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SHS Ceramics: History and Recent Advances
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In this paper, we focus on some historical aspects, as well as on recent achievements in the field of self-propagating
high-temperature synthesis (SHS) of ceramics. While giving the tributes to the pioneers of the SHS, we overview
the wide variety of recently established SHS-based routes for fabrication of advanced ceramics, including
nanopowders and nanostructured bulk materials. Both, the conventional heterogeneous SHS and solution
combustion synthesis (SCS) approaches are considered. Advantages and challenges for using of the self-sustained

reactions for fabrication of ceramics are also discussed.
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1. Introduction

In the 1967, a group of researchers (Figure 1) from the Institute
of Chemical Physics USSR Academy of Sciences, leaded by Prof.
Alexander Merzhanov, searched for combustion systems, which
would be burned without producing a gas flame [1]. This was
necessary in order to understand the role of reactions in the
condensed phase during combustion of gunpowder and solid
rocket propellants. During this work the scientists discovered a
new phenomenon of “wave localization for self - retarding solid
state reactions” [2], or in modern terms the solid flame [3, 4].
The essence of the invention was formulated as follows [2]:
“The previously unknown phenomenon of wave localization for
self-retarded solid-state reaction, which involves the chemical
interaction between the solid dispersed components and occurs
without melting and gasification of the reactants and products
has been experimentally discovered. After thermal initiation the
reaction localized in a relatively thin zone which spontaneously
moves along the reactive solid media in the form of a combustion
wave'’.

From the standpoint of conventional combustion, a solid flame
is enigmatic, because it is hard to believe that solely solid-state
diffusion may define the self-sustaining nature of the combustion
process. It is a prevalent opinion that self-propagating combustion
processes, such as metallothermic reactions, exist due to relatively
fast mass transport in the liquid phase (diffusion and convection),
therefore, melting of at least one component in the system is
considered as a necessary condition for combustion. However, it
was unequivocally shown that Mother Nature indeed “allows” the
solid flame phenomenon [5, 6, and 7].

It is more important that based on this fundamental phenomenon
a novel technological approach for fabrication of variety of
materials, i.e. self-propagating high-temperature synthesis (SHS)
or combustion synthesis (CS) has been developed [8,9]. History of
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Figure . Inventors of Solid Flame Phenomenon from left to right: A.G.
Merzhanov, I.P Borovinskaya, V.M. Shkiro.

the using of the self-sustained reactions for material’s preparation
is discussed in variety of publications [1, 9-12]. No doubt that,
while having predecessors including works by N.N. Beketov
and H. Goldschmidt, only after thorough fundamental research
initiated by A.G. Merzhanov and co-workers, SHS became the
widely recognized technology for synthesis of almost any type
of compounds, and ceramics were among the first materials
fabricated by SHS method (Figure 2).

Satistical analysis of publications shows that the CS method for
fabrication of materials attracts attention of more and more
researchers and engineers, currently scientists in 117 countries
are involved in the CS field and number of related publication
increases exponentially (Figure 3).

New directions, where self-sustained reactions are used for
fabrication of advanced materials and coatings, have been
established. Among them solution combustion synthesis,
originated by Indian scientists attracted most attention (see
recent review [13]). Another currently popular field is combustion
synthesis of ceramics [14, 15], especially by combination of SHS
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Figure 2. Materials and net-shape articles produced by SHS.
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Figure 3. Dynamic of citation in the field of combustion synthesis of materials.

and spark plasma sintering [16], where contribution of scientists
for US, Italy and Japan is difficult to overestimate. In addition,
a variety of nano materials including zero, 1 and 2 dimensional
structures were produced by different CS approaches (recent
review [13, 17, and 18]). In this direction, one can find many
exciting publications of the researchers specifically from China
and South Korea. Combination of mechanical activation (MA)
and SHS, so-called MASHS, initiated by scientists from Russia
and France now found worldwide attention ([19, 20]). Among
theoretical approaches, we want to outline a rapid development
of molecular dynamic simulation (MDS) methods to analyze SHS
processes [21, 22].

In this paper, we focus on some historical aspects, as well as
on recent achievements in the field of CS of ceramic materials.
The review is written based on our presentations on the XIV-th
International Symposium on SHS, September, 25-29, 2017,
Thilissi, Georgia and on the 14th International Ceramics Congress
of CIMTEC, June 4-12, 2018, Perugia, Italy.

2. Types of SHS Systems

The fundamental paradigm for combustion synthesis of ceramics
consists of exothermic self-sustained reactions that, without
any external heat sources, lead to formation of non-metallic
inorganic solid materials comprising metal and non-metal atoms
primarily held by ionic and covalent bonds. It is interesting that
term “ceramics” comes from Greek word "Keramos”, which is
related to an old Sanskrit root meaning “to burn”. Thus, SHS of
ceramics is probably the most close to the root meaning of the
term “ceramics”, since it uses ‘burning” both for synthesis and
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consolidation of the material.

It is also worth noting that conventional reaction sintering (RS)
method also involves synthesis and consolidation processes.
However, in the latter case external heat source (e.g. furnace)
is used to assist these processes. Moreover, during RS one has
to avoid conditions (e.g. local overheating), which may lead
to the “uncontrollable” events associated with self-sustained
interactions. Thus, SHS can be considered as a limiting route of
RS, when preheating conditions lead to local self-initiation of the
reaction followed by its propagation along the media. Advantages
and disadvantages of RS and SHS are straightforward. During RS,
one may essentially independently change processing parameters,
such as temperature, pressure and time, which, by probe and
error method, allows optimizing conditions for fabrication
of materials with desired microstructure and thus properties.
Nevertheless, SR is long (hours) and energy consuming method,
which also requires a complicated equipment. Rapid (seconds),
energy saving SHS method needs simple equipment. However,
all parameters of SHS process are strongly correlated with each
other. Hence, it is not possible to change one of them keeping the
others unchanged. Thus, the addressing the controllability issue is
not so straightforward task for the SHS. However, it was proved
by numerous works in the field of combustion synthesis that one
may control the process based on the fundamental knowledge
of the mechanism for self-sustained heterogeneous reactions
[3,12,13]. It is important that many examples demonstrate the
durability of such fundamental approach for controlling of the
microstructure and properties of the materials produced by SHS-
based technologies [3,9,12,15,18].

The necessary conditions for SHS of any compound is the sufficient
exothermicity of the considered reactive system, which leads to
formation of the desired material. The “exothermic” criteria was
extensively discussed and it was, for example, suggested that
corresponding adiabatic combustion temperature should exceed
1800 K [23]. However, recent works show that reaction front
may propagates in the systems with much lower temperature and
initiation temperature can be as low as 500K [7,24,25]. These
parametrs strongly depend on the specific amount (m?%g) and
quality (e.g. clean, oxide free) of the contact surface area between
the reactants and the characteristic diffusion scales and can be
controlled by the initial mixing of the reagents [25,26,27].

