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Abstract: This review deals with the potential of combining self-propagating high-temperature
synthesis (SHS) and spark plasma sintering (SPS) for obtaining single-phase ceramic materials
and ceramic and metal matrix composites. The materials discussed in this review contain com-
pounds produced by the SHS process: carbides, borides, and silicides of metals and intermetallics.
Factors in the structure formation of materials obtained by sintering of SHS products and the
influence of SPS conditions on the characteristics of the materials (relative density and grain size)
are analyzed. Advantages of combining the SHS and SPS techniques, including the possibility
of additional processing of SHS products (grinding and adding components) to modify the compo-
sition and properties of materials are discussed.
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INTRODUCTION

Self-propagating high-temperature synthesis (SHS)
is a promising direction in the development of chemistry
and materials science. This synthesis technique is based
on the ignitability of powder materials under local heat-
ing, after which the combustion front self-propagates in
the powder sample due to heat transfer, thus initiating
further reaction.
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SHS is an attractive method from a technolog-
ical point of view due to its fast process. During
SHS, the heating rates of initial components can reach
103—10° deg/s, and the characteristic reaction time is
1073 to 10! s [1]. The concept of primary and sec-
ondary structure formation of SHS products was pro-
posed by Merzhanov [2, 3]. The processes occurring
in the SHS reaction front are called primary structure
formation. The primary microstructure of SHS prod-
ucts is characterized by a small grain size and the pres-
ence of melt. Secondary structure formation involves
grain growth, ordering of the crystal structure, and the
establishment of a more uniform distribution of ele-
ments in the products. The sample cooling time usually
ranges from a second to several minutes.

Studies of SHS processes are widely presented in
the literature. Traditionally, SHS is used to obtain ma-
terials based on refractory metal-nonmetal compounds
such as carbides, borides, silicides, and nitrides [1, 4, 5].
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Fig. 1. SPS principle and equipment used:

(I) graphite die; (2) graphite punches; (3) sam-
ple; (4, 5) protective foil; (6) graphite discs.

SHS is also used for the synthesis of intermetallic com-
pounds [6-8]. A great number of papers are devoted to
the fabrication of composite powders in which refractory
ceramic particles are distributed in a metal matrix [9—
12]. SHS products are powders or porous sintered mate-
rials with low mechanical strength. Therefore, after the
synthesis, the products require crushing and grinding.
To obtain a nonporous bulk material, it is necessary
to consolidate the synthesis product. This can be done
using various methods: hot pressing, microwave sinter-
ing or sintering by electric current.

There are various methods for electric current sin-
tering [13]. The best-known and most widely used
method in laboratory practice is spark plasma sintering
(SPS), in which DC pulses are passed through a sample
throughout the entire period of sintering. It is common
to use low voltage (less than 10 V). The SPS equipment
is shown schematically in Fig. 1.

Passing an electric current pulse through a sam-
ple leads to electrical discharges at the contacts be-
tween particles, resulting in the formation of local high-
temperature regions. During repeated pulses, high-
temperature regions move in the sample, providing uni-
form sintering throughout the volume. Sintering in the
die under pressure provides higher density and improved
mechanical properties of the sintered material compared
to free sintering. Using this method reduces the sin-
tering time to several minutes. Local heating of con-
tacts between particles can lead to initiation of chem-
ical reactions during sintering of mixtures of powders
of dissimilar materials. Currently, SPS is widely used
to obtain ceramic, metal, and composite materials [14].
If the sintered material is conductive, electric current
passes directly through the sample during sintering. If
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the sintered material does not conduct electric current,
it is heated from the conductive punches and die. The
SPS technique is also employed for reactive sintering, in
which the compaction of the powder sample is accom-
panied by the synthesis of new phases.

SPS has advantages over other methods of powder
consolidation, such as traditional reactive sintering and
hot pressing. First, the use of electric current pulses sig-
nificantly increases the sample heating rate, which de-
pends on the resistance of the sintered material and the
die diameter and can reach 1000°C/min [15]. Second,
sintering is possible at lower temperatures and short
holding times. Thus, shortening the time of tempera-
ture holding during sintering does not provide signifi-
cant growth of material grains [16]. In sintered materi-
als, metastable phases and high concentrations of crys-
tal lattice defects can be preserved. These features make
it possible to obtain materials with improved mechani-
cal characteristics.

