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INTRODUCTION

Development of new composition ceramic materials with a unique set of properties and
simultaneously a high level of physic-chemical properties is the most important and actual task
of modern materials science. Often it is impossible to solve this problem within the framework
of notions on equilibrium states and it is necessary to use new approaches and methods of
synthesis of a special class of composition ceramic materials [1].

One of such methods is self propagating high temperature synthesis (SHS) and its combination
with mechanical activation (MA). SHS technologies are energy effective as they allow
producing new substances and materials including powder and bulk ceramic materials in one
technological cycle.

The aim of this investigation is self propagating high temperature synthesis (SHS) of
composition materials with a wide range of phase compositions using borate ore of Inder
deposite of the Republic of Kazakhstan. The ores of Inder deposite are represented mainly by
asharite, hydroboracite and ulexite [2]. The average content of B,Os in Inder ores makes up 15-
27.5%. In relation to the fact that borate ore of Inder deposite is distinguished by a considerable
content of gypsum, the initial raw material was concentrated, the maximum content of boron
oxide after concentration of ore made up 40 mass.%.

MATERIALS AND METHODS

SH-synthesis was carried out in the systems B>Oz-Al-MeO, B>03-Mg-MeO (where MeO — are
titanium, chromium, zirconium oxides, B2Os in the composition of borate ore).

The samples were prepared from the charge containing aluminium (99% purity), magnesium
(99% purity) and borate ore of Inder deposit (the content of boron oxide up to 40%, preliminary
mechanical activation was carried out in a high power planetary-centrifugal mill. The prepared
samples were burnt at room temperature in air initiating ignition by magnesium. The
microstructure and phases composition of synthesized products were investigated using
microanalyses-scanning electron microscope (SEM) and XRD.

RESULTS AND DISCUSSION

To produce refractory composition materials, the amount of oxides, borate ore, aluminium and
magnesium were varied in the course of experiments and calculated taking into account
stoichiometry and possibilities of optimization of magnesium and aluminium content in the
initial mixture of components in order to increase reactivity in the reactions of aluminothermal
and magnesiumthermal combustion. The effect of SHS medium (air, argon), the preliminary
mechanical activation before SH- synthesis on the phase composition of the synthesized
materials and macrokinetic characteristics of the combustion process was stated. The study on
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the effect of preliminary mechanical activation (MA) of the charge on macrokinetic
characteristics of SHS, phase composition and structure of the obtained composites in the
systems B20s-Al-MeO, B,03-Mg-MeO  with the use of borate ore is of both theoretical and
practical application. Synthesis of products under the condition of combustion proceeds
supposedly in the following reactions:

3ZrSiO4 + 10Al + 3B,03 — 3ZrB; + 5Al,03 + 3SiO;
3TiO, + 3B,03 + 10Al — 3TiB; + 5Al,03
Cr,03+ 2B, O3 + 6Al— 2CrB, + 3Al, O3

The use of preliminary mechanical activation of the charge in a high power planetary mill
significantly decreases the temperature of beginning of exothermal interaction of the mixture
components, reduces the synthesis time of the final product, and results in a more complete
procedure of chemical reactions [3, 4]. Therefore, the powder of the prepared charge was
activated for 5-10 minutes before SH-synthesis.

Acceleration of the chemical reaction after mechanical reaction is conditioned by «pumping» of
additional (excessive) energy into the reacting substances, the energy accumulating in the
formed structural defects. Excessive energy reduces the activation barrier of the chemical
reaction. The effect of excessive energy on the reaction rate is a kinetic factor of acceleration of
a chemical reaction [5]. The effect of MA on the yield of SHS products on the example of
Cr203 —B,0s- Al system is shown in table 1.

Formation of the phase and chemical composition, crystalline structure and microstructure of
SHS products is a complex interrelated process.

Investigation of these processes under the conditions of SHS is very important as the structure
determines the properties of materials.

Table 1. Combustion products of Cr,03 —B,0s- Al

Cry0s- Act_ivation Content, % — -
BO: | o | @ | @] 2| dl b S5 s | 2
nAl min @) (&) (&) O (&) n < <—E’ <
30% 5 115 | 2.6 2.6 2.5 2.6 13.9 175 | 459
30% 7 13.3 26 | 42 | 3.6 2.4 54 5.3 63.1
30% 10 129 | 2.2 20 [ 22 | 26 2.3 7.4 3.5 64.8
35% 5 17.4 - - - - 14 - - 81.3
35% 7 165 | 5.6 29 [ 35| 3.3 2.1 - - 66.1
35% 10 203 | 24 - - - 1.3 - - 76.0

Figure 1 presents electron-microscopic images of SHS products on the basis of ZrSiO, + Al +
B,Os (borate ore) system.
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Figure 1 - The microstructure and elemental analysis (SEM, EDAX) of SHS products of the

system ZrSiO4 + Al + B>O3( in borate ore)

CONCLUSIONS

The possibility of using borates of Inder deposite of RK as a boron containing component for
production of composition materials by the method of self propagating high temperature syn-
thesis was shown.

The effect of preliminary MA on microkinetic characteristics of SHS process, the yield of SHS
products and microstructure of the obtained materials is stated.

Formation of submicron crystals of titanium, chromium borides and fibrous nanosize crystals of
zirconium diboride in the matrix of aluminium oxide is stated.
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Recently the significant growth in use of the additive technologies by production of figurine
details is observed [1]. One of the directions of an additive technologies is the technology of the
selective laser melting (SLM). The SLM technology allows to make products and details of the
irregular shape, in short terms, practically without use of the industrial equipment at the expense
of what the cycle of production of products [2] is considerably reduced.

In SLM technology the high power laser for melting thin layer of powder according to a 3D
model is used [3]. The SLM method is a perspective method for manufacture of details from
materials which processing by traditional methods is difficult, is limited to larger expenses and
is not always possible.

The combustion chamber of an aircraft gas-turbine engine (GTE) is the composite and
responsible node on which perfection degree the main characteristics of all engine, its reliability
and a resource in many respects depend. The combustion chamber (CC) of aircraft GTE can
have various form of a flowing part and design realization. The greatest distribution wasgained
by combustors of three main schemes: tubular, tubular - ring and ring.

METHODS OF RESEARCH AND EQUIPMENT

Manufacture of CC was supposed to be made on the SLM 280HL equipment. Equipment has
the construction chamber dimension of 280x280x350 mm and is equipped with the 400 W fiber
laser. Because dimensions of CC appeared more camera of creation of the SLM 280HL
equipment, was made the decision to divide CC into several sectors, and to make them
separately, assembly of sectors of CC to carry out argon and laser welding.

For processing of a weld procedure of the details made by SLM exemplars were made of metal
refractory chromium-nickel powder of the squared VV751P brand in accordance with GOST
6996-66.

Welding of plates was end-to-end carried out on parting lines, and also with use of adding
material in the form of a metal wire of the X15H60 brand. When welding with an overlap,
plates were imposed at each other with shift on 10 mm.

RESULTS OF RESEARCHES

For laser welding of plates the optimum modes of a laser emission beforehand were chosen.
Welding was carried out in a pulsed operation.

Results of mechanical tests on stretching of the welded exemplars made by SLM technology are
presented in table 1 in comparison with properties of a whole exemplar.
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Table 1 - Data of tests of the flat exemplars received by the SLM method

Itimat i
Type of Ne Ultimate Tension set, &, Type of a
weldin sample strength, % welded joint Note
g p MPa J
L-1.1 947 7,4 end-to-end -
L-1.2 1003 8,3 end-to-end -
L-1.3 982 7,1 end-to-end -
Laser cracks under
welding L-1.4 276 1,2 overlap
seams
L-1.5 860 3,7 overlap -
L-1.6 674 2,2 overlap -
A-1.1 525 1,9 end-to-end -
A-1.2 551 2,1 end-to-end -
A-1.3 476 1,6 end-to-end -
Argon
. A-1.4 550 2,3 overlap -
welding
A-1.5 585 2,6 overlap -
A-16 273 14 overlap | Seamonlyonthe
one hand
VV751P 5 1112 14,43 - whole

From test data it is visible that mechanical characteristics of exemplars after laser welding are
end-to-end close to the mechanical characteristics of exemplars made of the material VV751P
by SLM technology. Ultimate strength is model welded end-to-end by argon welding practically
twice to time yield to ultimate strength of the exemplars welded end-to-end by laser welding.

After laser welding end-to-end, this type of welding at assembly of sectors of CC allows to
recommend high values of indexes of durability and plasticity of exemplars.

For the purpose of studying of a microstructure of a zone of welding, fractographic studies with
use of a method of a raster submicroscopy were executed. For studying of border between an
original material and welded material the card of distribution of chemical elements in the field
of a micromicrosection (figure 1) was received.

From the figure 1 it is visible that border "an original material — welding™ clear, is available a
metallic binding (the figure 1, a). At an original material, there are defects in the form of lack of
welding. In the field of welding "an original material — welding" is observed small chemical
heterogeneity. In the field of welding "an original material — welding™ the transitional layer is
absent. The transition zone has clearly defined boundaries.
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d)
a) Electronic image of a microsection (x500); b) distribution of Al; ¢) distribution of Ti; d)
distribution of Cr; e) distribution of Co; f) distribution of Ni

e)

Figure 2 - Card of distribution of chemical elements

CONCLUSION
1. The weld procedure of the details made by SLM is fulfilled.

2. The optimum modes of laser welding of the details made by SLM of a high-temperature
alloy of VVV751P are selected.

3. Mechanical characteristics of the exemplars welded end-to-end and with an overlap are
investigated. After laser welding end-to-end, this type of welding at assembly of sectors of
CC allows to recommend high values of indexes of durability and plasticity of exemplars.

4. Further researches will be directed to researches of the modes of laser welding on a
transitional layer to the "original material-welding" areas and on mechanical characteristics
of exemplars.
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Refractory metal-like compounds, in particular carbides of transition metals, being multi-
purpose materials, occupy a special place in a number of technology branches. The study of
multicomponent implantation phases is of great interest, as each of the element, introduced into
the crystal structure creates a new dimension in the solid state. Such approach can radically
change the physico-chemical properties of the materials. Earlier we studied the combustion
processes in Ti-Nb-W-C-H and Ti-Nb-Cr-C-H systems, defined the main parameters of
formation of multicomponent single-phase products [1-3].

The present work is directed to the investigation of the combustion process in the Ti-Nb-V-C-H
system. The batches of the variable composition xTi + (1-x) (Nb + V) + yC, [0.3 <x<0.9, 0.5
<y <0.9] were burned in argon and hydrogen environment. The obtained samples were studied
by chemical and X-ray analyses. The hydrogen and carbon contents were evaluated by pyrolysis
at temperatures 350-1100°C; X-ray analysis was performed on diffractometer DRON-0.5 using
CuK, radiation. The crystal phases were identified using the ASTM card indexes. The roles of
composition of the initial batch (the ratio of taken components), and of hydrogen in the formed
in combustion front end products, were studied. Table 1. shows the results of the experiments
carried out in the Ar and H, atmospheres.

It was shown that in the entire range of changes of metal/carbon ratio, carbides and
carbohydrides with cubic fcc lattice formed. As can be seen from the Table, at combustion of a
number of compositions, complete dissolution of the intermediate phases occurred, and single-
phase multicomponent carbides and carbohydrides formed. In carbohydrides, the hydrogen
content ranged from 0.11 to 0.96 wt. %. This amount is sufficient to disperse them to 20 pm.
Usually, for the dispersion of high-melting metals and their compounds, in powder metallurgy
the disintegrating action of hydrogen is used. It was found that the compositions with low
titanium content  Tigs + Nboss + Voss + Cos.09 did burn neither in argon nor in hydrogen.
Actually, titanium starts and leads the combustion reaction; niobium and vanadium are involved
in the combustion later.