From the fundamental standpoint, all systems, which lead to
the SHS of ceramics can be subdivided into two main classes:
(a) reactive solid powder mixtures in inert or reactive gaseous
atmosphere — traditional heterogeneous SHS and (ii) reactive
aqueous solutions in inert or reactive gaseous atmosphere —
solution combustion synthesis. In turn, former class of systems
can be sub-divided into several main groups. First group involves
solid-solid systems in which compounds are produced from
the elements. Examples of ceramics include, carbides (metal:
TiC, ZrC, HfC, NbC, TaC and nonmetal: SiC, B,C) and borides
(TiB, TiB,, ZrB, ZrB,, NbB, NbB,, TaB, etc.). Contribution of V.
Shkiro, who is one of the co-author of the solid flame discovery,
in investigation of the combustion mechanism in Ti-C system is
difficult to overestimate [28.29]. It is important that SHS TiC-
based pastes found wide commercial applications. Titanium
boride was one of the first compound synthesized by combustion
method [1,8]. Powder of TiB, also was produced on industrial
level by SHS approach [9]. Currently, team headed by Dr. Yucel
from Istanbul Technical University (Turkey) is world recognized
leader in SHS of borides.

Second group consists of solid-gas systems and permits SHS of
oxides, nitrides and hydride based ceramics. It is worth noting
that, because of their extremely high exothermicity, the SHS of
oxides by gas-solid reactions is probably not effective approach.
Solution combustion synthesis is typically used to fabricate
different nano-sized oxide powders. However, we want to
outline works by M. Nersesyan and co-workers on SHS of high
temperature superconductors [30,31], as well as effort leaded
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by him and P. Avakyan on developing of continuous SHS-based
technology for production of ferrites, which found industrial
application [1,32,33]. In this group of systems we focus more on
the SHS of nitride-based ceramics, including metallic nitride (TiN,
ZrN, HIN, TaN, AIN etc), nonmetallic nitrides (Si;N,, h-BN, ¢-BN
etc) and oxinitides (AIONs, SIAIONs etc) [14]. In regards of SHS in
gas-solid systems, an important concept of infiltration combustion
has been established based on pioneering experimental works on
metal combustion in nitrogen by I. Borovinskaya, Yu. Volodin, A.
Pityulin, V. Loryan [34-36] and theoretical studies by A. Aldushin
[37,38]. SHS-based technology for nitriding of ferrovanadium alloy
developed by M. Ziatdinov found wide industrial application [39].
Contributions of V. Martinenko and V. Prokudina in establishing of
SHS technologies for production of silicon and aluminum nitrides
should be also outlined (see in [40]). Industrial production of
silicon nitride had history on the specially the SSH production
plant in Spain [1].

Third group of SHS systems involves so-called thermite type of
reaction systems that include stage during which one element
(typically Mg, Al or C) reduce metal (e.g. TiO,) or nonmetal
(B,O,) oxides to produce elements (e.g. Ti and B), which may be
followed by reaction between the elements to produced ceramics
(e.g. TiB, or BN):

B,0,+TiO,+5Mg=TiB,+5MgO or B,0,+N,+3Mg=2BN+3MgO
(1)

In our opinion, this approach is preferable for fabrication of
fine non-oxide ceramic powders by using combustion-based
technology. The necessity of additional chemical leaching of
MgO from combustion product does not make this method too
complex. However, as it was shown in works by S. Mamyan [41],
this method requires detailed optimization of the composition
for the initial reactive powder mixture. The extremely high
exothermicity of some thermite systems allows to produce large
corundum crystals when using Al as a reducing element [42].
Forth group of SHS systems includes so-called displacement
reactions, in which one element displaces another from a
compound. It is wort noting that thermite reactions represent a
specific type of displacement reactions, but historically they made
a separate class of combustion system. Metathesis self-sustained
reactions that sometimes called double replacement or double
decomposition reactions, which involves the exchange of bonds
between two chemical compounds also belong to this group of
SHS systems. On the best of our knowledge, metathesis systems
were brought to SHS field by I. Parkin from University College
London (England) [43] and, as it is shown below, currently such
recations are widely used to fabricate different type of bulk SHS
ceramics, including borodes, nitrides and
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3. CS of Ceramic Powders

As mentioned above, CS of powders involves two different
chemical schemes, i.e. classical self-propagating high-temperature
synthesis (SHS), where heterogeneous powder mixtures are
used and solution combustion synthesis by using homogeneous
solution of precursors. Based on the above classification, let us
briefly overview the recent advances in SHS of ceramic powders.

3.1. SHS of ceramic powders

Titanium boride and carbide were among first powders produced
by conventional SHS from elements [1]. Later, carbides and
borides of metals for groups IV (Ti, Zr, Hf), V (V,Nb,Ta) and VI
(Cr,Mo,W) of Periodic Table were synthesized by the SHS method
[8]. These compounds have high heats of formation, which leads
to extremely high reaction temperatures (typically above 3000 K).
The latter allows synthesize of highly pure powders. For example,
it was shown that SHS TiC powder contains only 2000 ppm of
Al, 100 ppm of Si, 80 ppm of B 100 ppm of Fe and 30 ppm of
Ca [44]. It is important that with the exception of Fe, impurities
in the product were two to seven times lower than in the initial
mixture. Owing to the high combustion temperature, the material
self-purifies by purging any volatile impurities from the reaction
mixture.

Also many works were dedicated to SHS of non-metallic carbides,
i.e. SiC and B,C [40, 45]. Synthesis is carried out in vacuum or in
a reactor filled with an inert gas (argon). The reaction is initiated
by local preheating of the powder reactive mixture by a hot metal
wire. CS takes place in a self-sustaining manner without any
external power sources. After cooling, the product is recovered
in the form of a porous weekly sintered cake and thus short-
term additional milling followed by sieving are required to obtain
powders of the desired grade. Some properties of SHS ceramic
powders produced from elements or by using reduction reactions
are presented in Table 1. In our opinion the latter approach,
which uses metal and non-metal oxides (e.g. TiO, and B,O,)
as the precursors, is the most promising routes to synthesized
ceramic powders. Indeed in many systems, the cost of oxide
powders is much less than that for pure elements (e.g. compare
pure boron and boron oxide). In addition, reduction approach
permits fabrication of much finer powders (see Table 1).
Currently attention is primarily paid to SHS of sub-micron ceramic
powders. Several specific approaches were developed, which
allow one to produce nano particles during high-temperature
combustion reactions: (a) Salt-assisted SHS; (b) Teflon-assisted
SHS; (c) Reduction of metal halides; (d) High-energy ball milling-
assisted SHS. More specifically, TiC, WC, TiB,, ZrB, powders

carbides.

solutlon Combust.lon syntheS|s (.SCS) Table 1. Some properties of SHS ceramics data from ref [46].

involves propagation of self-sustained

exothermic reactions along.an aqueous or Compound Main Phase Main Impurities Average particle size

sol-gel homogeneous media. SCS allows wt. % wt. % or BET, specific surface area

for the synthesis of nanoscale materials and Tic i 77079 c 02

coatings (cf. [13]). It provides easy formation : 1=77.0-79.5 unreacted < - 3-5 pm

. . . from elements | C,.,n0eqa=18.0-20

of high-quality multi-element compounds .

with cqmplex crystal structures, such as NbC Copy = 11 Coooy< 0.1 1-100 um

perovskites, garnets, spinels, silicates, and from elements Oxygen < 0.2

phosphates. SCS also permits for efficient : :

doping of materials, even with a trace TiB, Ti=66.7 B,0,<0.2 1-10 pm

amount of elements. The synthesis and reduction Brow =30.5 Mg<0.3

processing of ceramic materials by solution TiB, Ti=69.6 Oxygen < 0.5 1-200 pm

combustion can be categorized into four from elements By =29.2

major groups, including conventional I — i 2

oxide ceramic powders (Al,O,, ZrO,, etc.), SIC(B-phase) Cuoa = 27-278 Cunescrca< 0:3 810 mg
. . . from elements 0<1.0; Fe<0.2

electro-ceramics, magnetic ceramics, and

bioceramics. All these types of SCS ceramics B4C Bior = 74 B,0,<0.5

are briefly overviewed in Section 5. reduction Cowr = 20 Mg<0.5,0< 0.5 3.9 m%/g
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were synthesized by using salt-assisted
method [47-51]. It was shown that
using salt (NaCl, KCI, NaF) as diluent
not only decreases combustion
temperature, but also prevents growth
of formed nuclei of carbide and
boride compounds. Figure 4 shows
the morphology of ZrB, nano powders
produce by salt-assisted SHS and
corresponding particle size distribution
[52]. It can be seen the method allows
synthesis of ZrB, rods with diameter
around 100 nm and aspect ratio
around 4.

