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Abstract

Specific applications of self-sustained reactions to fabricate advanced ceramics, along with
details such as synthesis conditions, mechanism of microstructure formation, and material
properties, are overviewed. The latest achievements in the field include analysis of three such
synthetic routes: reactive spark plasma sintering, combustion synthesis with mechanical
stimulation, and solution combustion synthesis. Examples of fabrication of high-temperature
nanostructured ceramics and composites, as well as non-equilibrium ceramic phases are also
discussed.
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1. Introduction

The most general definition of combustion phenomenon implies the chemical reaction that
self-propagates along the media, localizing in relatively thin combustion zone. The conventional
examples for such processes include burning of coal and candles, forest fires, and gasoline
combustion in engines. In these examples, the presence of gas phase oxygen is critical and the
desired combustion products are heat, light, and power. This review covers a different type of
combustion paradigm that is those combustion processes that may occur without oxygen with the
primary aim of producing valuable solid-state materials. Two such types of combustion processes
are considered in this review. The first is solid-state reaction in a powder-based media, while the
second is combustion of reactive solutions.

In the late 1960s a group of researchers from the Institute of Chemical Physics, part of the
USSR Academy of Sciences, headed by Alexander Merzhanov, searched for self-sustained
combustion reactions of propellants that might burn without producing a gas flame. During this
work, the scientists discovered a new phenomenon of “reaction wave localization for solid state
reactions” [1] or in modern terms the solid flame [2,3]. To explain this phenomenon let us consider
the tantalum (Ta) — carbon (C) reactive system. Thermodynamic analysis reveals that this system
is highly exothermic, which means that, if reaction between these precursors is initiated, a large
amount of heat (2120 cal/cc) may be released, and for adiabatic conditions the combustion
temperature may reach as high as 2470 °C. However, the Ta-C equilibrium phase diagram indicates
that the melting points (m.p.) of the precursors are 3020 °C for Ta and 3800 °C for carbon, with a
eutectic point of 2843 °C [4]. All these temperatures are well above the adiabatic combustion
temperature, which implies that the combustion process should proceed without the presence of
any liquid or gaseous species, but instead should progress solely due to solid-state mass transport
mechanisms. Therefore, observation of self-sustained localized reaction in this system can be

considered as evidence of a solid flame.



Examination of the more than fifty years of fundamental studies of solid flame
phenomenon is very enlightening, but it is outside the scope of this work and can be found in recent
publications [5,6]. For production of ceramics, it is more relevant that the only combustion product
in the Ta-C system is the valuable ultra-high temperature ceramic, tantalum carbide
(m.p. 3985 °C). The concept of using gasless combustion reactions in heterogeneous powder
mixtures to produce materials was broadened to thousands of reactive systems. Currently this
approach, known as conventional combustion synthesis (CS), allows fabrication of almost any
type of advanced ceramics [1,7,8]. The unique parameters of this approach includes: (i) high
temperatures (2000 — 4000 °C), which in many cases exceed those that can be achieved in furnaces;
(ii) extremely high heating rates (up to 10° °C/s) within the combustion front, which may lead to
the formation of non-equilibrium phases; (iii) short synthesis time (10 — 10 s); (iv) essentially
zero energy consumption; (v) simple technological equipment; and (vi) in many cases, easy
scalability [1,3,9]. The often-discussed disadvantages are as follows: (i) the controllability of the
combustion process, where all parameters are closely correlated; (ii) structural uniformity of the
produced materials; and (iii) process safety [3]. In this review we demonstrate the strong aspects
of the conventional CS process and discuss routes to overcome the drawbacks.

In the middle of 1980s scientists from India, P. Ravindranathan, and K. Patil, discovered
that the paradigm of “‘self-sustained reaction for materials synthesis” can also be applied for
reactive aqueous solutions [10,11]. These solutions involve oxidizers, typically metal nitrate
hydrates, and fuels (urea, glycine, citric acid, etc.). Both the oxidizer and the fuel are often solids
at room temperature but have high solubility in water. Thoroughly mixed solutions of fuel and
oxidizer are exothermic, with adiabatic combustion temperatures in the range 1000 — 2000 °C.
Therefore, while all the advantages of materials synthesis mentioned for heterogeneous
conventional CS are applied here, solution combustion synthesis (SCS) has its own specific
advantages. First, in this case, the reactants are mixed on the molecular level, thus by clever control

of the process it is easy to fabricate nano-sized materials. Second, typically a large amount of



gaseous sub-products form during SCS, which hinders sintering of the solid product and leads to
synthesis of high surface area powders. Finally, high combustion temperatures permit one-step
synthesis of crystalline materials, thus avoiding additional post-synthesis high-temperature
treatment (calcination) of the product. The general concerns for SCS are as follows: (i) it is
difficult to produce separate particles with a narrow size distribution; (i1) primarily oxides ceramics
can be fabricated. Indeed, during the last decade, thousands of different oxides, including binary
oxides, ternary oxides, and multi-element perovskites, have been produced by SCS [11,12].
However, the range of SCS products has recently been expanded to include pure metals, alloys,
intermetallics and metal nitrides ceramics [12—14]. The typical morphology of SCS products
consists of high surface area porous sponge-like agglomerates and only recently developed routes
permit synthesis of nano-sized particles with a narrow particle size distribution [15]. In this
review, we discuss recent breakthroughs in the field of SCS, focusing on the controllability of the
process, which can be achieved based on investigation of the reaction mechanisms taking place
within the combustion wave.

It should be noted that both CS approaches, i.e. heterogeneous conventional SC and
homogeneous SCS, can be accomplished in two different reaction modes. The self-propagating
high-temperature synthesis (SHS) mode involves local preheating of the reaction media, followed
by reaction propagation along this media in the form of a high temperature combustion front. The
second mode, volume combustion synthesis (VCS), implies uniform preheating of the reactant
material to the so-called ignition temperature, at which reaction starts essentially uniformly across
the entire volume.

