirconium(IV) n-butoxide, 1-butanol and glacial acetic acid
as precursors [82]. The three catalyst powders, were tested in a cat-
alytic-bed reactor for the combustion of trichloroethylene, and the
mass-transfer effects were evaluated and found to be negligible
due to the size of the particles. The average overall mass-transfer
coefficients were conveniently estimated by the Yoshida correla-
tion. The kinetic studies showed that the ZLF (ZrO2 doped with
La and Fe) catalyst was more active than the Z(ZrO2), and ZLMF
(ZrO2 doped with La, Mn and Fe) catalyst. The catalysts presented
low specific areas but good activity; however, the relatively large
cavity sizes (Fig. 12) facilitated the transport of trichloroethylene
and combustion products through the porous structure of ZrO2 in
the catalytic tests.

The performance of dye-sensitized solar cells developed using
TiO2 powders synthesized by the sol–gel combustion hybrid
method using titanium isopropoxide, isopropanol and acetylene
carbon black and calcined at 500 �C and 600 �C, was evaluated
and showed a solar conversion efficiency of 5.02% [83]. Layered
LiMn0.4Ni0.4Co0.2O2 and LiMn1/3Ni1/3Co1/3O2 compounds suitable
for lithium ion batteries were synthesized using corn starch-as-
sisted SGC methods [84]. LiMn1/3Ni1/3Co1/3O2 cathode exhibited
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 12. TEM image of ZLF showing the relatively large cavity sizes (adopted Ref.
[82]).

A.S. Mukasyan et al. / Advanced Powder Technology xxx (2015) xxx–xxx 11
an appreciable capacity of 176 mAh g�1, excellent capacity reten-
tion of 93% up to 100 cycles and susceptible to rate capability test
up to 1C rate, thus qualifying the same for high-capacity and high
rate lithium battery applications.

Recently the SGC method has successfully yielded one-dimen-
sional (1D) and two-dimensional (2D) nano-structures of advanced
spinel ferrite [60]. It has been shown that an array of highly
ordered hydroxyapatite (HAP) nanotubes can be synthesized by
the SGC method with a porous anodic aluminum oxide (AAO)
template [85]. All the above applications and range of materials
discussed above proves the versatility of the SGC process.
4. Nanothermites

Thermite reactions, which are used to purify ores of some
metals, are called the thermite process, or aluminothermic or mag-
nesium-thermic reactions and have been discovered almost two
centuries ago. Such reactions have been adapted and used to obtain
even pure uranium [86]. Thermite by common definition is a
pyrotechnic heterogeneous mixture of metal and metal oxide pow-
ders that produces an exothermic oxidation–reduction reaction. CS
significantly increased the field of use for thermite systems [87].
An important type of CS is the reduction combustion synthesis.
An example of this type of CS is:

B2OðsÞ3 þ 3MgðsÞ þ TiðsÞ ¼ 3MgOðlÞ þ TiBðs;lÞ2 þ 700 kJ=mol ð3Þ

where TiB2 is the desired product and MgO can be removed by
leaching in acid solutions.

The reduction-CS method with additives, which is known as
alkali metal molten salt assisted combustion, is widely used for
the production of nano-powders, including metals (Ti, Ta, W) and
metal carbides (TiC, TaC, WC), and was described in detail in a pre-
vious review [9]. In this process, the reducing metal, (e.g. Mg)
reacts with a transition metal oxide (MeOx) in the melt of alkali salt
(e.g. NaCl) to form nanosized reduced metal particles (Me). Due to
the heat generated by combustion reaction, salt melts at �1083 K
and further nucleation of metal particles occurs in the molten
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NaCl, which protects them from agglomeration and growth. The
byproduct phases, i.e. NaCl and MgO, can easily be leached out
by washing the powder in an acid solution.

In recent years, due to the revolution in nanotechnology, there
is a renewed interest in thermite systems, wherein both mixed
metal oxide and metal powders are of nano-scale size, and hence
the process is termed nano-thermite. The advantages of these sys-
tems, as compared to the previously investigated micron-scale
reactive mixtures, are their extremely high ignition sensitivity,
both by thermal and mechanical means, and record high reaction
rates. The combustion aspects have already been discussed in
detail in recent reviews [5,18]. In this work we focus primarily
on the microstructural aspects of nano-thermites and kinetics of
their interaction, which are critical for application of such system
for synthesis of nano-materials.

4.1. Examples of nanothermite systems

Though a vast range of nanopowders are available (aluminum,
boron, carbon, silicon, nickel, and many oxides), a review of pub-
lished literature ([12,25] and references in these reviews) shows
that the main research objectives were thermite nanosystems with
nano-Al (nAl) being used as a reducing element. Thus it is impor-
tant to account for the morphological and microstructural aspects
of such nano particles. The aluminum particle always has a thin
layer of alumina on its surface. The nAl is typically stored under
nitrogen (99.9 vol.% N2 with 50 ppm O2) atmosphere in a glove
box to prevent further oxidation and contamination. TEM images
of Al nanoparticles (nAl) with different exposure time in air
(0–90 min) are shown in Fig. 13(a–d) [87]. It can be seen that the
layer thickness is about 1 nm before exposure in air and reached
an asymptotic value of about 4 nm after 30 min.

Bismuth trioxide (Bi2O3) nanoparticles were prepared by solu-
tion combustion synthesis using bismuth nitrate and glycine
[88]. The microstructure of the reaction mixture, which contains
the as-synthesized Bi2O3 nano-particles and fresh nAl powders
with an average particle size of 100 nm is presented in Fig. 13e.
It was shown that such a system can burn with a glowing front
propagation velocity equal to 2500 m/s with an extremely rapid
(�10 ls) gas pressure rise in the reactor. It was demonstrated
[87] that the thickness of the Al2O3 layer significantly influences
the reaction kinetics and thus the microstructural characteristics
of the metal particles should be accounted when nAl is used for
the synthesis of nanomaterials.

The next issue that one has to take into account is the amount of
active metal in nAl particles, which depends on the size of the pow-
der and methods of its production. Two nano aluminum powders
manufactured by Argonide Corp. and Novacentrix are widely used
by researchers. Argonide aluminum is produced by an exploding
wire process, and is commonly referred to as ALEX aluminum.
Novacentrix aluminum is manufactured using the inert gas con-
densation method following plasma heating. The properties of
these powders are shown in Table 1.