Table 1 - Characteristics of combustion products in Ti—-Nb—-V-C—H system

Phase

Charge gas . TiC a,A | C,wt.% | H,, wt. %
composition
Tio.o +Nboos + Vo.05 +Cos Ar TiC 4.310 10.49 -
Tio.g +Nboos + Vo.05 +Cos H; TiC 4,310 10.51 0.83
Tioe+ Nbo.os+Vo0s+Cos Ar TiC 4,315 12.45 -
Tio.g+Nbo.os+ Voos +Cos H> TiC 4.319 12,44 0,49
Tioe+Nbo.os + Vo.05+Co7 Ar TiC 4,325 13.73 -
Tioe+Nbo.os + Vo.05+Co7 H; TiC 4,323 14.24 0.49
Tige+Nboos + Vo5 +Cos Ar TiC 4.323 16.00 -
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Tio.o +Nbo.0s + Vo5 +Co.o H> TiC 4.332 16.98 0.25
Tio7+Nbo1s+ Vo15+Cos Ar TiC+NbC+VC 4.322 10.23 -
Tio7+Nbo1s+ Vo15+Cos H, TiC 4.324 9.81 0.96
Tio7+Nbo.1s+ Vo15+Cos Ar TiC 4,325 12.35 -
Tio.7+NDbo1s+ Vo5 +Cos H> TiC 4.327 12.13 0.49
Tio7+Nbo1s+ Vo15+Co7 Ar TiC 4.320 13.24 -
Tio7+Nbo.1s+ Vo15+Co7 H; TiC+NbC tr. 4,319 12.66 0.4
Tio7+Nbo.1s+ Vo15+Cog Ar TiC+NbC 4,327 15.96 -
Tio7+Nbo1s+ Vo15+Cosg H, TiC+NbC 4.327 16.27 0.35
Tios+Nbo2s+ Vo25+Cos Ar TiC+NbC tr. 4.323 9.73 -
Tios+Nbo2s+ Vo25+Cos H; TiC+NbC tr. 4.335 9.78 0.89
Tios+Nbo2s+ Vo25+Cos Ar TiC+NbC+Nb, C 4,335 10.24 -
Tios+Nbo2s+ Vo25+Cos H, TiC 4.329 11.20 0.33
Tios +Nbo2s+ Vo25+Co7 Ar TiC+NbC tr. 4,318 11.88 -
Tios+Nbo2s+ Vo25+Co7 H, TiC+NbC 4,319 11.64 0.33
Tios+Nbo2s+ Vo25+Cog Ar TiC+NbC 4,319 14.38 -
Tios+Nbo2s+ Vo25+Coo H, TiC+NbC 4.324 14.47 0.11

Figure 1. shows the diffractograms of TiosNbo25Vo.25Cos carbide and TigsNbo.25Vo.25C0.64Ho.22
carbohydride. As can be seen from this Figure, the synthesized in argon carbide is multiphase
(Fig. 1a). When the batch of the same composition is burned in hydrogen, single-phase
carbohydride is formed (Fig. 1b). These results prove the homogenizing role of hydrogen,
previously found in work [1].

un

1, arh. un

[RARD]

(RRRD]

Fig. 1 - Diffraction patterns of combustion products: (a) TiosNbo25Vo.25Cos (combustion

in Ar) and (b) TiosNDbo.25V0.25Co.64H0.22 (combustion in Hz).
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Table 2. shows the X-ray densities of the single-phase carbides and carbohydrides formed in the
Ti-Nb-V-C-H system. These densities were calculated using the ratio p = P/V, where P and V
are the weight the volume of a single cell, respectively. P = MN/Nay, where M is the molecular
weight, N for the fcc lattice is 4 atoms per cell.

It is known that carbon in the fcc lattice occupied the octahedral pores of the crystal lattice [4].
Based on the data presented in Table 2, one can say that for identical metal ratios, the

X-ray density in carbides increases with the carbon content increasing. In non-stoichiometric
carbides, some of the octahedral pores are free and can be occupied with any atoms. Therefore,
during combustion in hydrogen, for example, of the composition Tigs+Nb g.25+Vo.25+Co., the
hydrogen atoms implant into the vacant octahedral pores of the fcc lattice and formed the
TiosNbo25Vo.25Co6aHo22 carbohydride with high X-ray density.

Let's note that the increasing of the niobium and vanadium concentrations leaded to the more
essential (by 15.28%) increasing in the X-ray density from 4.708 g/cm?® to 5.557 g/cm?.

Thus, by the SHS method single-phase carbides and carbohydrides based on titanium, niobium,
vanadium, carbon and hydrogen were obtained. In the entire range of changes of metal/carbon
ratio, carbohydrides with cubic fcc lattice formed always, even at low carbon concentration. The
influence of the concentration of components on the X-ray density is manifested.

Table 2 - X-ray density of Ti—Nb-V - based carbides and carbohydrides

Crystal lattice Volume of Molecular | X-ray density
Compound ,
parameter, A unit cell, A3 mass, g g/lcmd
Tio.sNbo.os Vo.05Cos 4.315 80.342 57.49 4,750
Tio.sNbo.05V0.05Co.6Ho.20 4.319 80.566 57.78 4763
TiooNDb 0.0sV0.0sCo.67 4.325 80.90 58.33 4,788
Tio.oNDb 0.0sV0.05Co.68 4.329 81.127 58.45 4,785
Tio.9Nb 0.0sVo.05Coss 4.323 80.79 59.89 4923
Tio.osNDb 0.0sV0.05Co.84 4.323 80.790 60.37 4,963
Tio.oNb 0.05V0.05CosHo.47 4.310 80.06 56.76 4.708
Tio.sNb 0.0sV0.05Co.71Ho.29 4.323 80.790 59.10 4.858
Tio7Nb 0.15V0.15Co.64 4.325 80.902 62.79 5.154
Tio.7Nb 0.15V0.15Co.64Ho.77 4.327 81.014 63.56 5.21
Tio.7Nb .15V 015Co.7 4.320 80.622 63.51 5.232
Tio.7Nb0.15V 0.15Cos1Ho6 4.324 80.850 61.83 5.079
TiosNb 0.25V0.25C0.64Ho.22 4.329 81.127 67.88 5.557
REFERENCES

[1] N. N. Aghajanyan, S. K. Dolukhanyan, Investigation of combustion in Ti-Nb-W-C-H
system and synthesis of complex carbohydrides. International Journal of Self-Propagating
High-Temperature Synthesis, vol. 21, no.1, 2012, p. 7.

[2] N. N. Aghajanyan, S. K. Dolukhanyan, N. L. Mnatsakanyan, Synthesis of Ti-Nb-Cr-C-H
carbohydrides in the combustion mode. Abstract of XIl Int. Symposium on Self-
Propagating High-Temperature Synthesis (SHS-2013), 21-24 October, Texas, USA,
2013, p. 68.

22



[3]

[4]

N.N. Aghajanyan, S.K. Dolukhanyan, and N. L. Mnatsakanyan, Combustion synthesis of
Ti-Nb-Cr-C-H carbohydrides. International Journal of Self-Propagating High-
Temperature Synthesis, vol. 23, no. 2, 2014, p. 118.

I.S. Latergaus, V.T. Em, I. Karimov, D.B. Khvatinskaya, and S. K. Dolukhanyan,
Neutronographic Investigation of Cubic Titanium Carbohydrides with Deficient
Nonmetal Sublattice, Neorganic Materials, vol. 20, no. 10, 1984, p. 1648.

23



ISMAN: PRESENT STATE AND PERSPECTIVES
M.1. Alymov

Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
Chernogolovka, Moscow, 142432 Russia
*alymov@ism.ac.ru

Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences
(acronym ISMAN, founded in 1987) is currently engaged in basic and applied research on the
physical chemistry of combustion and explosion, high temperature—high pressure
transformations of matter, and on some aspects of modern materials science.

A prominent scientist, academician Alexander Merzhanov, was the founding father and the first
ISMAN director. It was him who developed the thermal theory of combustion and explosion in
condensed media and suggested many original methods for investigating non-isothermal
kinetics. He had investigated the mechanisms of numerous high-temperature physicochemical
transformations in solid—solid and solid—gas systems and gave birth to a number of new lines of
research, such as structural macrokinetics, self-propagating high-temperature synthesis (SHS),
solid-flame combustion, infiltration-mediated combustion, non-linear dynamics of combustion
processes, and patterning of combustion products.

Presently, ISMAN is a leading institution in the field of modern SHS research and development.
To date, the number of SHS-produced compounds and materials (ceramics, cermets,
intermetallics) is countless. The pioneering works by Merzhanov, Borovinskaya, and their
coworkers have been widely recognized and their numerous scholars and followers can be
found in many countries all over the world: in Russia, CIS countries, China, Japan, Georgia,
India, France, Germany, ltaly, Greece, etc.

Currently, the basic and applied studies are conducted at ISMAN along the following lines of
research:

— general and structural macrokinetics of combustion and explosion processes

— self-propagating high-temperature synthesis

— synthesis and modification of materials by high dynamic pressure

— controlling combustion/explosion processes

— chemical energetics

— materials science

— theoretical backgrounds for designing new materials (structural, functional, cutting) and
coatings

For over the past years, ISMAN has proven to be a firmly united team of persons who really
love their job and demonstrate allegiance to macrokinetic approach in their theoretical and
experimental every-day work. The institute brought up a pleiad of outstanding research workers
active in the field of combustion science and engineering.

The research is executed at the expense of a grant of Russian Science Foundation (project No.
16-13-00013).
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Yu.V. Titova, A.P. Amosov*, D.A. Maidan, A.V. Sholomova, A.V. Bolotskaya

Samara State Technical University, 244, Molodogvardeiskaya str.,443100 Samara, Russia
* egundor@yandex.ru

Highly dispersed (nanosized and ultrafine) aluminum nitride powder is of great interest in
various industries, including production of substrates for microelectronic components, heat-
absorbing materials for light-emitting diode devices, and high-power electronic equipment,
because AIN has exceptional thermal, mechanical, dielectric and optical properties. Highly
dispersed aluminum nitride powder is difficult to obtain by ordinary mechanical grinding;
therefore, numerous chemical and physicochemical technologies have been developed for their
production, such as direct nitriding, plasma chemical synthesis, carbothermal synthesis,
chemical vapor deposition, aluminum wire explosion, etc. However, due to high energy
consumption, complicated equipment, high cost of raw materials, most of these methods are not
used for the production of nanosized and ultrafine powder of aluminum nitride. Currently on the
market are, for example, nanopowders of aluminum nitride obtained by energy-intensive
technology of plasma-chemical synthesis with expensive and complex equipment, which cost
approximately 2000 Euro per 1 kg [1].

In this regard, undoubted interest represents the technology of self-propagating high-
temperature synthesis (SHS), characterized by low energy consumption, simple compact
equipment, possibility of using cheap raw materials. To solve the problem of obtaining AIN
nanopowder by resource-saving technologies of SHS, it is promising to use such option as azide
technology of SHS, denoted as SHS-Az and since 1970 is being developed in Samara State
Technical University [2]. The technology of SHS-AZ is based on the use of sodium azide NaN3
as a solid nitriding agent and halide salts. The SHS-Az process produces large quantities of
vaporous and gaseous reaction products, which in turn loosen up the reagents, making it
difficult to merge the original particles of the products of synthesis, allowing you to keep them
in nanosized state. As a result of the synthesis, a sintered AIN is not formed, as in furnace
technology or in classical SHS, but a loose powdery target product is formed. Sodium, released
during the thermal decomposition of sodium azide, intensively reduces the oxide film covering
the particles of aluminum powder, and simultaneously reacts with the halides with the formation
of neutral salts, most of which are soluble in water and subsequently washed from the desired
product. From this point of view, the choice falls on the ion of fluorine taking into account the
greatest activity of the halogen ion and the formation of water-soluble salt NaF.

In the coarse of chemical reactions, radical of halide salt NH*" in complex with sodium azide
forms ammonia NHs, which is more active than molecular nitrogen in nitriding, as well as
hydrogen which together with sodium favours to the reduction of the oxide film on the surface
of particles of the initial powder of aluminum. Therefore, among the inorganic halide salts,
which can be used in the SHS-Az systems (AlFs, NasAlFs, KsAlFs, (NH.)sAlFg), a complex
halide salt of the element to be nitrided (Al) - ammonium hexafluoroaluminate (NH.)sAlFs —
deserves the most attention. However, this salt has been not used until now in the process of
SHS-Az to obtain highly dispersed powder of aluminum nitride.
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Halide salts NasAlFs and AlF; were used previously to study the process of obtaining ultrafine
powder of aluminum nitride by azide technology of SHS [2, 3]. The equations of the studied
reactions of SHS-Az are as follows:

AlF; + 3NaN; + nAl + = (1 + n)AIN + 3NaF + (1/2) (8 — n)/Ng; (D)
NasAlFs + 3NaN; + nAl = (1 + n)AIN + 6NaF +(1/2)(8 — n)Nz, 2

where n =0, 2, 4, 6, 8 is the number of moles of the energy additive of aluminum. A value of 8
moles is stoichiometric when the gaseous nitrogen is not evolved.

It turned out that the AIN powder is synthesized in nanosized form only in the "halide-sodium
azide" systems, that is, in the absence of energy addition of aluminium powder in the starting
mixture of powders, when n = 0. However, in this case, the washed products of combustion
contain a large amount (approximately one third by weight) of the water-insoluble impurity of
NasAlFs salt. For example, in the case of the starting mixture "AlFs;+3NaNs", the washed
products SHS-Az consist of two phases: AIN — 64% and NasAlFs — 36 %. These products
represent the whiskers of AIN with a diameter of 50-100 nm covered with NasAlFs. Similar
results were obtained for the starting system "NasAlFs + 3NaN;". When adding aluminum
powder in the initial powder mixture, the combustion temperature and burning rate increase, the
impurity content of NaszAlFes in the combustion products decreases, but the size of the
synthesized particles of AIN increases significantly and reaches almost 1 um at n = 8. For
example, in the case of the starting mixture "AlFz+3NaNsz+8Al", the composition of the washed
products of combustion is AIN — 83.5 %, NasAlFs — 16.5 %, and the synthesized AIN particles
represent fibers and strips with a size of 500-1000 nm. In the case of the starting mixture
"NazAlFs+3NaNs+8Al", the washed products consist of AIN — 88.2 %, NazAlFs — 10.2 %, Al —
1.6 %.

The aim of this work was to study the possibility of synthesis of ultrafine and nanosized powder
of aluminum nitride with the use of sodium azide and halide salt (NH4)sAlFs. For this study, the
following chemical reactions were selected:

(NH.)3AIFs + 6NaNs = AIN + 6NaF + 6H, + 10Ny, 3)
(NH2)3AIFs + 6NaNs + 10Al = 11AIN + 6NaF + 6H, + 5Ny, ()
(NH2)3AIFs + 6NaNs + 20Al = 21AIN + 6NaF + 6H,. (5)

The phase composition of the synthesized products was determined by X-ray diffractometer
ARL X TRA (Thermo Scientific). Shooting X-ray spectra was performed using Cu-radiation
with continuous scanning in the range of angles 26 = 20°+80° at a speed of 2 deg/min. The
obtained spectra were processed using a special software package WinXRD. Quantitative phase
analysis was carried out by full-profile analysis (Rietveld method) using the software PDXL
1.8.1.0 and the crystallographic open database (COD). The results of X-ray phase analysis of the
products are given in Table 1.
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Table 1 - The ratio of the phases in the washed products of combustion

Ne Starting mixture Composition of combustion products, mass. %
AIN Na3A|Fe

3 (NHa)sAlFs + 6NaN3 39.0 61.0

4 (NHg4)sAlFs + 6NaNs + 10Al 80.5 19.5

5 (NH4)3A|F5 + 6NaN3 + 20Al 95.0 5.0

It is seen that the content of water-insoluble impurity NasAlFs decreases from 61% to 5% with
the introduction of the energy additive of Al powder up to 20%.

