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1. Introduction 

Combustion synthesis, which is also known as self-propagating high-temperature synthesis 
(SHS), is a facile and economic technique to prepare a large variety of advanced materials, 
such as ceramics, intermetallics, composites, and functionally-graded materials [1-4]. By this 
technique, new materials are synthesized from self-sustained exothermic chemical reactions 
instead of long-time heat treatment by furnace. Once the reactants are ignited, a large 
amount of heat energy is produced to support the reaction to continue. With the 
propagation of combustion wave through the whole sample, the reactants are converted into 
products. Because exothermic combustion reactions occur quickly, a non-equilibrium state is 
usually involved in combustion synthesis and characterized by high temperatures and fast 
heating or cooling rates. This non-equilibrium reaction state offers an opportunity for 
controlling the microstructure of products. 
Among the extensive applications of combustion synthesis, the fabrication of advanced 
ceramic powders is an important and successful practice. By combustion synthesis, many 
kinds of ceramic powders have been prepared, including nitrides (Si3N4, AlN, TiN, BN, 
SiAlON, etc.), carbides (SiC, TiC, ZrC, Ti3SiC2, Ti3AlC2, Ti2AlC, etc.), borides (MgB2, TiB2, 
ZrB2, etc.), silicides (e.g. MoSi2), and oxides (e.g. ferrites, Y-Ba-Cu-O superconductors). The 
grain size and morphology of the ceramic powders can be manipulated by controlling the 
processing parameters, such as proportion of diluents, porosity of green compacts, and 
particle size distribution of raw materials. 
This chapter presents some recent results on combustion synthesis of ceramic powders, with 
an emphasis on the investigation of crystal growth kinetics and control of final grain 
morphologies. Four kinds of ceramic powders (TiN, SiC, SiAlON, and Ti-Al-C) with 
different grain morphologies are reported as examples. The grain growth mechanisms 
involved in combustion synthesis of these ceramic powders are discussed in detail. 

2. Combustion synthesis of TiN powders with different grain morphologies 

The nitrides of transition metals have received increasing attention because of their unique 
chemical and physical properties. Among these materials, TiN is particularly interesting due 
to its superior hardness, good thermal stability, high wear resistance, excellent corrosion 
resistance, and relatively high electrical conductivity [5]. It can be used as a coating material 
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on cutting tools, diffusion barrier in microelectronic devices, and protective layer on optical 
components. For these various applications, the surface roughness, film texture, and 
crystallization shape of TiN strongly affect its physical properties. Therefore, it is important 
to understand the nucleation and growth kinetics of TiN for controlling its microstructure. 
In this aspect, many results have been reported on the epitaxial growth of TiN thin films. In 
the preparation of TiN powders or bulk ceramics, however, studies on the crystal growth 
and shape evolution are limited. 
Combustion synthesis is an important method to prepare TiN powders. This method can 
induce high reaction temperature and drastic heating or cooling rate, which offers an 
opportunity to manipulate the microstructure of the products. By controlling the starting 
compositions and processing parameters in combustion synthesis, TiN powders can be 
prepared with different grain morphologies [6]. 
Using commercial Ti powder (99 % pure, 300 mesh, General Research Institute for 
Nonferrous Metals, Beijing, China) and high-purity N2 (99.9 %, Huayuan Gaseous Co., 
Beijing, China) as major reactants, TiN and NH4Cl as additives, single-phase TiN can be 
prepared by combustion synthesis. As shown in Figure 1, no residual Ti or other impurity is 
detected in the product, indicating that the Ti powder has been fully nitridized into TiN. 
Figure 2 shows the temperature history during the combustion reaction. It is clear that, once 
the combustion reaction is triggered, the temperature immediately increases from room 
temperature to nearly 2000oC in only one second, and the maximum heating rate reaches 
6000oC/s. When the combustion reaction is over, the sample quickly cools down with a 
cooling rate of ~60oC/s. In the short reaction period, the resultant TiN micro-crystals undergo 
a fast shape evolution process and develop into various morphologies such as quasi-spherical 
grains, faceted cubic or pyramidal crystals, and dendrites, as shown in Figure 3. 
 

 

Fig. 1. XRD pattern of TiN powder prepared by combustion synthesis 

Generally speaking, the final morphology of a crystal depends on both its intrinsic lattice 
structure and external conditions for growth. The intrinsic lattice will lead to the 
equilibrium crystal shape (ECS) with minimum total surface energy, and the external 
conditions often force the crystal to deflect from its ECS and develop into various 
morphologies. The actual crystal shape is derived from the competition of internal and 
external factors. Based on this viewpoint, the formation mechanisms of the observed 
different morphologies of TiN grains can be discussed. 
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Fig. 2. Temperature history during the combustion synthesis of TiN 

 

 