The Argonide aluminum is found to consist of many fused
spheres of nano aluminum mixed with some larger even micron-
scale particles, while Novacentrix nAl consists of spherical particles
with narrow particle size distribution. It was demonstrated that
such characteristics lead to different optimum ratios between Al
and the oxidizer, from the standpoint of degree of conversion,
and thus results in different reactions rates [89]. Thus, parameters
such as amount of active metal inside the particle, which is typi-
cally not recognized in micron-scaled systems, becomes an impor-
tant issue in the case of combustion synthesis of materials in the
reactive nano-mixtures.

The studies with the nano-thermite systems also lead to the
development of novel approaches for the preparation of reactive
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 13. TEM images of Al nanoparticles oxide layer following different exposure time in air: (a) 0 min; (b) 5 min; (c) 20 min; and (d) 90 min and (e) Bi2O3 + nAl mixture
(adopted Ref. [87]).

Table 1
Some properties of nAl powders.

Powder % of active
metal

Nominal size
(nm)

Surface area
(m2/g)

Supplier

Novacentrix
Al

79 80 28 Novacentrix

ALEX 86 100 13 Argonide
Corp
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mixtures [90]. A wide variety of methods, like conventional
mechanical and ultrasonic mixing, high energy ball milling
(HEBM) and the sol–gel approach, have been used to achieve uni-
form mixing of nano-powders with a high contact surface area
between the reagents. However, each of these methods exhibits
some disadvantages. For example, physical methods, such as ultra-
sonic mixing and HEBM produce nano-mixtures with a random
distribution of the oxidizer and fuel particles on the nanometer
scale. The sol–gel approach provides better control over the
reagents dispersion of the solid, however, typically results in the
presence of undesired phases, e.g. Al2O3 (from dissolved AlCl3 salt)
or SiO2 (from added silicon alkoxide). To overcome these lim-
itations, a surfactant self-assembly method to produce nanostruc-
tured reactive mixtures (e.g. Al metal fuel and Fe2O3 oxidizer) with
molecular-level mixing has been developed [91]. This process
involves several steps: (i) coating of Fe2O3 nanotubes with a surfac-
tant, e.g. polyvinylpyrrolidone (PVP) by ultrasonicating in 2-propa-
nol for 4 h; (ii) removal of the residual surfactant by repeated
cycles of centrifugation; (iii) drying of the extracted powder at
340 K for 12 h; (iv) ultrasonication of the PVP coated nanotubes
with nAl; (v) drying of the obtained mixture at 340 K for 12 h prior
to the characterization. The morphology and microstructure of the
as-prepared mixtures obtained by two different techniques i.e.
self-assembly and conventional physical mixing are shown in
Fig. 14. The self-assembled Al–Fe2O3 system (Fig. 14a and b) clearly
shows that high interfacial contacts between the Fe2O3 nanotubes
and nAl particles have been achieved. Distinct segregated
agglomeration of Al clusters was observed throughout the sample
prepared by physical mixing (Fig. 14b and c).
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For example, it was demonstrated [92] that the Al + Fe2O3

nano-thermite system prepared by the self-assembly approach
exhibits significant enhancement in reaction kinetics as com-
pared to nano-scale thermite samples prepared by simple physi-
cal solvent mixing. By increasing the intimacy between the fuel
and oxidizer by self-assembly, solid-state diffusion between the
reactants is significantly enhanced. It is also deduced that the
interfacial contact area is more important than the reactant size,
as revealed by the reduced thermal reactivity of physically mixed
nano-sized reactants in contrast to those prepared by self-
assembly. The latter conclusion is of vital importance for the
future work on combustion synthesis of materials in reactive
nano-mixtures.

Another novel method for initial nano-mixture preparation
was suggested in [93], with the main goal to reduce sensitivity
of nano-thermite systems. Briefly, the metal oxide (e.g. MnO2)
was enclosed inside a carbon nano-tube (see Fig. 15a–c). The pro-
cedure involves impregnation of the CNTs with inner diameter
�40 nm by the oxide containing precursor, i.e. melt of the man-
ganese nitrate tetrahydrate Mn(NO3)2�H2O. After infiltration, the
system was calcined to produce manganese oxide particles
encapsulated inside the CNTs (Fig. 15c). This procedure was fol-
lowed for the preparation of MnO/CNTs + nAl reactive mixture
(Fig. 15b) and reaction initiation. It was established that sensitiv-
ity of such a system was much lower as compared to conven-
tional nanothermite mixtures (Fig. 15a) and the combustion
velocity was 10 times slower. This is a critical step toward using
the nanothermite mixture for synthesis of materials, which
requires precisely controlled conditions. The phase composition
of the combustion product was also analyzed and found to con-
tain phases such asgraphite, akhtensite (MnO2), ausmannite
(Mn3O4), manganese metal (c-Mn), corundum (Al2O3), and alu-
minum carbide (Al4C3). Based on additional analysis, the authors
concluded that MnO2 was formed due to the metal (Mn) re-ox-
idation after combustion process, while ausmannite (Mn3O4),
was formed from un-reacted MnO2, since some Al reacted with
carbon to form carbide (Al4C3).
in nanostructured reactive systems, Advanced Powder Technology (2015),
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Fig. 14. FESEM (a,c) and TEM (b,d) images of Fe2O3-nAl reactive mixtures prepared by self-assembled (a,b) and physical solvent mixing (c,d) methods. (adopted Ref. [91]).

Fig. 15. Schematic representation of the microstructure: (a) conventional mixture of spherical nanoparticles. (b) the oxide (red) phase is enclosed in a carbon nanotube (c)
and actual TEM image of MnO2 particles inside CNTs (adopted Ref. [92]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 16. Pressure profile inside an oxide-coated Al particle: (a) with oxide coating
thickness less <1 nm; (b) while the right side is for particle (b) with coating
thickness �1 nm (adopted Ref. [96]).
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4.2. Some aspects of nanothermite systems

The results of differential thermal analysis (DTA) shows that the
onset reaction temperature in nano-thermite systems is much
lower than micron size mixtures. For example in the MoO3–Al sys-
tem, the main exothermic peak appears at a temperature of 900
and 400 K respectively when the Al particle size was �5 lm and
�50 nm respectively [94]. Based on the literature overview, one
can make even more generalized conclusion [12] that in thermite
MeI + MeIIO systems, the micron-sized mixtures exhibit intense
interaction at temperatures P the melting point of reducing MeI

(i.e. Al, Mg etc), whereas nano-mixtures are extremely active at
temperatures below melting point of any reagents. This important
result suggests that for microstructural mixtures primarily liquid–
solid or liquid–liquid reactions are responsible for the initiation of
self-sustained combustion process, while in nano systems solely
solid-state reactions may lead the process. Studying the kinetics
of solid-phase reactions in nano-systems is a new field of science.