Study of surface topography and morphology of powder particles was carried out on scanning
electron microscope JSM-6390A (Jeol) with the attachment Jeol JED-2200. The results are

presented in Figure 1.
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Figure 1 - The morphology and size of particles of combustion products of mixtures:
a) «(NHa)3AlIFs + 6NaNs»; b) «(NHa)sAlFs + 6NaNsz + 10Al»; ¢) «(NH4)sAIFs + 6NaNs + 20A1»

Analyzing the photo presented on Figure 1 and considering the results of XRD, it can be
concluded that changing the ratio of the starting components changes not only the content of the
target phase AIN, but also the size and morphology of powder particles of aluminum nitride. In
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the absence of the energy additive of Al powder, the combustion product represents equiaxed
agglomerates of nanoparticles with a size of about 100 nm. When the content of Al in the
mixture is 10 mol, AIN represents ultrafine particles of spherical shape with a diameter of 200-
400 nm. With increasing Al content up to 20 moles, aluminum nitride is synthesized in the form
of ultrafine fibers with a diameter of 100-300 nm and length up to 3 pm. This is due to the
increase of temperature and burning rate of mixtures with increasing Al content.

Thus, the use of halide salt (NH4);AlIFs in azide SHS allows us to obtain highly dispersed
(nanosized and ultrafine) powder of aluminum nitride with a purity of up to 95%, which is
significantly better than in the case of salts of AIF; and NasAlFs (83.5 and 88.2%
correspondingly).

The work is executed at financial support of RFBR under the project No. 16-08-00826.
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Having low weight, nanocomposites of AI-AIN possess increased physico-mechanical
properties, including high temperatures up to 400-550°C, which makes them very attractive for
use in automotive, aerospace and semiconductor technology [1]. However, due to the long
duration and high energy consumption, expensive and complex equipment, low efficiency of
existing methods of solid-phase powder metallurgy and liquid-phase metallurgical processes of
fabrication of AI-AIN nanocomposites, there are still no mastered industrial technologies of
these nanocomposites.

The introduction in production of the aluminum matrix composites, reinforced with AIN
particles, is hampered by some unsolved technological and economic problems. For example,
the introduction and uniform distribution of nanopowders in the melt of aluminium is a big
problem compared to larger powders, as the particles of nanopowders are easy to stick together
into agglomerates, they are poorly wetted by liquid metal. Solid-phase methods of powder
metallurgy have such disadvantages as a noticeable residual porosity, low adhesion of the
matrix with the nanoparticles, the high cost of production. In-situ fabrication of the composite
AIl-AIN by blowing the melt with nitrogen requires a lot of hours maintaining the melt at a high
temperature, which significantly increases the power consumption of the fabrication process.
Finally, the AIN nanopowders, which are available for ex-situ production of reinforced
aluminum alloys, have a very high cost: approximately 2000 Euro per 1 kg AIN of plasma-
chemical synthesis [1].

A significant contribution to the solution of these problems can make the use of simple energy-
saving powder technology on the base a process of self-propagating high-temperature synthesis
(SHS). To solve the problem of obtaining nanopowder AIN by resource-saving SHS
technology, it is promising to use such option as azide technology of SHS, denoted as SHS-Az
and based on the use of sodium azide NaNs as a solid nitriding agent and halide salts [3]. A cost
evaluation of SHS-Az nanopowders shows that because of the simplicity of the technology and
equipment they can be 2-3 times cheaper than similar nanopowders of plasma-chemical
synthesis.

To obtain highly dispersed powder of aluminum nitride by azide technology of SHS, halide salts
AlF; and NazAlFs were used [3, 4]. The combustion process was supposed to take place in
accordance with the reactions

AlFs3 + 3NaNs = AIN + 3NaF + 4N; NasAlFs + 3NaN3 = AIN + 6NaF +4No..

A by-product of NaF is highly soluble in water, so a pure powder of aluminum nitride should be
obtained after the water washing. But in reality, it turned out that the washed products of
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combustion contain a large amount (approximately one third by weight) of water-insoluble
impurity of NasAlFs salt. For example, in the case of the starting mixture "AlFs;+3NaNs", the
washed products of SHS-Az consist of two phases: AIN — 65 % and NaszAlFs — 35 %. These
products represent the whiskers of AIN with a diameter of 50-100 nm covered with NazAlFes.
Similar results were obtained for the starting system "NasAlFs + 3NaN3". But this by-product is
a typical NasAlFs flux "cryolite” for refining and modification of molten aluminum alloys, and
can facilitate the introduction of nanopowder AIN into the aluminum melt. In this regard, the
AIN nanopowder of SHS-Az brand was not cleared from the by-product NasAlFs, and was
mixed along with it in the melt of Al or Al alloy to obtain ex-situ the nanocomposite Al-AIN [5,
6].

The AIN nanopowder has a low bulk density (1800-2000 kg/m?®), which makes it hard to dip
into the aluminum melt with higher density 2300 kg/m?; the particles of nanopowder are poorly
wetted by molten aluminum, they stick together into agglomerates and are oxidized on the
surface of the melt; therefore, direct mixing of the powdery AIN in a bulk form in the aluminum
melt does not lead to success. Several methods are known to introduce AIN nanopowder into the
aluminum melt in the form of pellets, pressed from a mixture of nanopowder AIN (1.5-5% wt.)
with the aluminum powder, or in the form of aluminum cartridge filled with AIN nanopowder,
previously cladded with Al and Cu; but these methods do not allow you to introduce AIN in
amounts more than 0.05-0.1 % weight of the melt; whereby the composites Al-AIN, obtained in
this manner, should be regarded as modified aluminum alloys more likely than as reinforced
aluminum matrix composites [6]. Therefore, it is of undoubted interest to study simple methods
of introduction of relatively cheap SHS-Az AIN nanopowder in Al melt to obtain ex-situ by the
liquid-phase technology the nanocomposites Al-AIN with AIN content of more than 0.1% wt.

A method of introduction using nanopowdery master alloy was investigated in [5]. The washed
product of SHS-Az was mixed with powder of copper, subjected to mechanical activation and
pressed into the briquette of nanopowdery master alloy of composition Cu-
4%(AIN+35%NasAlFs). Copper was selected as a powder carrier having regard to its high
density (8200 kg/m?®) compared to Al and good solubility in it. The briquette weighing 2.5 g was
completely dissolved in the melt of aluminum A7 of weight 198 g at a temperature of 850°C
and allowed us to introduce the reinforcing particles of AIN into Al to form a cast composite
alloy of design composition Al-2% Cu-0.035%AIN. X-ray phase analysis of the cast sample
showed the presence of lines of Al, AlsCug, Cu and AIN in the composition of the alloy, which
indicates an assimilation of AIN powder by Al melt, but the lack of lines of NasAlFs, i.e. the salt
had played the role of a flux in the Al melt, but had not entered into the composition of the
solidified alloy. With increasing content of nanopowder mixture AIN+35%NasAlFs in the
briguette over 4%, the briquette ceased to dissolve completely in the Al melt, so attempts to
obtain a composite alloy with AIN content more than 0.035% have not been successful with this
method.

Another method of introducing AIN nanoparticles of SHS-Az brand into the melt of aluminum-
magnesium alloy AIMg6 in the form of the composite master alloy, obtained by fusing the flux
carnallite KCI-MgCl, together with nanopowder mixture (AIN+35%NazAlFg), was proposed in
[6]. A crucible heated to 400°C was filled with powder of flux carnallite. After melting, the flux
was overheated up to 800 °C and with constant stirring was charged with AIN-35%NasAlFs in
the ratio 8:2 = flux : AIN-35%NazAlFs so that the melt remained always in a liquid or pasty
state. After introducing all of the nanopowder, the melt was put in graphite molds in the form of
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pieces of the composite master alloy. Alloy AIMg6 was alloyed with these pieces of the
composite master alloy at the rate of 0.1 % AIN or 1.0% AIN. The introduction of the composite
master alloy “carnallite - AIN-35%NazAlFs” into AIMg6 melt were carried out at a melt
temperature 720-730 °C, held for 5 minutes and poured into a metal mold to obtain a rod of a
composite AIMg6-AIN with a diameter of 22 mm and a length of 170 mm. By this means a
nanocomposite with a matrix of aluminum-magnesium alloy AlMg6 containing up to 1% of
reinforcing phase of AIN nanopowder was obtained. By the same procedure, the pieces of the
composite master alloy “carnallite - AIN-35%NaszAlFs” with a content of 30% AIN were
prepared, which were introduced in the melt of aluminum A7 with the aim of obtaining
nanocomposite Al-5%AIN. However, the assimilation of this composite master alloy in the melt
during stirring and aging did not occur, the composite master alloy was almost entirely left on
the stirrer and the walls of the crucible when the melt was poured out from the crucible. Cast
nanocomposite Al-5%AIN could not be obtained in this way.

We also analyzed the method of introducing 5% nanopowder AIN into the solid-liquid molten
alloy AICu5 by mixing at a temperature of 630-670 °C and aging for 10 min to obtain a
homogeneous consistency. However, after heating the melt to a liquid state, the nanopowder
began to emerge and settle on the walls of the crucible. Cast nanocomposite with 5%AIN could
not be obtained in this way too.

Finally, an attempt was made to prepare cast nanocomposite of Al-10%AIN by heating the
sample of nanopowder mixture AIN-35%NazAlFs at the bottom of the crucible to 900 °C for 15
min, followed by filling the crucible with the melt of aluminum A7 heated to 850 °C. After
aging for 5 min, the melt was poured out from the crucible, but the powder mixture was almost
entirely left on the walls of the crucible.

Thus, ex-situ obtaining the cast aluminum matrix discretely reinforced composite with a high
content (1-10%) of reinforcing phase of AIN nanopowder remains an unsolved problem and
requires further research.

The work is executed at financial support of RFBR under the project No. 16-08-00826.
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Skeleton ceramic-metal composites consist of two interpenetrating continuous skeletons:
refractory ceramics and metal (alloy). The development of such composites is of great interest,
since the rigid ceramic skeleton can provide improved wear resistance and heat resistance [1].
There is a traditional two-stage method of producing the skeleton composites, when the first
ceramic powders are sintered to obtain a porous ceramic skeleton and then the skeleton is
impregnated (infiltrated) with the metal melt. Two-stage technology requires a lot of energy and
expensive equipment to obtain a ceramic skeleton and molten metal. In this connection, it is
noteworthy to study the possibility of applying single-stage technology of self-propagating
high-temperature synthesis (SHS), which do not require large expenditures of electric energy for
sintering ceramic porous skeleton and melting metal. Such one-step technology of SHS-pressing
was first successfully applied for obtaining functionally graded materials with high physical-
mechanical properties, when the porous SHS-skeleton made of titanium carbide was
impregnated with the melt of nickel [2].

Skeletons made of conventional binary refractory compounds (aluminium oxide Al2Os, silicon
carbide SiC or titanium carbide TiC) are in most common use, but they have a relatively low
strength due to their brittleness. Therefore, in recent years, considerable attention be given to a
new kind of ternary refractory compounds — MAX-phases, which combine the advantages of
refractory ceramics with the ductility of metals, so they are not so brittle. Energy saving SHS
method is promising also for the synthesis of MAX-phases which are mostly produced by long
reaction sintering of powders under high-temperature heating.

The application of SHS-pressing method was investigated in [3] to obtain aluminum-ceramic
skeleton composites based on MAX-phase of TiAIC. Such composites are attractive due to
their low specific weight, but cannot provide the particularly high hardness, wear resistance and
strength. To solve such problems, the impregnation of ceramic skeleton should be performed
not with the aluminum melt but with a melt of other, more strong and refractory metals: Ni, Cr,
Ti, Fe. In this connection, it is necessary to investigate the interaction of melts of these metals
with porous skeletons of MAX-phases in terms of SHS process. The results of these studies are
presented in this work.

First the possibility was considered [4] to apply the SHS method for obtaining the composite
material consisting of a porous skeleton of MAX-phase of titanium silicon carbide (TisSiCy)
impregnated with nickel. To synthesize TisSiC,, the SHS charge was used representing the
initial mixture of powders of titanium, silicon and carbon (soot) 3Ti+1,25Si+2C. Nickel for
impregnation of TisSiC, skeleton was introduced in three variants: the first - with the addition of
nickel powder to the initial powder mixture (SHS charge), the second — in the form of briquette,
pressed from nickel powder, between two briquettes pressed from SHS charge, and the third -
similar to the second variant, but with the paper barrier layers between the briquettes of nickel
and SHS charge, and with the application of pressure after the combustion of the charge. The
combustion process was carried out in the filling of dried river sand at a depth of 15-20 mm.
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Using X-ray diffraction, scanning electron microscopy and energy dispersive analysis, it is
established that in all three variants, the presence of a melt of nickel prevents the formation of
MAX-phase TisSiC,, reducing its amount or destroying it completely. Nickel, even in small
quantities, introduced into the charge before synthesis, reduced formation of MAX-phase
Ti3SiC; and the size of its plates, and the large amount of nickel led to a complete lack of MAX-
phase after synthesis. In the second and third variants, the molten nickel was formed near the
area of the synthesis of porous MAX-phase and partially impregnated it, leading to the
formation of intermetallic phase, preventing the formation of MAX-phase or destroy it in the
field of impregnation. This can be explained by the high chemical activity of the liquid phase of
nickel with respect to titanium at elevated temperatures, leading to the formation of intermetallic
compounds of nickel-titanium instead of the MAX-phase. Thus, the attempts to produce
skeleton composite TisSiC,-Ni have failed in all three investigated variants of SHS conditions.