The goal of this review is to summarize and discuss the specifics for CS of ceramics, including
synthesis conditions, mechanism of microstructure formation, as well as material properties.
Special attention is paid to the latest achievements in the field, including analysis of such novel
synthetic routes as reactive spark plasma sintering, combustion synthesis with mechanical

stimulation, CS of nanostructured ceramics and composites, as well as fabrication of non-



equilibrium phases. In section 2 we overview recently developed routes for synthesis of ceramics,
focusing on the hybrid approaches that involve a combination of different advanced synthesis
methods with CS. In section 3 using examples of ceramics fabricated in our laboratories, we
illustrate the capabilities of these approaches, showing synthesis of sub-micron powders, dense
bulk nanostructured ceramics, and non-equilibrium phases. In section 4 we briefly discuss future

directions of the CS field.
2. Combustion synthesis routes

2.1. CS and high energy ball milling

Treatment of powder mixtures in different types of mills is a well-known technique in
powder metallurgy [16]. For example, as developed in the late 1960s, mechanical alloying (MA)
process is one of the effective methods for production of equilibrium and non-equilibrium alloys.
In general, MA involves high-energy milling devices, including attritor, vibrational, and ball mills.
However, conventional MA usually involves long-term (tens of hours) treatment and cannot be
applied for energetic systems.

A hybrid approach that combines short-term high-energy ball milling (HEBM) of reactive
powder mixtures with combustion synthesis is also widely used to produce different materials
[1,17-20]. Initially this approach was suggested as an activation tool for low exothermic CS
mixtures [18,20]. Indeed, many important reactions, including B+C, B+TiN and Si+C, which lead
to the fabrication of B4C, BN-TiB», and SiC ceramics, have relatively low enthalpy of product
formation. and, thus, low adiabatic combustion temperatures. The temperature associated diffusion
limitations prevent these reactions from proceeding in a self-sustained manner when prepared as
a conventional mixture of reactant powders. However, CS in these systems can be accomplished
by using different so-called activation methods, such as preliminary preheating [21], introduction
of functional additives [22], or by preliminary mechanical treatment [23]. It was demonstrated
that optimized HEBM of such powder mixtures results in significant enhancement of their
reactivity, which leads to the realization of the steady-state self-sustained reaction mode
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[17,20,24]. Unlike conventional MA, the idea of short-term HEBM is to “activate” the reaction
without any chemical interaction between the components of the mixture. Therefore, the process
is interrupted (arrested) at some critical time in order to obtain a reactive media with increased
reactivity prior to the occurrence of chemical reaction. The duration of short-term HEBM depends
on the system and the milling conditions. For example, it is 3 min for the Ti-C system [25] and
45 min for the B-TiN system [26].

Several mechanisms have been suggested to explain the effect of reaction activation by
short-term HEBM (see discussion in [27]). In our opinion, two factors play the most important
role. First, there is a significant increase in contact surface area between the reactants. Initially,
powder-based reactants have only point contacts. Due to severe plastic deformation of the reactive
powder under the influence of the milling bodies inside the milling container, more ductile powder
particles are repeatedly flattened and deformed, while brittle powders break and decrease in size.
Continued impact of the bodies leads to the cold-welding of particles producing composite

particles, which contain both precursors (Fig. 1a).
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Fig. 1. (a) Schematics for formation of composite particle during HEBM; Cross sections of the
mechanically-induced particles in (b) Ti-C; (c) Hf-C; and (d) Ta-C systems.

Increasing the duration of mechanical treatment, which typically takes place in an inert gas

atmosphere, leads to the formation of fresh oxygen-free contact surfaces. The second factor in



increased reactivity is related to the simultaneous decrease of the characteristic diffusion scales
(size of the particulates) to the nano-level. Figures 1 b-d shows typical cross sections of
mechanically-induced composite particles in different metal-carbon (Ti/C; Hf/C; Ta/C) systems.
It can be seen that the characteristic sizes of the precursors range from 10 to 100 nm. Both the
increased surface area contact and reduced characteristic size promote solid-state diffusivity and
are responsible for the increased reactivity of treated mixtures allowing implementation of CS
even for weakly exothermic mixtures.

Recently, it was realized that a similar approach can also be applied for highly exothermic
systems. While not needed to enhance reactivity, mechanical treatment can be used to control the
microstructure of the fabricated ceramics [24]. Controllability of the microstructure of the
materials produced by CS is a well-recognized issue [1,3] . Indeed, because of the rapid self-
sustained nature and extremely high-temperatures, which typically exceed melting points of the
precursors, it is difficult to control the structural transformation processes in the combustion front.
However it was demonstrated that if the diffusion scales in the composite reactive particles are
below some critical values, the reaction occurs so rapidly, that melting does not significantly
influence the structural transformations of the media, hence the morphology of the produced
powders essentially mimic that of the initial composite particles [1,28].

In the suggested approach, the initial reactive medium structure plays one of the major roles
in the structural formation of CS materials. HEBM has been proven to be a powerful tool to control
the morphology and structure of the composite reactive particles. For example, it was shown that
by using a planetary ball mill and changing the K parameter, the ratio between the rotation speeds
of the grinding vial and the sun wheel, it is possible to achieve different types of ball movement
inside the milling vial: cascading, cataracting, and centrifugal [28]. These different regimes
significantly change the structure and morphology of the produced composite reactive particles
and, as such, also their reactive properties. Therefore, by the optimization of HEBM parameters

one can control the morphology of milled powders and thus the powder structure after CS. The



approach to control morphology of the ceramic powders produced by CS is discussed in detail in
Section 3.1.
2.2.  CS and spark plasma sintering

In recent years, several novel methods have been developed for the consolidation of powder
materials, including sub-micron and nano-ceramics, which make it possible to control the grain
growth process and reduce the sintering time to several minutes [29]. One of these methods is
spark plasma sintering (SPS) (cf. [30-34]). The main idea of SPS involves the passage of large
(1000-5000 Amps) pulses of an electric current through the media to be consolidated, which should
lead to the formation of plasma at the spot-like inter-particle contacts, thus facilitating mass
transfer and sintering. It is interesting that this concept was conceived when one of the inventors
Dr. Z. Munir was investigating the combustion of low exothermal CS systems and suggested
electrical current as a reaction “activation” tool [35-38].

Recently, the combination of SPS and CS was revisited at a qualitatively new level due to
advances in the currently available SPS devices. In the case of reactive spark plasma sintering
(RSPS), in addition to the obvious SPS effects of high temperature, high heating rates, and high
axial pressure, the joule heating promotes the initiation of self-sustained reactions in the
consolidated media, which further accelerates sintering to obtain bulk ceramics (cf. [39—45]). The
typical scheme of the RSPS device is shown in Fig. 2a. The reactive mixture of powders (e.g.
Si+C [43] or B4C-(Ti3SiC2+S1) [45]) or reactive foils (e.g. Mo foils and Si wafers in a Mo—Si—-Mo
multilayer assembly [30]) is placed into a cylindrical graphite die. A graphite paper was positioned
between the sample and the die to protect the surface of the die from chemical interaction with the
reactive media. The important issue for RSPS is the time history of pressure application. To avoid
damage to the die at the moment of reaction initiation, it is recommended to initially apply a

relatively low pressure and increase it just after reaction begins.
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Fig. 2. Schematics of: (a) SPS/RSPS device with reaction mixture and (b) the FSPS scheme.