However, more promising approach
for synthesis of ceramic powders is
combination of slat-assisted approach
and reduction type reactions. The
general scheme, for example, for SHS of carbides, is as follows:

MeO,+xMg+C+salt (NaCl, NaF, etc) > MeC+xMgO+salt  (2)

A variety of carbides were synthesized by this approach with
average particle size below 50 nm [53] and some of their
characteristics are presented in Table 2.

The other approach is so-called PTF ((-CF2-CF2-),) - assisted
SHS, which was initially proposed for synthesis of silicon carbide
from elements [54]. The following set of equations represents the
chemical reactions which occur in the combustion wave:

Low temperature stage: Si(s)+(-CF2-CF2-) —SiF2 (gT)+C(s)+Q1 (3)

Table 2. Some properties of SHS ceramics nanopowders [53].

Figure 4. Morphology and part
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Intermediate stage: SiF2(g)+C(s)—>SiF4(gT)+SiC(s)+Q2 (4)
High-temperature stage: Si(s,|)+C(s)—>SiC(s)+Q3 (5)

In this case, the main idea is chemically activated relatively low
exothermic reaction (5) between silicon and carbon. Indeed,
reaction (3) between silicon and PTFE preheats the Si+C reaction
media and forms the gaseous silicon containing species (SiF2,
SiF4). On the next carbidization stage, SiC powder is formed
through reactions (4) and (5). Reaction (5) may occur in self-sustain
manner owing to preheating of the media by heat of reaction (3)
and additional heat released in reaction (4). Note that gas phase
reaction (4) and condensed phase reaction (5) should lead to
different morphologies of the SiC product. Indeed, it was shown
that two different types of particles can be synthesized [54].
With the certain amount of PTFE additive the cube-shape
particles with size about 10 pm can be produced, while
for the other composition the formation of the long ~1

Reaction system Averz.age particle BEZT, Phas'e' mm thin (0.5 pm) fibers were formed. The other additives,

size, nm cm’/g | composition such as KNO,, NaNO,,NH,NO, and BaNO, also can be

: - - also used [55]. It is interesting that similar approach allows

TiO, +2Mg+C+1.3NaCl 48 14 Ti€, cubic SHS fabrication of the graphene by combustion SiC +PTFE

WO, +3Mg+0.5C+7.0NaF 29 10 | W,C, hex mixture [56]. _ _

Reduction of metal halides approach is close the Teflon-

MoO; +3Mg+0.5C+7.0NaF 37 13 | Mo,C, orthor. assisted SHS and involves the reduction of metal halides

. (K,TaF,, K,TiF,, TaCl,, etc.) in the presence of C and B [57,

12,05 +5Mg+2C+8.0NaF 27 1 TaC, cubic 58]. For example, let us consider formation of the tantalum
Nb,O, +5Mg-+2C+8.0NaF 42 19 NbC, cubic carbide — tantalum boride powder mixture:

Zr0, +2Mg+C+1.3NaF 18 46 ZrC, cubic K,TaF,+1.55i+0.25C,F,+B — K,SiF, (easy leaching in

Figure 5. TEM images and SAD patterns for TaC (a) and Tac-TaB (b) nano particles.

1400} 5
(111 hae e b

acid) + 0.5TaC+0.5TaB,+0.5SiF, (gas) (6)

Figure 5 illustrates the morphology and crystal
structure of thus synthesized TaC (a) and mixture of
TaC and TaB (b) particles. It can be seen that well
crystalline powders with particle size in the range
5-20 nm can be fabricated by this combustion based
method.

One more currently popular approach to produce
ceramics from elements is so-called mechanical
activation by high-energy ball milling (HEBM) [59,
60]. HEBM is the processing of powder mixture in
high-speed planetary ball mills, where the powder
mixture is subjected to significant mechanical
impacts sufficient to break and plastically deform
mixing components [61]. Brittle particles are
milled to finer grains, whereas ductile particles are
subjected to multiple deformations, all together
forming layered composites particles with the layer
thickness decreasing as the milling time is increased.
Thus HEBM decreases the particle size of reactants,
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but also increases their contact surface area, which is typically
oxygen-free from, since milling occurs in inert atmosphere. All
these factors enhance the chemical activity of the reactive mixture
and thus, are called mechanical activation (MA).

It was demonstrated that in pure Si-C system optimized MA
processing permits synthesis of sub-micron SiC particles in SHS
mode without any additives (Figure 6a) [62]. Also, several routes
were developed to fabricate SiC powders by combination of
chemical activation, i.e. adding the gasifying agents (Teflon,
NH,Cl, PVC etc) and HEBM. One of them involves first adding a
small amount (1-3wt.%) of NH,Cl and PVC into the Si-C powder
mixture, followed by MA of the mixtures through HEBM (2-12
h). Thus obtained mixture is preheated to temperature (950-
1200 °C) and keeping it at this temperature until self-initiates
of the recation. It was demonstrated, that MA allows one to
initiate reaction at relatively low temperature 1050 °C and reach
full conversion by using small amounts of additives. Fine B-SiC
powders with specific surface area 4.4 m?/g, and the particle size
< 5 pm was synthesized (Figure 6b) [63]. Similar approach but
with synthesis in SHS mode was also developed [64]. Slightly
larger amount (~6wt.%) of PTFE was used as compared to VCS
mode, however much finer particles (Figure 6¢ a) were obtained.
Nitrides is another class of ceramic powders, which can be
produced by combustion based approach [14]. SHS of nitrides
can be subdivided into several chemical routes: (i) from elements
(metals-nitrogen; nonmetal - nitrogen); (i) reduction reaction
of metal or/fand nonmetal oxide with Mg (or Al) in presence
of nitrogen sources (gas phase-N,, NH;; or solid-NaN,; NH,CI
or NH,F); (ii) metathesis reactions between metal chlorides
(fluorides) and metal azides (NaN;; Li;N etc); (iv) exchange
reactions between metal or nonmetal nitride and metal or non
metal.