Fig. 3. TiN powders prepared by combustion synthesis with various grain morphologies: (a) 
quasi-spherical grains; (b) dendrites; (c) faceted pyramidal crystals; (d) faceted cubic crystals 
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2.1 Quasi-spherical TiN grains  
In the combustion synthesis of TiN, the maximum reaction temperature (Figure 2) is much 
higher than the melting point of Ti. Therefore, in the combustion reaction, TiN is produced 
mostly by the reaction between Ti melt and N2. Compared with the gaseous reaction of Ti 
vapor and N2, the nitridation of Ti melt has a lower latent enthalpy. In this case, the interface 
between TiN crystals and Ti melt is thought to be rough and there is no crucial nucleation 
barrier for the formation of TiN. That is to say, new TiN nuclei can be formed continuously, 
which then grow isotropically into quasi-spherical grains. 
Figure 4 simply illustrates the continuous growth of the quasi-spherical TiN grains. In the 
N2 atmosphere at a high pressure, some N2 molecules or N atoms can dissolve into Ti melt 
and then react with the latter to produce initial TiN nuclei. These nuclei act as the bases for 
later heterogeneous nucleation, which is easier than homogeneous nucleation in Ti melt. By 
diffusion, the dissolved N2 molecules or N atoms move to the interface and react with Ti via 
the reaction of Ti(melt) + N2/[N]  TiN(crystal). Because there is no crucial nucleation 
barrier, the formation and growth of TiN is limited by the diffusion of N2 or [N] in Ti melt. 
 

 

Fig. 4. A simple illustration of diffusion-controlled continuous growth of quasi-spherical 
TiN grains 

2.2 Faceted TiN crystals 
As mentioned above, crystals with anisotropic surface energy are inclined to reach the ECS 
with the minimum total surface energy. Generally, ECS is bounded with the close-packed 
faces with larger interplanar spacings because they have lower surface energy. Experimental 
observations have revealed that, the importance (frequency of occurrence) of a crystal face 
decreases with its interplanar spacing, which is known as the Bravais-Friedel law [7,8]. TiN 
has a composite face-centered cubic (FCC) lattice like NaCl, and its crystal faces with 
decreasing interplanar spacings run as {100}, {110}, {111}, {200}, {220}, {222}. In the composite 
FCC lattice of TiN, the elementary growth layers are {200}, {220} and {222}. According to the 
Bravais-Friedel law, the importance of these crystal faces should be {200}>{220}>{222}. If 
only the most important {200} faces are exposed, the ECS of TiN should be a cube. 
From kinetic point, crystal growth is such a process that the reactant atoms in fluid phases 
are attached and bonded at crystal surface. The attachment energy or bonding energy can be 
used to estimate the difficulty for the formation of a new layer. The crystal faces with higher 
bonding energies have higher growth rates, which will shrink gradually and finally 
disappear during crystal growth. On the contrary, the crystal faces with lower binding 
energies and growth rates will be reserved and exposed in the end. 
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Now let’s consider the binding energy for a new atom at {200}, {220}, and {222} faces in a TiN 
crystal according to the atom arrangements shown in Figure 5. Although TiN has a lattice 
structure like NaCl, the bonding ways are different in these two compounds. It is usually 
accepted that, TiN is not a normal ionic-bonded compound like NaCl, but a Hägg phase 
bonded with covalent and metallic bonds. The metallic bonds are formed among the d-
electrons of Ti, and the covalent bonds are formed between the d-electrons of Ti and the p-
electrons of N. The metallic bonds are relatively weak, while the directional covalent bonds 
are much stronger. In this way, the bonding energy is mainly determined by the covalent 
bonds between the new atom and its first nearest neighbors, with the distance of a. As 
shown in Figure 5, the number of first nearest neighbors of a new atom is 1, 2, and 3 for 
{200}, {220}, and {222} faces, respectively. Therefore, crystal faces with decreasing binding 
energies and thus growth rates run as {222}>{220}>{200}. During crystal growth, the crystal 
faces with higher growth rates will shrink and those with lower growth rates will expand. 
Therefore, in the final crystal shape, crystal faces with increasing importance should be 
{222}<{220}<{200}, which agrees well with the prediction from the Bravais-Friedel law. 
 

 

Fig. 5. A schematic illustration showing (a) the FCC lattice structure, (b), (c), and (d) atom 
arrangements at {200}, {220}, and {222} faces, and (e) PBC vectors in TiN crystals 

www.intechopen.com



 
Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications 

 

54

For the prediction of final crystallization shape of a crystal based on its intrinsic lattice 
structure, the Periodic Bond Chain (PBC) theory is usually considered. According to PBC 
theory [7,8], a crystal should be bounded by edges parallel to the directions in which there is 
a continuous chain of strong bonds between the building units. Such a chain is called a PBC 
and the crystal can be considered as an array of PBCs. From the numbers of PBCs involved, 
crystal faces are divided into three categories, F-faces containing two or more PBCs, S-faces 
containing only one PBC, and K-faces containing no PBC. The three types of crystal faces have 
different growth rates, F-faces grow slowly and thus are important faces, K-faces grow fast 
and have least importance, and S-faces have a middle importance. In the lattice structure of 
TiN, there are three PBCs consisting of continuous strong Ti-N covalent bonds, viz. A//[100], 
B//[010], and C//[001], as shown in Figure 5. Thus, {200}, {220}, and {222} faces are identified as 
F, S, and K-faces, respectively. Therefore, {200} faces are most important and exposed, while 
{220} and {222} faces will shrink during crystal growth and finally degrade to edges and 
corners. By this means, faceted cubic TiN crystals are produced, as shown in Figure 6 (a). 
 