The range of the burning rates in such systems is even more
remarkable. Different authors [87–93]report combustion wave
velocities (Uc > 1000 m/s) at the level of the speed of sound in
Please cite this article in press as: A.S. Mukasyan et al., Combustion synthesis in nanostructured reactive systems, Advanced Powder Technology (2015),
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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.
Indeed, all the previously reported data on the combustion veloci-
ties in micron-scale thermite systems (cf. [1]) are in the range 1–
10 cm/s. None of the known kinetics models [94] can predict such
a large increase in Uc by just taking into account the size effect of
the precursors. In addition, the maximum observed values for com-
bustion velocities in nano-foils (see Section 5 of this review) do not
exceed 100 m/s. It is worth noting that in the nanofoils, the sizes
(10–50 nm) of the reagents even smaller than those for typical
nano-thermite systems and their thermal conductivities are much
higher as compared to the thermal conductivity of the porous mix-
tures of nano-powders. Based on all the above discussions, it can be
concluded that the measured values of the hot spot propagation in
the nano-thermite system are not related to the classical definition
of the combustion velocity, but is the result of the combined effect
of high temperature, gasification and gas flow in the constrained
environments (capillary, channels and etc). In any case, the com-
bustion of nanosystems requires new methods for measuring com-
bustion parameters in heterogeneous systems with time scales in
the range �1–10 l sec and heterogeneity scales below 0.1 lm.
4.3. Reaction and microstructure transformation mechanisms of
nanothermite system

The specifics of combustion parameters such as burning rate,
onset reaction temperatures and pressure evolution were dis-
cussed in recent reviews [12,25]. From a materials science stand-
point, it is critical to understand the reaction and microstructure
transformation mechanisms, which can be responsible for such
extremely high rates of interactions in nano-thermite systems
and hence in this part of the review, the focus is on this issue.
Literature analysis suggests that there are currently three main
mechanisms that are used to describe and interpret the reaction
of nano-Al particles in an oxidizing atmosphere, including nano-
thermites. In all of them, the layer of alumina on the surface of
the Al metal particle plays a key role. It is worth noting that basic
physical ideas for nano-Al oxidation are close to those formulated
for the micron size metal particles [95,96], where different mecha-
nisms for the internal strains in the metal particle cladded by oxide
layer have been discussed. The strain may lead to the rupture of
the oxide layer, leading to the direct contact between metal and
the oxidizer and thus accelerating the reaction. However, these
ideas were reformulated for the conditions of nano-scale
Fig. 17. Diagram shows how nAl particles may react via a melt-dispersion mechanism.
shell exposing the molten core and generating a pressure wave which disperses small A
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dimensions and high heating rates. The main features of these
models are described below.

First is the so-called, diffusive oxidation mechanism under the
internal pressure gradient, which was first justified experimentally
[97] and then a model was developed [98]. The bottom line is that
at high heating rates �103 K/s and temperatures above the m.p. of
Al (660 �C) large pressure gradients are present in the oxide shell of
the nano-particles (Fig. 16). If the coating thickness is less than
1 nm then the maximum of negative pressure is in the middle of
the shell (Fig. 16a), but if the oxide thickness has grown signifi-
cantly (thickness� 1 nm), then a relatively wide region exists
along the oxide shell (Fig. 16b) with a constant large negative pres-
sure (�1–2 GPa). A natural effect of this pressure gradient will be
the motion of atoms in the direction of decreasing pressure, which
occurs in addition to the diffusive transport within the oxide shell.
Thus, the pressure effect can be thought of as an effective convec-
tive flux of oxygen and aluminum ions in addition to the diffusive
flux due to concentration. Oxygen will diffuse from the outer sur-
face of the particle to the reaction surface gradient (see Fig. 16b),
while aluminum will diffuse from the metal/metal oxide interface
to the reaction surface, leading to the formation of hollow alumina
particles.

It was found that under the suggested model the kinetics law
can be presented in the following form:

t / r1:6�0:1 ð4Þ

where t is the time required for a particle to react to a degree of con-
version (e.g. 50%) and r is the initial radius of the particle. If this pro-
cess was just a surface reaction in the free molecular regime, one
should expect a linear relationship. But here, the diffusion of species
through the aluminum oxide shell is the rate limiting step and
hence it is not a purely surface process. If we have diffusion of either
only aluminum or only oxygen through the oxide shell and without
any pressure gradients, then the power law obtained is t / r2 and is
in agreement with the shrinking core model in the absence of pres-
sure gradients. It is noted that this rapid diffusion process may be
enhanced by the rupture and thinning of the oxide shell.

Second is, the melt-dispersion mechanism (Fig. 17), which, as it is
stated, works at temperature above the melting point of Al and
very high heating rates >106 K/s [99,100]. Briefly, it was shown that
at fast heating rates, the alumina shell of nanoparticles does not
break until Al melts. The main geometric parameter that deter-
mines stresses in the Al core–shell system is the ratio of Al core
radius R to oxide thickness d, M = R/d. It was found [99–101] that
for M < 19, the entire Al particle melts before the oxide shell
Initially melting of Al creates internal pressures followed by spallation of the oxide
l clusters (adopted Ref. [100]).
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Fig. 18. Change in mass of the aluminum powder oxidizing in a thermal analyzer.
Different stages of oxidation are indicated and the respective changes in the
growing alumina scale are shown schematically (adopted Ref. [103]).
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fractures. Melting of Al is accompanied by a 6% volume expansion
which creates high dynamic pressures (1–3 GPa) in the liquid core.
Pressure of such magnitudes overloads the alumina shell with the
hoop stresses rh that exceeds the ultimate strength of alumina ru

and causes the shell’s dynamic fracture and spallation. After oxide
spallation, the pressure within the liquid Al remains unchanged
while at the bare Al surface the pressure is of the order of
10 MPa only due to surrounding gas pressure and surface tension.
Then an unloading wave propagates from the surface to the center
of the particle and creates a tensile pressure at the particle center
of 3–8 GPa. Such a pressure exceeds the strength (cavitation limit)
of molten Al, and disperses the liquid Al into small bare clusters
that fly at a high velocity (100–250 m/s). Oxidation of these clus-
ters is not limited by diffusion through the initial oxide shell.