The stages of the SPS process are described by
Holland et al. [17]. In the first (initial) stage of sin-
tering, a neck forms at the contact between particles
and its growth begins. In the initial stage, recrystal-
lization is absent and only a slight shrinkage of the
material occurs. This stage is dominated by surface
diffusion; evaporation and condensation processes also
take place. The question of whether plasma forms dur-
ing SPS remains controversial [18, 19]. During sintering
at the initial stage, the temperature increases at parti-
cle contact sites due to the higher electrical resistance
of the contact area, which can lead to local melting of
the material. Heating of particles at the contacts pro-
vides uniform sintering over the entire volume of the
sample. There is evidence that during sintering, ox-
ide films detach from the surface of the particles, which
can lead to more intense grain-boundary diffusion [20].
At the second (intermediate) stage of sintering, pore
spheroidization occurs [17]. The porosity of the sample
decreases due to the growth of necks between particles.
The greatest contribution to mass transfer at the inter-
mediate stage comes from grain-boundary and volume
diffusions. At the end of the intermediate stage, grain
growth is observed. When all the pores in the mate-
rial become closed, the intermediate sintering stage is
considered complete. The third (final) sintering stage is
characterized by grain growth and a decrease in residual
porosity. Evaporation and condensation are also present
at this stage. Pore size reduction at the final sintering
stage is mainly due to grain-boundary and volume dif-
fusions.

To obtain consolidated composite and ceramic ma-
terials, it is of interest to combine the SHS and SPS
techniques. SHS products have a high density of struc-
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Fig. 2. Sequence of operations for obtaining composite and ceramic materials by the reactive SPS
method and by the method of SPS of SHS products.

tural defects and a small grain size. SPS as a rapid
method for obtaining bulk materials allows preserving
the phase composition and structural features of the
powders being sintered. SPS of SHS produced powders
makes it possible to fabricate bulk materials with low
residual porosity and improved mechanical properties.

The purpose of this review is to analyze the poten-
tial of combining SHS and SPS for obtaining ceramic
materials and ceramic and metal matrix composites.
Studies in which SHS and SPS were combined to obtain
compact materials and studies on the reactive sintering
of powders are considered.

Figure 2 shows various methods for obtaining bulk
materials, including reactive SPS and sintering of SHS
products. In most studies, the synthesis temperature
was reduced by mechanical activation (treatment) of
initial powders. Mechanical treatment is an important
stage in the fabrication of ceramic and composite ma-
terials with controlled microstructure. SHS products
usually require grinding. During grinding, additional
components can be added to SHS products (see Fig. 2).
It should be noted that the mechanical treatment of
powders is optional, and, in some cases, SHS and re-
active SPS are carried out using mixtures of powder
reactants obtained by traditional mixing.

COMBINING SHS AND SPS TECHNIQUES

A comparison of reactive and nonreactive SPS for
obtaining single-phase ceramic materials and compos-

ites with a ceramic matrix is presented in [21]. The
possibilities of obtaining ultra-high-temperature ceram-
ics by combining SHS and SPS techniques are analyzed.
Attention is focused on the synthesis of hafnium di-
boride (HfBs), tantalum diboride (TaBs), and zirco-
nium diboride (ZrBg). It is noted [22, 23] that in ob-
taining single-phase ceramics, a higher relative density
of the material (up to 100%) can be achieved by using
reactive sintering, where the synthesis of diborides oc-
curs directly during heating of the reaction mixture in
the SPS setup. In the cited studies, a two-stage pro-
cedure of applying mechanical pressure was used: the
pressure was increased after the start of the synthesis.
In exothermic reactions accompanied by the release of
a significant amount of heat, the temperatures of the
sample and the dies increase sharply, making it possible
to determine the beginning of the synthesis and control
the mechanical pressure during sintering. At the same
time, during the synthesis of ZrB,—SiC and TaBs—SiC
ceramic composites, SPS of SHS products made it pos-
sible to obtain a denser material than reactive sinter-
ing. The relative density of sintered materials exceeded
99% of the theoretical value [24]. It has been found
that to obtain a dense material by sintering of compos-
ite SHS products, milder conditions (lower temperature
and shorter holding time) are required than in the case
of reactive sintering of the same compositions [24, 25].

It is noted [21] that SHS products have a high den-
sity of structural defects and a small grain size. These
structural features contribute to the production of bulk
composites with a high relative density by SPS. The
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high heating and cooling rates of the sample during
SHS lead to the formation of defects, which during sub-
sequent sintering, provide effective compaction of the
material. In addition, if different ceramic components
are simultaneously formed during SHS, then diffusion
processes at the interfaces can lead to the formation
of stronger bonds, which also contributes to the pro-
duction of materials with low residual porosity during
subsequent sintering.

SYNTHESIS OF SINGLE-PHASE
CERAMIC MATERIALS

The number of studies of the sintering of SHS prod-
ucts continues to increase. Some of them have shown
differences in the structural characteristics of single-
phase ceramic materials obtained by reactive and nonre-
active SPS and the difference in their relative densities.
A comparative study of the microstructure and mechan-
ical properties of zirconium diboride (ZrBs) obtained by
reactive SPS and the material obtained by SPS of the
SHS powder of zirconium diboride (SHS product) was
performed in [26]. In both cases, the mixture of the
initial boron powders and zirconium was pre-treated in
a ball mill to activate the synthesis.