 

Fig. 6. Several typical shapes of faceted TiN crystals: (a) cube; (b) truncated cube; (c) pyramid 

Except for the intrinsic factor, external conditions also affect the growth of TiN crystals and 
cause a deflection of crystal shape from the ECS. It is reported that, during the growth of 
TiN thin films, the preferred orientation of TiN crystals depends on the incident ion/metal 
flux ratio, and the nucleation kinetics of TiN is strongly affected by reaction temperature 
and the pressure of N2. In combustion synthesis, however, both the temperature and N2 
pressure can be variable because of the drastic reaction and abrupt heating or cooling rate. 
This variance in reaction conditions will change the growth kinetics of TiN crystals and 
result in a diversity of crystal shapes, such as truncated cubic and pyramidal crystals, as 
shown in Figure 6 (b) and (c). 
From the energy viewpoint, the most stable shape of a crystal is the one with the minimum 
total surface energy, and this shape is ECS as mentioned before. Driven by the reduction of 
total surface energy, TiN crystals with other shapes have a tendency to transform into the 
ECS. That is to say, the quasi-spherical TiN grains will undergo a faceting process to become 
cubic crystals. If this faceting process is not complete, intermediate products including 
truncated cubic and pyramidal crystals will be obtained (Figure 6). At the surface of some 
TiN grains, a terraced structure consisting of a series of layered circular plates is observed, 
as shown in Figure 7. It is proposed that this terraced structure is caused by the faceting 
process via two-dimensional nucleation. When a layer grows larger than a critical size, new 
nuclei can form on it. By this means, the outward growth in the normal direction takes place 
together with the lateral growth of each layer, and finally produces a series of terraces. 
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Fig. 7. SEM images showing a terraced structure on the TiN grains 

Figure 8 schematically illustrates the transformation of a spherical TiN grain into a faceted 
cubic crystal by the faceting process. At first, small facets appear on the surface of the 
spherical grain. Then, the facets grow in both lateral and normal directions by two-
dimensional nucleation, and a series of terraces are created. With further growth, two 
neighboring facets toward different directions will cross and thus an edge forms. At last, 
nucleation stops and the existing layers expand by lateral growth until they joined at edges. 
Consequently, a faceted cubic crystal is obtained. The above illustration is supported by 
SEM observations. For example, Figure 7 (a) shows three series of terraces (A1, A2, and A3) 
in orthogonal directions, which can develop into three faces of a cubic crystal. Figure 7 (b) 
shows a faceting grain (II) with a clear tendency to transform into a cubic crystal. Details of 
the formation edges are shown in Figure 7 (b) and (c).  

In the faceting process, the final crystal shape is closely connected with the growth rates of 

different faces. Variations in growth kinetics can cause different crystal morphologies from 

the ECS. For example, in the truncated cube shown in Figure 6 (b), {220} faces have 

degraded to edges but {222} faces still remained as small triangular facets (A1). This is 

probably attributed to the retarded growth at {222} faces. As illustrated in Figure 8 (d), only 

when the ratio of the growth rate of {222} faces (VT) to that of {200} faces (VA=VB=V) is equal 

or larger than 3 , {222} faces will completely degrade to corners. Otherwise, when 

VT/V< 3 , {222} faces will be partially reserved and a truncated cube is obtained. If VT 

further decreases to be much smaller than V, {222} faces become the most important and the 

final crystal shape will be an octahedron. The four-fold symmetric pyramidal TiN crystal 

shown in Figure 6 (c) can be regarded as a half octahedron. 
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Fig. 8. A schematic illustration of the faceting process of spherical TiN grains 

2.3 TiN dendrites 
Besides quasi-spherical grains and faceted crystals, TiN dendrites are also observed in the 
product. Dendrites are usually found in metal ingots from fast cooling of melts, and the 
formation of TiN dendrites here should be attributed to the fast cooling rate in combustion 
synthesis. The TiN dendrites exhibit interesting morphologies like bamboos, trees, and 
flowers, as shown in Figure 9. The bamboo-like dendrite has a wavy shape with sharp tips 
at its side faces, and with the growth of the tips a teeth-like morphology can be formed. 
Figure 9 (e) shows some small dendrites with round tips in four directions, which will grow 
into branches of tree-like dendrites. When several neighboring dendrites grow 
simultaneously toward different directions, larger flower-like dendrites will be produced. 
Despite the difference in apparent morphologies, all the TiN dendrites show a four-fold 
symmetry. In the formation of a dendrite, secondary branches grow perpendicular to a 
primary truck and smaller twigs perpendicular to a branch. By this means, the TiN 
dendrites grow in three orthogonal directions. In one direction, several growth units are 
connected or overlapped, and in the plane normal to this direction each growth unit grows 
in the other two perpendicular directions. 
Based on SEM observation, the growth mechanism of the TiN dendrites is proposed as 
follows. As shown in Figure 10, in each dendrite, the three orthogonal growth directions are 
parallel to the reference axes of a, b, and c, respectively, and the four-fold symmetric 
pyramids are bounded with {222} faces. Figure 10 (c) illustrates a unit growing in the plane 
normal to c-axis. In the directions of a and b, four horns grow simultaneously, where the 
final morphology depends on the growth rates in forward (VN) and lateral (VR) directions. If 
VR=VN, the horns will reserve their initial shape during growth. If VR>>VN, the horns will 
grow quickly in forward directions and the lateral growth is limited, thus developing into 
slim branches finally. 
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Fig. 9. SEM images of TiN dendrites 