The third mechanism is also a diffusion-type oxidation model, but
accounts that the phase transformations in the alumina shell and
was established based on the experimental results obtained by
conventional thermo-gravimetric analysis (TGA) [102,103].
Fig. 18 shows a characteristic sequence of changes in the alumina
scale growing on the particle surface. It was suggested that the
entire oxidation process can be divided into four stages and speci-
fic processes occurring during each stage are illustrated schemati-
cally. The natural amorphous alumina layer covering the particle
initially grows slowly during the low temperature oxidation stage
I. The energy of the oxide–metal interface stabilizes the amorphous
oxide only up to a critical thickness of about 5 nm. When the criti-
cal thickness is approached or when the temperature becomes suf-
ficiently high, the amorphous oxide transforms into c-alumina. The
density of c-alumina exceeds that of amorphous alumina, and the
smallest c-alumina crystallites have a size of about 5 nm. Thus, if
prior to the phase change, the thickness of the amorphous layer
was less than 5 nm, the newly formed c-Al2O3 crystallites no
longer form a continuous layer covering the aluminum surface.
As a result, the rate of oxidation increases rapidly at the beginning
of stage II as shown in Fig. 18. As the openings in the oxide coating
heal, the rate of oxidation decreases. Eventually, a regular poly-
crystalline layer of c-Al2O3 forms by the end of stage II. The growth
of c-Al2O3 continues in stage III for which the oxidation rate is lim-
ited by the inward grain boundary diffusion of oxygen anions.
Stage III ends when the high temperature destabilizes the transi-
tion of alumina polymorphs. The stable and denser a-alumina
polymorph starts forming by the end of stage III; stage IV is consid-
ered to start when the oxide scale is completely transformed to a-
alumina. When first individual a-Al2O3 crystallites begin to form
by the end of stage III, the thickness of the c-Al2O3 layer decreases,
and the oxidation rate abruptly increases. Once most of the oxide
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layer is transformed to coarse and dense a-Al2O3 crystallites
resulting in continuous polycrystalline coverage, grain boundary
diffusion slows down, and the oxidation rate decreases rapidly.

At high heating rates the thickness of the c-oxide layer may be
smaller than some critical value (hm), which leads to the formation
of a discontinuous oxide layer with no diffusion resistance. In this
case, the rate of diffusion was controlled by the parent oxide layer,
i.e. amorphous or c-oxide, for stages II and III respectively.
However, for practically interesting, high heating rates, the parent
oxide may disappear completely even before the layer of the new
polycrystalline phase becomes continuous, that is, before the limit-
ing thickness hm is reached and a portion of the aluminum surface
becomes directly exposed to the oxidizing gas environment.

All of the above models, which have some similarity, but in gen-
eral lead to different kinetics laws, were used to describe extre-
mely rapid burning rates in the nano-thermite systems. The
question is: which of them describes the real nature of the reduc-
tion type combustion in nano-scale heterogeneous media? In our
opinion each of these mechanisms has some strong points as well
as weaknesses.

Indeed, cracking of the Al2O3 layer, which is the conceptual idea
of the second model and possibility of which is mentioned in the
first one, looks reasonable, for example, it explains the rapid reac-
tion in the system where one of the nano-precursor (Al) has very
thick layer of oxide. But all the models suggested that rupture
mechanisms can work at temperature above Al melting point
(912 K). In this case how can one explain the values of the ignition
temperature for such systems which are typically much lower than
912 K? (cf. [12]). There is one more unresolved question, i.e. if the
oxygen free ‘‘fresh’’ surface of solid (or liquid) nano-scale Al parti-
cles is exposed to the oxidizing atmosphere, what will be the rate
of chemical interaction? It was reported that self-ignition tempera-
ture for oxygen free titanium particles in air equals to room tem-
perature and combustion occurs with very high velocity [104].

Also, we suppose that it is vital to include the phase trans-
formation aspects to the combustion mechanism, as it was sug-
gested in the third model. However, for the extremely high
heating rates in the combustion front and very short reaction time,
the question arises regarding the kinetics of these phase trans-
formations. Is it enough time in the reaction front to follow all
these equilibrium routes? Finally, we have strong beliefs that with-
out use of extremely high (experimentally not proven) diffusion
coefficients none of the models, which are based on the diffusion
through the product layers, can explain the low values of observed
onset reaction temperatures and high rates of combustion wave
propagation. We have discussed these issues in our recent review
[12] and concluded that more in-situ experiments are required in
order to define with enough confidence the characteristic reaction
time (rates) for nano-thermite reactions.

From the standpoint of materials synthesis several issues
should be outlined. First let us note that all these reaction models
involve microstructural aspects, which are connected to the mor-
phological or/and phase transformations. Moreover these
microstructural transformations play a key role in the suggested
mechanisms and allow one to explain the extremely fast observed
interaction rates. Second these chemicals models are strongly con-
nected to the mechanical behavior of the heterogeneous system,
i.e. different types of internal stresses and strains, which lead to
the morphological transformations. The above features are very
closely correlated to the concept of, so-called, structural macroki-
netics (SM) [2,94]. The SM deals with the processes of structural
(crystal lattice, elemental composition, morphology, etc.) trans-
formations, which take place under the conditions of intensive
heat and mass transport. The main objective of SM is to control
not only the reaction/combustion rate, but also more importantly
to govern the microstructure of the reactive media to produce
in nanostructured reactive systems, Advanced Powder Technology (2015),
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materials with desired properties. There is beyond doubt that very
soon combustion in the mixtures of nano-powders will not only be
used for rapid release of heat and pressure increase, but also for
synthesis of unique materials. And such structure related models
are a good fundamental base for the development of this new class
of nano-structured materials.

