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and superior mechanical properties. In comparison with conventional powder metallurgy approaches, com-
bustion synthesis exhibits the advantages of short processing time, less energy consumption, and lower cost,
thus providing a more efficient way to produce refractory and hard materials.

This article reviews recent progress in combustion synthesis of refractory and hard materials, with an emphasis
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Densification on the results reported in the last decade. Both the synthesis of powders and direct fabrication of bulk materials
Casting are discussed. For the synthesis of powders, results in two aspects are reviewed, viz. synthesis of ultrafine and es-
Mechanical properties pecially nano-sized powders by thermal reduction reactions or post chemical etching, and synthesis of nitride and

carbide powders in air. For direct fabrication of bulk materials, two techniques are involved, viz. combustion syn-
thesis with simultaneous densification assisted by a mechanical or gas pressure, and combustion synthesis casting
in a high-pressure Ar atmosphere or in a high-gravity field.
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1. Introduction materials from exothermic combustion reactions. This method was

discovered by Merzhanov and Borovinskaya [1] during their study
Combustion synthesis, which is also known as self-propagating on the phenomenon of solid flame. Since then, a great diversity of
high-temperature synthesis (SHS), is a method to produce inorganic metal and ceramic materials has been prepared by combustion
synthesis, and thousands of research papers have been published,
covering all the aspects in this field from theoretical modeling to ex-
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In contrast to conventional solid-state synthesis methods charac-
terized by a longtime heat-treatment at high temperatures, combus-
tion synthesis can be finished in a short time and requires much
lower energy consumption, because it uses the heat energy released
in combustion reactions and no furnace is necessary. With these
merits, combustion synthesis offers an efficient way for industrial
production of many inorganic materials. For example, many kinds of
refractory and hard materials have been prepared by combustion
synthesis, including alloys, intermetallics, ceramics, and cermets in a
form of powders or consolidated bulks.

This article briefly reviews recent progress in combustion synthe-
sis of refractory and hard materials, where both the synthesis of pow-
ders and direct fabrication of bulk materials are involved. For the
synthesis of powders, the preparation of ultrafine and especially
nano-sized powders was first discussed, and followed by the synthe-
sis of nitride and carbide powders in air. For direct fabrication of bulk
materials, two techniques are reviewed, which include combustion
synthesis with simultaneous densification and combustion synthesis
casting. Considering the large number of publications on the subject,
the present review is mostly focused on the results reported in the
last decade.

2. Combustion synthesis of refractory and hard powders

Combustion synthesis is widely used for preparing refractory and
hard powders, and many carbide, nitride, boride, and oxynitride pow-
ders have been prepared by combustion synthesis [18-23]. In this
aspect, results in two notable directions were reported in the last de-
cade. One direction was the preparation of ultrafine and especially
nano-sized powders, and the other was the synthesis of nitride and
carbide powders in air, which are reviewed respectively as follows.

2.1. Combustion synthesis of ultrafine and especially nano-sized powders

For preparing bulk refractory and hard materials by sintering, the
quality of the starting powders is of great concern. Compared with coarse
powders, ultrafine powders with a submicron or even nano-scale particle
size are favorable because of their larger specific surface area and higher
sintering activity. Recent studies have shown that ultrafine powders can
be produced by combustion synthesis from thermal reduction reactions
or by post chemical etching [24-33].

Thermal reduction is an effective way to produce ultrafine refractory
and hard powders. Nersisyan et al. prepared nano-sized WC powders by
combustion synthesis from (W03 + NaN3 + C) mixture with NaNs as a
reducing agent [24]. The prepared WC powders showed an average
grain size of 50-100 nm and the yield was about 25%. It was proposed
that, the moderate reaction temperature (1000-1200 °C) and the pres-
ence of molten Na,WO, suppressed the grain growth of WC and led to
the formation of nanopowders. Ultrafine WC powders were also pre-
pared by thermal reduction using Mg as the reducing agent [25-27],
where alkali salts were added to promote mass transportation and facil-
itate the formation of single-phase WC product. By combustion synthe-
sis from (WOs + 3Zn + 4NaCl), nano-sized W powders with a batch of
12 kg were prepared [28]. The oxygen concentration in the W powders
could be reduced to 0.3 wt.% by post annealing in a flowing H,
atmosphere. In a similar way, Jiang et al. prepared submicron W pow-
ders by combustion synthesis using Na,WQO, instead of WO as the
W-source [29]. This can provide a more economic approach to produce
W powders because Na,WOy, is cheaper than WOs. Following the ther-
mal reduction method, Jiang et al. also prepared submicron B4C powders
by combustion synthesis from (Na,B40;+ Mg+ C) [30]. In contrast to
B,05, which is readily converted into H3BO3 by the absorption of mois-
ture in air, Na,B405 is a stable B-source.