It is known that mechanical activation significantly
changes the combustion temperature and rate, leading
to changes in the structure and properties of synthesis
products [27-29]. Traditional SHS compositions have
a specific dependence of the reaction rate on tempera-
ture. When using typical powder mixtures with reac-
tant particles tens or hundreds of micrometers in size,
only slow solid-state reactions are observed in them up
to the melting point of one of the reactants or the
formation of a eutectic melt. However, the formation
of the melt is accompanied by a sharp (3-4 orders of
magnitude) increase in the reaction rate. Only in this
case is it possible to carry out self-propagating reaction
with layer-by-layer propagation of the synthesis wave
or in the thermal explosion mode [1]. Pre-activation
of reaction mixtures leads to a significant decrease in
the ignition temperature and the maximum tempera-
ture of the subsequent exothermic reaction. In addi-
tion, in some low-calorific-value compositions, it is pos-
sible to achieve solid-state combustion or thermal explo-
sion [30-32]. These effects are due to the fact that acti-
vation results in mechanocomposites, in which the reac-
tants are dispersed to nanometer sizes, the area of their
contact increases manifold, and there is a high concen-
tration of nonequilibrium defects and internal stresses.
In conventional powder mixtures, the contact area be-
tween particles is 10~% to 10~ 7 of the total surface of the
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particles. It can be assumed that in the mechanocom-
posites formed, the contact area of reactants increases to
almost one. In the early stages of activation of the initial
reaction mixture, there is destruction of oxide layers and
adsorbed films on powder particles which are serious dif-
fusion barriers to the start of interaction. It is known
that part of the energy delivered during activation (25—
10%) is accumulated by the sample. This produces a
high concentration of nonequilibrium defects and inter-
nal stress in the sample. Thus, the transition from the
initial powder mixture of reactants to mechanocompos-
ites should affect the main parameters of the subsequent
self-propagating reaction. It has been found that pre-
activation leads to an increase in the combustion rate of
SHS compositions. In addition, it allows one to expand
the concentration limits of SHS, use compositions for
synthesis that do not burn in the case of powder mix-
tures, and to avoid the need to press the initial samples.
In [26], the formation reaction of ZrBs in SHS pro-
ceeds completely, and further sintering is used to ob-
tain nonporous material. Relative density over 96% is
achieved by sintering the SHS product at a tempera-
ture of 1900°C and a pressure of 50 MPa for 20 min.
The obtained relative density is not inferior to the val-
ues for ZrBs synthesized by reactive SPS at the same
temperature and pressure [33]. It should be noted that
there are significant differences in the grain size of ZrBs
synthesized by these methods. The average grain size
of ZrBy ceramic obtained by SHS-SPS does not exceed
20 pm, while in the case of reactive SPS, it is 50 pm.
In [26], tantalum diboride (TaB3) with a relative
density of ~ 94% was obtained by combining SHS and
SPS techniques, and the SHS product was subjected
to grinding. Higher relative density of TaBs was not
achieved even at a pressure of 60 MPa. In this case, in
comparison with ZrBs, the microstructure of TaBs sam-
ples consisted of smaller grains, which was attributed by
the authors of [26],t0 the difference in the size of aggre-
gates obtained after mechanical grinding of SHS prod-
ucts. The particle size of the ZrBy powder was 4.58 +
0.30 um, and that of TaBs was 1.02 4+ 0.11 pm. Appar-
ently, TaBs is a more brittle material and, therefore, its
mechanical grinding was more significant, which led to
the formation of a fine-grained structure during subse-
quent sintering. The grain size distribution of TaBs is
in a narrower range in the case of sintering of the SHS
product. The formation of regions with small grains
(less than 10 ym) in reactive SPS was attributed by the
authors to the presence of oxide and other impurities
in the initial powders. During reactive sintering in a
die, such impurities can cause the formation of struc-
tural inhomogeneities. In this case, the combination of
SHS and SPS techniques contributes to the formation
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of a more uniform microstructure than in reactive sin-
tering, which also has a positive effect on the strength
properties of ceramic. The presence of pores distributed
mainly in grains is associated with the presence of im-
purities in the initial powders, which evaporate at high
temperatures during sintering.

At room temperature, the mechanical strength of
ZrB, obtained by sintering SHS products is at the same
level (=400 MPa) as that of ZrBs synthesized by reac-
tive SPS [34]. For ZrBg ceramic obtained by sintering of
SHS products, the ultimate strength at a temperature
of 1200°C is only 7% lower than the ultimate strength of
ZrB, synthesized in reactive SPS and is 380 MPa. The
fracture toughness Kj. of ZrBs ceramic obtained us-
ing these two approaches is ~2.2 MPa-m%5. Thus, the
combination of mechanical activation, SHS, and SPS is
promising for obtaining fine-grained single-phase ZrBs
ceramic with low residual porosity. In [26], it is noted
that the mechanical properties of TaBs are much in-
ferior to those of ZrB, despite the smaller grain size,
and this is attributed to the higher porosity of TaBs
samples.