4.4. Applications of nanothermite systems

Thermites are also used for cutting or welding steel such as rail
tracks (Goldschmidt reaction), without requiring complex or heavy
equipment [105]. It is not clear if nAl or nMg will find applications
for the purification of ores, because of the cost and safety issues.
However, such nano-reactive systems can be used as cutting tools,
especially in some harsh environments (salt water etc.) [106]. The
nanothermites, with their fast reaction velocities, have been also
proposed for use as igniters and lead-free primers for ammunition
[107]. This example shows that the use of energetic nanomaterials
may allow the replacement of toxic substances – lead and mercury
salts as primary explosives, while being less expensive than other
replacements, such as silver azide or fulminate. Also, certain appli-
cations of solid-propellant micro-thrusters, such as course correc-
tion of high-velocity projectiles or microsatellites, require that the
actuation time be as short as possible. It was shown that nan-
othermite composites are capable of producing reaction prop-
agation rates similar to those of conventional primary explosives,
but with pressure levels well below that of solid explosives. This
characteristic makes composites a promising candidate for fast-im-
pulse microthruster applications [108]. It was found that
Fig. 19. Examples of the lamellar structures Ni/Al, produced by various methods: (a) and
– after cold rolling [120]; (e) and (f) – high-energy ball mill plus cold rolling. (a), (b), (f)
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nanothermite composites are capable of producing shock waves
with Mach numbers up to 2.44 in an air-filled tube [109]. In general,
micro- and nano-electromechanical systems and sensors are extre-
mely promising fields for nanothermites [110]. In addition, the
shock wave if produced by reaction of super-thermites can be used
for production of nanomaterials such as nanodiamonds [111].

Another specific application is related to gas generators [112]. It
was demonstrated that among a variety of MeO–Al nanothermite
systems (Me = Fe, Mo, W, Mn, Cu, B) Bi2O3 + Al composition, where
metal oxide nanopowder was produced by solution combustion
synthesis method, shows the highest pressure peak (�10 MPa)
with DP/Dt of 500 GPa/s. The maximum P–V value obtained using
a 0.1 g sample with as-synthesized well crystalline Bi2O3 and nano
aluminum mixture was 707 Pa m3. This is much higher than that
reported in the literature 33 Pa m3 for the same sample mass.

Thus all of the above mentioned applications are mostly related
to such properties of nano-thermites like extreme rapid reaction
rates and high gas evolution. The question is whether these sys-
tems can be also used for materials synthesis. Based on our experi-
ence in the field of CS we can make a prognosis that soon this
research work will appear where the reactive mixtures of nano-
powders will be used for the synthesis of unique nano-composites,
cermets and alloys. The near future will validate this prediction.
5. Multilayer reactive nano-foils (MRNF)

The basic method for the production of reactive nano-foils is the
layer-by-layer magnetron deposition, in which the cold substrate,
(b) – magnetron deposition; (c) – initial stack of the foils before cold rolling [121], (d)
– TEM, light phase Al, dark phase Ni; (c)–(e) – SEM, dark phase Ni, light phase Al.
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Fig. 20. Mechanical methods for production of the lamellar reaction nano-foils: hot pressing of the stacked foils + cold rolling (a) and HEBM of powder mixtures + cold rolling
(b).
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placed on the rotating holder, passes by turns through spatially
separated flows of atoms, sputtered from different magnetron tar-
gets. Details of the method are described elsewhere [11,12,113].
Relatively flat continuous layers of the sputtered elements (usually
metals) deposit alternatively one over another. Thickness of the
layer may vary from several nanometers to microns, while number
of the layers ‘‘stacked’’ in one foil may achieve several thousands.
The overall thickness of the foil is limited by mechanical stresses
accumulating in the heterogeneous lamellar structure composed
of dissimilar materials, and usually do not exceed 200 lm. The
typical microstructure of the magnetron deposited multilayer reac-
tive nano-foil is shown in Fig. 19a and b. Although the Ni/Al
MRNF’s are the most studied system of numerous experimental
and theoretical works, many other Me/Al bimetal nano-foils, where
Me = Ti, Co, Pd, Pt, Cu, Nb, Ta, were obtained using this method
[12]. Besides, some metal/nonmetal MRNF’s have been produced
recently by magnetron sputtering, including Nb/Si [114] and
Ti/2B [115].

General limitations of the magnetron sputtering are the high
cost and relatively low yield. The quest for alternative, efficient
production methods led to the development of the multiple cold
rolling technique [116–121], also named as accumulative roll
bonding process [121,122]. A bimetal stack of alternate foils under-
goes cold rolling several times, which results in reduction of the
initial thickness by an order of magnitude or even more. For exam-
ple, using a stack of original Ni (18 lm thick) and pure Al (25 lm)
foils, the multilayer foil with bilayer thickness of 5 lm, total thick-
ness of 0.85–0.9 mm was obtained [117]. Modification of this
method involves hot rolling of the bundle of metal sheets (foils)
in vacuum at 1000–1300 K as a first technological stage, which
provides formation of multilayer bulk material [123]. Instead of
hot rolling, hot vacuum pressing can be applied at the first stage
for the same purpose of producing bulk multilayer rolling billet
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[124]. The second stage is multiple cold rolling of this material in
air. The schematic representation of this method is shown in
Fig. 20a. It was revealed that the ‘‘hot + cold’’ rolling technique
facilitates the formation of nanolaminate bimetal composites with
layer thickness down to a few nanometers, and number of layers
up to tens of thousands. However, the real nano-laminates were
obtained in the systems of nonreactive, immiscible metals. Thus,
multilayer foil with the flat continuous nano-layers and advanced
mechanical properties was obtained in the Cu–Nb system: bilayer
thickness was about 10–20 nm [125]. Nanolaminate composites
with tortuous, nonuniform layers were reported for the Cu–Ag sys-
tem with limited solubility [126]. For the reactive systems, with
the ability of the intermetallic phases formation, the thickness of
individual metal layers in the laminate shoots up to several
microns: the microstructures presented in the literature possess
bilayer periodicity over 50 lm for the Cu–Ti [124], about
20–30 lm for the Ti–Ni [127], and 140 lm for the Ni–Al [128]
composites. Therefore, mechanical methods allow production of
nanometer-scale laminates in the nonreactive immiscible systems,
and micrometer-scale laminate composites of the reactive metals.

Non-uniformity, intermittence and tortuosity of the layers are
the most common microstructure defects of the reactive multilayer
foils produced by mechanical methods. Microstructure of the cold-
rolled Ni/Al film presented in Fig. 19c and d shows that the thick-
ness of individual layers varies in the range 0.1–10 lm. These
effects are probably caused by difference in mechanical properties
of Ni and Al (yield strength, hardness, etc.) and sliding of the layers
relative to each other. In order to improve contacts between layers,
careful cleaning of the surfaces of initial foils is used shortly before
the cold or hot rolling, e.g., wire-brushing and cleaning with ace-
tone for the cold rolling [119], grinding with abrasive paper for
the hot + cold rolling [124], etc. The pre-treatment of the initial
metal foils or sheets removes surface oxides and other impurities,
in nanostructured reactive systems, Advanced Powder Technology (2015),
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and creates proper surface geometry for better adhesion of the
layers.