Besides thermal reduction, combustion synthesis with post chem-
ical etching is an effective way for preparing ultrafine powders. Com-
bustion synthesis is a complex process, where chemical reactions are

accompanied by structure formation. For some reaction systems, the
primary product particles have a size of 0.1-0.2 um, as revealed by
quenching experiments [31]. During combustion reactions, the pri-
mary particles often agglomerate and form larger blocks, which are
usually observed in the products. The agglomeration of the primary
particles can be destroyed by chemical etching. By combustion syn-
thesis with post chemical etching, Borovinskaya et al. prepared a va-
riety of refractory nanopowders [32]. It was found that, successive
chemical etching and dispersing of raw products led to a decrease in
particle size by the dissolution and washout of impurities and interme-
diate products. As an example, nano-sized MoSi, powders were pro-
duced by combustion synthesis, and the SiO,-MoOs3 oxide layer at the
surface of MoSi, particles was removed by hot alkali etching [33].
Nano-sized refractory and hard powders can also be produced by
N,-catalytic combustion reactions. Liu et al. reported combustion syn-
thesis of nano-sized 3-SiC powders in a N, atmosphere with Si and
carbon black as reactants [34]. The average grain size of the B-SiC
powders was readily below 100 nm (Fig. 1). Based on the experimen-
tal results and thermodynamic calculation, it was proposed that com-
bustion synthesis of SiC in N, included two steps: (1) Si reacted with
N, to form Si3Ny; (2) the initially-formed SizN4 decomposed at higher
temperatures and the released Si reacted with carbon black to pro-
duce SiC. In the synthesis process, N, joined the reaction at first but
was released later, and finally the net consumption of N, was zero.
That is to say, N, played a role of catalyst in the synthesis of SiC.
From the above results, combustion synthesis is effective in prepar-
ing ultrafine powders of refractory and hard materials. Compared with
most conventional methods for preparing ultrafine powders, combus-
tion synthesis exhibits a short reaction time, lower energy consumption,
and the availability for mass production. To produce ultrafine powders
with a higher purity and homogeneity by combustion synthesis, proper
post-treatments of the raw products are often required.

2.2. Combustion synthesis of nitride and carbide powders in air

In the family of refractory and hard materials, nitrides and car-
bides are two important members. Combustion synthesis of nitride
and carbide powders was usually carried out in N, or Ar atmosphere.
In 1994, Tsuchida et al. reported the formation of AIN after combus-
tion of (Al+C) powder mixture in air [35]. Similar phenomena
were observed later in other powders such as La, (Al + Zr-Al alloy),
Al, and Ti, where nitrides were obtained as the major products after
the combustion of metallic powders in air [36-38]. Liu et al. investigated
the combustion of Ti powders in air and found that different products
were synthesized in different parts of the sample [39]. TiO, was found
at the top surface of the sample, TiN was obtained as the major product
in upper and center parts, and much un-reacted Ti remained at the bot-
tom (Fig. 2). It was proposed that, the formation of TiN was fulfilled by a
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Fig. 1. SEM image of nano-sized 3-SiC powders prepared by combustion synthesis in Ny.
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Fig. 2. XRD patterns of the products obtained in different parts of the sample after com-
bustion of Ti powders in air: (a) top surface; (b) upper part; (c) center part; (d) lower
part; (e) bottom [39].

kinetically-controlled reaction process, where the infiltration of N, and
0, gases played an important role. In this process, the combustion reac-
tion started with the oxidation of Ti, and O, was almost depleted at the
top surface of the sample. Because the gas infiltration was slower than
the propagation of combustion wave, the concentration of O, was very
low in the center part of the sample, and consequently nitrides were
produced. By adding some NH4Cl or carbon black in the Ti powder
compacts, the gas infiltration could be enhanced and the content of
un-reacted Ti was reduced.

Mei and Li reported the synthesis of AIN-SiC solid solution by
combustion of (Al+ C+ SisN4) powders in air [40]. They proposed
that the selective reaction of Al with N, instead of O, was caused by
the difference in infiltration rates of the two gases, where the infiltra-
tion flux ratio of N,/O, was calculated to be 6.99. The selective reac-
tion mechanism was later applied in combustion synthesis of SizN4
powders in air [41]. After the combustion of Si powders in air, both
Si3sN4 and minor SioN,O were produced at the sample's surface, and
in the interior part of the sample only SizsN4 was obtained, as con-
firmed by FTIR and XRF analysis (Fig. 3). From XRF results, the oxygen
content in the product obtained in the interior part was below 5 wt.%.
In addition to AIN and Si3Ng4, -SiAION was prepared by combustion
synthesis in air [42]. In contrast to the pure nitrides, a-SiAION is an
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Fig. 3. FTIR spectra and XRF results of the products obtained at (a) surface and (b) interior
part of the sample after combustion of Si powders in air, with a photograph of the sample
shown in (c) [41].

oxynitride compound that can incorporate O atoms into its lattice.
In this way, a higher yield can be realized for a-SiAION than pure ni-
trides by combustion synthesis in air. Combustion synthesis in air was
also used to prepare carbide powders. For example, ultrafine 3-SiC
powder was synthesized by combustion of (Si+ C) powder mixture
in air [43]. It was found that the combustion reaction occurred in a
two-stage mode. In the first stage, the flame showed a red color
with a maximum temperature of nearly 800 °C. In the second stage,
bright flame was observed and the maximum temperature reached
about 1750 °C. It was proposed that the formation of SiC was mostly
finished in the second stage.

For combustion synthesis in air under lower pressures of N, and
0,, a higher reactivity of reactant powders is necessary to realize a
stable self-propagating combustion reaction. To improve the reactiv-
ity of reactant powders, mechanical activation is often used, where
high-energy milling is applied to reduce the particle size and create
more fresh surfaces, and intensive mechanical activation can induce
self-ignition in some cases. Liu et al. reported the self-ignition and
sustained combustion of mechanically-activated (Ti+ Al + C) powder
mixture in air [44]. In the combustion product, hollow near-spherical
Ti-Al-C agglomerates were observed with a two-layered shell struc-
ture. The outer layer was composed of lamellar Ti-Al-C ternary
phases, and the inner layer consisted of equiaxed TiC grains (Fig. 4).
It was proposed that the occurrence of a Ti-Al melt was important
to the formation of the hollow agglomerates.