Sani et al. [35] obtained single-phase TiBy ceramic
by combining mechanical activation, SHS, and SPS. The
SHS product in this case contained 96% TiBy and had
cubic and orthorhombic TiB phases, which were appar-
ently formed due to the lack of boron in the reaction
mixture. Subsequent sintering resulted in the formation
of a nonporous consolidated material, which also con-
tained TiB phases. The effect of SPS conditions on the
relative density of titanium diboride was investigated.
The authors note that during sintering of the SHS prod-
uct at a current strength of 950 A, which corresponds
to a temperature of 1530°C, a holding time of 20 min
at a pressure of 60 MPa, the relative density of TiBg
was 99.45%, and with a further increase in the current
strength to 1000 A (T' = 1575°C), a nonporous mate-
rial was obtained. During sintering of the SHS product
at a current of 950 A, the density of the sample ex-
ceeds 95% at a holding time of 5 min and approaches
100% at 20 min. The grain size of the material was less
than 15 pm.

As noted above, it follows from a number of studies
that for sintering of SHS products, milder conditions are
needed than for obtaining the product by reactive sin-
tering. At the same time, in [36], TiBs with a submicron
grain size and a relative density over 99% was obtained
in reactive SPS at a very low temperature of 800°C.
To obtain a powder mixture that could be sintered un-
der the specified conditions, long preliminary mechani-
cal activation of the mixture of the reactants (for 8 h)
was required. Compared with this synthesis technique,
obtaining ceramic by combining SHS and SPS requires

much less time. Ceramic with a relative density of 97%
was produced by SPS of a commercially available TiBg
powder with a medium grain size of 1-2 ym at a temper-
ature of 1800°C and a pressure of 50 MPa [37]. Under
heating to 1500°C the density of the material reached
only 78%. Comparison of the results of these studies
leads to the conclusion that powders obtained by SHS
have a better capability for deformation and consolida-
tion during SPS, apparently due to the high density of
structural defects.

Using traditional sintering of TiB, powders with-
out pressure, Khanra and Godkhindi [38] were able to
consolidate the SHS product to a relative density of 97%
and the commercially available powder only to 85.5%,
which, in the opinion of these authors, is due to the
difference in the density of crystal structure defects in
these powders. A number of papers reported on defects
in the crystal structure of SHS products. The high dis-
location density in SHS products was confirmed exper-
imentally for ZrBs [39]. In the SHS product, the dislo-
cation density was 10'2 cm™2, and in ZrBs obtained by
carbothermal reaction, it was 10% cm~2. The influence
of the method of preparing the powder to be sintered on
the density of the consolidated material for SPS was also
found in the synthesis of nickel boride NigB [40]. The
material obtained by reactive SPS had a higher relative
density (~93%) than the material obtained by SPS of
the thermal explosion product (=89%). The mass con-
tent of the NigB impurity phase was 4% in the case of
sintering of the product of thermal explosion and 1%
in the case of reactive sintering. The grain size of the
sintered materials was 1-2 pum (Fig. 3).

Moskovskikh et al. [41] obtained silicon carbide
(SiC) with low residual porosity by combining me-
chanical activation, SHS, and SPS. The time of high-
energy mechanical treatment of initial silicon powders
and lamp soot was varied from 5 to 180 min. The prod-
uct of mechanical treatment consisted of amorphous
carbon agglomerates in which silicon nanoparticles were
distributed—this structure makes it possible to reduce
the synthesis temperature [41]. The theoretical den-
sity of silicon carbide is 3.21 g/cm?®. Silicon carbide
obtained in this work by the SHS—-SPS techniques had
a density of 3.1 g/cm® and was sintered at a pressure
of 50 MPa, a temperature of 2000°C and a holding
time of 10 min. Pressure was applied to the powder at
room temperature and remained constant throughout
the SPS process. The SiC sample obtained by reactive
sintering under the same conditions had a higher resid-
ual porosity—its density was 2.8 g/cm?®. It is noted that
during reactive SPS under the same mechanical pressure
throughout the sintering process, failure of punches and
equipment very often occurs. In the case of reactive sin-
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(b)

Fig. 3. Micrographs of fracture surfaces of compacts
obtained by SPS of the thermal explosion product
of a 3Ni-B mixture (a) and by reactive SPS of this
mixture (b) [40].