 

 

Fig. 10. An illustration of the growth mechanism of TiN dendrites 

3. Combustion synthesis of nano-sized SiC powders 

SiC ceramics are widely studied for tribological and structural applications, such as 
abrasives, refractories, bearings, valves, and seals, because of its high elastic modulus and 
hardness, excellent oxidation and corrosion durability, high strength at elevated 
temperatures, and good thermal shock resistance. Consolidated SiC ceramics are usually 
prepared by sintering techniques including liquid-phase sintering, hot-pressing, and spark 
plasma sintering [9-12]. In these sintering processes, both densification kinetics and 
microstructure evolution strongly depend on the quality of starting powders. At the same 
time, the fabrication cost of sintered SiC ceramic components is also largely determined by 
that of the starting SiC powders. 
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The most conventional approach to prepare SiC powders is the Acheson method, which is 
based on the carbothermal reduction of silica at high temperatures above 2000°C. SiC powders 
produced by this method have large particle size and hence post-treatment by extensive 
milling is required to improve the sinterability. Such milling process, however, is inevitably 
accompanied by the contamination of milling media. By pyrolysis or reaction of silane 
compounds, high-purity and ultrafine SiC powders can be synthesized. A major drawback of 
this method is the high cost, which limits its application for large-scale industrial production. 
From the viewpoint of reducing costs, combustion synthesis is a desirable technique to 
produce SiC powders. Because (Si+C) system is weakly exothermic, combustion synthesis of 
SiC requires extra energy input by mechanical activation, preheating, microwave radiation, 
or electric field activation. Combustion synthesis of SiC can also be carried out in a high-
pressure N2 atmosphere, where nano-sized powders can be obtained [13]. 
Figure 11 shows the photographs of SiC product prepared by combustion synthesis in N2.  
 

 

Fig. 11. Photographs of SiC product prepared by combustion synthesis 

The product has a color from grey to light green and can be easily pulverized into powder. 
On the surface of the product, clear veins are found as a result of propagation of combustion 
wave. XRD analysis (Figure 12) confirms that the product is almost single-phase ǃ-SiC. SEM 
observation (Figure 13) reveals that the as-synthesized SiC powder is very fine and the 
average grain size is below 100 nm.  
As a weakly exothermic system, the self-sustained reaction of Si+C=SiC is difficult to realize 
in vacuum or an Ar atmosphere. In this case, in the preparation of SiC powders by 
combustion synthesis, N2 plays an important role. Nevertheless, no Si3N4 has been found in 
the products. Moreover, there is no significant decrease in the pressure of N2 after 
combustion reaction, which implies that the N2 has not been consumed. Then, what ever 
role does N2 play in the combustion synthesis of SiC and how does it affect the reaction? To 
solve this problem, an incomplete product gives some instructive information. In the 
incomplete product, there are several dark areas that have not fully reacted. XRD analysis 
(Figure 14) reveals that in the partially-reacted areas much Si3N4 is present other than the 
major SiC phase, which is further confirmed by TEM observation shown in Figure 15. From 
these results, a two-step reaction mechanism is proposed for the combustion synthesis of 
SiC in N2. In the first step, Si reacts with N2 to form Si3N4, which decomposes in the second 
step and the released Si reacts with C to produce SiC. Here, N2 acts as a catalyst in fact, 
which is consumed first and released later. In this way, the pressure of N2 will not decrease 
after the reaction. 
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Fig. 12. XRD patterns of SiC powders prepared by combustion synthesis under different N2 
pressures 

 

 

Fig. 13. SEM images of SiC powders prepared by combustion synthesis in high-pressure N2 
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Fig. 14. XRD patterns of (a) fully-reacted and (b) partially-reacted products in combustion 
synthesis of SiC in high-pressure N2 

For further understanding the chemical reactions in the Si-N-C system, thermodynamical 
calculation is carried out based on the reaction 

 Si3N4 (s) + 3C (s) = 3SiC (s) + 2N2 (g) (1) 

According to reported thermodynamic data, the Gibbs free energy change (∆G) of Reaction 
(1) can be worked out as 

 ∆G = 591450 – 314.8T + RTlnKR (2) 

where KR is the reaction equilibrium constant. Assuming that the activity coefficients of 
solid reactants equal to 1, the equilibrium constant can be further written as 
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 KR = P2(N2) (3) 

In Equations (2) and (3), the units of ∆G and T are J·mol-1 and K, the unit of P(N2) is Pө 
(Pө=105 Pa), the equilibrium constant of KR is dimensionless, and R is gas constant equal to 
8.31 J·mol-1·K-1. 
At equilibrium state 

 ∆G(P, T) = 0 (4) 

Thus the pressure of N2 can be expressed as the function of temperature 

 Log P(N2) = 7.23 – 15459 / (T+273) (5) 

where the units of P(N2) and T are converted to MPa and oC, for the convenience of 
discussion. 
 