Further the possibility of impregnation of the MAX-phase with nickel in the second variant was
investigated, when adding silicon powder to nickel powder in the preparation of pressed
briguette placed between the briquettes of SHS charge for the synthesis of the MAX-phase
TisSiC,. Nickel with silicon gives low-melting compound NiSi, which is melted at a
temperature 964-966°C, which is much less than the melting temperature of nickel 1455°C. The
addition of silicon to the briquette of nickel in the amount of 20 wt.% of nickel allowed us to
melt a larger quantity of nickel, reduce its chemical activity with respect to titanium and
impregnate the lower porous layer of MAX-phase fully. X-ray phase analysis of the synthesized
samples showed the presence of MAX-phase TisSiC,, as well as phases of titanium carbide,
titanium disilicide and pure nickel. Thus, it was possible to produce the skeleton ceramic-metal
composite material based on MAX-phase Ti3SiC; and nickel.

Similarly, adding titanium powder to nickel powder in the preparation of pressed briquette
placed between the briquettes of SHS charge in the second variant facilitated the impregnation
of the skeleton of MAX-phase TisSiC..

The investigation of Ti;SiC, samples after impregnation with titanium in the second variant with
the briquette, pressed from the titanium powder, showed that the titanium melt wetted the
reaction products of SHS, and filled the pores of TisSiC, under the action of capillary forces and
gravity. The distribution of the titanium melt at the interface with TisSiC; skeleton was uniform.
Molten titanium was distributed between the upper and lower TisSiC, briquettes in the ratio 1:3.

The investigations of the interaction of melts of chromium with a porous skeleton of MAX-
phase TisSiC; in the process of its synthesis and after synthesis were performed. It is established
that, as in the case of the introduction of nickel, the chromium introduction both into the initial
powder mixture and as a molten metal into the products of synthesis, prevents the formation of
MAX-phase, reducing its amount or destroying it. This can also be explained by the high
reactivity of the melt of chromium at elevated temperatures. But if the main reaction products of
interaction of nickel with MAX-phase are intermetallic compounds, the main phase among the
products of the reaction the interaction of the melt of chromium with the skeleton of MAX-
phase is titanium carbide. Thus, chromium may be present both in pure form, and enter into the
composition of titanium carbide forming a solid solution. In addition, the chromium atoms may
introduce into the crystal lattice of MAX-phase, forming an ordered solid solution on the basis
of its crystal lattice.
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With the introduction of 10 wt.% of iron powder into the initial mixture of powders for the
synthesis of TisSiC,, the phase composition of the reaction products has considerably changed.
Using X-ray phase analysis of the obtained material, it was determined that it consists of TiC,
TisSiCy, TiFeSi,. With increasing amounts of introduced iron, the amount of TisSiC; in the final
product decreases up to its complete disappearance. Thus, the interaction of porous MAX-phase
TisSiC, with the molten iron during the combustion process leads to the destruction of the
MAX-phase.

When placing a briquette from iron powder between the two briquettes of the charge 3Ti+1,25
Si+2C, the iron was melted at the expense of heat evolved during the synthesis of Ti3SiC2, but
the molten iron did not wet and not impregnate the TisSiC, skeleton and was squeezed out from
a clearance between layers of TisSiC, during the application of pressure. The result was
substantially changed when the silicon powder in an amount of 5 wt.% of iron or the carbon
powder in an amount of 4% was added to the briquette from iron powder. In both cases, the melt
of iron was absorbed by upper and lower TisSiC, briquettes, that is, the melt of iron with these
additions already wetted products of SHS and filled the pores of TisSiC, briquettes under the
action of capillary forces and gravity. As this took place, the upper briquette absorbed about
25% of the melt and the lower about 75%. The distribution of a melt of iron at the interface with
TisSiC, skeleton was uniform when adding the silicon to iron, but the iron was localized at the
site of initiation of SHS reaction, that is, ignition of the charge, when adding the carbon to iron.
Thus, in conditions of SHS, the skeleton composite TisSiC,-Fe can be produced using iron
alloys Fe-Si and Fe-C.

The work is executed at financial support of RFBR under the project No. 16-08-00867.
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An important parameter in production of layered materials and SHS-surfacing is the profile of
contact zone — substrate and deposited coating, the shape of the profile this zone will determine
the adhesive strength and other characteristics. Therefore, the detection of instabilities arising
during the welding or surfacing phase is an important criterion for obtaining high-quality
gradient materials. On the basis of a special mathematical model that takes into account the
diffusion interaction, when the melting temperature of the substrate and the deposited metal is
reached when organizing the «transverse» propagation regime of the combustion front (side
ignition, parameter Cy, Fig. 1) conditions for the appearance of instabilities were obtained and a
comparison was made with an adequate experiment organized in the centrifugal force field.
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Fig. 1 - Numerical calculation results

A characteristic manifestation of instability revealed by changing the regime of SHS-surfacing

on to titanium substrate is the formation of a wave-like profile at the interface of the coating-

base contact. The manifestation of this instability is a distinctive feature of the structure of

explosion-welded composites along the boundaries of welded seams.

We explored the possibility of centrifugal SHS surfacing in a mode of transversal deposition
both experimentally and also by theoretical modeling for a laterally ignited double-layer system
used as a model. Overall reaction schemes used in our experiments are given below.

NiO + Al — NizAl + Al,O4 (1)
NiO + MoO3z + Al + C — NizAl + Mo,C + Al,O3 (2)
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Experiments on SHS surfacing of Ti were conducted in graphite cartridges placed in a
centrifugal machine as described elsewhere [1], with the only difference that ignition was done
at the side sample surface within the zone of contact between Ti substrate and green mixture.
The coatings deposited through reaction (1) showed better results as concerning both their
practical implementation and perspectives for subsequent more detailed investigation. The front
instability arising during combustion was found to result in formation of the wavy structure
within the transition zone, which is known to facilitate strong joining between the coating and
substrate material, just as it happens during explosive welding of dissimilar metals [2].

This work was supported by the Russian Foundation for Basic Research (project no. 15-03-
01986).
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TI1-Cr-C SYSTEM BY SHS-COMPACTION
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The progress of science and technique is in direct connection with the application of specific
new metal-ceramic and composite materials, which can work/resist at high temperature and
aggressive media[1]. Majority of the materials in the mentions class represent the prospective
materials for application in modern machine building, airspace, chemical and metallurgical
industry and nuclear fields. Although the it must be mentioned, that the wide application of
application metal-ceramic materials is restricted due to the absence of effective technologies for
the production of such materials. In this point it is very important to orientate industry onto
development and realization of resource-saving, environmentally friendly technologies [1].

The metal-ceramic materials consist of hard-melting wear-resistant frame and metal joiner. In
ISMAN there are elaborated different classical materials by SHS-compaction method, in
particular, CTUM-1/B3 and CTUM-3b. They consist of two phases, wear-resistant frame and
metal joiner. In CTUM-1/B3 material the were-resistant frame is on the base of solid solutions
of TiC and TiB,, and the metal joiner is Cupper. In CTUM-3b the wear-resistant frame is the
oversaturated solid solution of CrsC; in TiC, and the metal joiner in Nickel. On the base of the
last product were elaborated new material CTUM-3B, which differs from the CTUM-3b. In
particular the chasm of new material contains steel X18H15, instead of Nickel. This steel have
to have better wetting ability with the grains titanium-Chromium solid solution [3].

The study of the regularities of synthesis gives possibility to make conclusions about some
peculiarities of the process. During the different stages of the process we have heating zone,
zone of actual chemical reaction, reaction finishing zone and zone of final formation of the
product. The investigation of the structure of final product will show the full knowledge about
the phase formation mechanisms.

Namely it is important to have knowledge about the sequence order of formation from initial
components to the final product. It enables to determine the optimal content of initial chasm and
technological parameters, as well as to predict the exploitation properties of final product.

In the heating zone the sizes of metal particles are in the range of 10-40 micron, and there is no
avidance of melting or any other interaction.

So called “paused fronts” methodology was used to study the phase formation mechanisms for
the materials in Ti-Cr-C-X18H15 system. In the initial- heating zone the grain size is in the
ranges of 10-40 microns, and there are no evidences of particle melting or any interaction.

The melting and capillary flow of metal particles, Titanium and steel X18H15, starts at the
heating zone 180-200 micron distance away from the synthesis front. In this zone may be
underlined two different type of structure with different particle sizes. In the first type of
structure the particle sizes of Ti, Cr and X18H15 are several microns. These particles are partly
melted, but bat their capillary flow has not started and therefore they maintain initial form. The
second type of structure is formed in the area of capillary flow of metals and the particle sizes
are less than 1 micron.
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In the zone of active chemical interaction there is interaction between titanium and carbon. It is
most predicted that the formation of target product is realized by mixing up carbon in melted
metal solution and then crystallization of carbide grains in the whole volume of the sample
fig.3. The fact that the majority of chromium particles are not fully melted in this zone and
converted in ultrafine structure, gives us possibility to predict that crisstalized carbide grains is
mostly based on TiCy content with the small content of chromium.

In reaction finishing zone, 200-250 micron distance away from the synthesis front (fig.1 a),
practically all titanium and steel are in the ultrafine grained structure, while chromium is partly
in ultrafine grained structure, partly as melted metal condition. The whole conversion of
chromium in the ultrafine grained mode takes place later, ongoing by diffusion mechanism. In
this case (Ti,Cr)Cx phase is formed, which creates whole carbide frame. The vacancies between
the (Ti,Cr)Cx phase grains are filled with metal joiner, which is steel based alloy, mixed with

Titanium, chromium and nickel.

In the zone of formation of final structure (crystallization zone), the grain sizes of (Ti,Cr)Cx
carbides increases, which forms by uniting ultra dispersed grains and crystallization from liquid
phase.

On fig.1 b is shown the microstructure of this material.

Fig.1. - Microstructure of material obtained in Ti-Cr-C-X18H15 system a) In reaction finishing
zone, 200-250 micron distance away from the synthesis front; b) after compaction

For the investigation of the samples were used local X-ray analyzer, and was established, that
three phases are formed during the synthesis of material by SHS method in Ti-Cr-C-X18H15
system. These phases are: Phase | is Titanium-Chromium carbide (Ti,Crx)Cy, Phase Il is Carbide
on the base of chromium, which also contains iron and chromium, and Phase Il - alloy of the
metals, which contains iron, nickel, chromium and titanium.

The first phase is shown as round-shaped graines and the second and the third phases are located
in it. The content of the phases depends on the content of X18H15 in the initial chasm. These
relationships are presented on fig.2.
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Fig.2. - Variation of phase contentents depending on the quantity of steel X18H15 in initial
chasm (in wt %): a) Phase I; b) Phase 1l

When increasing the content of steel X18H15 in chasm, there is decreasing the chromium
content in The phase I, while there is no changes in the content of carbon - 19 % (wt) and iron-1
%(wt). In Phase 1l we have the enrichment with Chromium and iron. When the content of steel
X18H15 is 8 %(wt) and more there is formation of complicated iron-chromium carbide
CrigFesCs, mixed with low content of titanium (4%wt) and nickel (2%wt). The Phase Il content
in the metal-ceramic material is 14-17%(wt). The Phase Ill in addition to iron may contain
chromium 20%(wt) and titanium 17%(wt). When the content of steel X18H15 in chasm is 20%
and more, the Phase 111 corresponds to , but the phase content in material does not exceed 4-5%
(wt).

One of the main properties of hard alloys is the oxidation resistance at high temperatures. The

materials with such properties can be successfully used for the production of stamps, die hole,
cutting tools, and etc.

The investigations showed that the microstructure of CTUUM-3B differs from the microstructure
of other metal-ceramic hard-alloy material. Therefore it is predicted that this material may have
improved properties, in particular oxidation and were resistant properties.

Chromium carbides CrsC, and Cra3Cg are oxidation resistant materials and are resistant up to
1100°C [4,5].

Metal-Ceramic material CTUUM-3B elaborated in Ti-Cr-C-X18H15 system, because of the
different phase composition, in particular, Phase I is graines of (Ti,Cry)Cy and containes CrsCo,
the Phase Il is Cr3Cs, where part of chromium atomes are replaced with iron atoms, and has

39



role of joiner in the CrxFezs.xCs based metal-ceramic materil, surrounds the titanium-chromium

graines of Phase | and protects from the oxidation.

In Table 1 is presented oxidation properties at 1000°C in atmosphare of the material CTUM-3B

elaborated in Ti-Cr-C-X18H15 system and other CTIM materials widely spread in industry.