Another SPS-based approach is flash spark plasma sintering (FSPS) [46-50]. The general
concept is to preheat pre-compacted powder specimens to a critical temperature before applying
any voltage to the powder volume and allowing the electrode-punches of the SPS device setup to
contact the specimens, and pass electric current through them under elevated temperatures. This
runaway process, with heating rates of up to 10 000 C/min, permits ultra-fast (seconds)
consolidation of the ceramics produced. The possible mechanisms for such phenomenon are
discussed in [48] and include electrical breakdown and formation of defects.

Several methods for consolidation during FSPS have been suggested in the literature. In
most of them press dies cannot be used, which prevents application of pressure during sintering
[48]. Additionally, such schemes do not permit sintering of initially electrically non-conductive
materials [47]. Therefore, for initially non-conductive mixtures (e.g. Al203-SiC), we used the
configuration suggested by Maniere et al. [48] that allows the application of pressure during FSPS
treatment and thus accelerates the sintering process. In this scheme the inner surface of the die is
coated by an electrically insulating boron nitride (BN) layer (see Fig. 2b) and the effectiveness of
the insulation between the graphite die and the punches was verified before and after sintering. At
low temperatures under FSPS condition, the non-conductive sample is electrically insulated, which

causes the current to pass primarily through the thin graphite paper. At this stage, the current and



voltage of the system rapidly rise, which leads to an extremely rapid increase in temperature (more
than 100 °C/s). The system pressure may be varied up to 90 MPa. However, sample resistivity
decreases with temperature and, at some point, it becomes sufficiently conductive and the “flash”
phenomena occurs. At this stage, the rapid densification of the powder compact leads to a sharp
positive displacement over a very short time-period (10-30 s). Similarly to SPS/RSPS conditions,
one can envision the use of a reactive flash spark plasma sintering (RFSPS) scheme, where reactive
media can be consolidated with simultaneous transformation of initial precursors to the desired
ceramic products. Results from the application RSPS to Si-C and B-C systems are discussed in
Section 3.2.

2.3.  CS and shockwave processing

The combined application of CS and a shockwave is another promising hybrid route to
produce ceramics. The shockwave may play a triple role in material synthesis by providing
conditions for: (i) consolidation; (ii) reaction initiation; and (iii) the synthesis of phases that can
only be formed at high pressure. The pressure in a typical shockwave experiment ranges from 3
to 80 GPa, which is sufficient to consolidate any powder media to near maximum relative density,
as well as to induce different phase transformations [51-54].

Specifically, two methodologically different routes for CS of ceramics in combination with
application of a shockwave have been suggested. The first involves thermal initiation of the
combustion reaction followed by an applied shock to the reacted media. Two possible schemes for
high-speed loading by shock waves of the media after reaction initiation are presented in Fig. 3a:
one (left) provides axial and the other (right) radial densification [55]. In both cases the sample
(1), preliminarily compacted from a reactive powder mixture of the desired composition, is ignited
with a hot metal wire (2) at the bottom of metal container (3), and after an optimized delay time
after ignition, the explosives (4) are detonated by an electro-detonator (5) mounted on the top of
the set-up. In one case (Fig. 3a, left) the material is compacted by a sliding detonation wave front

through a thin-walled cylindrical container (3). In the other (Fig. 3a, right), a detonation wave
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propagating normal to the axis is used for acceleration of the metal plate (6). The dynamic axial
densification method has been used to synthesize dense ultra-high temperature ceramics including
TiC, TiB2, and HfC [55-59]. The radial shock-wave densification technique was applied to
produce several materials, including the dense high-temperature ceramic superconductor

YBaxCus07« [59].
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Fig. 3. Schematics of experimental set-ups for combination of CS and shock wave.

The second route is based on the observed fundamental phenomenon that reaction in CS
heterogeneous mixture may occur directly as a result of application of a shock wave (cf. [60-62]).
The diagram shown in Fig. 3b, is similar to Fig. 3a left: reactive powder mixture is loaded into a
thin metal (typically copper) recovery capsule, which is closed from both sides by stainless-steel
caps. The capsule was selected to sustain the high pressure from the shock wave for a longer
duration as compared to direct contact with an explosive [63]. The mixture is shocked by an
explosive (such as PrimaSheet 1000) to drive the outer shell at high velocities into the central tube
that contains the powder. This approach, which has been termed shock-induced reaction synthesis
(SRS), was developed during the 1990s [62,64—66] and a variety of dense silicides (e.g., MoSi»,
NbSi, TisSis, TiSi2) and aluminides (NiAl, NiA13) have been synthesized using this method.

Reactive CS mixtures have also been used for rapid preheating (as a chemical oven) of the
media to be shocked. In this case the reactive CS mixture and an ampoule with the target materials,

are placed into a tube made from refractory metal. Following initiation of the reactive CS mixture,
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the target materials are heated with subsequent ampoule compaction by the shock wave. This
configuration can be useful for cases, such as the synthesis of diamond, which require both high
temperatures and high pressure.

The other configuration (Fig. 3c) is known as the Asay shear impact experiment [67].
Briefly, the sample for the experiments is produced through cold-pressing the reactive powders
into a rectangular solid with dimensions 2 cm x 2 cm x 0.2 cm. The moving piston impacts a
plunger, which presses against the narrow face of the sample, creating shear. The geometry of the
plunger surface that impinges on the sample can be adjusted to control and determine the applied
strain field. A light-bore gas gun is used to accelerate the piston. Typically, the piston velocities
range from 100 ms™! to 1500 ms™!, providing muzzle energies from 0.1 to 25 kJ. The rectangular
window permits observation of the reaction phenomenon.

It was shown that when the projectile energy exceeds some threshold value the reaction
takes place in a thin layer of the sample during the impact, and after an approximately 1 ms delay,
a combustion front propagates along the compacted media in a manner similar to that observed for
thermal initiation of the reaction. This is the so-called shock-initiated reaction mode. However,
further increases of the projectile velocity lead to an increased thickness of the layer reacted during
impact, and at some critical point, the thickness becomes equal to the length of the sample. In this
case, the characteristic reaction time is on the order of microseconds. This reaction mode can be
considered as mechanically-induced thermal explosion mode [68]. Recent results using the shock-
induced reaction synthesis approach to fabricate ceramic materials that involve non-equilibrium
phases will be discussed in Section 3.3.