In comparison with the methods to synthesize nitride and carbide
powders in a high-pressure N, or Ar atmosphere, combustion synthe-
sis in air requires much simpler equipment and offers larger batch
size, which is attractive for large-scale production of nitride and car-
bide powders with lower costs. The major drawback of this method
is the existence of oxide impurities in the products, and thus further
investigations are necessary to improve the purity of the products.
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Fig. 4. SEM images of the hollow near-spherical Ti-Al-C agglomerates: (a) and (b) overviews of the agglomerates; (c) and (d) walls of an agglomerate; (e) equiaxed TiC grains; (f)

lamellar Ti-Al-C ternary phases [44].

3. Combustion synthesis with simultaneous densification for
preparing bulk refractory and hard materials

In addition to the production of powders, direct fabrication of bulk
refractory and hard materials can be realized by combustion synthesis
when it is combined with simultaneous densification. The simultaneous
densification can be carried out in different ways, such as uniaxial
hot-pressing, pseudo hot isostatic pressing, spark plasma sintering,
and extrusion, where samples are consolidated under a mechanical
pressure. Gas pressure can also be applied for simultaneous densifica-
tion, and as examples several refractory and hard ceramic composites
have been prepared by combustion synthesis in a high-pressure N,
atmosphere.

3.1. Combustion synthesis with simultaneous densification under a
mechanical pressure

Early investigations on the fabrication of bulk materials by com-
bustion synthesis with simultaneous densification can be found near-
ly 30 years ago [45]. In the last decade, many new results on this topic
were reported, with more approaches for simultaneous densification
developed and a large diversity of refractory and hard materials ex-
plored [46-75].

Shon et al. prepared lots of consolidated intermetallics and cermets by
combustion synthesis with simultaneous densification by uniaxial hot-
pressing [50-58]. The prepared NiAl and NisAl bulk intermetallics showed
a high relative density of 99.8% [53]. Consolidated WC and WC-Co mate-
rials with a submicron grain size were also fabricated, showing a hardness
of 27.08 GPa and a fracture toughness of 15.1 MPa-m'/?[54,55]. Recently,
they used combustion synthesis with simultaneous densification to pre-
pare nanostructured composites of intermetallics and ceramics [59-63].
As an example, WSi,-SiC composite was fabricated with a relative density
0f 99.8%. In the composite, the average grain sizes of WSi, and SiC were 47

and 38 nm, respectively. Owing to the nano-scale microstructure, the
WSi,-SiC composite exhibited a hardness of 16.98 GPa and a fracture
toughness of 4.8 MPa-m'? [63].

Zhang et al. reported combustion synthesis with simultaneous densi-
fication by pseudo hot isostatic pressing, and prepared several ceramic
composites and cermets [64-69]. The prepared TiC-TiB, ceramic com-
posite showed a relative density of 96.8%, and its hardness and compres-
sive strength reached 93 HRA and 2.68 GPa [64]. The prepared cermets,
such as TiC-Ni, TiC-Fe, TiB-Ti, and TiB,—Cu, exhibited a homogeneous
microstructure with ceramic particles uniformly dispersed in the metals.
In the TiC-Fe cermet, the particle size of TiC decreased with increasing
content of Fe (Fig. 5) [66].

Combustion synthesis coupled with spark plasma sintering is anoth-
er method to realize simultaneous densification. Using this method,
Wang et al. prepared some cermets and ceramic composites such as
TisSis/TiC, Ti3SiC,-SiC, and ZrB,-SiC [70-73]. The Ti3SiC,-SiC compos-
ites contained nano-sized SiC particles and showed a flexural strength
of 501 4-50 MPa [71]. For the ZrB,-SiC composites, the relative density
reached 98.5%, and the hardness and fracture toughness were 17.18 +
0.26 GPa and 4.31+0.20 MPa-m'?, respectively [72].

Simultaneous densification can also be fulfilled by combining
combustion synthesis with extrusion. Morsi et al. studied the reactive
extrusion of NisAl intermetallics, where the extruded sample showed
a much lower porosity (<0.5%) and smaller grain size (4.5 2.2 pm)
than that without extruding, which had a porosity of 18% and a
grain size of 28.44 1.7 pm. The reduction in porosity and grain size
offered the extruded sample an increase in hardness by nearly 40%
[74]. Equal channel angular extrusion followed by combustion syn-
thesis of Ti-Al intermetallics was also investigated, revealing that a
higher number of passes led to a lower porosity and more homoge-
neous microstructure in the product [75].

The consolidated bulk materials prepared by combustion synthesis
with simultaneous densification exhibited good mechanical properties.
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Fig. 5. SEM images of TiC-Fe cermets prepared by combustion synthesis with pseudo hot isostatic pressing: (a) 10 wt.% Fe; (b) 20 wt.% Fe; (c) 30 wt.% Fe; (d) 40 wt.% Fe [66].