The third branch of production methods, which should be noted
here, is a combination of high-energy ball mill and cold rolling and
schematically shown in Fig. 20b. The idea of this combination, sug-
gested in [4], has been accomplished as a technological method in
[129]. Fig. 19e and f shows microstructure of the Ni/Al sub-
micrometer laminate ribbon produced by cold rolling of the
high-energy ball milled composite powders (see Section 2).
Evidently, the nanometer-scale Ni and Al layers are present in
the material. The ball milled and cold rolled foils possess relatively
high non-uniformity, intermittence and tortuosity, as compared to
the magnetron deposited films. However, reactive properties of the
foil depend mostly on the thickness of the reactants layers, while
their shape has negligible effect on the reactivity.
5.1. Kinetics of multilayer reactive nano-foils

Kinetics of the heterogeneous reactions strongly depends on the
temperature – time regime of the process. Most of the systems
under consideration react at growing temperature conditions,
when the temperature rises due to external heating or internal
reaction self-heating. All possible reaction stages and intermediate
products can be revealed at slow heating, e.g., using the differential
scanning calorimetry (DSC) method, where the testing samples are
heated at the rate of 0.1–1 K/s. The reaction route changes dramati-
cally, when the heating rates increases up to 105–107 K/s, which
are typical parameters of the combustion wave front. When the
heating rate is very high, most of the reaction stages and products
do not occur; the reaction mechanism is simplified and often
reduced to one high-temperature stage. For instance, in the Ni/Al
nanolaminates, slow DSC heating revealed the formation of several
intermediate phases, including primary phase NiAl3, metastable
Ni2Al9, and dominant growing Ni2Al3, preceding the appearance
of the final B2 NiAl phase [130,131]. Direct measurements of the
phase transformations during combustion of the Ni/Al multilayer
nanofoils, made by time-resolved X-ray micro diffraction using
synchrotron radiation, have shown that the reaction occurred in
one stage, and NiAl was the only product [132]. Probably, this rule
is applicable also for other compositions of the MRNF. A
nanocalorimetry method, specially developed for investigation of
heterogeneous reaction mechanisms in the nano-layer systems at
high heating rates, was applied, in conjunction with modeling, to
the Ni/Al foils with 50 nm and 60 nm bilayers [133]. The results
have shown one exothermic reaction stage in the temperature
range 600–1000 K, with the maximum chemical self-heating rate
about 4 � 105 K/s.

Two intriguing features of the MRNFs are the very low tempera-
ture of the reaction initiation and high velocity of the reaction
wave propagation (gasless combustion). Compilations of the
experimental data were presented in previous reviews [11,12].
Self-sustained reaction can be initiated at temperature of
425–474 K, much below the melting point of any metal compo-
nent, and 570–770 K lower than the ignition temperature of
micro-heterogeneous powder mixtures with similar compositions.
Commonly, solid state diffusivity is negligible at that temperature,
however, nano-heterogeneous materials may possess different
transport properties. Thus, nanocalorimetry measurements [133]
gave the following expression for calculating inter diffusivity in
the Ni/Al nanolayers at temperature T = 720–860 K:

D ¼ ð2:79� 10�10Þ exp �6900
T

� �
ð5Þ

Calculation by this formula gives D = (2.0–9.7) � 10�14 m2/s, which
is orders of value higher than expected from the reference data on
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bulk materials for the corresponding temperature range.
Molecular dynamics simulation of the process of reaction initiation
(self-ignition) in the Ni/Al nanolaminates demonstrated a signifi-
cant role of interphase boundary misfits in the reaction initiation
[134]. Increasing of the misfit stress up to 6.87% results in decrease
of the calculated reaction ignition temperature from 800 K to 450 K.
Another hypothesis on the causes of hyper-reactivity is that thin
intermixed layers on the interphase boundary, which form during
deposition can be observed by TEM (see Fig. 19b), and serve as pre-
cursors of the reaction, lowering activation barrier for the reaction
initiation. As discussed in Section 2, similar layers possessing lower
self-ignition temperature can also be observed in the high-energy
ball-milled mixtures (Fig. 19e). Thus, initiation of the self-sustained
reaction arises from solid state processes, which occur with unusu-
ally high rates at relatively low temperature due to enhanced
diffusivity in the nanostructure heterogeneous materials and,
possibly, due to nanoscale solid precursors. The mechanisms of
these solid state processes are the subjects for the nearest future
investigation.

Once initiated, the exothermic reaction releases heat sufficient
for a sharp increase of the temperature above the melting point
of at least one reactant. Hence, the main stage of reaction includes
interaction between solid refractory metal layers and molten com-
pounds. The solid–liquid reaction mechanism must explain the
above mentioned high velocities of the reaction wave propagation,
which can reach 80–90 m/s [11,12]. One of the existing models
presumes that a continuous layer of solid product forms at the
interphase boundary, and the reaction proceeds due to diffusion
of the reactants through this layer, as shown schematically in
Fig. 20a. According to this model, in the Ni/Al reactive multilayer
foils, Ni and Al atoms have to diffuse through the NiAl solid layer.
Evaluation of the diffusivity obtained as best fits of the experimen-
tally measured reaction wave propagation velocity [135] gave:

D ¼ D0 exp � E
RT

� �
¼ ð2:18� 10�6Þ exp �16478

T

� �
ð6Þ

where R = 8.314 J/mol K – is the universal gas constant,
E = 137 kJ/mol is the activation energy. Despite of the strong differ-
ences in the pre-exponent factors and activation energies, calcula-
tions by formulas (5) and (6) provide close values of the
diffusivity coefficient in the low-temperature region. At T = 860 K
equation (6) gives D = 1.2 � 10�14 m2/s, which is about 8 times
lower than the result of calculation by Eq. (5), and still higher than
expected from data on bulk materials.