For SHS of transition metal nitrides (e.g. TiN, ZrN) from elements
it is important to outline the unique capability for fabrication of
ceramics with small amounts of nitrogen (MeN, ;;-MeN, ,,) as well
as synthesis of single phase oversaturated solid solutions (MeN,, ,,-
MeN, ), where concentration of nitrogen exceeds know values
from equilibrium phase diagrams [65, 66]. In
turn, metathesis reactions allows formation
of metal nitrides nanopowders. For example,

CMT - Ceramics in Modern Technologies, | (2019), 3-19
B,O,+3Mg+N, — 2BN+3MgO 7)

Recently [70], AIN nanoparticles with size in the range 50-200nm;
BET~20 m?/g were fabricated by SHS in Al,0,-Mg-NH,Cl system:

ALO;+3.5Mg+NH,CI+N, - 2AIN+3.0.5MgO+
+0.5MgCl,+2H,+0.5N, (8)

Ceramic powders with one-dimensional structures (e.g. whiskers
type, rods etc.) also can be produced by the combustion-based
methods. For example, SHS of fine uniform SIAION whiskers
(Figure 7a) obtained in the Si-Al-N, system were reported [71].
Thin (diameter ~100 nm) single-crystal B-Si;N, fibers (Figure
7b) were fabricated by adding a tungsten as a catalyst to Si-N,
system [72]. Although the SHS of B-Si;N, whickers has known
since 1980 [73,74], it is an additional effective route to control
the morphology of the synthesized powder.

There are two different chemical routes to produce h-BN powder
by using the SHS-based approach. One is the CS from the
elements:

2B+N,+ v- BN = 2(1 + ) - BN+Q, 9)
The other one is CS by reduction reaction:
B,O,+3Mg+N, = 2BN+3MgO+Q, (10)

The comparison of some characteristics of BN powders produced
by SHS and conventional powder metallurgical method are
shown in Table 3. The boron nitride nanosheets with thickness
below 100 nm and plate size on the order of several microns
(Figure 7c) was produced by combustion in B,O;-Mg-kNH,CI
system [75, 76]. Recently cubic boron nitride was produced by
self-sustained reaction in B-TiN system, when the reaction was
initiated by shock wave [77].

Based on the above we can conclude that essentially all ceramic
powders can be fabricated by using SHS methods. It is more

Table 3. Some characteristics and properties of BN powders [78].

(ZrNtna;(())pazr/tiiels (1 O—Bt?] nm)dwli)th high BE; CS Product Furnace Product
up to 70 m?/g) was synthesized by using self- Content, wt.% -

sustained recation betweem ZnCl, and NaN, Ultra-pure | Technically |~ ORPAC

in nitrogen atmosphere [67]. Tantalum nitride Pure Grade 99 | Denka (Japan)
(8-TaN) nanoparticles (5-10 nm; BET~ 30 Boron nitride, BN >99.5 97.3 98-99 >98
m?/g) were synt.hesized in .SHS mode other Nitrogen, N ~55.7 54.9 5455 545
metathesis reaction system, i.e. K,TaF,+(5+k)

NaN3+kNH4F [68]. Oxygen, @] <0.5 1.5 1.5 1.5
Self-sustained reduction reactions are widely Carbon, C <0.01 0.3 N/A N/A
u§ed to produce ceramic powaers. Boron Metal impurities (Fe, Mg) <02 0.3 N/A N/A
nitride was synthesized by reduction of B,O, o ,

by Mg in nitrogen atmosphere [69]: Specific surface area, m?/g 11.0 8-14 10 N/A

300 nm
i

20min-SHS

Figure 6. SEM images of SiC powders synthesized by different SHS routes.
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Figure 7. Microstructure of SIALON (a); Si;N, (b); BN (c).

important to outline that, while SHS was used for powders
production for more than 50 years, a long list of novel routes
have been recently developed, which permit synthesis of ceramic
powders with controllable morphology

4. SHS of Bulk Ceramics

There are two routes to make bulk ceramics by using SHS method
[12, 4, 78]. First is a traditional powder metallurgy approach,
which involves sintering of powders produced by combustion
method. It was demonstrated that some SHS ceramic powders
(SiC, Si;N,, AIN) possess better sinterability as compared to the
those produced by conventional methods [79-84]. Such behavior
is attributed to the specific morphological features and highlt
defected crystal structures of SHS powders.

However, it is more attractive to use extremely high temperatures
of the combustion process not only for rapid synthesis of the
powders, but also for their consolidation (sintering) to produce
bulk, in many cases, pore-free ceramics. This one-step approach
can be accomplish with or without using external loads to
facilitate consolidation. Typically, combination of SHS and
external densification (uniaxial loading, HP, HIP) is used for solid-
solid systems to prepare cermets, i.e. materials, which consist of
ceramic phase(s) and metallic matrix [1, 12]. Only recently, with
advent of spark plasma sintering method (SPS), hybrid technology,
i.e. SPS+SHS was developed to fabricate ceramics [85-87].
SPS provides more uniform heating of the media, because the
extremely high DC (kA) current in pulsating manner passed not
only through the pressing die, but also through the sintering
media. Such Joule heating uniformly heats the whole volume
of the material, which, under applied uniaxial loading, provides
much rapid densification, as compared to conventional sintering
approaches. It is interesting that, in the best of our knowledge,
the  pioneering  works
directed by Prof. Munir
(Davis, USA), which led
to development of SPS

optimized current is applied, SHS reaction occurred easily with
full conversion [88].

Using reactive powder green mixture under SPS conditions leads
to so-called reactive spark plasma sintering (RSPS) method. Many
scientific reports were published in last five years on application
of RSPS to produce variety of ceramic materials. It is important
to compare properties of materials produced by SPS of SHS
powders and by direct RSPS. Such comparison was accomplished
for HfB,, TaB,, TaB,, ZrB,/SiC, HfB,/SiC, TaB,/SiC ceramics [90].
It was shown that RSPS leads to higher densification for the
single-phase ceramics (HfB,, TaB,, TaB,), while for the double-
phase materials ZrB,/SiC, HfB,/SiC, TaB,/SiC, full dense ceramics
can be easy obtained starting from SHS powders. Such behavior
was explained by complete different reaction mechanisms in
single and double phase systems. In the former case, the self-
sustained reactions rapidly occur in SPS mode, while for the latter
case, a slow solid-state diffusion reactive sintering takes place. It
is probably due to relatively low exothermicity of Si-C system,
as compared to that for formation of borides. The importance
for optimization of the heating rate and time for external force
application was also outlined, i.e. higher heating rates favor RSPS
and load should be applied after SHS reaction initiation.
Mechanical activation of the initial reaction mixture by high-
energy ball milling is widely used before RSPS. First, it was
shown that sub-micron SiC powders prepared by SHS of MA
mixture can be completely densified without any additives by
Th of SPS processing at 2273 K and obtained ceramics possesses
Vicker’s hardness ~24 GPa and fracture toughness in the range
3-5 MPa m'? [91]. Next, pure SiC ceramics with density 3.1 g/
cm?® was fabricated in one-step using preliminary mechanically
activated Si/C mixture directly by RSPS at 2273 K and 10 minutes
sintering time, with even higher mechanical properties [92].
Similar approach was used for production of boron carbide
(B4C) ceramics [93]. Optimization of HEBM + RSPS conditions

Table 4. Ceramics fabricated by different SHS methods and their properties.

technology, were related Ceramics composition | Applies method Properties Ref.

to, so-called, field-assisted ', RSPS TMD=95%; H,=17.5GPa; K =4.8 MPam" 90, 99

combustion synthesis [88,

89]. It was shown that by HfB, RSPS TMD=99%; H,=18.0GPa; K.=3.5 MPam' 100

passing  current ~ through HfB,-SiC RSPS TMD=96%; H,=19.0GPa; K =3.9 MPam' 100

the reactive powder media

one may enhance kinetics ZrB, RSPS TMD=96%; H,=10.8GPa; K=2.2 MPam” 101

of chemical reactions in g MA+SPS; RSPS | TMD=95-98%; H,=24GPa; K¢=3-5 MPam” 91,92

the  considered  system.