Shu et al. investigated the compressive properties and wear resistance of
some combustion-synthesized cermets [76-79]. It was found that, the
compressive strength, ductility, work-hardening capacity of TiC,/Al cer-
mets were greatly enhanced by adding Mg, Zn, and Sn, respectively
(Fig. 6) [76]. The mechanical properties of TiC,/Al composites also
depended on the volume fraction of TiC, particles, and with increasing
volume fraction of TiC,, the yield strength, hardness, and wear resistance
were all improved [77]. Similar result was observed in NiAl-based com-
posites reinforced by ceramic particles, where the compressive strength
increased with increasing content of ceramic particles and reached
1497 MPa with 5 wt.% ceramic particles [79]. More refractory and
hard materials prepared by combustion synthesis with simultaneous
densification and their properties are summarized in Table 1.

By combustion synthesis with simultaneous densification under a
mechanical pressure, bulk refractory and hard materials can be rapid-
ly fabricated. In contrast to the powder metallurgy approaches, com-
bustion synthesis with simultaneous densification does not require
external heating sources and is a furnace-free method. Using this
method to prepare bulk materials, however, a careful control of the
whole processing is necessary to obtain highly-dense samples with

uniform microstructures, which includes the selection of reaction sys-
tems, proper design of dies, and determination of the time to exert
the pressure.

3.2. Combustion synthesis with simultaneous densification in a
high-pressure N, atmosphere

Simultaneous densification can be realized by combustion synthe-
sis in a high-pressure N, atmosphere. Shibuya et al. reported combus-
tion synthesis of TiN-TiB, ceramic composites from (Ti+ BN) in a N,
atmosphere with a pressure of <10 MPa [80]. They found that the
hardness of the composites increased with increasing N, pressure
and showed a maximum of 25 GPa. Consolidated TiN-TiB, composite
with both high hardness and good fracture toughness was obtained
under a N, pressure of 4 MPa. For the samples produced under a N,
pressure of >6 MPa, macro-cracks were observed due to thermal
shock. Smirnov et al. prepared (3-SiAION-based ceramic composites
by combustion synthesis under a N, pressure of 100 MPa [81,82].
The relative density of the composites depended on the kind and con-
tent of secondary phases, and reached the maximum of 94-96%. For
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Fig. 6. Compressive properties of TiC,/Al composites with the alloy elements (Mg, Zn, Sn):
(a) engineering stress-strain curves; (b) true stress-strain curves; (c) normalized
work-hardening rate vs. true strain [76].

3-SiAION-BN composites, the relative density, friction coefficient, and
wear resistance all decreased with increasing BN content.

Li et al. reported combustion synthesis of AIN-TiN-BN-SiC ceramic
composites from (B4C + Si+ Al+TiN) under a N, pressure of 100 MPa
[83]. It was found that, the microstructure, mechanical properties, and
thermal shock resistance of the composites were strongly affected by
the volume fraction of (AIN+TiN). A higher volume fraction of
(AIN +TiN) led to an increased relative density and better mechanical
properties (Fig. 7), and the maximum relative density of 95.5% was
observed with 70 vol.% (AIN + TiN). With increasing volume fraction
of (AIN +TiN), the grain sizes of AIN and BN decreased, and the fracture
behavior of the composites transformed from intergranular to
transgranular mode. The AIN-TiN-BN-SiC composites showed
good thermal shock resistance, with no evident decrease for a ther-
mal shock temperature of <600 °C. Water quenching experiments
revealed that, for the composites with 30, 50, and 70 vol.%
(AIN 4 TiN), the critical temperatures for retaining 70% of the ini-
tial strength were 1200, 850, and 670 °C, respectively. By combustion
synthesis in a high-pressure N, atmosphere, BN-Ti(C,N) ceramic com-
posites were also prepared, where a higher Ti(C,N) content resulted in
better mechanical properties [84].

Combustion synthesis in a high-pressure N, atmosphere is another
method to realize simultaneous densification and prepare nitride-based
refractory and hard materials. In this method, gas pressure instead of
usually-used mechanical pressure is applied to assist the densification. A
technical problem with this method is the extremely-high N, pressure

Table 1

95

Examples of refractory and hard materials prepared by combustion-synthesis-based
methods and their properties.