Calculations by using (6) for the high-temperature range led to
the following values: for the adiabatic combustion temperature
(1900 K) D = 4.0 � 10�10 m2/s; for the melting point of Ni
(1728 K) D = 1.7 � 10�10 m2/s; for the eutectic point (1658 K)
D = 1.1 � 10�10 m2/s. These values are much higher than the
diffusivities of the Ni and Al in the B-2 NiAl determined from the
independent measurements [136], which can be described for
the stoichiometric (50/50 at.%) nickel aluminide as

D ¼ ð3:45� 10�5Þ exp �34881
T

� �
ð7Þ

Eq. (7) was derived from the experimental data in the temperature
range 1050–1630 K. Extrapolating this equation for higher tempera-
tures, one can estimate the diffusivity of Ni in NiAl at the combus-
tion temperature as 4.1 � 10�13 m2/s, or at Ni melting point as
6.8 � 10�14 m2/s. According to molecular dynamic simulation, the
diffusivity of Al in solid NiAl, is about 2.5 times slower than that
of Ni [137]. The results show that solid state diffusivity, determined
from independent experiments and simulations, is 103–104 times
lower than that is required for the explanation of high gasless com-
bustion velocity within the frames of the model shown in Fig. 20a.
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Fig. 21. TEM dark field image for structure of the reaction zone in Ni–Al system (a); DMS distribution of the Al (dark) and Ni (light gray) atoms (b); Schematic representation
of the model for the self-propagating reactions in the multilayer Ni–Al nano-foil – Ni dissolution into the Al-melt followed by precipitation of solid NiAl grains (c).
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One can debate, of course, that diffusivity in nanomaterials is higher
due to large concentration of crystal lattice defects, grain bound-
aries and other specific features of the nano state of the matter.
However, in the considered systems experimental proofs and mea-
surement of the diffusivities in the highly-defective solids are not
available yet. On the other hand, self-diffusion of Ni in the Al-Ni
melt, experimentally measured by means of quasielastic neutron
scattering at 1928 K, was found to be equal to 4.9 � 10�9 m2/s
[138]. Therefore, if we assume that the reaction is controlled by dif-
fusion in the melt, extremely high rates of the reaction wave prop-
agation find their obvious explanation.

The reaction model based on direct dissolution of the
refractory compound into the melt and liquid-state diffusion is
presented schematically in Fig. 21c. This model assumed that
the grains of solid products do not form a permanent layer, and
therefore, liquid state diffusion takes place in the gaps between
the grains. This mechanism was experimentally found in the
quenched Ni/Al MRNF reaction waves [139]. Microstructure of
the reaction zone of the gasless Ni/Al combustion wave, obtained
by quenching of the reaction process, is shown in Fig. 21a. It is
evident that the solid product consists of separate spherical nano-
sized grains, which do not form a continuous solid layer. A similar
conclusion can be made from the molecular dynamics simulations
of the reaction, an example of the calculated atomic distribution is
shown in Fig. 21b [140]. Thus, the model of direct dissolution into
the melt and precipitation of separate grains adequately describes
the experimentally observed features of the heterogeneous
high-temperature reactions in the nano-layer gasless energetic
materials.

The reaction mechanisms in the multilayer foils produced by
mechanical methods (cold rolling) are less puzzling. Since the
thickness of the layers realized by this method so far lies in the
micrometer-scale range (see Fig. 19c and d), the combustion front
propagation velocity does not exceed several centimeters per sec-
ond [141]. Such values can be explained by solid or liquid state
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diffusion mechanisms and, probably both of these processes occur
in the mechanically structured multilayers.

5.2. Applications of the multilayer foils

Applications of the MRNFs follow from their thermodynamic
properties and reaction mechanisms. Due to the high reaction rate
and fast heat release, these functional materials find applications
in joining (bonding) materials, in the reaction initiating systems,
for enhancement of the heat and blast effects of energetic materi-
als, etc. For joining purposes, the reaction foil is placed, together
with the solder layers, between two materials (items), similar or
dissimilar, which are to be joined. The precise amount of heat,
instantly released by the foil after reaction initiation, melts the sol-
der layers and joins the materials, without a damaging effect on
their structure and properties. A wide spectrum of different
materials and items, from refractory metals and ceramics to sensi-
tive microelectronic components (e.g., LED crystals) and amor-
phous metal glasses can be soldered. More detailed reviews of
this class of applications can be found in [11,113]. Magnetron –
deposited Ni/Al multilayer nanofoils are the most used, commer-
cially available soldering composite, characterized by a heat
release DH = 118 kJ/mol and a self-heating adiabatic temperature
Tad. = 1911 K. Some recent examples of the low-temperature bond-
ing in microsystem technology are: IR-emitter bonded on a covar
socket; quartz strain gauge bonded on a steel membrane
[142,143]. Higher (as compared to Ni/Al) heat release and tempera-
ture can be obtained in the Pd/Al (DH = 163 kJ/mol; Tad. = 2270 K)
and Pt/Al (DH = 201 kJ/mol; Tad. = 2580 K) systems. Formation of
the non-desirable intermetallic phases [144] and relatively high
cost of the Pt and Pd hinder R&D of these compositions; however,
successful applications have already been reported [145]. A specific
feature of the work is that very thin (0.9–4.5 lm) multilayer nano-
films (bilayer thickness 75–400 nm) were deposited directly on the
components of microelectronic devices. After deposition, the
in nanostructured reactive systems, Advanced Powder Technology (2015),
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proper pattern of the reactive film on the substrate was created by
wet etching. Successful bonding was obtained using Pd/Al and Ti/
a-Si multilayers.

The second branch of the practical problems, solved by utiliza-
tion of the MRNFs, relates to the pyrotechnic and military applica-
tions, such as enhancing the blast effect of energetic materials or as
elements of various initiators [146,147]. Initiation and reaction of
the multilayer nanofoils under fast dynamic compression have
been studied in different experimental works using several meth-
ods of the dynamic loading. Shockless laser-driven compression
of the Ni/Al MRNFs was obtained by means of the laser beam pulse
with wavelength 351 nm, 3.7 ns duration and intensity (3.8–
7.6) � 1012 W/cm2 [120]. The laser beam was not focused at the foil
surface, but at the intermediate ablator reservoir, located at short
distance before the foil. Expanding dense plasma, generated due
to laser exposure of the ablator-reservoir, compressed the foil
without formation of the shock wave. Fully reacted NiAl with grain
size �500 nm was found in the compressed region; however, the
exothermic reaction did not self-sustain and did not propagate
throughout the foil. Similar results were obtained for the direct
laser shock-wave loading, when the foil surface was irradiated by
the light beam with intensity 2.68 � 1011 – 1.28 � 1013 W/cm2,
and pulse duration 3 and 8 ns: the laser shock created craters, spal-
lation, and extreme damage in the laminates, but did not generate
a self-propagating reaction through the sample [117]. These results
are puzzling, because the self-sustaining reaction in the Ni/Al
nanofoils can be easily initiated by weak electric spark, or by local
heating up to 473–573 K. Probably, the reason is that the duration
of the laser pulse is not enough to form the preheated region com-
parable with the thickness of preheating zone of the steady reac-
tion wave, which is required for ignition. It is also possible that
destruction and fragmentation of the exposed region prevents for-
mation of the preheated zone, because the hot pieces of the foil fly
out of this zone.