For example, it is difficult B,C RSPS TMD=98.5%; H,=35 GPa; KiC=4.5 MPam”: 93
i If. ined

o initiate - scll-sustaine B,C-TiB, MA+RSPS | TMD=95.5%; H,=17.0GPa; K, =4.8 MPam” 102

reaction in relatively low i

exothermic  Si-C  mixture B-Si6-zALO,N,, SHS+SPS TMD=99.7%; L=9.5Wm"'K" 103

to produce SiC ceramics . B _ B y

[45]. However, when SIAION (Y, Ca) SHS+SPS TMD = 98-99%; H,=15-17 GPa; Kc=3-4 MPam 104




I.R Borovinskaya et al.

CMT - Ceramics in Modern Technologies, | (2019), 3-19

Figure 8. Typical microstructures of SHS ceramics.

allows rapid (less than 30 min of SPS) fabrication of B,C ceramics
with porosity less than 2%, hardness of ~35 GPa and fracture
toughness of ~4.5 MPa m'2. Essentially pore-free titanium boride-
boron carbide (TiB,-B,C) material was produced by RSPS under
high heating rate conditions [94]. RSPS was also widely applied to
fabricate ceramics through exchange reactions. For example, this
method was applied for MA mixtures of silicon and different metal
carbides (ZrC, NbC) to produce ZrSi,-SiC, WSi,-SiC materials
[95-98]. The mechanical properties and typical microstructures of
RSPS materials are shown in Table 4 and Figures 8 a-d.

The nitride-containing bulk materials also can be produced by
exchange reactions, e.g. between metal nitrides and silicon or
boron [76, 105, 106]:

4 NbN+11Si — 4NbSi,+Si,N,+Q (11)
4TaN+TaC+14Si — 5TaSi,+SiC+Si;N, (12)
TiN+B — TiB,+BN (13)

However, the pure nitride bulk ceramics is typically produced by
SHS in solid (metal: Al, Ti, Zr, Nb, Hf, Ta or nonmetal: Si, B) -
nitrogen systems [4, 12, 14, 77]. We believe that the advantages of
SHS method are most vividly manifest in the direct fabrication of
nitrides based ceramics through gas-solid combustion. There are
several reasons for such conclusion. First, is related to the processing
temperature: the nitrides ceramics possess high melting points and
thus difficult to sinter. Currently, there are no furnaces that allow
sintering at temperatures above 2400 °C. Adiabatic combustion
temperatures for these system are much higher being on the order
of 3000 °C and higher [4,12]. It is more important that under
equilibrium conditions many nitrides (Si;N,, AIN, BN) cannot be
sintered at high temperatures, since they dissociate. Thus different
additives are used to promote sinterability, which unfortunately
deteriorates the physical and high-temperature properties of the
ceramics. It was shown that under nonequilibrium conditions of
the combustion wave the reaction/sintering temperatures may be
equal to the dissociation temperature of the products. Thus, SHS
allows sintering under temperatures, which in principle cannot
be achieved for conventional powder metallurgical technologies.
Second, in gas-solid systems, low-porosity (even pore free)
ceramics may be produced in-one step directly by SHS without

the use of external loading [4, 12,78]. Indeed, at constant overall
sample volume, the internal porosity decreases due to total mass
increase through gas-solid reactions in the combustion front
[65,78]. For example, in the case of boron-nitrogen system, such
change of porosity can be as high as 60%. It is important that
during steady-state combustion regime the reaction propagates
uniformly along the while volume of the sample. It is also shown
that there exist wide post-combustion reaction zones, which
significantly increase final degree of conversion. Duration of the
post-combustion nitridation depends on the heat loss conditions,
which dare less for the larger volume of the synthesized ceramics.
All above suggests that many optimization parameters exist
allowimg us to control synthesis/sintering conditions and thus
obtained material with desired properties.

By using above optimization, the BN net shape articles (Figure 9a)
were produced directly in combustion wave. It was shown that,
on the one hand, material with low porosity (in the range 7-10%)
and high mechanical properties (o, ~25MPa) with ~7wt% of
unreacted boron can be produced. On the other hand, one may
fabricate ceramics with high BN content (~99wt%) and final
porosity of 30% and corresponding bending strength of ~10 MPa.
Some properties of the CS BN-based ceramics are summarized in
Table 5. Note that, for special applications (in MHD generator;
erosion-residing sleeve in cutting torches for air-plasma cutting
of metals and alloys and etc), which allow the present of SiO,
phase, one may significantly increase the mechanical strength of
the ceramics without changing the material’s thermal conductivity
(see right column Table 5). Finally, it is known that sintered BN
ceramic has semiconductor properties (with a band gap of about
3.7 eV) and is used as a high-temperature electrical insulator
in directional solidification furnaces. Figure 9b shows high-
temperature ceramic insulators after 30 days of work in a RAP-2
furnace. The product on the left was originally produced by the
traditional method of sintering with additives, while the insulator
on the right was made by direct synthesis in the SHS mode. It can
be seen that sample, consolidated by the traditional technology,
could not resist long-term (30 days) high-temperature (2400 °C)
service in an environment of metal vapors, while the SHS-insulator
retained all of its basic properties and may be subsequently used
in the company producing single-crystal components.

The other facinating example of nitride based bulk material
produced directly by SHS method without applicatuion of the
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Figure 9. Boron nitride net shape articels.

Table 5. Some properties of BN-based ceramics (adopted [4]).
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external force is so-called
“black  ceramics”.  Black
cermics was obtained based
on the fundamental discovery
that silicon carbide powder
can  “burn” in  nitrogen
atmosphere at pressure ~100
MPa. The folliwng exchange
reaction occurs:

SiIC+N, = Si;N,+C (14)
Why this recation is so
attrcative for cermic
production?  First, if one

cannot reach the full degree of
conversion to silicon nitride phase,

Properties BN BN+SiO, the gnrecated compound is SiC,
wich is also refractory compound.
Chemical composition, wt % N = 55; 0<0.5; Bfree<0.5; C<0.5 | BN = 74; SiO2=26 Second, Si;N, has lower theoretical
Density, g/cm’ 15 1.85 density (2.34 g/cm®) as compared
olectri h Kk to thsat for SiC (3.2 g/cm?), thus
Dielectric strength, kv/mm 25 19 above reaction leads to the decrease
Dielectric permeability 3.1 6.0 of the theoretical density of solid
Tangent of dielectric loss at TMHz 0.0034 0.036 compound in the material. This effect
o . . results in an additional decrease of
Resistivity, © 210 1.3-10 media porosity. All above permts
Thermal conductivity, W/mK SHS fabrication of pore-free ceramics
T = 400 K 20 N/A directly in the combustion wave
without any external loads. It is alos
T=900K 8 8 important that formed carbon acts as
Bend strength, o, MPa 25 25 self-friction phase in the produced
Si;N,-SiC-C ceramics, which favors its
applications in refractory bearings. It
‘ ‘ is important that this ceramics retains
Table 6. Properties of "black” ceramics produced by SHS. high mechanical properties up to temperatures of about 1600 °C.
Pictures of net-shape articles produced by this technology, in
Property Values particular corrosion-resistant chemical pumps sleeves and spray
Density, glem’ 34 for corrosive liquids, are shown in Figure 10.. This method hE.iS
) been also used to produce cylinders and pistons for ceramic
Bending strength, MPa (1800 K) 650 engines that were tested at NIKTID GSK Company (Vladimir,
Elastic modulus, GPa 300 Russia) [12]. Some properties of such cermics strenght by TiN
Hardness, HRA 93.5 phase are presented in Table 6.
Micro hardness, Vickers 20
Friction coefficient 5. Solution Combustion Synthesis of Ceramic Materials
dry 273-117 K 0.2-0.3
o As mentioned above the solution combustion synthesis (SCS)
hot lubrication 0.02-0.03 - : . . -
is a rapid method for preparation of a large variety of ceramic
Heat conductivity, W/mK (400-900 K) 18-20 materials [13, 18, 107-109]. A typical SCS process involves an