Materials Methods Properties Ref.
TiC-Cr3C, CS+HP [46]
P=30 MPa
MgAl,0,4-TiAl CS+HP RD>98% 147]
P=80 MPa
Al,05-TiAl/TizAl CS+HP RD=98% [48]
P=50 MPa
TiSi3C,-based CS+HP RD =95% [49]
composites P=380 MPa
NiAl, NizAl CS+HP RD =99.8% [53]
P=275MPa H=2.8-3.5 GPa
MoSi, CS+HP RD=98% [54]
P=60 MPa  H=10.5 GPa, Kic=3.5 MPa-m'”?
WC, WC-Co CS+HP RD = 70% for WC, RD = 98.5% [55]
P=60 MPa for WC-5vol.%Co
H=19.28 GPa, Kic=15.1 MPam'”?
MoSi,-SiC CS+HP RD = 98%, d(MoSi,) =3.5 um, [56]
P=60 MPa  d(SiC)=1.5 um
H=14.1 GPa, K;c=4.8 MPa-m'/?
WC CS+HP RD =98.5%, d=0.43-0.6 um [57]
P=60 MPa  H=25.52-27.08 GPa,
Kic=4.4-4.8 MPa-'m'/?
NbSi, CS+HP RD=98%, d=0.3 um [58]
P=60 MPa  H=8.76 GPa, K;.=2.5 MPa'm'?
ZrSi,-SisNy CS+HP RD = 98%, d(ZrSi,) = 84 nm, [59]
P=60 MPa  d(SisN4) =59 nm
H=7.55 GPa, Kic=4.6 MPa:m'?
NbSi,-SizN, CS+HP RD =98% [60]
P=60 MPa  H=7 GPa, K;=3.5 MPa-m'?
TaSi,-SiC-SisN4 CS+HP RD = 96%, d=35-72 nm [61]
P=60 MPa  H=1250 GPa, K;;=4 MPam'?
ZrSi,-SiC CS+HP RD = 97%, d(ZrSi,) =170 nm, [62]
P=60 MPa  d(SiC)=90 nm
H=12.06 GPa, K;;=3 MPam'?
WSi,-SiC CS+HP RD = 99.8%, d(WSi,) =47 nm, [63]
P=80 MPa  d(SiC)=38 nm
H=16.98 GPa, Kic=4.8 MPa-m'”
TiC-TiB, CS + PHIP RD =90.5-96.8% [64]
P=160 MPa H=285.5-63.5 HRA,
Kic=3.5-5.8 MPa-‘m'/?
0p=405-450 MPa,
0.=1.97-2.68 GPa
TiC-(20-50)wt.%Ni  CS+ PHIP RD = 94.3-96.8% [65]
H=84.3-88.5 HRA,
o, =876-1116 MPa
TiB-(20-60)wt.%Ti  CS -+ PHIP RD = 94.3-98.5% [67]
P=160 MPa H=282.7-87.8 HRA,
Kic=5.2-6.2 MPa-m'/?
0p=193-515 MPa,
0.=1.74-2.41 GPa
0y = 140-280 MPa
TiB,-40wt.%Cu CS -+ PHIP RD=96.1% [68]
H=76.5 HRA, Ki.=8.3 MPam'?,
0,=583 MPa
Cu-30wt.%TiB, CS + PHIP H=48 HRC, Ki.=10.4 MPa'm'?, [69]
0y=312 MPa
Ti3SiC,-SiC CS+SPS RD>98%, d(Ti3SiC;) =5 pm, [71]
d(SiC)=0.1 pm
H=9.2 GPa, 0,=501 450 MPa
ZrB,-SiC CS+SPS RD = 98.5%, d(ZrB,)<5 pm, [72]
d(SiC)<1 um
H=17.18+0.26 GPa,
Kic=4.31+0.20 MPa'm'/?
ZrB,-SiC CS+SPS RD = 86.4-98.3% [73]
H=10.8-18.6 GPa,
Kic=3.6-5.3 MPa'm'/?
TiC,-Al CS+HP 0.=557-1028 MPa, [76]
P=64 MPa  H.=0.42-2.04
TiC,-Al CS+HP H=2.17-2.54 GPa, [77]
0.=714-815 MPa
Ti,AIC-TiAl CS+HP 0.=1301-1649 MPa, (78]
P=16 MPa  H.=0.89-1.25
NiAl-based CS+HP 0.=1497-1879 MPa, [79]
composites H.=0.91-1.29

(continued on next page)
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Table 1 (continued)

Materials Methods Properties Ref.
TiN-TiB, CS in N, RD>90%, H=25 GPa, [80]
P=4 MPa Kic5.9 MPa-m'”?
SiAION-based CSin N, RD =72-96% [81,82]
composites P=100 MPa
AIN-TiN-BN-SiC CS in N3 RD =85.3-95.5% [83]
P=100 MPa H=0.17-1.18 GPa,
Kic=1.7-5.0 MPa-m'/?
0, =60-260 MPa
BN-Ti(C,N) CSin N, H=0.15-0.45 GPa, [84]
P=100 MPa K;.=0.7-1.1 MPa-m'/?
0, =42.3-67.1 MPa
Fe-B alloy CSin Ar 0.=1710 MPa, 0y = 1430 MPa, [88]
P=7 MPa &=19.8%
CugoFeyo alloy CSin Ar 0= 1050 MPa, 0, = 540 MPa, [93]
P=8 MPa &=20.9%
NigsAly;Cr4 alloy CSin Ar 0.=2200 MPa, &=26% [94]
P=4 MPa
Fe;Al CS in Ar RD =98% [95]
P=5 MPa 0, = 1170 MPa, o, = 1050 MPa
MoSi,-(10-20) CS in Ar H=28.4-9.8 GPa, [96]
wt.%SiC P=5 MPa Kic=3.3-5.2 MPa-m'/?

RD = 98.6-99.8%
H=22.1-22.8 GPa,
Kie=12.6--14.8 MPa-m'?2
0, = 1268-1568 MPa
RD=99.8% [100]
H=15.4-15.7 GPa,

Kie=16.5-17.9 MPa-m'/?

Al,05-Zr05(Y,05)  HGCS [97-99]

Al;,03-Zr0,(Y,03) HGCS

ALO3-Y3Al01— HGCS RD=99.3% [101]
710, H=17.8 GPa, K, =5.5 MPam'?
TiC-TiB, HGCS RD =99.2% [103]
H=28.5 GPa,

Kic=6.24+0.5 MPa-m'/?,
0p=750+25 MPa

Y-AI-Si-O0 glass HGCS H=7.9-8.6 GPa [111]

FeNiCr-TiC HGCS H=62.6 HRC [117]

AZ91(Mg alloy)- CS+Casting H=83 HB, 0;=214 MPa, [119]
TiC g=4%

Steel-TiC CS+Casting H=57 HRC [121]

Steel-TiC/TiB, CS+Casting H=42.7-47.1 HRC [125]

Abbreviations in Table 1:

CS: combustion synthesis, HP: hot-pressing, P: pressure, PHIP: pseudo hot isostatic press-
ing, SPS: spark plasma sintering, HGCS: high-gravity combustion synthesis. RD: relative
density, d: grain size, H: hardness, Ki.: fracture toughness, 0j,: bending or flexural strength,
oc: compressive strength, o;: tensile strength, oy: yield strength, H.: work-hardening
capacity, & fracture strain.