A different result was obtained using mechanical impact [148].
The flyers made of different materials (e.g., Cu or Al) were acceler-
ated by laser beam, up to velocity of 1.4 km/s, and struck the Ni/Al
vapor-deposited MRNF. It was found that the reaction initiation
threshold impact velocity was 270 m/s for foils with 30-nm bilayer
spacing, and that the reaction to the NiAl phase was self-propagat-
ing once initiated. Commonly, the shock loading or impact is
applied normal to the foil surface, and, therefore, normally to the
layers. Computer simulation of the shock wave propagation inside
the laminates, made using real microstructures of the cold rolled
Ni/Al materials, allows to conclude that the orientation of the lay-
ers can greatly affect the dissipation and dispersion of the shock
waves [118].

The electrically exploding foil initiators, due to their safety and
reliability, are widely used for military and civilian applications.
Additives of the Al/CuO magnetron sputtered MRNF to the
exploding foil initiator was studied in the work [146]. It was
concluded that the reactive multilayer foil has the potential to
decrease the initiation threshold, which will lead to a smaller
volume of initiator, further increasing safety and reliability. A
simple micro-initiator device was suggested using Ni/Al
nanolaminates [147]. The ignition power threshold was found
as small as 3 mW with the ignition delay about 0.63 s. Unlike
the exploding initiator, the latter device produces only heat,
without any mechanical impact, and, therefore, cannot be used
for initiation of the explosives.

The gasless exothermic reaction in the MRNF, at some condi-
tions, can initiate the solid–gas reaction of oxidation between
unreacted components of the same film and gas environment (oxy-
gen, etc.). This solid–gas reaction increases the energy output of
the reactive material (foil) and duration of the heat release. The
potential application of the reaction foil as ‘‘self-initiator’’ in
Please cite this article in press as: A.S. Mukasyan et al., Combustion synthesis
http://dx.doi.org/10.1016/j.apt.2015.03.013
oxidizing environments was demonstrated for the Ti/2B [115] as
well as for the 3Al/2Ni, 3Al/Zr, and Al/Zr [149] compositions.

Finally, it should be noted that most of the considered multi-
layer reactive nano – foils can be used for the combustion synthesis
of fine-grained (sometimes, nanocrystalline) intermetallics.
However, taking into account the relatively high cost of the
MRNF production, this method does not look like a promising
and economically effective production route. Some of the multi-
layer foils possess interesting mechanical or physical properties,
e.g., high tensile strength or superconductivity. Consideration of
these properties is beyond the scope of this review.
6. Conclusions

Four different types of heterogeneous combustion systems have
been discussed. The first system consists of the composite particles
prepared by HEBM in which solid precursors are intermixed on the
nano-scale level. The second system involves an amorphous gel
formed after drying of the reactive aqueous solution in which pre-
cursors are mixed on the molecular level. The third system is a
mixture of the nano-sized powders. The last system is a micron-
thickness foil that consists of alternative nano layers of metallic
reactants. These systems have several common features: (i) they
are reactive enough to allow propagation of the self-sustained
combustion wave; (ii) such self-sustained reactions can be used
for synthesis of useful products and (iii) the precursors are mixed
on the nano-scale level.

The last feature distinguishing these nanostructured reactive
systems from the conventional reactive mixtures is that they are
used for materials synthesis via combustion based routes. The
above analysis reveals that being very different by nature these
systems possess some similar properties. First of all they have
low onset reaction temperatures, which are typically below the
melting points of the precursors. It is well recognized that for the
micron-size reactive powder mixture the onset reaction tempera-
ture equals or above the melting point of the less refractory precur-
sor (or system eutectic). This effect is primarily related to the
extremely low contact surface area between the reactants in such
mixtures. All considered nano-systems owing to the preparation
methods and small dimensions of the reactants possess much
higher contact surface area between reactants thus allowing reac-
tion initiation solely due to solid state processes.

An even more striking match can be found between the com-
bustion of nano-foils and HEBM composite particles. It can be seen
that the inner microstructure of individual composite particles is
similar to those for the nano-foils of the same composition, but
is not as regular. Otherwise it looks like that ignition temperature
and combustion characteristics of such composite particles are
comparable with corresponding reactive nano-foils. Lower com-
bustion velocity which is detected for the mixture of the HEBM-
particles is due to the smaller thermal diffusivity of the powder
media as compared to pore-free foil.

On the other hand, one can find pronounced differences in the
combustion of these nano-systems. Indeed, the range for the
experimentally measured values of the combustion velocity
extends from �1 mm/s for sol–gel combustion, through tens of
cm/s for HEBM powder mixture and tens of meters per seconds
for nano-foils, to 103 m/s for nano-thermites. While we doubted
the correctness of the later value, it is still an impressive range of
values. Interestingly, the lowest combustion velocities are
observed for the system where the precursors are mixed on the
molecular level (sol–gels). This effect can be explained by relatively
low exothermicity of the systems, i.e. maximum measured com-
bustion temperatures are on the order of 1000 K, as well as by large
amount of gas-phase products, which take away heat from the
in nanostructured reactive systems, Advanced Powder Technology (2015),
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reaction front [150,151]. It is worth noting that in sol–gel systems,
the combustion front can propagate in a self-sustained manner
even if the maximum combustion temperature is �500 K. Before
it was believed that such waves may propagate only if combustion
temperature is on the order of 2000 K [152].

Finally, one or more similarities between all considered systems
are outlined. It looks like all of them can be used to synthesize
nanomaterials. In general, it is a challenging task to produce nano
products by using high temperature heterogeneous combustion
processes. It looks like the short term high temperature conditions
of the combustion wave, as well as intensive gasification (sol–gel
and nanothermites systems) and initial structures of the precur-
sors (HEBM composite particles and nano-foils) facilitate the for-
mation of nano-sized structures. However, the application
aspects of reactive nano-systems require further investigation.
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