Figure 10. Ceramic articles made of black ceramics, obtained by direct SHS-
sintering.

exothermic chemical reaction between an oxidant (such as
metal nitrates) and an organic compound (urea, glucose, etc.).
These water-soluble organic compounds containing large
quantities of carbon and hydrogen are being oxidized by gaseous
products formed during the thermal decomposition of oxidants.
The synthesis of powders by this method involves heating of
homogeneous reactive solutions on a hot plate or in a preheated
furnace. Rapid heating facilitates the evaporation of solvent and
formation of a viscous gel, which initiates a combustion reaction
in the gels leading to the formation of solid products. The rapid
increase in temperature leads to the precipitation of nucleus of
metal oxides and their further growth into porous nanostructured
solid products. Some fuels, such as glycine or citric acid are
capable of forming complexes with metal ions. These complex
compounds help to achieve a more homogeneous mixing and
avoid segregation processes during water removal stage ([110-
111]). These features make SCS invaluable for preparation
complex and multicomponent materials such as perovskites,
garnets, spinels, silicates, and phosphates [13.18]. SCS also allows
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Product
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Figure 1. Regimes of SCS: volume combustion synthesis (A) or self-propagating combustion (B).

for uniform doping of materials with a small quantity of elements.
Due to the mixing of reactants in molecular level SCS provides
high distribution uniformity of dopant in the produced lattice.
Depending on the process organization SCS may occur by
either volume combustion synthesis (VCS) or self-propagating
combustion (SC) modes [13]. In the VCS case, the entire volume
of the reactive solutions is preheated uniformly to the ignition
point (Fig. TTA). In the SC case, the reaction is initiated locally,
and combustion front propagates along the preliminarily prepared
gel in the form of the glowing reaction wave (Fig. 11B). Recently
several different modifications of SCS were also introduced. One
of them is combustion of reactive gels impregnation in a porous
matter such as cellulose or hard templates. Another variation is
the spring of reactive solution into a preheated furnace or on
a substrate. This process could result in the synthesis of hollow
spherical nanoparticles or thin films. Spin coating of reactive
solutions allows the formation of thin films on different substrates
(silicon wafer, conductive glasses, faxable polymers etc.).

The reaction between a metal nitrate (for example zinc nitrate)
and an organic fuel, such as urea (CH,N,0) can be typically
presented as follows:

Zn(NO,), 'rgqn'[_'IIJN_.fHS{qp—I]{}: -

15
53 (15)

)
— ZnO N, (g)+ %go(‘u:{g}-e-%ml 1,0(g)

where, ¢, is the fuel-to-oxidizer ratio. ¢ = 1 indicates that all
oxygen required for complete oxidations of fuel derives from the
oxidants, while ¢ > 1 (<1) implies fuel-rich (or lean) combustion.
The self-generated heat of synthesis provides a localized energy
supply that eliminates or reduces the need for externally applied
thermal processing. The evident advantages of the SCS method
are time- and energy-efficiency. Once the reactive solution (gel)
is ignited, the self-generated heat converts precursors into the
corresponding ceramics without the requirement of additional
external energy input. The reaction is completed within ashorttime
(on the order of seconds) with maximum reaction temperatures
ranging from 500 to 1500 °C. Such high temperatures facilitate
the formation of crystalline materials. If organized properly, no
calcination step is needed to obtain desired crystalline phases.
The mixing of reactants on the molecular level and release of
large quantities of gases result from nanoscale products. The
phase composition, morphology, and surface area of SCS-derived
products can be controlled by adjusting the fuel type, the fuel/
oxidant ratio, the pH value of the solution and other factors. A
higher combustion temperature usually results in well crystalline,
larger grain sized, agglomerated, and low specific surface area
products. The reaction temperature and gas release rate are
two competing factors that determine the microstructure of the
products.

* Energy conversion and storages applications

Solution combustion processes have been widely used to prepare
nanostructured complex oxide-based ceramics for energy

applications such as electrode materials for rechargeable batteries,
supercapacitors, and solid-oxide fuel cells [13,111-118]. SCS is a
proven method for production of such ceramic materials with a
high level of phase and structural uniformity.

Electrochemical performance of materials for battery applications
is related to porosity, conductivity, the shape and size of the
nanostructured ceramic. For example, Chen et al. synthesized
Li; ,Mn, 54Nig15C0, 150, layered oxide layered complex oxides
by the sucrose-assistant SCS [119]. The microstructure analysis
suggested that combustion of gels containing metal acetates,
sucrose fuel, and nitric acid produces non-agglomerated
uniform nanoparticles with average particle sizes of ~200
nm. The electrochemical characterization indicated that SCS-
derived materials deliver a capacity of 253 mAeh/g at 0.1 C,
corresponding to a specific energy density of 801 Weh/kg. These
characteristics were shown to be significantly better than similar
materials reported in the literature.

Xu et al. recently used combustion of solutions containing
glucose and copper nitrate to produce CuO-Cu,O/C composites
with different carbon contents [120]. The as-prepared copper
oxides exhibited uniform spherical morphology and, carbon
was synthesized in situ with content ranging from 3 - 36 wt%.
The electrochemical performance of the anodes made from the
materials in Li-ion batteries demonstrated >400 mAh/g capacity
at 20 mA/g current density and highly stable cycling performance
with capacity 260 mAh g/1 after 600 cycles at current density of
0.2 A/g. The authors attribute this performance to the synergistic
effect of porous structure, conducting carbon coating and two-
component CuO/Cu,O structure.

Abdollahifar et al. also prepared carbon-coated ZnMn,O,
complex nanostructured ceramics via a novel SCS formulation
using polyethylene glycol as a multifunctional microstructure-
directing agent [121]. Controlling the molecular weight and the
amount of the polymer in the reactive solutions enabled to tailor
the mesoporous structures with increased specific surface areas.
The resulting electrodes were exhibit ideal capacitor behaviors in
an aqueous neutral electrolyte, possessing specific capacitances
up to 150 F/g and cycle stability showing no capacitance fade
after 10,000 cycles at 60% of full capacity with>99% Coulombic
efficiency.

* Catalysts

SCS is an established method for the preparation of different types
of catalysts such as bulk and supported heterogeneous catalysts
and photocatalysts [122-133]. SCS uses elements of conventional
catalysts preparation approaches along with its unique techniques.
This includes impregnated active layer combustion [134] and
template-assisted solutions combustion [135].