(e.g. 100 MPa) and thus complicated equipment, which can limit its ap-
plication for industrial production.

4. Combustion synthesis casting of bulk refractory and
hard materials

In combustion synthesis, if the reaction temperature exceeds the
melting point of the products, it is possible to prepare consolidated
bulk materials by melt casting. In contrast to conventional casting
processes, combustion synthesis casting is a furnace-free technique
with lower energy consumption. To prepare bulk refractory and hard
materials by combustion synthesis casting, strongly-exothermic
aluminothermic reactions are usually used to realize a high tempera-
ture. In aluminothermic reactions, two molten phases will be produced,
viz. a metallic melt and an Al,0s-based ceramic melt. By controlling the
separation degree of the two phases, various materials can be produced,
including metals, ceramics, and cermets.

In the last decade, two techniques of combustion synthesis casting
were developed: (1) combustion synthesis casting in a high-pressure
Ar atmosphere, mostly used for preparing alloys; (2) combustion syn-
thesis casting in a high-gravity field, mostly used for preparing ceramics.
By the two techniques, a large variety of consolidated refractory and
hard materials has been produced, which is reviewed as follows.
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Fig. 7. Mechanical properties and thermal shock resistance of AIN-TiN-BN-SiC ceramic
composites prepared by combustion synthesis under a N, pressure of 100 MPa: (a) bend-
ing strength and fracture toughness depending on the (AIN-TiN) content; (b) residual
strength as a function of thermal shock temperature [83].

4.1. Combustion synthesis casting in a high-pressure Ar atmosphere

By combustion synthesis casting from aluminothermic reactions
(e.g. 2Al+ Fe;03 =2Fe + Al,03, 2Al+3CuO=3Cu+Al,03) in a high-
pressure Ar atmosphere, Yang et al. prepared a large diversity of bulk al-
loys [85-94], including Fe-based alloys, Cu-based alloys, and other
alloys. Owing to the fast cooling and solidification in combustion synthe-
sis melting, unique microstructures such as nanograins, quasicrystals,
and amorphous structure were produced in the prepared alloys and of-
fered the alloys interesting properties.

Fe-B alloy with a nanostructured hypoeutectic microstructure
was fabricated by combustion synthesis casting in an Ar atmosphere
with a pressure of 7 MPa [88]. The microstructure of the alloy was
characterized by a lamellar eutectic with o-Fe and t-Fe,B, with an in-
terphase spacing of ~50 nm and eutectic colony size of 3-25 pm. In
compressive tests, the Fe-B alloy showed a high yield strength of
1430 MPa and a large ductility of 19.8%. Fe;4Si,4B, alloy with the di-
mension of ®50 mm x5 mm was also prepared, as shown in Fig. 8
[90]. The alloy consisted of (Fe,B+ FesSi) eutectic and FesSi matrix
with an average grain size of ~10 nm. It was proposed that, the
applied Ar pressure favored the formation of nano-crystallites by
increasing the nucleation rate of FesSi and slowing down the atomic
diffusion in the super-cooling melt. Similar nano-scaled microstructure
was observed in CuggFe4q alloy prepared by combustion synthesis casting
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(a) (c)

Fig. 8. Fe;,4Si,4B; alloy prepared by combustion synthesis casting in an Ar atmosphere of 8 MPa: (a) photograph; (b) SEM image; (c) TEM image with SAED pattern [90].

from the reaction of 3CuO + 2Al+ 2Fe = 1/20CuggFe4o + Al,05 [93]. In
the CugoFeso alloy, coarse dendrites were embedded in the matrix
with a grain size of 50-300 nm, and no compositional separation was
observed. The yield strength of the CuggFe4o alloy reached 540 MPa
and was clearly higher than that of commercial Cu-Fe alloys. Nanostruc-
tured NigsAl,;Crq4 alloy with the dimension of @100 mmx6 mm was
produced by combustion synthesis casting, and its compressive strength

(a)

Fig. 9. Fe;Al intermetallics prepared by combustion synthesis casting in an Ar atmo-
sphere of 5 MPa: (a) photograph; (b) TEM image with SAED pattern [95].

reached 2200 MPa [94]. More alloys prepared by combustion synthesis
casting and their properties can be found in Table 1.

Other than alloys, intermetallic compounds can be prepared by
combustion synthesis casting in a high-pressure Ar atmosphere. La
et al. prepared bulk nano-crystalline FesAl intermetallic by combus-
tion synthesis casting under an Ar pressure of 5 MPa [95]. The FesAl
sample showed a relative density of 98%, and consisted of roughly

(a)

Fig. 10. Al,05/Zr0O,(Y,03) eutectic ceramic composites prepared by high-gravity
combustion synthesis: (a) photograph; (b) SEM image showing the eutectic micro-
structure [99].
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equiaxial grains with a grain size of 10-25 nm (Fig. 9). The yield
strength of the FesAl sample was 1050 MPa and more than twice
that of micro-crystalline FesAl materials.