2.4. Solution combustion synthesis

Self-sustained reactions in solutions or sol-gels are an exciting phenomenon that has been
widely used for synthesis of ceramics [8,12,69]. All solution combustion synthesis (SCS) routes
include preparation of homogeneous solutions of an oxidizer (typically metal nitrates) and organic

fuels (glycine, urea, citric acid, etc.) in a solvent (water, alcohols, etc.). The specifics of each SCS
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route depends on the scheme for the reaction initiation, as well as on the method for preliminary
treatment of the reactive solution.

Like the conventional heterogeneous CS, the combustion process can be accomplished in
two different modes. In the most common case, the solution is placed into a preheated muffle
furnace or a hot plate with temperature in the range 300-700 °C [70]. After evaporation of the
solvent, a viscous gel-like matter forms, followed by the initiation of combustion reaction
essentially along the whole volume of the media with rapid evolution of a significant amount of
gases and formation of the solid products with the desired phase composition. This is the volume
solution combustion synthesis (VSCS) combustion mode (Fig. 4a). Alternatively, a smaller
volume of the solution may be locally heated by a hot metal wire to initiate the exothermic reaction.
After the initiation, the reaction self-propagates along the rest of the volume in the form of a high-
temperature combustion wave (Fig. 4b). This SCS mode resembles the SHS mode observed in
solids [8]. It is worth noting that the SHS mode is a more controllable process, as compared to
VSCS mode and allows synthesis of ceramics with more uniform microstructure and properties
[13,71].

Taking into account the fact that the initial reactive solution has low viscosity, several SCS
modifications have been suggested. These routes involve impregnation of the solution into a
variety of porous solid support (layer) followed by initiation of self-sustain reactions in such
composite media. The layer may be chemically inert (such as with high surface area porous
oxides), known as impregnated SCS in porous inert media [72-75], or reactive (cellulose), known

as SCS in an active layer [76,77]. The former route is typically used to fabricate nanostructured
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Fig. 4. Schematics of different SCS routes: (a) VSCS and (b) SHS modes; (¢) SCS in an inert
media, (d) SCS in an active layer, (e) template SCS, (f) SSCS and (g) SCS of thin films.

supported ceramic catalysts with a high specific surface (Fig. 4c). The latter approach (Fig. 4d) is
used to synthesize ceramic powders using low exothermic systems for which combustion of the
active layer facilitates the propagation of the reaction front [71]. Both cases consist of similar
steps: preparation of the desired reactive solution, selection of the appropriate support, solution
impregnation onto the porous support, drying, and, finally, initiation of a self-sustaining
combustion reaction. These routes are also suitable for development of continuous powder

production technologies (see [71] for details).
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Another approach that is also related to the impregnation technique is called template
assisted solution combustion synthesis (or template SCS) [15,78]. In this case the role of the solid
media is played by a porous template with a desired pore diameter that allows control over the size
and shape of the synthesized particles. For example, spherical nanoparticles form inside the
nanotubes with sizes equal to the diameter of these tubes (Fig. 4e). After synthesis, the porous
template media is removed (dissolved), and nanoparticles with a narrow size distribution are
extracted. This suggested approach enables the production of uniform nanostructures such as non-
agglomerated nanoparticles, nanotubes, nanorods, two-dimensional crystals, and ordered
mesoporous solids [15,78,79].

Heating method in all the above approaches also have significant impact on the properties
of the resulting materials. For example, microwave heating fundamentally differs from
conventional thermal heating processes [80,81]. In this case, the heat is directly generated in the
materials volume by the interaction of the electromagnetic field with electric and magnetic dipoles
in the heated media. Thus, the interaction of the applied alternating electromagnetic field with the
reactive aqueous solution is uniquely related to the electro-physical properties of the materials.

Many features of SC are present in a liquid aerosol flame synthesis [82,83]. One of the
varieties is spray solution combustion synthesis (SSCS) [84—86]. The synthesis of hollow spherical
particles (ceramics, metals, cermet etc.) occurs in the flux of inert (or reactive) gas solely due to
the reaction between fuel and oxidizer, which are the precursors for the sprayed solution (Fig. 4f).
The unique characteristic of spray-based combustion method is that it allows the fabrication of
spherical particles with relatively narrow size distributions, which is difficult to achieve by other
SCS approaches. It is also notable that SSCS fabricated hollow particles possess exceptionally
high sinterability due to the extremely active nanostructured surface of the spheres [86].

Most recently, a novel SCS-based method has been reported for the production of high-
quality thin films for electronic devices and solar cell applications [87]. This technique involves

deposition of a prepared reactive solution onto a hard (silicon wafer) or soft (flexible polymer)
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substrate using either spin coating or spraying techniques (Fig. 4g). Combustion of the thin
precursor layer produces a uniform high-quality film for different electro-chemical applications
[12].

Using the metal nitrate and oxygen-containing fuels allows CS of a wide variety of oxides,
including complex perovskites [12,69,88]. The goal of many current research efforts is to widen
the list of the compounds, which can be fabricated by the SCS approach. Various pure metals and
alloys have been successfully synthesized [13,89-91], and, recently, the synthesis of a metal
nitride was reported [14]. In Section 3.4, the fundamental aspects of the formation of a non-
equilibrium iron nitride phase in the combustion wave are discussed in detail. This breakthrough
finding opens new venues for application of the SCS method for production of unique ceramic

materials.
3. Combustion Synthesis of Ceramics

3.1.  Ceramics by combination of CS and HEBM: Morphology control

The microstructure of CS-powders may significantly change during CS, as a result of
melting of the precursors. Investigation of the fundamental mechanisms of structure
transformation under CS conditions is required to resolve the essential issue of controlling the
morphology of CS-powders. This is a challenging task because of the high temperatures (1500-
3000 K), short reaction times (~ms) and small structural scales (10-100 pm) inherent to the CS
process [1-3]. However, an alternative route exists and is based on the concept that the
microstructure of certain specially prepared initial reactive powders does not undergo changes
within the reaction front. In this case, by controlling the microstructure of the initial mixture, one
can control the morphology of the synthesized ceramic powders. This novel approach is based on
the use of HEBM to prepare reactive powders.