Table.1
Alloy porosity | Increase in | Oxidation | Increase in weight | Increase in
% weight mg/cm?g | mg/cm?; weight
mg/cm?; 10 hr mg/cm?;
5hr 50 hr

CTUM-3B -5% 2,8 6,34 1,2687 6,34 6,34
CTHUM-3B -8% 0,9 1,8 0,35 1,8 1,8
CTHUM-3B -10% 0,7 1,4 0,28 1,4 1,4
CTUM-3B -12% | 0,75 1,5 0,3 1,5 1,5
CTUM-3B -15% (078 | ¢ 0,32 16 16
CTUM-3B -18% | 082 |4 038 19 19
CTHUM-3B -20% 0,95 22 0,40 22 22
CTHUM-3B -25% 1,35
CTUM-3B -10% | 0,7 2’22 g'zi ji i’j
CTHUM-1B/3 0,8 ’ ! ’ !
CTHM-3B A oss |81 13 81 85
CTHUM-3B -4 06 795 0,93 8,2 8,8
CTUM-3B -5 0,5 10,43 1,738 12,0 12,4
Ti-Cr-C-Fe 0.8 22,22 3,7 48,6 53,7
TLCrC-Co 0,8 3,18 0,53 3,3 4,0
TiC:CrsC2=8:1 | 22 41 082 >r> o1

_ 55 9,54 1,908 11,8 12,2
HC:CnCas6:1 ) 7 8,48 1,696 11,2 11,8
T?C HCrsCa=d 35 7,19 1,438 10,8 11,3
TiCoz 5.4 11,81 2,9625 | 12,5 13,2
TiCoss 1 10,5 2,1 12,2 12,9
BK-8 1 179,7
T5K10 141,75 Whole material rusted
TH-20

It can be concluded that the study of the microstructure of the material enables to determine the
areas of potential application of the materials. It is also possible to make conclusions about the

exploitation properties of those materials in extreme condtions.
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One of the main goal of the work was to elaborate ceramic materials which could work under
high intensity loadings and at the same time not to use deficit, expensive, limited raw materials
and complicated technologies [1,2]. In case of reaching the set goal, our product will be cheap
and production friendly from the technological and economical point of view. Therefore, at this
stage we plan to elaborate materials, which will be obtained by comparably easy Self
Propagating High-temperature Synthesis (SHS)-Compaction method in combustion mode and
not in thermal explosion mode, which itself requires additional energy expenses.

The knowledge of regularity of transformation of initial components into a final product allows
identifying not only the optimal composition and the technological parameters for obtaining the
materials, but also we can forecast exploitation properties of these materials [3].

By means of compression of synthesized hot SHS product, the most significant is to select
optimal technology parameters. These parameters are time and pressure.

In result of a correct selection of these characteristics the authors obtained in the Ti-B-N-Me
and Ti-B-N-C-Me systems compact, practically non-porous materials, the porosity - 0,4% and
1,2% respectively, hardness - 91,0-91,5 HRA and 92,0-92,5HRA respectively, density - 4.3-4,4
g/cm® and 4,5-4,7 g/cm?® respectively.

These materials resist once-only (single) dynamic impact possessing energy 18000-20000
joules, with the weight of manufactures 68-65 kg/m?(6,8-6,5 g/cm?).

The fundamental research of microstructure and content showed (Fig.1) that the material
obtained in Ti-B-N-Me system consists of two types of grains: pillar, needle type and round,
sphere type. The chemical microanalysis made by electrical probe, showed that the pillar
(needle) type grains belong to phase based on TiB., while round (sphere) type grains belong to
phase based on TiN (Fig.1, Table 1).

Table 1
Result .
Type Weight %
Spectrum ~ Spectrum | Spectrum = Spectrum | Spectrum | Spectrum | Spectrum
Label 8 9 10 11 12 13
B 1.96 5.24 22.37 17.01 0.95 2.30
C 4.03 2.52 3.98 3.36 5.42 6.67
N 5.26 1.88 0.00 0.00 9.20 12.10
@) 0.63 2.26 0.00 0.00 1.37 2.06
Si 0.16
Ti 88.12 87.51 73.65 79.63 83.07 76.86
Cu 0.43
Total 100.00 100.00 100.00 100.00 100.00 100.00
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Fig.1. - Microstructure of material obtained in Ti-B-N-Me system, with the micro analysis of
relevant points.

The fundamental research of microstructure and content showed (Fig.2) that the material
obtained in Ti-B-N-Me system consists of two types of grains: pillar, needle type and round,
sphere type. The chemical microanalysis made by electrical probe, showed that the pillar
(needle) type grains belong to phase based on TiB,, while round (sphere) type grains belong to
phase based on TiCN (Fig.2, Table 2)
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Fig.2. - Microstructure of material obtained in Ti-B-N-C-Me system, with the relevant points.
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Table 2

F_?re;;;t Weight %
Spectrum  Spectrum | Spectrum | Spectrum | Spectrum | Spectrum | Spectrum

Label 39 34 35 36 37 38
B 25.10 22.65
C 9.26 11.16 9.20 11.42 7.08 7.91
N 13.08 12.64 10.75 14.46
Ti 77.66 63.26 78.16 65.92 82.17 77.63
Cu 0.48

Total 100.00 100.00 100.00 100.00 100.00 100.00

The microstructure looks quite fine-dispersive, especially one direction of pillar and round type
grains on the base of TiB, phase, where size is several hundred nanometers.

According to author’s opinion, the resistance of materials against high dynamic loadings and
shocks, which are obtained by SHS in Ti-B-N-Me and Ti-B-N-C-Me systems, can be explained
by some peculiarities of microstructure. These peculiarities stipulate the accumulation of high
energies and increase the resistance of those materials.

It can be predicted that when destructive energy penetrates in the product, prepared from the
presented SHS material, initially crashes the pillar type grains. These grains are characterized
with higher hardness, than the sphere-type grains based on TiN and TiCN phases. These phases
itself are characterized with higher viscosity and plasticity than the grains of TiB, phase. During
crashing of pillar-type grains, some destruction energy is accumulated, though the distruction of
TiN and TiCN phases is not observed at first stage. As a result the distribution of cracks and the
crashing of material is delayed, which itself increases the resistance and lifetime of the material.
It can be concluded, that the study of microstructure enables to determine the potential areas of
application of discussed materials and make conclusions about exploitation properties of those
materilas for working in extreme conditions.
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During last two decades, an increased interest has been paid to the so-called pseudoalloys based
on Cu-refractory metal system (such as Cu-W, Cu-Mo). Their unique properties and multiple
functionalities make them ideal for numerous high-tech applications. A number of novel
technologies have been developed to enhance Cu-W(Mo) composite densification ability by
using finer precursors, such as homogeneously mixed molybdenum and copper oxides/salts. In
our previous works [1,2] for the manufacturing of Cu-W(Mo) composite powders it was
suggested to apply a new, simple approach based on coreduction of oxides/salts with Mg-C
combined reducer in combustion process by applying reactions’ coupling approach [3]. The use
of such reducing mixture as a strategy to control the reaction temperature in a wide range,
allows to synthesize target materials in a controllable combustion mode. On the other hand, the
use of salts (CuMoO4 and CuWQ,) as precursors has privileges because both metals are
chemically bonded in the same crystalline structure and the formation of more homogeneous
composite is supposed.

It was revealed that introducing of even small amount of carbon into the MoO3-CuO-Mg
mixture brings in controversial change of combustion parameters (T, Uc) (see Fig. 1).
Moreover, similar to MoOs-Mg-C ternary system, in the range of sharp decline of combustion
velocity (more than 10 times) the combustion temperatures remain virtually at the same level. In
order to clarify such behaviour, in this work the mechanism of joint reduction of W(Mo) and Cu
from oxide and salt precursors at non isothermal conditions was studied. It should be noted that
it is highly challenging to in situ monitor and reveal the detailed mechanism of the combustion
reaction due to its high velocity. To solve this issue one of the approaches is modeling the
process at “soft” conditions using the methods of thermal analisis combined with XRD analysis
of intermediate and final products. Two various instruments were used: DTA/TG analyser with
heating rates up to 20 °/min and High-speed temperature scaner (HSTS) with heating rates up to
10000 °/min. This approach provides an enhanced opportunity to reveal the stepwise nature of
complex reactions in the systems under study.

It was shown that at heating the MoO3(WQ3)-CuO-Mg-C mixture, the whole process involves
several phenomena: interaction between oxides with salt formation, high-exothermic reactions
occurring directly between oxides and magnesium, as well as low-exothermic carbothermal
reactions. It has been demonstrated that in the presence of only magnesium as a reducer salt-
formation process takes place and complicates the magnesiothermal reduction of oxides. In
contrast to magnesium, the addition of carbon in to the oxides’ mixtures prevents the formation
of CuMo0O4 (CuWOs,), because the carbothermal reduction of oxides starts earlier and occurs
faster, than the salt-formation process. As a conclusion one may state that the simultaneous
reduction of oxides proceeds more easily by carbon than by magnesium. And finally, only due
to such pathway of reduction reactions becomes possible the combined and complete reduction
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of oxides at relatively low temperatures by Mg/C reducing mixture. At that the reduction of the
oxides mixture under consideration firstly begins with carbothermal reduction of copper and
partially of Mo (from MoO; to Mo0O,), followed by magnesiothermic reduction of
tungsten/molybdenum oxide.
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Fig. 1 - Combustion parameters behaviour (U, T.) against carbon amount (x, mole)

In parallel with thermographic studies, copper wedge experiments were performed, which have
also shown, that the reduction process starts with low exothermic reaction (carbothermal
reduction) and then continued with high-exothermic one (reduction by magnesium). Such
behaviour of reaction system under study conforms to the model for proceeding of two
sequential exothermic reactions being spatially separated (so-called splitting mode). At that
combustion velocity is determined by the first - low temperature stage, i.e. slow carbothermal
reaction, while combustion temperature is determined by the overall enthalpy of the process.
Taking into account the results of copper wedge experiments, that the first stage of reduction of
both oxides is carbothermal reaction (e.g. MoOs; to MoOQ;), a series of experiments were
performed by replacing MoOs; with MoO- to confirm the suggested mechanism of reduction
reaction. The phenomena of combustion parameters' quite different behaviour caused by carbon
addition was not observe during the combustion of MoO»-Mg-C mixture and combustion
parameters decrease gradually. It is also evident that the introduction of carbon dramatically
reduces the combustion velocity due to the low-temperature MoOs-C interaction, proceeding in
the frontal part of combustion wave.

In summary, taking into account the results of: (i) combustion experiments for binary, ternary
and quaternary systems, (ii) molybdenum dioxide model experiments, (iii) copper wedge
experiments, (iv) thermal analysis results, (v) detailed XRD analyses, the interaction scheme in
the quaternary MoOs-CuO-Mg-C system can be presented by the following main stages:

| - low-temperature stage
CuO +C — Cu + CO(COz) & MoOs+ C — MoO; + CO(COy);

Il - high-temperature stage
MoO; + Mg — Mo + MgO
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At insufficient amount of magnesium, the reaction may proceed by the following way:
MoO; + MgO — MoO»-MgO

While at excess amount of carbon the following reactions take place:
MoO,+ C — Mo (MOzC) + CO(COz) and Mo+ C — Mo,C.

In conclusion, it was shown that in the reaction’s coupling process carbon influences not only
on the thermal regime, products phase and microstructure characteristics, but also on the
reaction mechanism. The detailed investigation of combustion thermograms and phase
composition of quenched products from different areas of combustion wave asserted that
carbothermal reduction preceded the magnesiothermal one, as a result of which a sharp
decreasing of combustion velocity occurs. The latter allows to perform preparation of Cu-
W(Mo) composite powders at mild and controlled conditions.
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Self propagating high temperature synthesis (SHS) is an effective energy- and resource saving
method for production of cermet composition systems [1]. Thermokinetic characteristics of SHS
process depend on the composition, structure and state of the reagents being used. To increase
the energy characteristics of condensed systems, different methods of their preparation are used.
Mechanochemical treatment (MCT) is a simple and effective method for changing the physic-
chemical properties and reactivity of different solid bodies including, metallic powders [2]. In
the process of mechanochemical treatment, there takes place dispersion of powders and the
increase in chemical activity of particles on account of the increase in their defectiveness and
the increase in the reaction surface as a result of the decrease in particle sizes [3].

This work deals with the effect of the obtained by mechanochemical treatment submicron
nanostructured particles of Al and Mg on combustion of a thermite mixture where submicron
particles of silicon oxide were used as an oxidizer. Mechanochemical treatment (MCT) of
powders was carried out in a centrifugal planetary mill CPM “Pulverisette 5 with acceleration
of motion of grinding balls equal to 40 g. Mechanochemical grinding of metallic particles of Al
of the brand PA4 and Mg of the brand MPF 3 was performed with graphite additives the
presence of which facilitates the dispersion process and there takes place chemical modification
of the surface of metallic particles providing conservation of the activated state of aluminum
and magnesium particles and preventing their oxidation in air. In the course of MCT, the time of
treatment and the amount of carbon modifier were varied.

EDX analysis of the elemental composition of aluminum powder after MCT with graphite
showed the decrease in the content of oxygen, this indicating reduction of the oxide film by
graphite on the surface of aluminum particles. Aluminum and magnesium are quite soft and
ductile metals, therefore, as a result of mechanochemical treatment they acquire the form of thin
plates (Figure 1). Evaluation of distribution of particles by sizes after MCT, carried out on
“Malvern 3600 E” showed that with the increase in the content of graphite in the system up to
15-20% after grinding the main mass of aluminum powder has a linear size of particles less than
5 pwm with the thickness less than 1 pm. The linear size of magnesium particles after MCT with
graphite makes up less than 150 pm.
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Figure 1 - SEM images of Al-C composite (a) and Mg-C (b) after 20 minutes of MCT

To evaluate the structural peculiarities of metallic particles after MCT, the sizes of crystallites in
the obtained Me-C were studied by the XRD method. The obtained metallic powders after MCT
are nanostructured particles with the size of crystallites less than 100 nm. The optimum time of
treatment of composites makes up 20 min. The obtained under such conditions Me-C
composites have a high activity and resistance to external influences at long-term storage.