 

Fig. 15. TEM images and SAED patterns of the phases obtained in the partially-reacted 

product: (a) and (b) β-SiC; (c) and (d) α-Si3N4; (e) and (f) β-Si3N4 

According to Equation (5), the relationship between P(N2) and T is plotted in Figure 16. By 
the P(N2)-T curve, the reference frame is divided into two parts with different phases being 
stable. The formation of SiC is favored at higher temperature and lower N2 pressure. For a 
certain pressure of N2, there is an equilibrium temperature beyond which Si3N4 will 
decompose and SiC will be formed. With increasing pressure of N2, the decomposition 
temperature of Si3N4 increases.  
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Fig. 16. Thermodynamical evaluation on the stability of possible phases in Si-C-N system 

Finally, about the formation of SiC by the reaction between Si and C, several mechanisms 
have been reported [14-16], with either interface reaction or diffusion being the rate-limiting 
process. For combustion synthesis of SiC in N2, most starting Si particles react with N2 to 
form Si3N4. The Si species directly responsible for the formation of SiC come from the 
decomposition of Si3N4 and can be regarded as regenerate Si. Because the decomposition 
temperature of Si3N4 is much higher than the melting point of Si, the regenerate Si will exist 
in a melt or vapor state. Carbon particles are coated by Si melt, and SiC forms first at the 
solid-liquid interface. The continued reaction is controlled by the diffusion of C through the 
SiC layer. In addition, SiC can be produced by the reaction between C particles with Si 
vapor, which is also initiated by interface reaction and then limited by diffusion. 

4. Combustion synthesis of SiAlON powders with rod-like crystals 

As a solid-solution of Si3N4, SiAlON ceramics exhibit good mechanical properties such as 
high hardness, superior wear durability, and excellent thermal shock resistance, making 
them promising for tribological and high-temperature applications [17,18]. The properties of 
SiAlON ceramics strongly depend on their chemical compositions and microstructure 
including grain morphology and size. For example, the fracture toughness of SiAlON 
ceramics can be greatly improved by developing coarse elongated grains [19,20]. In this 
aspect, seeding has been proved to be an effective method to induce isotropic growth of 
SiAlON and formation of elongated grains. The seeds used in this method are usually rod-
like SiAlON crystals. For prepare such crystals, combustion synthesis is an effective 
technique, and by this technique two kinds of rod-like SiAlON crystals have been prepared 
[21-25], which are known as ǂ-SiAlON and ǃ-SiAlON, respectively. 

4.1 Rod-like α-SiAlON crystals 
According to the general chemical formula of Rm/zSi12-(m+n)Alm+nOnN16-n (R means the 
stabilizing cations), from the raw materials of CaCO3, Yb2O3, Si, Al, ǂ-Si3N4, AlN, SiO2, and 
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NH4F, Ca and Yb-stabilized ǂ-SiAlON can be prepared by combustion synthesis, with 
chemical compositions of Ca0.8Si8.8Al3.2O1.6N14.4 (m=n=1.6) and Yb0.5Si9.5Al2.5O1.0N15.0 (m=1.5, 
n=1.0), respectively. For Ca-stabilized system the product is ǂ-SiAlON with minor AlN and Si, 
and for Yb-stabilized system almost single-phase ǂ-SiAlON is obtained, as shown in Figure 17. 
 

 

Fig. 17. XRD patterns of ǂ-SiAlON powders prepared by combustion synthesis:  
(a) Ca ǂ-SiAlON; (b) Yb ǂ-SiAlON 

 

 

Fig. 18. XRD pattern of the intermediate product during combustion synthesis of Ca ǂ-SiAlON 

Since combustion synthesis takes place very quickly, it is difficult to exactly clarify the 
reaction procedure in detail. In this aspect, the analysis of intermediate product can give 
some useful information. In combustion synthesis, the reaction at surface layer of samples is 
usually incomplete because of severe heat loss and as a result some intermediate product is 
obtained. Figure 18 shows the XRD pattern of the intermediate product in combustion 
synthesis of Ca ǂ-SiAlON. In the intermediate product, except for ǂ-SiAlON, ǂ-Si3N4, AlN, 
and much residual Si is present. From this result, the reaction procedure during combustion 
synthesis of Ca ǂ-SiAlON is proposed as follows. 