As discussed in section 2.1, by varying the HEBM regimes one can control the
microstructure of the processed material [16,28]. Under certain milling conditions reactive

nanostructured composite particles can be fabricated, which contain precursors mixed at the level
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of tens to hundreds of nanometers (Fig. 1 b-d). It has been demonstrated that by producing such
short diffusion lengths, the morphology of the particles remains essentially unchanged after CS
even at temperatures that exceed the melting points of the precursors [28].

The Ti - C system is highly exothermic (Ti + C = TiC +230 kJ/mol) with an adiabatic
combustion temperature of ~ 3000 °C [2]. The reaction mechanism in conventionally prepared
Ti+C mixtures involves the melting of Ti, C dissolution in the melt, followed by crystallization of
TiC grains [92]. One should precisely control the dissolution-crystallization kinetics to fabricate
powders with the desired properties. HEBM of titanium powder with lampblack using a
combination of dry (5 min) and wet (10 min) milling produces Ti/C composite particles (Fig. 1b
and Fig. 5a) with an extremely high specific surface area (SSA) - 100 m*/g [19,25]. Notably, after
CS the TiC product particles possess essentially the same morphology (Fig. 5b) and have a SSA
in a range of 20-30 m*/g.

The Si-C system has relatively low exothermicity (Si + C = SiC + 73 kJ/mol) and different
activation approaches are used in order to produce silicon carbide through self-sustained reactions.
HEBM has been applied as an effective tool towards enhancing reactivity [93]. Specifically, it was
shown [23] that under the optimal milling conditions sub-micron Si/C composite particles can be
prepared (Fig. 6¢) in which nano Si grains are embedded within an amorphous carbon matrix. It
was also observed that the maximum combustion temperature for the mechanically activated Si/C
reactive material is ~1780 K, which is above the melting point of silicon (1687 K). However,
comparison of the microstructure of the composite Si/C particles (Fig. 5¢) with that of the product
SiC powder (Fig. 5d) clearly indicates that their microstructures are almost identical. These
examples demonstrate that the hybrid approach of combining CS and HEBM is an effective tool
for controlling the microstructure of the ceramic powder products of self-sustained heterogeneous
reactions. Recently, this approach was used for obtaining ceramic powders for the B4C-Ti [94]

and Ta-Hf-C [95] systems, as well as for producing ultra-high temperature ceramics [96-98].
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Fig. 5. Typical microstructures of different materials: (a) Ti/C mechanically-induced
particle; (b) TiC particle after CS; (c) Si/C mechanically-induced particles; (d) SiC powder after
CS; (e,d) Ti/Al mechanically-induced particle; (g) initial Hf powder (h) HfN sub-micron

powder.

An additional example that illustrates the effectiveness of HEBM in preparing reactive
particles with a desired morphology is related to the manufacturing of spherical particles for 3D-
reactive printing applications [99]. It is well known that intensive mechanical treatment often
leads to the formation of irregularly-shaped particles [16]. This effect is related to the stochastic
motion of grinding balls, which causes brittle components to crack and plastic components to
flatten, weld to each other, and harden. The question arises: is it possible to change the motion of
the grinding balls to produce additional powder morphologies that are not irregular? As described
in Section 2.1, the investigations showed that by varying the operating parameters of the mill,
qualitatively different modes for the motion of the ball can be achieved [28]. In recent work [99],
the possibility of obtaining essentially spherical reactive composite particles suitable for use in 3D

printing technology was demonstrated. Treatment of the initial powders in the Ti-Al system under
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the optimum rolling regime, allowed fabrication of Ti/Al reactive composite particles of a desired
shape (Fig. 5 e,f).

For all the cases described above, HEBM was carried out up until a critical time, which is
the empirically-determined maximum milling time for which reaction had not yet occurred within
the milling jar. The treatment was terminated at this critical time and the powder was removed for
further processing in a chemical reactor. However, mechanically-induced self-sustained reactions
that take place directly in the jars are also of great interest [100]. In our recent work on the
mechanochemical synthesis of hafnium nitride powder [101], it was shown that, under intensive
mechanical treatment, the conditions for extremely rapid reaction can be achieved. The
mechanochemical synthesis of the hafnium nitride powder was carried out in an «Activator 2S»
(Activator, Russia) planetary ball mill in a nitrogen atmosphere. Under the optimum conditions,
the observed nitridation rates were extremely fast and comparable to those recorded for
conventional high temperature processing at 1000 °C. Such high rates are directly related to the
microstructural transformation taking place during high-energy ball milling. The proposed
mechanism of rapid hafnium nitridation described the continuous formation of a thin product phase
layer on the particle surfaces and its subsequent disintegration, which produces fresh metal
surfaces that permit additional surface reactions. As a result, a refractory sub-micron hafnium
nitride ceramic powder is formed (Fig. 5 g,h).

3.2. CS and SPS: Rapid synthesis of bulk high-temperature ceramics

The following reactions were used for one-step fabrication of bulk SiC and B4C ceramics
from reactive mixtures: Si+C=SiC + 73 kJ/mol (1) and 4B+C=B4C + 71 kJ/mol (2). Both
reactions have relatively low heats of formation with adiabatic combustion temperature of 1600 °C
and 682 °C respectively. Prior to sintering, the mixtures of the precursors were subjected to short-
term HEBM to produce nanostructured reactive composite particles. This mechanical treatment
serves a two-fold purpose for further fabrication of nanostructured bulk ceramics by:

(a) enhancing the reactivity of the system to: (i) allow reaction initiation well below the melting

points of the precursors (~1100 °C for Si-C and 1500 °C for B-C), thus avoiding the influence
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of melting on the structural transformations; (ii) permit extremely rapid (20 s for Si-C and
~100 s for B-C) reaction, which completely transforms precursors to the desired ceramic phase;

(b) creating a solid-state reactive mixture, which contains precursors mixed at the level of tens to
hundreds of nanometers, and that transforms into similarly nano-scale grains of the ceramic
product phase during the relatively short sintering time (minutes).

For example, the Si-C mixture during HEBM has been observed to follow a distinct
sequence of microstructural transformations [43]. At short milling times (Fig. 6a), the size of the
Si particles does not change much, while carbon covers their surfaces. For longer milling times
(Fig. 6b), the brittle Si particles experience significant reduction in size, (from microns to sub-
micron scale) and their surfaces are covered by carbon. Next, the formation of composite particles
is detected, which involves fine Si nano particles covered by an amorphous carbon phase (Fig. 6¢).
Two hours of HEBM results in the formation of XRD-amorphous nano-composite particles of
100-200 nm in size, which consist of nm-size (5 nm and smaller) Si grains embedded in a carbon

matrix (Fig. 6d).