tering, the most effective approach is the one where the
pressure applied to the powder sample is increased after
the start of synthesis and heating is started at low ap-
plied pressure. A two-stage procedure of applying pres-
sure was also described in [24-26]. The grain sizes of
SiC obtained by reactive and nonreactive methods dif-
fer [41]. In the case of sintering of the SHS product, the
grain size of the ceramic was 200-300 nm, and in reac-
tive sintering, the grain size of the product was >3 pm.
In both cases, the sintered samples demonstrated inter-
granular fracture. The same differences in grain size
were observed in a comparative study of the synthesis
of ZrB; and TaBs [26]. According to [41], the difference
in grain size is due to the additional heat release from
the exothermic reaction during reactive sintering, which
contributes to additional crystallite growth. Despite the
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difference in grain sizes, silicon carbide ceramic sam-
ples had close microhardness values (24 £ 1 GPa) [41].
However, their fracture toughness values were different:
4 MPa-m®%® for the sample obtained by sintering the
SHS product, and 5 MPa-m%?> for the product of re-
active SPS. Probably, the lowered fracture toughness
of SiC obtained by SHS-SPS is due to the greater im-
perfection of the structure typical of SHS products and
preserved during sintering.

Examples of the preparation of metal silicides by
SHS and SPS techniques are also described in the litera-
ture. Shimizu et al. [42] obtained molybdenum disilicide
MoSiy by SPS (1300°C, 10 min, and 30 MPa) of SHS
products. In the structure of ceramic, there were pores
distributed mainly along the grain boundaries. The av-
erage grain size was 7.5 um. The authors note that, in
addition to MoSiy, the SHS product also contained the
MosSis phase, which was preserved after SPS. It should
be noted that the reactants were not subjected to pre-
liminary mechanical treatment before SHS. Cabouro et
al. [43] obtained MoSiz ceramic by reactive SPS of a
mechanically activated mixture of molybdenum and sil-
icon at temperatures of 1573-1773 K. The authors note
that the synthesis of MoSiy requires melting of silicon
(Tmert = 1688 K). Increasing the sintering temperature
led to an increase in the crystallite size of MoSis and to
a decrease in the hardness and fracture toughness of the
material. Generally, the mechanical properties of MoSis
ceramic obtained by SHS-SPS [42] and reactive SPS [43]
can vary depending on the synthesis conditions and are
comparable to each other.

Kurbatkina et al. [44, 45] obtained (Ta, Hf)C and
(Ta, Zr)C ternary carbides by SPS of SHS products.
In the case of (Ta, Hf)C, mechanical activation of the
starting reactants reduced the combustion temperature
by more than 800°C compared to the adiabatic tem-
perature (3001°C). The high rate of the SHS process
hinders in the formation of complex (ternary) carbides
from metal powders and carbon black. Quite often,
the synthesis products contain, in addition to ternary
carbides, and MeC carbides. These authors obtained
single-phase (Ta, Hf)C ternary carbide by combustion
of a mechanically activated mixture of Ta + C + HfC.
In addition to the main phase, the SHS products con-
tained (less than 3%) HfOs and ZrOs oxide impuri-
ties. Dissolution of oxygen in metals occurred during
mechanical treatment of the powders without the use
of a protective medium (in air). The synthesis prod-
ucts were mechanically ground to a size of 1-3 pm and
sintered at different temperatures. The relative den-
sity of (Ta Hf)C obtained by plasma spark sintering
(2000°C, 10 min, and 50 MPa) was 93%, and the den-
sity of (Ta, Zr)C was ~99%. (Ta, Hf)C and (Ta, Zr)C
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ternary carbides contained micro- and nanosized pores,
which were distributed both along the boundaries and
within the grains. During SPS of ternary carbides, the
grain size increased on average from 1-3 to 10-15 pm.
The Young’s modulus of carbides was estimated (us-
ing a nanohardness tester) from loading and unload-
ing curves. Values of 423.6 4+ 45 GPa were obtained for
(Ta, Hf)C, and 536.47 + 28.7 GPa for (Ta, Zr)C.

The synthesis of high-entropy compounds is cur-
rently one of the most important problems of ma-
terials science. The possibility of obtaining high-
entropy diborides by SPS of SHS products was
shown by Tallarita et al. [46]. Single-phase diboride
(HfobgMOO.QTaQ‘QNbeQTiO'Q)BQ with a relative density
of 92.5% (SPS, 20 min, 20 MPa, and 1950°C) was ob-
tained. In [47, 48], consolidated high-entropy borides
and carbides were obtained by reactive SPS of me-
chanically treated mixtures of reactants. The time
of preliminary mechanical treatment of reaction mix-
tures was 6-24 h. The synthesis technique proposed
in [46], which involves mechanical activation of a mix-
ture of initial powders for 20 min with subsequent SHS,
allows a significant reduction in the time of the en-
tire process. The SHS product contained about 4% of
impurity phases [(Ta0.5Tio,5)B2, (Hfo,5Tio,5)B2, HfBg,
and HfOs]; subsequent SPS resulted in ultra-high-
temperature diboride (HfO_QMOO.QTaO_QNbO.QTiO.z)BQ.