2Al + N2 = 2AlN 

3Si + 2N2 = ǂ-Si3N4 

CaCO3 = CaO + CO2 
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CaO + SiO2 + Al2O3 → Ca-Si-Al-O liquid phase 

Ca-Si-Al-O liquid phase + ǂ-Si3N4 + AlN → Ca-Si-Al-O-N liquid phase 

Ca-Si-Al-O-N liquid phase→ Ca ǂ-SiAlON 

It should be pointed out that, this proposition just outlines possible major reactions and the 
actual combustion reaction is more complicated. The above reactions can take place 
simultaneously and overlap with each other. 
Figure 19 shows the SEM images of as-synthesized ǂ-SiAlON powders, which consist of 
rod-like crystals. From the low-magnification image, a flower-like morphology is observed, 
which is caused by simultaneous growth of many rod-like crystals. The formation of the 
rod-like ǂ-SiAlON crystals is thought to be related with the special reaction condition in 
combustion synthesis characterized by high temperature and fast heating rate. Under this 
reaction, a non-equilibrium reaction state will be caused, where the chemical composition of 
the co-existing liquid phase remarkably deflects from that in equilibrium with the ǂ-SiAlON 
crystals. In this case, a strong driving force for mass transportation and crystal growth will 
be created. Hence, the ǂ-SiAlON crystals undergo a rapid anisotropic growth by a dynamic 
ripening mechanism and develop into a rod-like morphology. 
 

 

Fig. 19. SEM images of ǂ-SiAlON powders prepared by combustion synthesis: (a) and (b) Ca 
ǂ-SiAlON; (c) and (d) Yb ǂ-SiAlON 
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The anisotropic growth of rod-like ǂ-SiAlON crystals in combustion synthesis is further 
studied by TEM. As shown in Figure 20, the preferred growth direction of rod-like ǂ-
SiAlON crystals is [001] and parallel to the c-axis in the hexagonal lattice. This is consistent 
with the prediction from the intrinsic crystallography characteristics of ǂ-SiAlON. In the 
hexagonal lattice of ǂ-SiAlON with c/a<1, the basal face has a lower atom packing density 
and smaller grid distance compared with the prismatic side faces. Accordingly, the basal 
face has the priority for nucleation and a higher growth rate, leading to the rod-like 
morphology of ǂ-SiAlON crystals. 
 

 

Fig. 20. EDS spectrum and micrographs of rod-like Yb ǂ-SiAlON crystals 

Besides the intrinsic lattice structure, reaction conditions also have a strong effect on the 
growth of ǂ-SiAlON crystals. For example, in most sintered ǂ-SiAlON ceramics, equiaxed 
grains are more frequently observed than rod-like crystals. This is because that, in the 
sintering of ǂ-SiAlON, ǂ-Si3N4 is usually used as raw materials. The ǂ-Si3N4 grains can 
provide preferred nucleation sites and cause the formation of too much ǂ-SiAlON nuclei. In 
later growth stage, a large amount of ǂ-SiAlON grains impinge on each other and this steric 
hindrance suppresses the growth of rod-like crystals. On the other hand, the growth of ǂ-
SiAlON generally occurs by Ostwald ripening, where small grains dissolve into a co-
existing liquid and the species are transported by diffusion to larger grains and precipitated 
there. In this dissolution-diffusion-reprecipitation process, fast anisotropic grain growth is 
often retarded by slow dissolution or mass transportation. 
Compared with conventional sintering, combustion synthesis can create a non-equilibrium 
reaction state and provide a strong driving force for fast growth of ǂ-SiAlON crystals by a 
dynamic ripening process. At the same time, combustion reaction progresses rapidly and 
the high heating rate limits the nucleation. In this way, combustion synthesis can offer the 
opportunity for the growth of rod-like ǂ-SiAlON crystals. 
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In combustion synthesis of ǂ-SiAlON, the growth of rod-like crystals can be affected by 
introducing proper additives. For example, with the addition of NH4F and Fe2O3, faceted 
prismatic rod-like Yb ǂ-SiAlON crystals have been prepared, as shown in Figure 21. The 
rod-like crystals show different morphologies at their heads, such as facets, pyramids, and 
incomplete pyramids as a transition from facets to pyramids. In the formation of rod-like ǂ-
SiAlON crystals, different nucleation modes can be operative. Nucleation can take place 
based on the un-dissolved Si3N4 grains or on the side and basal faces of present rod-like ǂ-
SiAlON crystals. When nucleation occurs on the basal face, a terraced morphology will be 
produced, where new crystals have a hexagonal shape similar to the substrate crystals with 
the c-axis and side faces being parallel. It appears that the nucleation and growth of new 
crystals are not random but epitaxial with strict orientation relations to the substrate 
crystals. When this epitaxial nucleation occurs on an incomplete pyramidal substrate crystal, 
a T-like morphology is produced, as illustrated in Figure 22. 
 