The effect of submicron nanostructured particles of Al and Mg obtained by the method of
mechanochemical treatment on the combustion process of thermite mixtures where silicon oxide
was used as an oxidizer at the stoichiometric ratio of the components was studied. Combustion
under the conditions of SHS was carried out in a muffle furnace at the pre-determined
temperature of 900°C for the composition with aluminum particles and at 650 °C — for the
samples with magnesium.

The combustion temperature in the process of synthesis was measured with the help of a
pyrometric thermometer of the brand “Raytek Raynger 3i”.

Combustion thermograms were built according to the results of the measured temperature
indices. From the obtained thermograms it follows that, when using the mixture Al PA4-C as a
fuel after MCT, the induction ignition period of the samples significantly decreases and the
maximum temperature of combustion increases (Figure 2a). The results showed that the sample
[(Al PA4 95%+C 5%)+SiO.] has the maximum temperature of combustion (~1532 °C).
Introduction of carbon into the composition and the increase in its content in the mixture
composition resulted in the decrease in the strength of the synthesized sample (from 100 to 1
MPa). This is due to the increase in the amount of gaseous products leading to the porosity of
the sample. The main phases of combustion products of thermite mixtures with activated
aluminum are aluminum oxides and reduced silicon, i.e. there takes place complete conversion
of the initial reagents.
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b: 1 — [Mg+SiO2], 2 — [(Mg 85%+C 15%)+SiO2], 3 — [(Mg 75%+C 25%)+SiOx]

Figure 2 - Combustion thermograms and appearance of the synthesized sample of the
systems with Al PA4 (a) and with magnesium (b)

The thermite mixtures with Mg-C composite at a stoichiometric ratio of the components (Mg—
44%), (Si0O,-56%) also showed that after MCT of Mg-C mixture the induction period of
ignition decreases and the combustion temperature of the system increases (Figure 2b). The
sample [(Mg 85%+C 15%)+SiO2] has the maximum temperature of combustion (~ 1318 °C).
The products of technological combustion of thermite mixtures based on Mg-C composites have
a low index of strength characteristics due to disturbance of sample continuity as a result of
layer-by-layer combustion and formation of gaseous products of synthesis in a great amount.

Thus, the results of combustion of thermite mixtures in which aluminum and magnesium were
used as a fuel component after MCT in the presence of graphite showed the efficiency of this
method for increasing thermo-kinetic characteristics of the composition process and a more
complete conversion of the used reagents. Also, the conditions for preparation of the
combustible material and the combustion process under which formation of gaseous products of
synthesis in a great volume is possible were determined [4]. The latter fact is of great
importance, when using the obtained nanostructured Me-C composites in the composition of
combustible systems designed for, e.g., gas generators or the swelling and production of porous
systems of definite purposes.
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Self-propagating reactions are typical of reactive multilayer nanofoils [1]. Nanofoils - also
called nanometric metallic multilayers - are composed of thin layers of metals stacked together
and can be produced in the form of a coating or a freestanding foil. After being triggered at one
edge of the sample, the reaction propagates along the sample without any further energy supply
and produces a glowing front. The reaction is associated with phase transformations and ac-
companied by heat release. The most obvious features of the reactions which occur in nanofoils
are the relatively low ignition temperature and the high velocity propagation of the reaction, up
to tens of meters per second [2]. Among the numerous nanofoils of interest, the Ni-Al system is
a particular object of study, both experimentally and theoretically.

In order to control the reactive process, the emphasis has been on the structure of the
combustion front and its relation to the resultant microstructure. An important issue is to
understand the elemental mechanisms responsible for the heating and nucleation and growth of
new phases. To this end, we have adopted an atomistic-scale description [3] that does not
presuppose any mechanism. In this talk, we will show that it is possible to simulate the
propagtion of a front and obtain the microstructure/combustion wave relation, in a direct way.

The possibility of a stationary self-sustaining reactive wave while varying the initial temperature
(from 300 to 800 K) and stoichiometry (from 0.35 to 0.77 of Ni mole fraction) was investigated
[4,5]. The main features of the wave propagation were obtained: temperature profile,
combustion temperature, and velocity of the front. The products of the reaction, and their
microstructure along the sample after the passage of the front were described. After the
formation of a melted alloy Ni-Al at high temperatures, the crystallization of an intermetallic
compound B2-NiAl was observed. Two formation mechanisms of B2-NiAl were identified:
dissolution-precipation and rapid crystallization from melts. We will show that the
microstructure differs widely according to the stoichiometry and initial temperature. In the case
of dissolution-precipitation, the crystallographic orientation of the Ni/Al interfaces influences
the kinetic and microstructure during the subsequent grain formation. Besides nucleation and
growth at interfaces, several new processes were identified, such as the merging of two grains
with similar orientation, the separation of one grain into two grains, the rotation of a grain
during coalescence, Ostwald ripening associated with the disappearance of small grains and,
finally, crystallization from melt [6].
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There are many production methods for the synthesis of advanced composite ceramics such as
carbothermic reduction, synthesis from elements, gas phase reactions and self-propagating high-
temperature synthesis (SHS). SHS is a combustion synthesis process which presents some
advantages such as high quality of production, low cost, low processing temperatures, low
energy requirement, very short processing time and simple operation. This method allows
synthesizing advanced materials such as ceramics (e.g. ZrB,, TiB2, B4C, SisN4); abrasives,
cutting tools and polishing powders (e.g. TiC, cemented carbides); resistive heating elements
(e.g. MaSiy), shape-memory alloys (e.g. TiNi); high-temperature structural alloys (e.g. nickel
aluminides); master alloys (e.g. AITiB); neutron attenuators (e.g. refractory metal hydrides) as
well as conventional metals and their alloys. In a SHS process, the ignition begins the
combustion and it propagates throughout the reactant mixture yielding the desired product.
However, the disadvantages of the process such as unreacted products due to undesirable
reaction rates needs to be overcome by changing some parameters such as ignition temperature,
particle size, additive, atmosphere etc.

Titanium-diboride (TiB,) is an important transition metal boride with its unique properties such
as high strength, hardness, durability, melting point, wear resistance, thermal conductivity and
low electric resistivity. Boron Carbide (B4C) is one of the hardest materials known, ranking
third behind diamond and cubic boron nitride. It is the hardest material produced in tonnage
guantities. TiB, and B4C are are being used in various industrial areas from space technology to
nuclear industry owing to combination of their unique properties. Present study was conducted
in two main stages: Self-propagating high-temperature synthesis (SHS) reactions and leaching.
TiO,, Carbon black, B,Os were used as starting materials to produce TiB2-B4C-TiC powders by
SHS. Also magnesium powder is used as the reductant. The metal oxide powders have over
97% purity and 150 um average grain sizes. In addition, the adiabatic temperatures were
calculated for each system by using FactSage 6.2 Termochemistry simulation software.

Eleven mixtures were prepared at different rates (from 100% TiB, - 0% B4C to 0% TiB; - 100%
B4C). The reaction mixtures were mixed thoroughly 15 minutes in a turbula mixer and powder
mixtures (approximately 100 g) were charged into Cu crucible and compacted. W (tungsten)
wire was placed at the top of copper crucible and the reaction realized by passing current
through the wire. After initiation, a highly exothermic reaction became in a self-sustaining mode
and propagated throughout the SHS mixture. The obtained SHS products were discharged from
the crucible after cooling. After the SHS process optimum leaching parameters were
determined. Leaching was performed at 80 °C for 1 hour. The solid-liquid ratio was 1/5 and 20
grams of solid mixture were used for each leaching process. The samples were characterized by
using Atomic Absorption Spectrometer, X-Ray Diffraction, X-Ray Fluorescence, Scanning
Electron Microscope and EDS techniques.
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One of the most widespread and at the same time perspective way to improve operation
properties and durability of products is deposition of various functional coatings on their
surfaces using different spraying technologies [1 - 4].

At the E.O. Paton Electric Welding Institute of the NAS of Ukraine the technology and
equipment for cumulative-detonation spraying (CDS) were developed by which high-quality
coatings are obtained with high materials utilization factor and productivity [5 - 6]. The
demanded direction for application of cumulative-detonation method is spraying of powders of
different systems: Ni-Cr-Si; WC-Co-Cr; CrsC,-NiCr; CrsC,-TaC-NiCr; Al,Oz-Ti / Al; ZrSiOa,
etc. Such coatings possess high strength and corrosion resistance, hardness and high wear
resistance.

The aim of the present work was to study the phase and structural features of metal-ceramic
coatings from sased on zirconium ceramics (ZrSiO4) powder obtained by CDS and to assess
their effect on the mechanical properties and crack resistance of the coatings.

The investigations of structural-phase state of coatings (micro-hardness, volume fraction of
pores, phase composition, distribution of dispersed phases, character of grain, sub-grain and
dislocation structures, etc.) were carried out at all the structural levels using comprehensive
methodological approach including optical metallography (Versamet-2; Leco-M400), analytical
scanning electron microscopy (Philips SEM-515), X-ray structural phase analysis (DRON-
UML), as well as transmission micro diffraction electron microscopy (JEM-200CX, company
JEOL-with accelerating voltage of 200kV).

Two groups of coatings were produced with the thickness up to 300 um (Nel —on titanium
substrate, Ne2 — on aluminum substrate with an underlayer Co-Cr-Al-Y). The investigations
using the method of optical metallography showed that the porosity of such coatings doesn’t
exceed 2...3%. Using X-ray diffraction phase analysis of the produced coatings, it was revealed
the formation of coatings of identical phase composition (ZrO,, SiO; and residual ZrSiO,) at
approximately equal in content of the forming phase components (61...64%, 33% and 3...6%).
However, in the coatings No.2 the integrated microhardness is by 24% increased (from 5270-
7360 to 7100-8560 MPa) with a decrease in the size of the grain structure by a factor of 1.2.

Features of fine structure of coatings and its parameters such as: changes in density and
character of dislocation density in different structural components, character of the forming
substructure, its parameters, diameter of particles of phase precipitations and effective distances
between the forming phases, were determined by electron-microscopic studies on the lumen.

In the coatings No.2 the size of particles of nano-size phase excretions (ZrO) of (20...100 nm)
in 10% decreases in the surface layers of coatings as compared to coatings No.1. The distance
between the forming dispersed phases is almost identical (10...50 nm), which characterizes the
uniform distribution of the forming phases in the volume fraction in the matrix. The dislocation
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density at the outer surface of coatings is (5...9)x10%m=2 (Nel) and 6x10°...10%m2 (Ne2):. At
the same time in the coatings near to boundary the dislocation density is (2...4)x10%m2 (Nel)
and (4...6)x10%m2 (Ne2).

The executed complex of experimental investigations at all the structural levels allowed to carry
out analytical evaluations of the (differentiated) contribution of different structural and phase
factors and parameters (Figure 1), formed in the coatings, in change of strength characteristics
and to determine the structural factors influencing the on character and distribution of local
inner stresses, which are the potential sources of incipience of cracks [7 - 9].

At that, the following were taken into account: the resistance of metal lattice to the movement of
free dislocations (friction stress of lattice or Peierls-Nabarro stress); the hardening of solid
solution by alloying elements and impurities (solid solution hardening); the hardening due to
changes in grain and sub-grain size (dependences of Hall-Petch, grain boundary and
substructure hardening); dislocation hardening, caused by interaction between dislocations; the
hardening, caused by dispersed particles according to Orowan (dispersion hardening).
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Figure 1. Histograms (a) show the differentiated contribution of grain (Acg), substructure
(Aos), dispersion (Acdn) and dislocation (Acg) hardening to changes in integrated values Aot
in the material of coatings sprayed using different modes: Nel — Ti substrate, No2 — Al substrate

and contribution of phase formations disperse particles (b, ¢) to overall level Aot (d).

We have shown that the integral value of the hardening for coatings is 1390 MPa (No. 1) and
1330MPa (No. 2) (Figure 1, a). In both cases, the maximum contribution (up to 36...44%,
Figure 1, d). to the total hardening value is made by hardening the coating matrix with dispersed
nano-size particles of phase excretions (Orovan dispersion hardening): 498 MPa (coating No. 1)
and 587 MPa (coating No. 2) (Figure 1, a, ). The contribution of subgrain hardening is 450 and
400 MPa, respectively (Figure 1, a, b).

Calculation-analytical techniques of determination of the level of local inner stresses allowed
evaluating the crack resistance of coatings considering the character of dislocation structure [10
- 12]. It is quite clearly revealed during examination of fine structure on the lumen using the
methods of ion thinning of fine foils. From the analysis of different approaches to determination
of mechanisms of incipience of cracks and fracture of materials the evaluation was chosen
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basing namely on the dislocation theory of crystal solid bodies, which associates the processes
of formation of local inner stresses with incipience and rearrangement of dislocation structure
[10].
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Figure 2 - Distribution of local inner stresses (twis) in the material of coatings and substrate: a —
coating Nel (Ti substrate), b - coating Ne2 (Al substrate).