By combustion synthesis casting in a high-pressure Ar atmosphere,
MoSi,-SiC composites were also fabricated [96]. In the composites, the
grain morphology of SiC varied from particles to short fibers when its
content was increased from 10 to 20 wt.%. In tribological tests, the com-
posite with 20 wt.% SiC showed the best wear resistance.

As revealed by the above examples, a large variety of refractory
and hard materials can be prepared by combustion synthesis casting
in a high-pressure Ar atmosphere. This technique is especially useful
for producing nanostructured alloys and intermetallics, whose large
sample dimensions and improved mechanical properties reveal the
great potential of the technique for practical applications.

4.2. Combustion synthesis casting in a high-gravity field

Compared with combustion synthesis casting of metals, combustion
synthesis casting of ceramics is more difficult because most ceramic ma-
terials have extremely-high melting points (e.g. ~2050 °C for Al,03, and
>3000 °C for some carbides and borides). The high melting points result
in a reduced lifetime and increased viscosity of ceramic melts, and make
the removal of gas bubbles difficult. Consequently, most ceramic sam-
ples prepared by combustion synthesis casting showed a relatively
high porosity and thus poor mechanical properties.

Recently, a new technique called high-gravity combustion synthesis
was developed to carry out combustion synthesis casting in a high-
gravity field [97-119]. The high-gravity field is induced by intensive cen-
trifugation and introduced to accelerate the removal of gas bubbles from
ceramic melts. By this technique, many refractory and hard materials
have been prepared, such as ceramics [97-109], glasses [110-112],
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glass-ceramics [113], alloys [114], intermetallics [115], and cermets
[116,117].

High-gravity combustion synthesis was firstly used to produce
multiphase ceramic composites. Zhao et al. prepared Al,03/ZrO,(Y-03)
eutectic ceramic composites with the dimension of ®100 mm x 20 mm
(Fig. 10) by high-gravity combustion synthesis [99]. The relative density
of the composites reached 99.8%. The composites were composed of
randomly-orientated eutectic colonies containing orderly t-ZrO, fibers
with a thickness ranging from submicron to nanometer scale. The eutectic
ceramic composites showed excellent mechanical properties, where the
hardness, flexural strength, and fracture toughness were 22.8 GPa,
1568 MPa, and 14.8 MPa-m'?, respectively. Al,Os/Y3Al504,/ZrO, ternary
eutectic ceramics was also fabricated by high-gravity combustion synthe-
sis [101], showing a relative density of 99.3%, The eutectic microstructure
was characterized by an interpenetrating network of three phases with a
submicron interphase spacing. The hardness and fracture toughness of
the ternary eutectic ceramics were 17.82 GPa and 5.51 MPa-m'2.

Non-oxide TiC-TiB, ceramic composite was prepared by high-
gravity combustion synthesis [103]. The relative density of the TiC-
TiB, ceramic composite reached 99.2%. In the TiC-TiB, composite, fine
TiB, platelets were embedded in the TiC matrix, and the boundary re-
gions consisted of (Cr,Ti)Cog3 solid solution. The hardness, flexural
strength, and fracture toughness of the TiC-TiB, composite were
28.5 GPa, 750425 MPa, and 6.2+ 0.5 MPa-m'/, respectively. Com-
pared with the TiC-TiB, materials prepared by reactive sintering or
hot-pressing, the TiC-TiB, composite produced by high-gravity combus-
tion synthesis showed a higher hardness, which was attributed to the
absence of intermediate borides and metallic binders and the formation
of stable stoichiometric TiC phase.

Besides the multiphase ceramic composites, single-phase bulk ce-
ramics were also fabricated by high-gravity combustion synthesis,
such as Al,03, MgAl,04, and Y3Als04, [105-108]. The density of the

WD16.Omm 10.0kV x1.0k |

Fig. 11. SEM images of MgAl,04 samples prepared by high-gravity combustion synthesis with different high-gravity factors: (a) g’/g=1; (b) g’/g=200; (c) g’/g=900 [108].
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Fig. 12. FeNiCr/NiAl/TiC/Cr;C5 cermets prepared by high-gravity combustion synthesis: (a) photograph showing a double-layer structure; (b) and (c) SEM images of the interface
between the two layers; (d) and (e) SEM images of the upper layer; (f) and (g) TEM images and SAED patterns of TiC and NiAl phases in the upper layer; (h) and (i) SEM images of
the lower layer; (j) and (k) TEM images and SAED patterns of Cr,C; and FeNiCr phases in the lower layer.
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prepared ceramics increased with increasing high-gravity factors de-
fined as g’/g, where g’ was the acceleration in the high-gravity field
and g means the conventional gravitational acceleration. Under a
high-gravity factor of g’/g=2800, the relative densities of the Al,Os,
MgAl,O,4, and Y3Al501, ceramics were 93%, 92%, and 99%, respectively.
With increasing high-gravity factors, both the porosity and pore size in
the ceramics decreased (Fig. 11). The phase purity of the ceramic prod-
ucts also depended on the high-gravity factor. A larger high-gravity fac-
tor promoted the separation between metallic and ceramic melts, and
led to a lower content of metallic impurities in the ceramics.