SYNTHESIS OF CERAMIC COMPOSITES

Ceramic matrix composites have higher fracture
toughness than single-phase ceramics. To obtain ce-
ramic composites by SHS, various methods of product
consolidation are used. In [49-51], ZrBo—CrB and WC-
W3C composites were obtained using electric thermal
explosion, which is an SHS process carried out under
pressure and initiated by electric current. In [52, 53],
TaSio—SiC and MoSio—HfBs—MoB composites were ob-
tained by hot pressing of SHS products. In [54], a com-
posite powder of ZrBo—ZrC was first synthesized by SHS
in a mechanically activated Zr-B—C mixture, and then a
composite with a relative density of 98% was obtained
by SPS (5 min, 40 MPa, and 1800°C). A comparison
of this composite with the composite produced by SPS
of a mixture of commercially available ZrBy and ZrC
powders was performed. Sintering of SHS products led
to the formation of a more uniform structure with an
average grain size of 5 um, which corresponds to the
size of agglomerates after mechanical grinding of com-
bustion products. The preservation of grain sizes indi-
cates the suppression of recrystallization processes dur-

ing SPS at a short holding time. The relative density of
the composite from the commercial powders was signif-
icantly lower (89%). The microhardness of the compos-
ite formed by SHS-SPS was 17.8 GPa, and the fracture
toughness was 3.8 MPa-m"5. The microhardness of
the composite formed during sintering of commercial
powders was 16.6 GPa, and its fracture toughness was
3.4 MPa-m%®. Comparison made in that work shows
that combining mechanical activation, SHS, and SPS
makes it possible to obtain ceramic matrix composites
with low porosity and mechanical properties that are
not inferior to those of ceramics obtained by conven-
tional methods.

Obtaining composites with low residual porosity
is a difficult task in the case where the starting re-
actants are refractory metals. NbC/NbBy composites
were obtained by Tsuchida and Kakuta [55]. A fea-
ture of their work is that mechanical treatment of a
mixture of Nb/B/C = 2/2/1 in air for 105 min led to
their self-ignition, resulting in the formation of NbC
and NbC/NbBy phases. After mechanical treatment,
the niobium phase was also present, indicating that
the synthesis reactions were not completed. After SPS
(1800°C, 10 min, and 40 MPa), the relative density of
the composite was 91%, and it contained Nb3B4 and
graphite. The sample obtained by reactive SPS of a
powder mixture Nb/B/C = 2/2/1 not subjected to pre-
liminary mechanical treatment had a higher relative
density (96.7%). The formation of a large number of
pores during sintering of SHS products was attributed
by the authors to the presence of unreacted carbon and
boron. To obtain a composite with a lower porosity,
residual carbon and boron were removed from the SHS
products by dissolving them in tetrabromoethane. Af-
ter SPS, this material contained the Nb3B4 phase, but
the porosity was significantly reduced (relative density
was increased to 94%). The resulting material had a
higher hardness (19.8 GPa) than the materials produced
by sintering the SHS product (13.3 GPa) and reactive
sintering (14.3 GPa).

Musa et al. [56] performed the synthesis of
TiCy.7/TiBo powders with their subsequent SPS. It is
interesting that to obtain a nanostructured composite
powder, the authors used quenching, i.e., rapid cool-
ing of the SHS products (in water). In this work, the
reactants were Ti, B4C, and graphite. The agglomer-
ates formed in this way consisted of nanosized grains of
TiCy.7 and TiBs uniformly distributed over the volume
of particles. Optimal SPS conditions (1400°C, 3 min,
and 20 MPa) for obtaining a consolidated material with
a relative density >99.9 % were determined. Mixing in
the range 60-90 s is associated with a redistribution
of powder particles and their compaction. Fast mix-
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ing after 120 s is associated with sintering processes.
The main compaction of the sample after sintering took
place in the temperature range 800-1200°C. The au-
thors note that in other studies (using hot pressing [57]
or SPS of commercial powders [58]) much higher pres-
sure and higher holding temperature were required to
obtain dense ceramics of the same composition.
Kasraeeet al. [59] obtained TisSig—TiC composite
by SPS of SHS combustion products of a mechanically
activated Ti—Si—C mixture. A uniform distribution of
the phases of the composite can be achieved by me-
chanical activation before synthesis. Activation leads
to the formation of a large number of crystal struc-
ture defects, which subsequently act as centers of nu-
cleation and growth of new phases. Moreover, diffusion
distances decrease due to a more uniform distribution of
reactants in the mixture and grain-size reduction. Me-
chanical activation also decreases the combustion tem-
perature. In [59], a powder product of the composi-
tion Ti5Siz + TiC was obtained by SHS after mechan-
ical treatment of reactants for 2 h. In the SPS of the
SHS product, the formation of a nonporous material
occurred at 450°C (at 50 MPa), which is a fairly low
temperature. As noted above, this high sinterability is
explained by the high defect concentration in SHS pow-
ders. In turn, grain size reduction improves the mechan-
ical properties of ceramic materials. After sintering, the
sample was annealed to relieve internal stresses. Due to
the uniform distribution of fine TiC grains in the Ti5Sis
matrix, the fracture toughness was 4.7 + 0.1 MPa,- m%5,
which is higher than that of single-phase Ti5Siz [60] and
Ti5Sig—TiC composites obtained by other methods.
Combining SHS and SPS techniques makes it pos-
sible to obtain ceramics consisting of three phases.
HfB,-HfC-SiC composite was obtained in this way
in [61]. The synthesis was carried out by the reaction

8Hf+2B4C + 1.55i + 3.5C — 4H{B, + 4HfC 4 1.5SiC.