We have revealed that in all the investigated modes of cumulative-detonation spraying of
coatings a low level of local inner stresses is observed (Figure 2). The maximum of local inner
stresses are formed in the coating-substrate interface (coating No. 1, Figure 2, a.). Here their
level does not exceed 963 MPa (or 0.22- from the theoretical level of material shear strength). It
provides producing the high-quality coatings with high crack resistance.

As a result of comprehensive investigations of metal-ceramic coatings (ZrSiOa), sprayed using
multi-chamber detonation spraying at different structural levels (grain, subgrain, dislocation), it
was revealed that the most significant contribution to the properties of strength and crack
resistance of investigated coatings is made by: dispersion of grain and sub-grain structures;
uniform distribution of the forming hardening phases of dispersed sizes in the absence of
extended and dense dislocation clusters - potential areas of incipience of cracks.
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Development of technology for producing new hard materials based on carbides-nitrides-
borides composite ceramics is a subject of much current interest. Chemical and structural
characterization of produced materials at macro- and micro-scale is very important for
understanding processes of their formation and optimization of their mechanical properties.
Phase composition of produced composite materials is studied as a rule by X-ray Diffraction
Techniques (XRD), which make it possible to obtain a basic macro information on samples.
Chemical characterization of such materials at micrometer scale is performed as a rule by a
combination of Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS) techniques. EDS faces essential problems connected, first of all, to small sizes (micron
and sub-micron) of structural constituents, which can be smaller than the characteristic size of
X-ray excited volume. This leads to considerable inaccuracy in results of EDS. An additional
problem decreasing accuracy of chemical analysis of such specimens is a presence of all light
elements (B, C, N and O) together. At present, determination of light elements by EDS is not
specified well even for cases when the analyst has not restrictions in sizes of analyzed particles.
One more difficulty is a possible overlap of characteristic X-ray peaks of metals with peaks of
light elements. The classic example is the known strong overlap of Ti Lo and N Ko
characteristic peaks. Taking into account that carbon is most frequently contained in surface
contaminations and presence of oxygen can be often explained by partial surface oxidation one
can conclude that EDS analysis of such specimens is extremely difficult and ambiguous. In the
present article, we will demonstrate a way to override the indicated difficulties with the help of
combination of two analytical techniques in SEM, namely EDS and Electron Back Scatter
Diffraction (EBSD).

The current study was carried out on two specimens produced by SHS. Specimens presented a
Ti-B-N composite on different substrates. Powders of boron nitride and titanium were used as
initial materials. The process flow included weighting and mixing initial powders with
functional additives, mechanical milling and preliminary pressing followed by synthesis by SHS
compacting proceeded in combustion mode. In the process of the synthesis, active atoms of
nitrogen originated from decomposition of boron nitride are released and interact with melted
titanium. As a result, formation of titanium borides and titanium nitrides took place. For
microscopy study pieces of specimens were cut from the produced samples using a diamond
wheel and mounted in an epoxy resin. They were then grounded on silicon carbide papers and
polished with fine diamond suspensions. Finishing of sample preparation was done with 50 nm
colloidal alumina.

XRD patterns measured from Ti-B-N side of the specimens showed the presence of the
following phases: TiB phase (orthorhombic, space group 62), TiNgs (or Ti2N) phase (cubic,
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space group 225), TiB, phase (hexagonal, space group 191) and a small amount of Ti(B) phase
(hexagonal, space group 194). Typical SEM images in back scattered electrons (BSE)
measured far from the interface (a) and close to the interface (b) are shown in Fig.1.

Bpm ' Electron Image 1 K 10pm Electron Image 1

(a) (b)

Fig. 1 - BSE images measured from Ti-B-N side of the studied specimens: numbers indicate
points where EDS spectra were collected from.

Analysis of EDS spectra collected from points marked by numbers in the images showed the
following: compositions measured from points 1-4 in Fig.1 (a) correspond to that of TiB phase
and measured from points 5-8 are close to that of Ti>N phase (see, Table 1).

Table 1 - Results of EDS analysis in atomic percents of regions marked by numbers 1-8 in Fig.
1(@)

Spectrum B Ti Spectrum N Ti

1 55.9 441 5 24.4 75.6
2 57.3 42.7 6 35.2 64.8
3 53.1 46.9 7 33.0 67.0
4 55.3 44.7 8 32.3 67.7
Mean 55.4 44.6 Mean 31.2 68.8
Std. deviation 1.7 1.7 Std. deviation 4.7 4.7

Correspondingly, compositions measured from points 1-3 in Fig.1 (b) correspond to that of TiB>
phase and measured from points 4-5 are close to that of Ti:N phase. To confirm these results
EBSD mapping was performed. EBSD diffraction patterns were collected from four different
areas on the surface of the studied specimen with a typical step between map points 50-130 nm.
It was found an excellent correlation between results of EDS and EBSD. Results of EBSD are
summarized in Table 2. No preferred orientation for grains of revealed phases was found.

60



Table 2 - Phase distribution and grain size measured by EBSD

] Surface fraction, % Mean grain
Site TiNos (TiaN) TiB TiB, size, um
1 (far from the interface) 62.9 23.3 13.8 14
2 (far from the interface) 75.1 135 11.3 1.8
3 (far from the interface) 67.8 19.0 13.2 2.0
4 (near the interface) 47.2 10.0 42.7 2.8

More representative information on the studied samples can be obtained by a combination of
SEM, EDS, EBSD with layer-by-layer ion etching of surface layers followed by 3D-volume
reconstruction. The region on the specimen surface selected for 3D reconstruction is shown in
Fig.2 (a). Fig.2 (b) demonstrates a tilted view from the same region separated from the sample
by ion etching before starting layer-by-layer etching. The ion etching was done with a step of
50 nm in depth. After removal of each 50 nm thick layer, SEM imaging and EDS mapping were
carried out. 3D reconstruction of SEM images and element distributions was performed.

Fig. 2 - Region on the surface selected for 3D reconstruction (a) and the same region tilted at
52° and separated from the rest of the sample by ion etching (b)
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THERMODYNAMIC MODELLING OF MAGNESIUM, STRONTIUM AND CALCIUM
VIA VACUUM METALLOTHERMIC PROCESSES
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In order to produce metallic Mg, Sr and Ca, vacuum metallothermic process is a valuable
alternative method. For this process temperature, reductants and pressure conditions are very
important parameters. This paper is a contribution to the theory and quantitative understanding
of the processes for the production of Magnesium, Strontium and Calcium metals by
metallothermic process. In the present study, effect of reductant type was investigated.
Thermodynamic simulation of system were made by Fact Sage 6.4 program. Different
reductants effects such as Si, FeSi, Al, CaC, were investigated on the understanding production
conditions of Magnesium metal from calcined magnesite and calcined dolomite minimum
reduction temperatures and probable products were determined via Fact Sage. Products
predictions calculated for different atmospheric conditions. Figurel. presents MgO reduction
conditons for different reductants.
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Figurel- The change of gibbs free energies for the reactions between MgO and Si-CaC2-Al
under 1 bar and 1 mbar reaction pressures

In the second simulation set, aluminothermic SrO reduction was invastigated. In this stage Al
used as main reductant and effect of functional additives such as BaO and CaO were exemined
for different temperatures and vacuum conditions. Finally reduction temperatures and probable
phases are determined. Figure 2. Shows SrO reduction conditions for different reductants.
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Figure 2 - SrO reduction with Si and Al

In the final prediction set, aluminothermic CaO reduction was invastigated via Factsage 6.4 soft
ware. In this process also minimum reduction temperatures and probable products were
determined by Fact Sage 6.4 database. Figure 3. presents probable phases of CaO reductions.
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Figure 2.Ca0 reduction with Al
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ABSTRACT

Recent developments of modern materials science has increased the interest towards the bulk
(energetic/energy) materials and the technologies for their production. The unique properties
which are typical for the composites fabricated in Ti-Al-B-C systems makes them attractive for
aerospace, power engineering, machine and chemical and other practical applications. Besides,
Aluminum matrix composites (AMCs) have great potential as structural materials again due to
their excellent physical, mechanical and tribological properties [1-4]. Because of good
combination of thermal conductivity and dimensional stability AMCs are found to be potential
materials for electronic packaging/application. The methodology and technology for the
fabrication of bulk materials from ultrafine grained powders of Ti-Al-B-C system are described
in this abstract. It includes preliminary results of theoretical and experimental investigation for
selection of powder compositions and determination of thermodynamic conditions for blend
preparation, as well as optimal technological parameters for mechanical alloying and adiabatic
compaction.

According to the phase diagrams in binary and ternary system the composites/intermetallics
may be obtained with wide spectrum of phase composition, in crystalline and amorphous (brittle
and ductile) structures. Depending on the composition and structure, the synthesized composites
may have different specific properties. The potential of the system for development of new
structural/composite materials in different thermodynamic conditions is very attractive.

Fine grained composite materials of Ti-Al-B-C system, prepared in the form of
micromechanical blends, solid solutions and intermetallic compounds are of great practical
interest because of improved mechanical properties in comparison with coarse grain material
(>1 pm) [5-6].

The crystalline coarse Ti, Al, C powders and amorphous B were used as precursors, and blends
with different compositions of Ti-Al-B-C and Ti-Al-C were prepared. Preliminary
determinations/selections of blend compositions were made on the basis of phase diagrams.

Precursors were classified by vibratory sieves within the particle size ranges: (-0,063, + 0) mm;
(-0.16, + 0.063) mm;  (-0.315, + 0.16) mm; and +0.315mm. The powders were weighed and
mixed to produce the blend.

The powders were mixed according the selected ratios of components to produce the blend.

For Mechanical alloying (MA) the high energetic “Fritsch” Planetary premium line ball mill
was used. The mill was equipped with Zirconium Oxide jars and balls. Ratio ball to powder by
mass was 5:1. The time of the processing was varied from 1 to 5 hours. Rotation speed of the
jars were 500 rpm. The SEM picture of the 3Ti/2Al/1C blends obtained upon MA in Ball mill
are shown in Fig. 1.
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Fig. 1 - SEM picture of the Ti-Al-C blend. Processing time - 5 hours

The optimal technological regimes of blend preparation were determined experimentally.

Consolidation of the samples was performed in two stages. The powder blend was loaded in the
carbon steel tube container and at the first stage the pre-densification of the mixtures was
performed under static press loading (intensity of loading P=500-1000 kg/cm?). Cylindrical
container/tube was closed from the both sides.

A card box was filled with the powdered explosive and placed around the cylindrical powder
container. The experiments were performed at room temperature. The shock wave pressure was
varied in the range of 3-20 GPa. The explosive was detonated by electrical detonator. The
explosive compaction schemes are shown in (Fig. 2).

7

Detonator /
| Explosive

’

Card Box
~

|

Powder x Powder
i Container

Fig. 2 - Scheme of explosive compaction setups

The motivation was derived from preliminary works showing that the explosive consolidation
(EC) of metal-ceramic compositions is not only feasible but can produce materials of almost
theoretical densities [7-8]. It was clear that the preliminary ball milling (due to fragmentation,
mechanical alloying and critical reduction of particles sizes) should significantly increase the
sintering ability of the blend and improve the compacting process and mechanical alloying of
selected powder compositions. The major advantages of EC for bulk nanomaterials production
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are realization of high pressure, short processing time, and super high cooling rate (adiabatic
cooling).

The bulk compacts were recovered in different shapes and prepared for investigations. The
density of specimens was determined (cut from different part of samples) by the Archimedean
method. The microstructure was studied by SEM. As a result :

- The effective technology/regimes for obtaining nanopowders and nanocomposites in Ti-
Al-B-C composition has been elaborated,;

- Rational technology for fabrication of bulk amorphous and nanostructured materials by
shock wave induced syntheses has been selected.
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In the Ti-Si-C system, among materials such as carbides or intermetallics, exists group of
interesting ternary and quaternary materials called MAX-phases, H-phases, Hagg-phases,
Novotny-phases or thermodynamically stable nanolaminates. These materials are characterised
by heterodesmic layer structure and have a Mn1AX, stoichiometry, where M is an early
transition metal, A is an element of A groups (mostly IIA or IVA) and X is carbon and/or
nitrogen. Their specific structure consisting of covalent and metallic chemical bonds strongly
influence their semi-ductile features locating them on the boundary between metals and
ceramics [1, 2, 3]. This fact may lead to many potential applications, for example as a part of
ceramic armour.

The Self-propagating High-temperature Synthesis (SHS) with local ignition system was applied
for obtaining active precursors powders of TisSiC,. Basing on the previous researches on
synthesis MAX phase materials in Ti-Al-C-N system it is known that stoichiometry and amount
of excess reactant plays crucial role during the synthesis and may influence the final phase
composition of final product [4, 5, 7, 8]. The reactions were conducted in argon atmosphere
according to the reaction:

3Ti+ Sizex + 2C — TisSiCs 1)

where x varies from 0.1 to 1.