Fig. 6. Sequence of structural transformation during HEBM of Si-C powder mixture.
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Similar transformations also occur in the B-C system [44]. Figure 7 illustrates the
microstructure of the initial mixture (A) and the composite reactive particles (c-d) produced after
15 min of HEBM. It can be seen that relatively large (10-20 pum) B/C particles consist of boron

and carbon with characteristic sizes less than 500 nm.

Sm

Fig. 7. Microstructures of (a) initial B-C mixture; (b-d) mechanically induced B/C particles.

The prepared powder mixtures were sintered using a conventional SPS regime with a heating
rate of 200 °C /min without any additives. The sintering temperatures were 2000 °C with a dwell
time of 10 min and 60 min for Si-C and B-C systems, respectively. It should be noted that for these
low exothermicity reactions no significant change of temperature was observed at the reaction
initiation points; rather, reaction can only be detected by changes in sample resistivity at ~ 1150 °C
for the Si/C mixture and by an increase in gas pressure across the temperature interval 1200 —
1400 °C for the B/C system. However, for highly energetic systems, such as ZrB,, TaB», and
B4C-TiBa, there was an obvious change in temperature during RSPS [42,102,103].

Electron micrographs of the fractured surfaces from bulk SiC ceramics that were obtained by
two-steps (CS followed by SPS) and one-step (RSPS) approaches are shown in Fig. 8. In both
cases, the reactive Si/C nanostructured composite powder, obtained after 30 min HEBM of the Si-
carbon lampblack mixture was used as a precursor [104]. During conventional SPS of the SiC
submicron powder [43], 50 MPa was applied at room temperature and kept constant during the
whole process, while for RSPS the pressure (50 MPa) was applied after reaction initiation. It can
be seen that SPS ceramics sintered from sub-micron SiC powder possess smaller (0.3 pm) silicon
carbide grains (Fig. 8a) than the grain size (~5 pim) of the RSPS material (Fig. 8b). This effect can
be explained by the higher temperatures in the bulk of the RSPS sample during self-sustained
reaction, which leads to substantial grain.
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Fig. 8. Typial microstructure of the SiC eramics obtained by
(a) conventional SPS and (b) RSPS.

While the density (3.1 g/cm®) and micro-hardness (24 #1 GPa) of both materials were
essentially the same, the RSPS ceramic possesses a higher fracture toughness than that for material
prepared in two-steps, which were 5.0 MPa-m > and 4.0 MPa-m 2, respectively [104]. It was
also shown that the fractured surface of the ceramics produced by conventional SPS of the SiC
powder (Fig. 8a) has intergranular features and the sub-micron (200-300 nm) SiC grains can be
clearly seen. The fractured surface of the material produced by single-step RSPS (Fig. 8b) has
intra-granular features, which suggests that sintering coupled with chemical reaction leads to the
formation of stronger necks between the SiC grains. The latter may explain the higher toughness
of the RSPS ceramics.

In the case of the B4C ceramics we demonstrated control over the materials’ structure by
applying different HEBM times [44]. Typical microstructures of B4C ceramics prepared by RSPS
without any sintering additives are shown in Fig. 9a. It can be seen that the size of the carbide
grains varies significantly as a function of milling time. The ceramics obtained by RSPS from the
powder subjected to the conventional mixing of the precursors (a) has gain size ~ 50 pm, while
RSPS of HEBM mixtures for 5Smin (b) and 15min (c) possess grain size 6 and 3 pm

correspondingly. This effect leads to increases in the materials’ mechanical properties (Table 1).
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Fig. 9. Typical microstructure of the B4C ceramics obtained under similar SPS conditions
from different B-C mixtures: (a) conventional mixing; (b) Smin of HEBM; (¢) 15min of HEBM.

Table 1
Some mechanical properties of the ceramics.
. . Hardness Fracture toughness
Duration of HEBM (min) (GPa) (MPalth'?)
0 27.0+0.1 34+0.1
5 31.6 +£0.3 34+0.2
15 33.3+0.2 45+0.2

A similar approach, i.e. RSPS of ceramics from elements, was used in the works of Orru, Cao
et al. for fabrication of a variety of high-temperature ceramics, including TaB [42], B4C-TiB>
[103], HfB> and HfB>-SiC (whiskers) [105]. Particular attention was paid to the effect of heating
rate on the RSPS process [41]. It was demonstrated that in some systems a change in the heating
rate leads to a change in the reaction mechanism during the RSPS. Specifically, rapid self-
sustained reaction occurs for high heating rates, while a relatively slow solid-phase diffusion
reactive sintering mode takes place for lower heating rates.

Sun et al. [106,107] used carbon black and oxides as raw materials. Carbides were formed
through carbothermal reduction, then the in situ formed intermediate was densified by SPS. Bulk
non-porous fine ultra-high temperature HfC, ZrC, and WC ceramics were obtained at a relatively
low temperature (up to 1800 °C). The self-sustained reaction between HfSi» and carbon was used
by Feng et al. [108], to fabricate nanostructured HfC-SiC ceramics, with HfC and SiC grain sizes
of 310 and 210 nm, respectively. A similar approach was used by Shahedi et al., [109] to produce

a ZrB,—VB>—ZrC composite with HV = 19.2 GPa and K;c = 4.5 MPalth”.
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The production of high-entropy ceramics (HEC) has recently generated significant interest
[110-112], and includes several borides [113-115] and carbides [116-119]. A HE boride
(Hfo.2Zro.2Tag2Nbo2Tio2)B2 and a HE carbide (Hfy2Zro2Tao2Nbo2Tio.2)C were also fabricated by
flash reactive SPS with a relative density of 99 % and with an observed formation of single phase
HEC within 120 s [50].

The examples described above demonstrate that the combination of self-sustained reaction
and SPS is a powerful approach for production of various bulk ceramics. It is especially useful for
fabrication of high and ultra-high temperature ceramics, which are difficult to sinter by
conventional techniques. We also suggest that, in the near future, reactive flash SPS, which
combines rapid reactions and rapid densification, has strong potential for synthesis of dense bulk
materials.