A composite consisting entirely of the required phases
was obtained by SHS of a mixture of reactants mechan-
ically activated for 20 min. SPS of the composite pow-
der (1800°C, 20 MPa, 30 min) resulted in a material
with a relative density over 98.5%. Slight grain growth
was observed during sintering. The phases were evenly
distributed in the volume of the sample. The fracture
toughness of the HfBo—HfC—-SiC composite was 6.2 £
0.7 MPa - m5, which is high for ceramic materials.

SYNTHESIS OF INTERMETALLICS

The SPS technique can be used to synthesize and
consolidate various intermetallic compounds. Shevtsova
et al. [62] obtained NizAl intermetallic compound by
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reactive SPS at a temperature of 1100°C, a pressure of
40 MPa, and a holding time of 5 min. Preliminary me-
chanical treatment of initial nickel and aluminum pow-
ders made it possible to reduce the porosity of the sin-
tered material and to obtain more uniform microstruc-
ture. Samples sintered from an unactivated mixture
of powders contained the NiAl phase. This difference
in structure is due to additional mixing of components
and a reduction in diffusion distances during mechanical
treatment.

FeAl intermetallic compound was synthesized by
Paris et al. [63] using reactive SPS. After mechanical
treatment of a mixture of iron and aluminum for 4 h,
a nanostructured powder was obtained. Reactive SPS
was chosen as it is a one-step process. Comparative
study of SHS-SPS and reactive SPS was not carried
out. Due to the fact that during SPS, the sample is
held at a high temperature for a short time, the use of
this technique made it possible to preserve the nanos-
tructured state of the material after sintering. The crys-
tallite size of the sintered FeAl intermetallic compound
calculated from the X-ray diffraction pattern was dif-
ferent for different directions: 30 nm for the (h00) di-
rection and 50 nm for the (hh0) direction. The authors
attribute the difference in crystallite sizes to the defor-
mation of the material under mechanical pressure dur-
ing SPS. The crystallite size of the FeAl intermetallic
compound obtained by SHS was ~35 nm and did not
depend on the direction of the crystal lattice.

It has been shown [64] that in the case of the forma-
tion of a composite with a FeAl matrix reinforced with
Y703 yttrium oxide, SPS allows obtaining a material
in which the reinforcing particles are evenly distributed
throughout the volume. In this work, a mechanically
treated mixture of FeAl and Y203 powders was sin-
tered at a pressure of 70 MPa. The obtained material
contains micron-size grains. It was found that at high
sintering temperatures, the oxide shells of the particles
were destroyed, and at low temperatures, this effect was
not observed. The authors note that SPS is a complex
process in which the formation of the material struc-
ture is determined by several physical mechanisms such
as plastic flow and melt formation.

Paris et al. [65] synthesized FeAl intermetallic com-
pound by combustion of a mechanically activated mix-
ture of iron and aluminum. The reaction was carried
out under the simultaneous action of pressure and an
electric current. The synthesis time was 3-5 min, and
the maximum temperature during combustion reached
1300°C. The obtained samples were annealed in the
chamber of an experimental setup, where X-ray diffrac-
tion patterns of the sample were recorded during heat-
ing. A significant grain growth during annealing in the
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temperature range 450-800°C was observed. Increasing
the annealing temperature reduced the hardness of the
intermetallic compound, which is associated with the
growth of grains of the material.

SYNTHESIS OF METAL
MATRIX COMPOSITES

Today, there are many methods for obtaining metal
matrix composites. The possibility of obtaining such
composite materials by SHS is demonstrated in [66, 67].
Features of the synthesis of composite powders with
a titanium binder and the processes occurring during
their sintering are discussed in [68]. Combining SHS
and SPS techniques allows obtaining metal matrix com-
posites with improved mechanical properties compared
to composites obtained by traditional methods. Ti—
TiC composites were obtained in this way by Lagos et
al. [69]. The starting reactants were Ti-6Al-4V alloy
powder and carbon black. In the first stage, TiC was
synthesized by SHS with the addition of excess titanium
to the reaction mixture. The chosen approach provides
the formation of a structure in which TiC particles are
surrounded by titanium. During high-temperature syn-
thesis, titanium is in a molten state and coats the re-
sulting TiC particles, thus providing good adhesion at
the interface. Before SPS, the required amount of Ti-
6Al-4V powder was added to the SHS product for the
formation of Ti-5%(vol.) TiC and Ti-10%(vol.) TiC
composites. Sintering of metal matrix composites re-
quires lower temperature than in the case of sintering
of ceramic composites. Sintering of composites with a
titanium alloy matrix was carried out at a temperature
of 1100°C and a pressure of 20 MPa for 2 min. The
composite matrix has lamellar structure, and the size
of TiC particles does not exceed 30 pm.