The application of high-gravity combustion synthesis was not limit-
ed to the fabrication of ceramics. It was also used for producing glasses,
glass-ceramics, alloys, intermetallics, and cermets. For example, FeNiCr/
NiAl/TiC/Cr,C3 cermets were prepared by high-gravity combustion syn-
thesis [117]. The cermets showed a double-layer structure, as shown in
Fig. 12. The upper layer was rich in TiC, with TiC grains of 1-4 um evenly
distributed in the FeNiCr matrix. Ultrafine NiAl crystallites with a size of
50-200 nm were precipitated in the FeNiCr matrix, and a coherent or
semi-coherent orientation relationship between NiAl and FeNiCr was
noticed. The lower layer consisted of a (FeNiCr + NiAl) matrix with an
intertexture structure and acicular Cr;C; grains embedded there. With
a higher volume fraction of TiC, the upper layer showed a higher hard-
ness (63 HRC) than that (54 HRC) of the lower layer. In tribological
tests, the FeNiCr/NiAl/TiC/Cr,C3 cermets exhibited superior wear resis-
tance to some commercial cemented carbides.

From the above results, combustion synthesis casting in a high-gravity
field is a versatile technique for preparing a variety of refractory and hard
materials, including ceramic materials with extremely-high melting
points. In contrast to current methods (e.g. floating-zone, micro-pulling)
for direct solidification of ceramics, high-gravity combustion synthesis re-
quires no external heating sources and can be finished in a short time. For
some single-phase ceramics prepared by high-gravity combustion syn-
thesis, the purity and density should be further improved by preheating
the reactants or applying a mechanical pressure, which will be well inves-
tigated in the future.

4.3. In-situ fabrication of metal matrix composites by incorporating
combustion synthesis into conventional casting processes

In addition to the two techniques of combustion synthesis casting in
a high-pressure Ar atmosphere or in a high-gravity field (as discussed in
Sections 4.1 and 4.2), combustion synthesis can be incorporated into
conventional casting processes to fabricate metal matrix composites.
The principal idea of this method is to induce combustion reactions by
the heat of molten metals during casting and realize in-situ synthesis
of reinforcing ceramic phases. It is usually carried out by pouring the
melt of the matrix metal (e.g. steel melt) onto preformed compacts of
reactant powders for combustion synthesis. In this method, the metal
melts are prepared by conventional furnace-melting, which is different
from combustion synthesis casting. This method was firstly reported
for preparing Mg-based metal matrix composites [120], and later used
for producing steel matrix composites reinforced by ceramic particles
[121-126].

Jiang et al. prepared steel-matrix composites reinforced with in-situ
formed TiC particles by incorporating combustion synthesis into con-
ventional casting [121]. The composites exhibited a microstructure
with homogeneous distribution of TiC particles in the steel matrix. The
hardness and wear resistance of the composites were enhanced by
67.6% and 349% compared with those of steel materials without ceramic
reinforcing agents. Similarly, steel-matrix composites reinforced with
(TiC+TiB,) particles were also fabricated [124,125]. The TiC and TiB,
particles were in-situ synthesized by casting-induced combustion reac-
tion of (Ni + Ti+ CBy4), and uniformly dispersed in the steel matrix. The
porosity of the composites decreased with increasing Ni content, and al-
most fully-dense composites were obtained with 30 or 40 wt.% Ni. It
was also found that, in the prepared composites the particle size of TiC

and TiB, depended on the starting CB;, powders, and when finer CB4
powder was used larger TiC and TiB, particles were produced. The hard-
ness of the (TiC+ TiB,)-reinforced steel-matrix composites was more
than twice that of the un-reinforced steel materials.

By incorporating combustion synthesis into conventional casting
processes, metal matrix composites reinforced with in-situ synthe-
sized ceramic particles can be readily produced. The as-prepared
steel-matrix composites showed much higher hardness than that of
un-reinforced steel materials. In comparison with powder metallurgy,
the casting approach exhibits several advantages to fabricate metal
matrix composites, such as simplicity, flexibility, and availability for
large-scale production. In this case, the incorporation of combustion
synthesis into casting can provide a practical method for preparing
metal matrix composites with improved hardness.

5. Concluding remarks

This article reviews recent progress in combustion synthesis of re-
fractory and hard materials. In the last decade, a large diversity of refrac-
tory and hard materials has been prepared by combustion synthesis,
including alloys, intermetallics, ceramics, and cermets. Combustion syn-
thesis is not only available for producing ultrafine powders, but also can
be used to fabricate consolidated bulk materials by combination with
simultaneous densification or casting processes. The unique reaction
condition in combustion synthesis, which is usually characterized by
extremely-high temperature and fast heating/cooling rate, offers the
products interesting microstructures (e.g. nano-crystallites, fine eutectic
structure) and prominent mechanical properties (Table 1). Compared
with conventional powder metallurgy approaches, combustion synthesis
has the advantages of short processing time, less energy consumption,
and lower cost, and thus can provide a more efficient way to produce re-
fractory and hard materials.

In combustion synthesis of refractory and hard materials, investi-
gations on reaction mechanisms are necessary for processing optimi-
zation to improve the properties of the products. In this aspect, many
results were reported in the last decade, making a wide exploration of
the reaction path, phase formation, microstructure evolution, and
crystal growth in combustion synthesis [127-133]. Novel techniques
such as in-situ time-resolved diffraction and infrared thermography
were developed for real-time monitoring the samples during expedi-
tious combustion reactions [134-136]. Computer simulation was also
applied to study the combustion modes, reaction paths, and effect of
processing parameters in combustion synthesis [137-139]. Such in-
vestigations can increase our knowledge on combustion synthesis of
refractory and hard materials, and offer a guide for controlling the
phase assemblage and microstructure of the products.
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