3.3.  Shock-induced synthesis of ceramics containing metastable c-BN phase

Shock-induced reaction synthesis (SRS), which involves a combination of a self-sustained,
high-temperature (2000-3000 °C) reaction and a shock wave, represents a unique method to
produce advanced materials. As mentioned above, there are two fundamentally distinct cases for
SRS [120]. In the first case, the shock wave heats the material sufficiently to initiate a reaction,
after pressure release that propagates as a deflagration combustion wave with a characteristic
reaction time on the order of several milliseconds. In the second case, a gasless reaction takes place
directly during the shock wave within several microseconds [68,121]. The latter approach allows
the synthesis of a metastable phase, which can form only under high-pressure conditions. This
synthesis route becomes even more intriguing for solid flame-type reactive systems with an
adiabatic combustion temperature (7aq) below the melting points of all precursors, intermediates,
and final products. For such systems, solid-state mechanisms of mass transport should govern the
reaction process, which at the first glance seems unfeasible.

In our recent works, we have investigated self-propagating reaction in the TiN-3B system

in an attempt to fabricate a BN-TiB> composite ceramic through the exchange reaction
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TiN+3B=BN+TiB; [122]. Thermodynamic calculations reveal that this reaction belongs to the
family of solid flame systems with an adiabatic combustion temperature equal to 1630 °C, which
is lower than the melting points of B (2080 °C), TiN (2930 °C), and TiB> (3230 °C), as well as the
dissociation temperature of BN (2973 °C). First, it was shown that reaction in this system could
not be initiated by thermal or shock wave means after conventional mixing of the powder
precursors [26]. Therefore, short-term (45 min) HEBM was used to prepare nanostructured TiN/B
composite particles.

XRD performed on the composite powder produced by this intensive mechanical treatment
reveals only the TiN phase, indicating that no product phases formed during the HEBM process.
Electron micrographs show that the produced powder consists of micron-scale composite particles
(Fig. 10a), which consist of nanoscale (5-500 nm) crystallites of B suspended in a fine (10-20 nm)
TiN matrix (Fig. 10b). These nanostructured TiN/B composite particles are highly reactive due to
the significant increase in interfacial contact area and reduced diffusion distance as a result of the
milling process (Fig. 10c). This composite powder was then hand-packed into the innermost of
two copper tubes closed with steel caps producing a 50 % TMD pellet. SRS was accomplished
following the scheme shown in Fig. 3b, reaching an estimated shock wave pressure of ~15 GPa.

Both XRD and SEM/TEM analysis of the obtained product confirm the formation of c-BN
as a result of SRS [122]. Figure 10 d-f shows typical SEM (d, e) and STEM (f) images of a reacted
particle. Based on the SEM contrast, one can suggest the presence of four phases in the product
material where light phases (B, BN) appeared with darker contrasts, while the phases with higher
average atomic mass (TiN, TiB2) have lighter contrasts. EDS analysis with nanometer spatial
resolution in STEM mode (Fig. 10f) confirmed the elemental composition of the phases. Typical
HRTEM images of a sample that has been subjected to the shock wave are shown in Fig. 10g.
H-BN nano-sheets are present in between the randomly oriented TiB: crystallites, while c-BN

nano-crystals are primarily observed on the surface of the TiB: crystallites (inset of Fig. 10g).
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Fig. 10. Microstructures of (a-c) the mechanically induced B/TiN particles; (d-i) SRS products;
(g) HRTEM image of the SRS products (h) Intensity distribution on the magnified fragment of
the HRTEM image of the c-BN phase.

Figure 10h represents an HRTEM image of a nanocrystal in a low zone crystallographic
orientation. The averaged intensity profiles were used to measure the d-spacing in both horizontal
(1) and vertical (not shown) directions to increase the signal-to-noise ratio. It was shown that the
d-spacing value for the analyzed nano-crystals is equal to 0.183 +/- 0.014 nm, which fits within

1% accuracy of 0.181 nm, the (200) d-spacing of the c-BN crystal structure.

These results illustrate that the rapid reactions enabled by high-energy ball milling may
occur in the solid state within microseconds with formation of metastable ceramic phases, which
can form only at high pressure. Therefore, SRS provides a novel route for the discovery and
fabrication of advanced ceramics. The optimization of this technique, defined as obtaining a higher
degree of conversion (DoC) to c-BN, can be approached from several engineering directions: (1)

through an improved design of experiment to increase the duration of the high pressure period,

this assumes that the formation of c-BN is limited by reaction kinetics; (2) through application of
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an alternative design of experiment to effectively quench the product material after shock, this
assumes that after an initially high degree of conversion, c-BN transitions to h-BN due to high
temperatures at low pressure; (3) determination of the reaction initiation mechanism (such as pore
collapse, friction between sliding particles, or a shear-induced transition, etc.), as this would permit
the selection or preparation of a more reactive initial material.
3.4. Solution combustion synthesis of a metastable metal nitride

Solution combustion-based approaches have attracted attention as a facile, energy-, and
cost-effective approach to synthesis of numerous nanoscale materials [12]. Based on the chemical
composition of the reactive mixture, it has long been assumed that only oxide ceramics could be
produced by this method [11,69]. However, recent breakthroughs in understanding the reaction
mechanism suggest otherwise [12]. Those studies revealed that, under certain conditions (typically
with excess fuel), the intermediate gaseous combustion products form a reductive gas environment
(typically hydrogen-based) that allows reduction of the metal oxide to form metals (Ni, Cu, Co,
etc.) or alloys (NiCo, NiCu, etc.) during SCS [13,81,89-91,123]. These promising results suggest
that by understanding the fundamentals of combustion in reactive solutions researchers will able
to synthesize a range of compounds including intermetallics, carbides, nitrides and others, which
represents a significant broadening of the scope for potential SCS materials.

In our recent work, we have demonstrated for the first time the route that permits direct
SCS of a nanoscale metal nitride ceramic (e-FesN) powder, by using reactive gels containing iron
nitrate (Fe(NOs3)3) and hexamethylenetetramine (CsHi2N4, HMTA) [14]. Nanoscale e-FesN has
attracted significant attention due to its structure and unusual magnetic properties [124]. The
preparation of single-phase nanoscale e-FesN is challenging. It is known that e-FesN is a
metastable phase in every produced form, i.e. bulk, thin film, or nanoparticles [125-127]. The
thermodynamic calculations in the considered iron nitrate-HMTA system confirm that FesN does

not fit any global minimum of the Gibbs potential in the entire range of investigated conditions.
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The temperature—time profiles for the combustion of the gels with different fuel to oxidizer
ratios (¢) showed that an increase of fuel content leads to a decrease in the maximum combustion
temperature, which can be as low as 627 °C. The rate of temperature change within the moving
reaction front is in the range of 10>~10° °C per second. The reaction duration is in the range of
1.7-2.8 s. Synchrotron x-ray diffraction results, as well as XPS analysis, demonstrated that e-FesN
is the only product phase for the combustion of gels with ¢ = 5. SEM and TEM imaging suggest
that all products are large agglomerates that consist of small (5-20 nm) nanoparticles (Fig. 11a).
These data imply that the unique conditions within the self-propagating reaction front permit the

formation  of  highly crystalline phases that are far from  equilibrium.
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Fig. 11. SEM image of product with ¢ =5 (a); FTIR spectra (B) for HMTA (a), and

Fe(NO3)3-9H»0 (b) as well as reactive gels with ¢ =1 (¢), ¢ =3 (d), and ¢ =5 (e);

DSC curves (c).