  

Fig. 21. SEM image of rod-like Yb ǂ-SiAlON crystals with different head morphologies 

 

     

Fig. 22. An illustration of the formation of different head morphologies in rod-like ǂ-SiAlON 
crystals 

4.2 Rod-like β-SiAlON crystals 
Besides ǂ-SiAlON, ǃ-SiAlON is another important polymorph in the SiAlON family. ǃ-
SiAlON is the solid solution of ǃ-Si3N4, where Si-N bonds are partially substituted by Al-O 
bonds. The composition of ǃ-SiAlON can be represented by a general chemical formula of 
Si6-zAlzOzN8-z (0<z<4.2). From the raw materials of Si, Al, Si3N4, Al2O3, SrCO3, and NH4F, ǃ-
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SiAlON powders can be prepared by combustion synthesis. Figure 23 shows the XRD 

pattern of β-SiAlON powders prepared by combustion synthesis. It is clear that single-phase 

β-SiAlON is obtained without any impurities. SEM observation (Figure 24) reveals that the 

β-SiAlON powders consist of prismatic rod-like crystals. By the addition of SrCO3 and 
NH4F, the aspect ratios of the rod-like crystals are increased. It is reported that the 
anisotropic growth of ǃ-SiAlON crystals is caused by preferential interfacial segregation 
[26,27]. This segregation is related with the basicity of metallic oxides and more basic oxides 
result in stronger segregation. Because SrO is more basic than SiO2 and Al2O3, the interfacial 
segregation will be enhanced by adding SrCO3, which improves the anisotropic growth of 
rod-like ǃ-SiAlON crystals. 
 

 

Fig. 23. XRD pattern of β-SiAlON powders prepared by combustion synthesis 

In addition to rod-like crystals, micropalings with nanorods are observed in ǃ-SiAlON 
powders prepared by combustion synthesis, as shown in Figure 25. The nanorods are 
produced on side faces of the coarse prismatic crystals, and the thickness of most nanorods 
is in the range of 50-150 nm. In each micropaling, nanorods are aligned around a large 
prismatic crystal in the direction parallel to the side faces. TEM characterizations (Figure 26) 
reveal that the preferred growth direction of the nanorods is [001]. 
The anisotropic growth of ǃ-Si3N4 and ǃ-SiAlON crystals has been widely studied and 
generally attributed to different structures and growth kinetics at the basal and side faces 
[28-30]. Some studies suggest that, the basal face is atomically rough while the side faces are 
smooth, and thus the crystal growth rate is controlled by diffusion at the basal face and by 
interfacial reaction at the side faces. In this case, the basal face has a higher growth rate than 
the side faces, leading to the anisotropic growth and formation of rod-like crystals. 
According to the periodic bond chain (PBC) theory, the ideal crystallization shape of ǃ-Si3N4 
has been theoretically predicted to be an elongated prism bounded by {100} and {101} faces 
[31]. When a large amount of oxygen is present, the {101} faces can be replaced by {001} 
ones. 
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Fig. 24. SEM images of β-SiAlON powders prepared by combustion synthesis: (a) and (b) 
with no additives; (c) with 4 wt.% SrCO3; (d) with 2 wt.% SrCO3 and 2 wt.% NH4F 

 

 

Fig. 25. SEM images of ǃ-SiAlON micropalings with nanorods 
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Fig. 26. TEM photographs of ǃ-SiAlON nanorods with SAED pattern 

From the above experimental results and discussion, an epitaxial nucleation and anisotropic 
growth mechanism is proposed to explain the formation of ǃ-SiAlON micropalings. This 
mechanism includes two primary hypotheses: (1) epitaxial nucleation on side faces of coarse 
prismatic crystals; (2) anisotropic growth of nanorods in [001] direction. By epitaxial 
nucleation, a new crystal forms on a side face of a coarse prismatic crystal and then grows in 
three orthogonal directions, as illustrated in Figure 27. If the growth rate in the preferred 
direction (VC) is much higher than those in two lateral directions (VA and VB), the new 
crystal undergoes an anisotropic growth and develop into a slim nanorod. With the 
formation of more nanorods around the central coarse crystal, a micropaling is produced.   
 

   

Fig. 27. A schematic illustration of the formation of ǃ-SiAlON micropalings 

5. Combustion synthesis of Ti-Al-C powders with lamellar grains 

The lamellar ceramics in the Ti-Al-C ternary system have unique physical and mechanical 

properties, such as high melting point, good thermal and electrical conductivity, and 
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machinability by both electrical discharge method and conventional cutting tools [32-34]. 

Among these ceramics, Ti3AlC2 and Ti2AlC are two typical materials that have been mostly 

studied. For example, it is reported that Ti3AlC2 exhibits room-temperature compressive 

plasticity in contrast to normal brittle ceramics, and Ti2AlC shows excellent machinability. 

Ti-Al-C ternary compounds can be synthesized by different methods, such as sintering, 

mechanical alloying, and combustion synthesis. 

From the raw materials of Ti, Al, carbon black, and TiC, both Ti3AlC2 and Ti2AlC can be 

prepared by combustion synthesis [35-38]. In the synthesized products, TiC is also present 

other than the Ti-Al-C ternary compounds, as revealed by XRD patterns shown in Figure 28. 

In the combustion synthesis of Ti-Al-C ternary carbides, two reaction stages are generally 

involved: 

Ti + C  TiC  and  Ti + Al  Ti-Al melt 

TiC + Ti-Al melt  Ti3AlC2/Ti2AlC 

In the formation of Ti3AlC2 and Ti2AlC, TiC is involved as an intermediate product, which is 

produced first and then reacts with Ti-Al melt to form ternary carbides. That is to say, the 

ternary carbides are produced through a dissolution-precipitation process. Because the 

combustion reaction occurs quickly, the dissolution of TiC is often incomplete in a limited 

period, and some un-reacted TiC remains in final products. 