A unique type of ironically-dispersed catalysts was also developed
be SCS-based approach [136]. SCS allows uniform distribution
of metal (Pt, Pd, Fe, Cr) ions in ceramic compounds (e.g.,
Ce0O,, Co,0,, TiO,). The combustion of ceric ammonium
nitrate (NH,),Ce(NO,),, chloroplatinic acid (H,PtCl;) and oxalyl
dihydrazide (C,H,N,O,) formed Ce, ,Pt.O, ; solid-solutions [136].
Detailed analysis suggested that the Pt possesses both +2 and
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+4 oxidation states. Pd, Rh, Ag and Au-substituted Ce, ,M,O,;
and Ti,; ,M,O, ; catalysts were also prepared by this method [137].
Further investigations allowed to produce even more complex
catalysts such as Ce,, , TiM O, ; (M is Pt and Pd), Ce, Sn.Pd O, ;,
Ce,,Fe,PdO,; Ce, ZrPdO,; and Ce, HfPdO,; [138].
Similarly, homogeneous Fe- and Cr-doped Co,O, solid-solutions
with spinel structure was also fabricated by SCS [139]. These
catalysts showed high catalytic activity in CO oxidation reaction.
For example, the Fe- and Cr-doped Co,0, catalysts showed high
activity even at -85 °C.

SCS-based processes were also used in the preparation of
structured catalysts. During the past two decades, a research
group in Politecnico di Torino (Italy) developed new catalytic filter
technologies for on-board collection and utilization of particulate
matter and harmful gases emitting during fuel combustion in car
engines and industrial boilers gases. Many complex oxide catalysts
were deposited onto silicon carbide and cordierite honeycomb
filters [140-1439]. These catalytic filters are capable of rapid
simultaneously oxidation of soot and CO, as well as reduction
of NO, and decomposition of N,O a temperature window of
300-450 °C. Moreover, regeneration of catalytic filters was three
times faster than that of the non-catalytic filters. SCS-processed
filters had high stability and showed no deactivation during soot
combustion even after severe high-temperature (850 °C) aging in
humid air.

Recently, a novel SCS-based method was developed to
produce metal-silica catalysts [107]. This method involves
incorporation of metal nitrates and organic fuel (citric acid) in
a stable silica gel through controlled hydrolysis of tetraethyl
orthosilicate. Combustion of dried gels with NH,NO, in air or
Ar atmospheres enabled synthesis of highly porous NiO/SiO,
or Ni/SiO, nanomaterials with tunable metal content (~5-30
wt.%). The experiments suggested that the maximum combustion
temperature and the front propagating velocity depends on the
gas environment. High-speed infrared imaging indicates that local
heating of a sample in air generates a sequence of two primary
combustion waves that propagate along the sample (Fig. 12A). The
temperature-time distribution for samples reacting in air revealed
the maximum temperature within the first reactive zone is ~680
°C, whereas the temperature in this second wave could reach as
high as ~1000 °C. In argon (Fig. 12B), however, the maximum
temperature of a single stage-stage reaction is only 600 °C. This
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Figure |2. High-speed infrared images of Ni(NO,),+citric acid+Si0,+NH,NO; samples in air (A) and Ar (B).
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combustion-based approach allowed for independent tuning of
the Ni (NiO) nanoparticle size from 2 to 50 nm. The surface area,
average pore size, and pore volume of the materials can also be
controlled in a wide range during the combustion. As prepared
catalysts were tested for hydrogen formation from ethanol
decomposition and exhibited high activity and stability.

* Inorganic phosphors

Inorganic phosphors are consisting of an inert host lattice, and an
activator, typically a 3d or 4f metal and emit light upon excitation
by an electron beam, X-rays or a photon. SCS is a traditional
method for preparation of multicomponent complex phosphors,
with a high degree of dopant structural uniformity [144-151].
The emission intensity is related to the synthesis temperature,
and the crystallinity of phosphors. In many cases, one can avoid
high-temperature post-combustion calcination. SCS is efficiently
used for the preparation of complex doped compounds, such as
silicates, titanates, aluminides, borates, phosphates, etc. [13]

Shi et al. were reported Eu**-doped Ce,LaO; ; phosphors were
prepared by the SCS [150]. They showed that the Eu** substitutes
either La** or Ce** sites in the crystal lattice due to their close
ionic radii. It is interesting that for the series of Ce,La, O, ;:xEu’*,
the lattice parameter was gradually decreased with increasing
dopant concentration. For the series of Ce,,LaO;._,:xEu**, the
lattice parameter was enlarged with increasing Eu content. The
authors pointed out that all doped materials samples produce
characteristic red-light emission of Eu** when excavated by light
with 466 nm wavelength light. However, when Eu’* substituted
the Ce** sites, the material exhibited significantly enhanced
luminescence.

Zhang et al. proposed [152] citric acid as fuel for preparation of
Ye, AlLO,,:Ce**. The results of structural studies indicated that
combustion parameters phase pure cubic garnet is only reaction
product. However, the luminescent intensity is depending on the
fuelto oxidizerratio. Emission characteristics can also be influenced
by the concentration of cerium, pH of reactive solutions, as well
as the post-combustion heat treatment temperature.

Qiu et al. reported on the synthesis of strontium, barium, and
calcium aluminates co-doped with Eu** and other elements, such
as Dy, Nd, and La, at 600 °C without applying a post-combustion
treatment [153]. The authors used that excessive amounts of urea
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fuel to form a reductive atmosphere and avoid the oxidation of
Eu?* to Eu**. It was shown that synthesized nanoscale phosphors
have a perfect crystal structure, and the luminescence could
be changed from yellow-green to blue-green and then to
blue-purple in the visible range by changing the dopant type.
Interestingly the nanomaterials exhibited a long afterglow time,
sometimes lasting for over seven hours after the excited source
was turned off. B-Ca, 4P,O,:Eu** was also prepared by a SCS
formulation using three times more urea than the stoichiometric
quantity should be used to produce phosphors [154]. Excessive
amounts of fuel during the combustion prevented the oxidation
of the Eu?* dopant. Depending on furnace temperature (igniting
temperature) either y-Ca(PO,), or B-Ca,P,O, host lattice can be
formed.

e Functional ceramics

SCS was traditionally used over the past several decades to prepare
functional ceramic (electro-ceramics, bio-ceramics, magnetic
materials, etc.) materials. Hundreds of works have been reported
on the synthesis of simple and complex oxides with controllable
electrical and magnetic properties.

For example, two different SCS approaches were proposed
for the preparation of lead-based niobates [155]. One of these
approaches involved rapid ignition of solutions containing
metal nitrates, ammonium nitrate, and niobium oxalate, and
tetraformal trisazine in a preheated furnace. In the second
method, various niobates and lead oxide were first prepared by
solution combustion, which then mixed and then calcined to
obtain ferroelectric ceramic powder. The materials prepared by
both approaches have a fine microstructure, were sintered into
compact samples with a relative density of 97-99%. The sintered
samples made by the second route showed better dielectric
properties than the materials produced by the first synthesis
process. More recently, a series of doped lead-free complex
titanate electroceramic materials were synthesized, where TiO,
or TIO(NO,), was used as precursors and glycine or citric acid as
fuels [156-158]. The authors showed that the materials exhibit the
desired single-phase product and minimal grain growth during
high-temperature sintering process.