The possibility of obtaining large disk-shaped sam-
ples of this composite with a diameter of 200 mm was
also shown in [69]. Significant differences in the mi-
crostructure of the sample in its different regions were
not found. The ultimate strength of this composite is
higher than that of the matrix alloy obtained by SPS.

The synthesis of copper matrix composites by com-
bining SHS and SPS is described in [70]. During grind-
ing and mechanical treatment of 57%(vol.) TiB2—Cu
composite powder (SHS products), additional copper
was added to it to obtain 4.5%(vol.) TiBy—Cu compos-
ites. SHS of powders with a high copper content is not
possible due to difficulties in combustion. In the first
case (method 1), the copper powder was added in the re-
quired amount immediately before treatment in a mill.
In the second case (method 2), the SHS product was
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Fig. 4. Microstructure of 4.5%(vol.) TiB2—Cu com-
posite obtained by SPS at 650°C (SHS product was
mechanically treated with an additional amount of a
copper powder [70]).

preliminarily treated in a mill, and then copper pow-
der was added to it. The authors note that mechanical
treatment of the mixture of reactants (Ti-B—Cu) before
SHS is needed to obtain submicron TiBs particles in the
copper matrix and to reduce the combustion tempera-
ture. During SPS of agglomerates of 4.5%(vol.) TiBa—
Cu (50 MPa and 650°C), composites were obtained in
which TiBy particles are uniformly distributed in the
volume of the matrix. The relative density of the com-
posites obtained by method 1 was somewhat lower (96—
98%) than when using method 2 (>98%). Due to the
more efficient grinding of the SHS product in method 2,
the material produced by this method had a more uni-
form structure than that produced by method 1. Using
method 2, higher material hardness was achieved. The
microstructure of the material is shown in Fig. 4.

The authors of the present review obtained TiC-
Cu composites using reactive SPS [71]. Titanium car-
bide particles were synthesized by the reaction between
Tis5Cuzs alloy and carbon (carbon black or nanodia-
monds) in a mechanically activated mixture of powders.
It has been found that the reaction diffusion of titanium
in the alloy to the interfaces between alloy particles and
carbon plays an important role in structure formation
processes.

CONCLUSIONS

The approach considered in this review, consisting
in SPS of SHS products, allows obtaining single-phase
ceramic materials, ceramic and metal matrix compos-
ites, and intermetallics. The relative density of such
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materials can be 90-100% with a proper choice of sin-
tering conditions. SPS of SHS products leads to the
formation of a finer-grained structure compared with
reactive sintering. It is suggested that grain growth
during reactive SPS is associated with additional heat
release during exothermic reactions. At the same time,
the characteristic features of SHS products, such as a
small grain size and internal stresses, are preserved at
a short holding time of SPS.

The features of the structure of materials produced
by SPS of SHS products include the presence of oxide
and other impurities that can lead to the formation of
closed pores during sintering.

It should be noted that sintering of SHS products is
a more advanced and productive technique for obtain-
ing single-phase and composite ceramic materials than
reactive sintering. In order for the synthesis in reactive
SPS to be complete, mechanical activation of the mix-
ture of reactants for a long time (from a few hours to one
day) is often required. Mechanical treatment of powders
leads to additional mixing of components, an increase
in the defect concentration in the structure, and a de-
crease in diffusion distances. In the case of sequential
use of SHS-SPS, the time of mechanical treatment of
the starting reactants can be reduced to 5-20 min. The
duration of subsequent SHS also takes a few minutes on
average.

The high sinterability of SHS products due to the
high defect concentration in their structure is noted in
many papers. Accordingly, sintering of SHS products
makes it becomes possible to reduce the sintering tem-
perature and the holding time.

In the case of metal matrix composites, obtaining
SHS products with a high content of metal binder (not
involved in the exothermic reaction) seems impossible
to due to difficulties in the synthesis in such reaction
mixtures. Adding the required amount of metal pow-
ders after mechanical grinding of the SHS product solves
this problem and allows the formation of composites of
the required composition in subsequent SPS. The SPS
and SHS techniques can also be employed to synthesize
nanostructured intermetallic compounds and use them
to obtain compacts with low residual porosity.

Materials with low residual porosity and fine-
grained structure obtained by SPS of SHS products have
promising mechanical properties (high fracture tough-
ness, Young’s modulus, hardness, and strength).
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