 

 

Fig. 28. XRD patterns of Ti3AlC2 and Ti2AlC powders prepared by combustion synthesis 

Figure 29 shows the SEM images of Ti3AlC2 and Ti2AlC powders prepared by combustion 

synthesis, where lamellar grains are observed. More careful observation reveals that most 

grains exhibit a terraced structure with parallel layers overlapped. This terraced 

morphology is proposed to be caused by a two-dimensional nucleation and growth 

mechanism. As illustrated in Figure 30, when a lamellar grain is precipitated from the Ti-Al-

C melt and grows larger than a critical size, it can act as a substrate for the nucleation of new 

grains. The new grains then grow up and form a new layer (the second layer) on the 

substrate. Similarly, when the second layer become enough large the third layer can form on 

it. Finally, a terraced structure is produced by continuous stacking of parallel layers. In this 

process, each layer undergoes a preferential growth, expanding quickly along radial (R) 

directions in the basal plane but growing slowly in normal (N) direction. 
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Fig. 29. SEM images of (a) and (b) Ti3AlC2 and (c)-(e) Ti2AlC powders prepared by 
combustion synthesis 

 

 

Fig. 30. A schematic illustration of the formation mechanism of the terraced structure in  
Ti-Al-C ternary carbides prepared by combustion synthesis 

Based on the two-dimensional nucleation and growth mechanism, the phase formation and 
microstructure evolution can be further discussed in detail. At first, Ti3AlC2 and Ti2AlC 
grains are precipitated from the Ti-Al-C liquid matrix. The ternary carbide grains are 
separately distributed in a continuous liquid and each grain is surrounded by liquid. At this 
stage, the material supply for the growth of the lamellar layers is sufficient. With the 
formation and growth of more ternary carbide grains, the volume proportion of liquid 
greatly decreases. The ternary carbides become the major phase, and the liquid is not 
continuous but separately located at the surface of the ternary carbide grains. In this case, 
the nucleation and growth of new layers take place at the interface between the liquid and 
the ternary carbide crystals, and the growth of the underlying layers with no contact with 
liquid is not active. Finally, the liquid phase disappears by severe consumption and with the 
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decrease in temperature, and the growth of the ternary carbide crystals stops, leaving a 
terraced structure . 
Figure 31 shows TEM images and SAED patterns of Ti2AlC and Ti3AlC2 lamellar crystals 
prepared by combustion synthesis. For both Ti2AlC and Ti3AlC2, the basal faces of the 
lamellar crystals are parallel to (001) plane and the normal direction is parallel to the c-axis 
in the hexagonal lattice. Similar result has been found in Ti3SiC2, which is another typical 
ternary carbide with the same hexagonal structure as Ti3AlC2. It is reported that, the linking 
modes of octahedral Ti6C units have a strong influence on the growth behavior and 
morphology of Ti3SiC2 grains [39]. In the direction along c-axis, the Ti6C octahedrons are 
separated by Si atomic layers, and hence the growth rate is much lower that those in other 
directions. Therefore, the ideal crystal morphology of Ti3SiC2 should be a hexagonal prism 
bounded with {110} and {001} faces. The above analysis on the growth kinetics of Ti3SiC2 is 
also applicable to Ti3AlC2 and Ti2AlC. That is to say, during the growth of Ti3AlC2 and 
Ti2AlC lamellar crystals, the growth rate in the direction parallel to c-axis should be lower 
than those in other directions. In this case, the (001) faces will be exposed most frequently in 
final crystal shape, resulting in a lamellar morphology. 
 

 

Fig. 31. TEM images and SAED patterns of (a) Ti2AlC and (b) Ti3AlC2 lamellar crystals 

6. Conclusions and perspectives 

With the progress of theories and development of experimental skills, combustion synthesis 
has shown an increasing importance in preparing ceramic materials. The unique non-
equilibrium reaction state in combustion synthesis offers an opportunity to control crystal 
growth kinetics. By combustion synthesis, ceramics powders with various grain 
morphologies can be prepared, including faceted, rod-like, and lamellar crystals. This 
advantage of combustion synthesis is desirable for both basic research on crystal growth 
and industrial applications of ceramic powders. 
Besides the results presented in this chapter, other new findings have been recently reported 
related with combustion synthesis of ceramic materials. For example, some nitride ceramic 
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powders were prepared by combustion synthesis in air instead of high-pressure N2 
atmosphere [40-44]. This enhances the advantage of combustion synthesis as a low-cost 
technique and shows the possibility to further reduce the production cost of nitride 
powders. In addition, combustion synthesis was carried out in a high-gravity field to 
directly fabricate bulk ceramics through melt-casting. By this method, both single-phase 
translucent ceramics and eutectic ceramic composites have been prepared [45-48]. These 
new findings expand the field for the application of combustion synthesis and make this 
versatile technique available for preparing more kinds of ceramic materials. 
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