The results from in-situ thermal analysis with mass spectrometry, as well as FTIR analysis
of initial reactants and gels allowed us to formulate the mechanism of iron nitride formation in the
Fe(NOs3)3 — CeHi2Ny4 system. It was shown that, in the case of fuel rich gels, the formation of an
Fe(NOs3)3 — HMTA coordinated compound takes place during the preparation of the reactive gel.
The formation of this coordinated compound was confirmed by the observed splitting of the
stretching vibration bands for the C—N bond at 998 and ~1234 cm™' (Fig. 11b) (see also [128]).
Thermal analysis (Fig. 11c¢) for gels with @=5 shows only one strong exothermic peak with rapid
release of multiple gases, including ammonia (NH3) and hydrocarbons.. This peak corresponds to

the thermal decomposition of the Fe(NOs3);—HMTA coordinated compound. The presence of
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transition metal clusters catalyze further reaction, causing the process rate to increase
exponentially. This intramolecular oxidation— reduction reaction between the nitrate oxidizer and
the HMTA fuel with the formation of reducing gases and nitrogen directly results in the formation
of e-FesN within the combustion wave. This leads to the conclusion that the advantages of self-
sustained reactions in gels (short process durations, high reaction temperatures and rapid cooling
rates) create unique conditions suitable for one-step formation of metastable ceramics.

SCS was recently also successfully used to produce oxide-carbon precursors for the
preparation of Si3Ns, AIN, TiN, and CrN ceramics [129,130]. Organic residues obtained during
the combustion synthesis step significantly accelerated the nitridation in the calcination step. Chu
et al. noted that the morphology and sizes of the produced CrN depend on the type of fuel used in
the solution combustion stage [130]. They also pointed out that the degree of conversion for Cr2O3
to CrN from glycine-derived precursor is found to be higher than that of for alanine, urea, and
citric acid.

Nickel sulfide ceramics were synthesized through the solution combustion approach using
a mixture of thio-urea fuel as the reducing/sulfidizing agent with glycine fuel as an auxiliary
reducing agent [131]. It was shown that the released H>S gas reduces the decomposition product
of NiO to sulfur-containing phases such as Ni3S2, NiS and NiS; during the combustion reaction.
The amount of the different sulfide phases as well as particle size and morphology of the
combusted powders are significantly dependent on the type of fuel and the fuel to oxidizer ratio.
These works demonstrate that SCS is a novel powerful tool for fabrication of oxygen-free
nanoscale ceramics. However, it requires in-depth mechanistic investigation in order to reveal the
essential factors that permit formation of nitrides, carbides, sulfides, etc., under SCS conditions.

4. CS: Future directions

Researchers in more than 100 countries are currently using self-sustained reactions for
material synthesis. Analysis of the Web of Science database shows that the number of publications
on this topic has rapidly increased in recent years, with more than 2600 papers published in 2018.
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Several examples of industrial applications of CS are known, including production (40 tons per
year) of titanium diboride powders (Hubei DoBo Advanced Ceramics Co., Ltd., China),
ferrosilicon nitride (100 tons per year) by NTPF Etalon (Russia), high performance LED
phosphors (Ellim Advanced Materials South Ltd., Korea) for LG display, and others.

The approaches briefly described in this review suggest that in the near future new
technologies will be added to the repertoire of techniques for industrial scale production of such
unique ceramics. The world market on advanced ceramics is continuously growing. While other
technologies exist for the production of ceramic powders, it is logical to assume that some novel
ceramics will be difficult or essentially impossible to fabricate by such conventional approaches.
Taking into account the novel routes to control powder morphology and the flexibility of energy-
efficient CS, which is easy to scale up, it may be expected that CS technologies will find their
place in the market. The production of sub-micron spherically shaped carbides, borides, carbo-
nitrides, and other ultra-high temperature powders is among the first candidates for such
applications.

Combination of CS and SPS for synthesis of monolithic ultra-high temperature bulk
ceramics is another promising direction. Indeed, since these compositions possess very high
melting points, it is in principle difficult to consolidate the powders to pore-free bulk materials.
Recent experiments showed that rapid SC reactions during SPS intensify mass-transport in such
systems, and thus enhance their sinterability. Additional investigation is required to optimize this
method, but it has substantial potential as a substitute for conventional powder metallurgy
approaches used to produce dense, bulk ceramics.

These breakthrough results that demonstrate the ability of CS methods to fabricate
metastable compounds are only the first steps in this direction. The near future will show whether
or not scientists are able to broaden the list of CS-produced metastable phases and raise the output
of products to the laboratory (~kg) scale. If successful, CS may become the go-to method for

synthesis of such unique materials.
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It is worth noting that self-sustained reactions can also be used for joining materials [132-
137]. As previously mentioned, this method should be used when conventional approaches do not
work. Such special cases include the joining of refractory materials (high-temperature ceramics)
or dissimilar materials where the issue of CTE mismatch is critical. The reported examples of
joining carbon-carbon composites [135,136] and silicon carbide to an aluminum alloy [137]
demonstrate the effectiveness of CS-based approaches.

Finally, many fundamental questions should be addressed to provide deeper understanding
into the phenomenon of self-sustained reaction propagation: (i) Can the majority of such reactions
can be accomplished in the solid flame mode, that is essentially through solid-state diffusion?; (ii)
What mechanisms might be responsible for the occurrence of solid-state reactions within the
microsecond time scale?; (iii) What is the mechanism leading to formation of metastable phases
during SCS? (iv) Do SPS conditions influence the kinetics of the self-sustained reactions? In order
to answer these and numerous other questions, novel in-situ and operando diagnostics should be
designed and built that permit investigation of phenomena with microsecond temporal and
nanometer spatial resolutions. These findings will certainly lead to the suggestion of novel

synthetic routes applying the CS paradigm.
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