SCS-based preparation of magnetic nanoscale materials (iron
oxides and complex ferrites) were investigated for many years.
For example, Deshpande et al. reported the synthesis of phase
pure o- Fe,O;, y-Fe,O,, Fe,O, fabrication with surface areas
of 65, 120, and 45 m%g, respectively [159]. They also applied
mixed iron source (iron nitrate and oxalate) as well as glycine and
hydrazine fuels to prepare mixtures of o and y phases for Fe,O,
with surface areas changing from 75 to 175 m%/g.

lanos et al prepared Fe,O, nanomaterials using sucrose, citric
acid, and glucose as fuels [160]. Depending on the fuel type,
the specific surface area of the final product can be as high as
100 m?/g with a sturation magnetization of ~60 emu/g. A SCS-
based approach for ultra-small superparamagnetic a-Fe,O,
nanoparticles with a specific surface area of ~130 m?g and high
magnetization (~21 emu/g) was also reported using as silica-
assisted template combustion approach [109].

Several recent examples of SCS-derived complex oxide magnetic
ceramics include cobalt and nickel ferrites. Lazarova and
coworkers reported on the synthesis of single phase nanoscale
NiFe,O, powders prepared by SCS with using urea, glycine,
sucrose or glycerol fuels [161]. The authors pointed out that the
use of nitrogen-containing fuels leads to the fabrication of materials
with a larger particle size (~60 nm) than materials prepared with
nitrogen-free fuels (~35 nm). The magnetization for the materials
with larger particle size was reported to be ~35 emu/g, while
the products with smaller particles sizes showed ~25 emu/g
magnetization value. Cobalt ferrite (CoFe,0,) nanoscale powders
with the tunable surface area (35 - 285 m?/g) were also reported
by changing the fuel (glycine) to oxidant ration reactive solutions
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[162]. The synthesized CoFe,O, powders exhibited the higher
saturation magnetization and coercivity due to the high purity
and crystallinity.

SCS has been also used in conjunction with a combination of
microwave irradiation and molten salt (such as NaNO,) methods to
produce bioceramics (pure and doped hydroxyapatite, tricalcium
phosphate, biphasic calcium phosphate, fluorapatite, and
chlorapatite) [163-167] This approach was particularly successful
for fabrication of 1-dimensional bioceramics. Microwave
irradiation or reactive solutions ensures ignition and uniform
heating of the solutions. High reaction temperatures cause the
inert salt to melt, which dissolves the products precipitates during
early stages of the process. These particles serve as nucleation
centers in the molten phase as the product starts to solidify
upon termination of microwave power. During solidification, the
bioceramic phase rapidly crystallizes along the preferred growth
axis forming nanorods or nanotubes.

e Thin films

During the last decade, new SCS formulations have been
developed for the deposition of thin films to be used in
electronics, solar cells, as well as light-emitting devices [168-172].
These SCS-based approaches involve deposition of thin reactive
solutions (gels) layer on different types of substrates (silicon wafer,
conductive glass, faxable polymer, etc.) using a spin coating or
sparing techniques. Short heat treatment (10-30 min) of solution-
coated substrates at temperatures 150-400 °C allows to produce
amorphous and simple oxide (Al,O,, ZrO,, ZnO, NiO, CuO, etc.)
or complex (indium tin oxide, indium zinc oxide, indium gallium
zinc oxide) films. These processes usually allow the formation of
pore-free films with uniform thickness, which ensures high quality
and reliable device fabrication.

Recently, Ban et al. reported the fabrication of indium tin oxide
thin films by using photo-ignited combustion synthesis process
under hydrogen atmosphere [173]. The authors noticed that
the photochemically activated hydrogen on film surface could
facilitate highly crystalline oxygen deficient structure, which
significantly enhancing the carrier concentration and mobility.
The authors also performed low-temperature functionalization
of films, which increased the conductivity of >1607 S/cm under
the process temperature of less than 300 °C. Transparent metal-
oxide thin-film transistors and large-area integrated circuits with
the indium tin oxide bus lines (Figure 13) were demonstrated
showing good field-effect mobilities (>6.5 cm?/Vs) with relatively

-

Figure 13. An optical image of SCS-processed thin film transistor.
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good operational stability and the oscillation frequency of more
than 1 MHz in 7-stage ring oscillators, respectively.

Pujar et al. reported the fabrication of high quality, transparent
and conducting titanium-doped indium oxide films using SCS
with acetylacetone as fuel [174]. The films exhibit high crystallinity
and smooth surfaces. Hall effect measurements have revealed
charge carrier densities of the order 1019 cm? irrespective of
annealing temperature with maximum mobility (~2 cm?Vs) and
conductivity (20 S/cm) for the sample prepared at 450 °C.
Combustion synthesis of thin oxide films can be organized
continuously by spraying the reactive solutions intermittently
on the substrates until the desired thickness (20 or 50 nm) [66].
This approach enables the production of films in a single-stage
process. The combination of short pulses with combustion allows
removal of gas trapped in the product, thus yielding pore-free
and macroscopically continuous films. It was also shown that the
characteristics of devices prepared by spray SCS are approaching
those fabricated by magnetron sputtering protocols.

6. Concluding Remarks

It can be concluded from the above that combustion-based
methods allow fabrication of a wide variety of ceramics: powders,
bulk materials, coatings and net shape articles. Nanomaterails
of any dimensions can be also produced through self-sustained
reactions. Several advantages of the approach can be outlined.
The SHS of ceramics do not need any external energy source,
since they occur in a self-sustained synergetic manner. Thus, SHS
is an energy saving process, which requires simple equipment
without any heating elements. In addition, the unique conditions
of the combustion approaches (e.g. high temperatures, rapid
self-heating and cooling) facilitate formation of crystalline
nanomaterials. Other advantages of SHS is its ability to produce
multi element compounds with complex crystal structures. In
addition, the SHS permits scale of materials production. Indeed
increasing the amount of reactive mixture leads to more adiabatic
conditions and thus more steady-state combustion regime.
Finally, the SHS allows continuous schemes for processing of
different ceramics.

However, several limitations of SHS should to be resolved,
before this method can be widely implemented in large-scale
production of advanced ceramics. The main issues are related
to the uniformity of the morphology and microstructure for the
produced materials and controllability of SHS process. In this
regards it is important that many recent works showed that by
investigating the mechanisms of the combustion reactions and
structural transformations, which occur during SHS, one might
establish effective ways to control the structure of the ceramics
materials. Indeed, during the last decade, CS direction made
several significant steps ahead in finding new routes of material
synthesis. From completely not controlled thermal explosion
by heating in furnace, to precisely controlled steady state self-
propagating mode. From agglomerates with non-uniform
microstructures, to super fine (less than 10 nm) nanoparticles.
From powders to thin films and 1D and 2D crystals. From porous
bulk materials to pore-free nanostructured net-shape articles.
We have to continue work on fundamentals of self-sustained
reactions, based on which controllability issue can be resolved
for synthesis of any kind of ceramics. We have also to analyze
the market demands to find out the right niches for SHS
technologies. Practice shows that SHS should not compete with
traditional powder metallurgical technologies in production of
conventional well-established materials. We have to consider
the materials, which are difficult or impossible to produce by
traditional methods. Direct fabrication of the net-shape pore-free
ceramic articles, as well as synthesis of 1 and 2D nanopowders of
refractory compounds, are may be among the promising for SHS
directions.
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