The XRD analysis method was used to determine influence of excess aluminium on phase
composition of the synthesised materials. The basis of quantitative and qualitative phase
analysis were data from ICCD. Amounts of the respective phases were calculated by the
Rietveld analysis [9]. Observations of the powders morphology were done by FEI Europe
Company Nova Nano SEM 200 scanning electron microscope. The example of the best results
of the synthesis where x was equal 0.8 is presented on Figure 1.
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Fig.1 - The XRD pattern of synthesized Ti3SiC2 powder with 80% of excess Si

The SHS synthesis seems to be effective method for manufacturing of sinterable powders of
TisSiC2, MAX phases materials. It was proved that the excess amount of silicon during SHS
process has important role in formation of ternary phase in the final product. The best powders
were destined for further pressureless sintering and hot pressing process in order to manufacture
dense, single phase polycrystalline materials.
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Hexagonal boron nitride (h-BN) possesses many desirable properties such as high thermal
conductivity, high electrical resistivity, chemical and thermal stability and excellent lubrication.
Recently, we have developed a combustion synthesis method for the synthesis of h-BN powder,
which is characterized by low energy consumption, fast reactions, simple processing and low
production cost. One of the interesting applications of h-BN is the manufacturing of high
thermal conductivity polymer (e.g. epoxy resin) composites where h-BN is used as a filler. In
this application, the interface between h-BN particles and epoxy resin presents a major thermal
barrier in the heat conduction of composites. Different synthesis methods may produce h-BN
particles with different surface properties, affecting the thermal conduction resistance and thus
resulting in different thermal conductivity. Besides, a h-BN powder with a low production cost
can significantly boost the practical applications of h-BN/epoxy resin composite materials. We
therefore investigate in this work the thermal conductivity of epoxy resin composites filled with
h-BN powders synthesized by our newly developed combustion synthesis method. The mixing
of the composite constituents was carried out by either a dry method (involving no use of
solvent) for low filler loadings or a solvent method (using acetone as solvent) for higher filler
loadings. It was found that surface treatment of the h-BN particles using the silane 3-
glycidoxypropyltrimethoxysilane (GPTMS) increases the thermal conductivity of the resultant
composites in a lesser amount compared to the values reported by other studies. This was
explained by the fact that the combustion synthesized h-BN particles contain less —OH or active
sites on the surface, thus adsorbing less amounts of GPTMS. However, the thermal conductivity
of the composites filled with the combustion synthesized h-BN was found to be comparable to
that with commercially available h-BN reported in other studies. The thermal conductivity of
the composites was found to be higher when larger h-BN particles were used. The thermal
conductivity was also found to increase with increasing filler content to a maximum and then
begin to decrease with further increases in this content. In addition to the effect of higher
porosity at higher filler contents, more horizontally oriented h-BN particles formed at higher
filler loadings (perhaps due to pressing during formation of the composites) were suggested to
be a factor causing this decrease of the thermal conductivity. The measured thermal
conductivities were compared to theoretical predictions based on the Nielsen and Lewis theory.
The theoretical predictions were found to be lower than the experimental values at low filler
contents (< 60 vol %) and became increasing higher than the experimental values at high filler
contents (> 60 vol %).
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Figure 1 - Effect of the amount of GPTMS used in surface treatment of h-BN on the thermal
conductivity of the composites.
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Figure 2 - Effects of surface treatment, h-BN particle size and filler content on thermal
conductivity of composites.

Figure 3 - SEM photographs of the fractured surfaces of the composites with filler contents of
(a) 50 vol % and (b) 70 vol % (both composites were filled with 3.6 um h-BN particles with 3.6
wt% GPTMS treatment).
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Currently application of metal nanopowders as an active additive at manufacturing of new
materials is considered to be a perspective trend in the composite materials technology.
Application of metal nanopowders can promote decrease of the synthesis process initiation
temperature, intensification of the solid-phase combustion, and homogeneous distribution of
products in the final material [1].

Preliminary activation of initial powders is a necessary technological operation during
production of numerous metal-composite and metal-oxide materials. In this respect, the metals
nanopowders subject to the electron beam irradiation are thought to be promising for the
production of new composite and refractory materials. At present there are available only
indirect data testifying to the irradiation effect on the nanopowders accompanied by the thermal
effects caused by their higher chemical activity, however macrokinetic peculiarities of the solid-
phase combustion with participation of the irrradiation activated nanopowders are not known
yet [2].

The purpose of the study is to identify effects of the aluminum nanopowders electron beam
irradiation on the temperature and rate characteristics of the aluminathermal silicon oxide
combustion in the SHS regime.

Aluminum nanopowders with the particle size 90-110 nm and industrial aluminum powder with
the particle size not less than 60 um have been used as a reducing agent. The nanopowder
contents ranged from O up to 10 % mass so that the general aluminum contents remains constant
and corresponds to stoichiometry of complete silicon oxide reduction.

Combustion temperatures in the SHS regime have been determined using a Raitek 31 infra-red
radiation pyrometer. The combustion wave velocity has been measured using the thermocouple
technique by means of the digital signal processing device connected to the PC.

To carry out the SHS process, samples have been fabricated in the form of 4 cm high and 2 cm
diameter pressed cylinders.

The electron beam irradiation of the metal powders has been carried out using the linear
electron accelerator ELU-6 of the al-Farabi Kazakh National University.

Radiographic measurements have been carried out using x-ray diffractometer X’Petro PRO
with a CuK, copper source. Accuracy of calculating the interplane distances in crystal
substances equals 0.001A.

Picture 1 demonstrates the roentgenogram of the aluminum nanopowder subject to 10 Mrad
electron beam irradiation.
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Picture 1 - Roentgenogram of the aluminum nanopowder following its 10 Mrad irradiation

Decoding of the aluminum nanopowder roentgenograms at various electron beam irradiation
doses is given in Table 1 along with the reference interplane distances [3].

Table 1 - Interplane distances in Al nanopowders

d, A°[3] Irradiation dosage, Mrad

No | (nki) 0 5 10 15

1 (111) 2.336 2.336 2.336 2.33 2.334
2 (200 2.023 2.022 2.023 2.023 2.216
3 (220 1.430 1.430 1.431 1.431 1.430
4 (311) 1.219 1.220 1.220 1.22 1.23
5 (222 1.168 1.168 1.168 1.168 1.168
6 (400) 1.011 - 1.013 1.012 1.012
7 (331) 0.928 - 0.929 0.929 0.928
8 (420 0.904 0.905 0.906 0.906 0.907

These results specify that electron beam irradiation of aluminum nanopowders leads to some
increase of certain interplane distances. This is well manifested in (4 2 0) and (3 1 1) planes.
The key physical effect of the electron beam irradiation with up to 2 MeV energy on solid
bodies consists of atoms ionization without radical change in their lattice position. In this case
electrostatic pushing off of the ionized atoms leading to nonequilibrium interatomic and
interplane distances increases in the metal lattice.

Picture 2 shows the effect of the aluminum nanopowder irradiation on the combustion rate and
temperature at stoichiometric correlation between aluminum and silicon oxide.

The effect of the irradiation dosage on the combustion temperature is noticeably manifested
even at insignificant contents of aluminum nanopowder (2 % mass), i.e. the higher is the dose,
the higher is the combustion temperature.
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Picture 2 - Silicon oxide combustion temperatures and rates in the presence of irradiated
aluminum nanopowder

At the nanopowder contents 8-10 % mass, combustion temperatures demonstrate their slight
dependence on the irradiation dosage and stay around 1300°C. At the same time combustion
rates demonstrate weak dependence both on the temperature and the irradiation dosage within 2-
8 % mass of the nanopowder content. Absence of any correlation between temperature and
combustion rates testifies to complex nature of chemical processes occurring in the combustion
wave. One can assume that the basic chemical reactions of silicon oxide reduction take place in
a liquid phase of the aluminum melt with low activation energies thus leading to independence
of a combustion rate on the temperature.

Therefore, obtained study results allow for the following conclusions:

- radiation treatment of aluminum nanopowders leads to appreciable change in the interplane
distances, in particular (31 1) and (4 2 0);

- irradiated aluminum nanopowder as an additive to the exothermal aluminum-silicon oxide
system effectively initiates the SHS process and increases the temperature and velocity
characteristics.

REFERENCES

[1] A.V. Sychev, A.G. Merzhanov Self-Propagating High-Temperature Synthesis of
Nanomaterials. Chemistry Achievements, 2004. VVol.73, No 2, pages 157-170;

[2] Sh. Xu Bing, T. Shunichiro, Behavior and Bonding Mechanisms of Aluminum
Nanoparticles by Electron Beam Irradiation. Nanostructured Materials. 1999 Vol.12,
pages 915-918;

[3] Chemical Database Service CrystMet http://cds. dl.ac.uk ./cds /datasets/ crys/
mdf/limdf.html

74
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The highest critical transition temperature (Tc) among all the intermetallic superconductorswas
discovered for MgB;that has changed the previous approaches to the theory of
superconductivity because the Tc limits in metallic superconductors had been believed to be ~
30 K, which is predicted by the Bardeen-Cooper-Schrieffer (BCS) theory [1]. Magnesium
diboride MgB, BCS-type superconductors (SCs) are widely used in sensors, electric power
applications and electronic devices. In fact, their critical temperature is ~39 K, T.is lower than in
traditional cuprate SCs, their upper critical field Hyxc is actually higher while an operating
temperature of ~30 K is relatively easy to reach using liquid hydrogen or cryocoolers. The
absence of weak links in the matrix (no intergranular obstacles impede current flow) as well as a
strong coupling between grains makes MgB: very useful in technological applications [2].The
possible enhancement of the critical temperature and the improvement of the existing high
levels of transport current are important research area for development of this material. On the
other hand, the low density of the pure compound and the relative scarcity of pinning centers,
actually reduce the sustainable current density in high magnetic fields. The metal-like structure
of MgB: at room temperature makes it ideal for applications in engineering contexts unlike the
cuprate SCs, which exhibits a non-metallic behavior at room temperature. The latter fact limits
the technological applications of cuprate due to difficulties associatedwith the material
processing [3].

In order to increase the values of the two parameters T and J¢, the introduction of controlled
amounts of doping agents is an interesting procedure: in past experiments, the critical
superconducting field was observed to rise but the critical temperature remained idle [4].An
increase of T. induced by doping MgB, was only reported in the high field case of nano-C
doped MgB.. Conversely, it was found that the critical current could be increased through
doping.Different types of pinning centers can be introduced, e.g. grain boundaries, point defects
as well as impurities and lattice variations brought on by doping. In order to make the formation
of pinning centers effective to increase Jc, they should exhibit sizes as large as the coherence
length that in the MgB: it is valued in the range of 2 - 10 nm [5].Since grain boundaries also act
as pinning centers, the decreasing grain dimensions improve the critical current.Beside the
pinning centers, the densification of the compound in general enhances the superconducting
state. For MgB: in particular, good results in J. enhancement have been obtained by the use of
doping agents. Different elements have been used so far, spanning from rare-earths to magnetic
elements as well as silicon [6 - 8]. The best results are obtained when carbon substitutes boron.
Carbon is an electron donor that can influence the Fermi surface of the MgB. lattice. The result
is a significant enhancement of Hy. and J. through enhanced interabang scattering [4].

This paper describes the study of the superconducting parameters of magnesium diboride doped
with SWCNT, acting as an electron donor. In particular, scope of this work is to clarify the
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influence of SWCNT doping agent on the critical current density Jc. Solid state reaction
technique has been used to obtain consolidated MgB; bulk samples. The samples were prepared
as follow, magnesium (100-200 pm), boron (1-5 um) powders and SWCNT (1.1 nm in diameter
and 20-30 nm in length) in the composition Mg + 2B+ Xswent = MgB2+ Xswent(where, X=0.3
wt. %, 0.5 wt. %, 0.7 wt. %, 1 wt. %, 5 wt. %,), have been ignited under argon at 2.5 MPa in
High Pressure Chamber (HPC) in Figure 1.
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Figure 1 - Schematic diagram of the high-pressure chamber: (1 - vacuum pump, 2 - transformer
3 - ammeter, 4 - the top cover of the reactor, 5 - the bottom cover of the reactor, 6 - tubular
heating furnace 7 - thermocouple 8 - sample 9 - the case of the reactor, 10 - gauge 11 - intake
and exhaust valves, 12 - nitrogen cylinder 13 - the data acquisition system LTR-U-1, 14 -
computer 15 - multimeter).

Self-sustainable combustion was initiated at temperature T = 600 — 650°C. After combustion the
samples were structurally characterized by X-ray diffraction (XRD) using Dron— 4
diffractometer (operating with a Cu-Ka radiation source). The AC magnetic measurements were
carried out on a Physical Property Measurement System (Quantum Design, USA). Complex
magnetic susceptibility data were collected as a function of temperature by applying a static
field (varying from 1.5 to 9.0T).X-ray patterns recorded for the SWCNT doped samples are
reported in Tablel.

Table 1 - The results of XRD for system Mg-2B-SWCNT

) The results of XRD, wt. %
Mixture

MgB: MgB4 MgO Mg
Undoped MgB: 94.2 - 5.8 -
MgB; + 0.3 Wt%SWCNT 90.8 3.7 4.6 0.9
MgB: + 0.5 wt% SWCNT 94.9 1.2 34 0.5
MgB; + 0.7 wt% SWCNT 93.4 2.2 3.9 0.6
MgB; + 1 wt% SWCNT 94.7 1.6 3.3 0.4
MgB; + 5 wt% SWCNT 90.5 3.6 5.9 -

XRD patterns show all the peaks inherent (Table - 1) to MgB; in all samples. Some
MgO,MgBaimpurity phases were detected by the XRD analysis. There was some unreacted
metallic magnesium. The presence of SWCNT in samples was observed by Raman
spectroscopy in Figure 2. According to this analysis, SWCNT was presented in amorphous
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form, which matches peak 1560 cm™ (good related with literature data [9]). That is why XRD
analysis did not observe them.
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Figure 2 - Raman spectrum of sample with SWCNT

As a result of measurements of the temperature dependences of the magnetic moment of the
system Mg-2B-SWCNTwas observed a decrease in the magnetic moment of the samples at a
temperature in the range 38 <T <50 K, which is preceded by a sharp response of the magnetic
moment in the diamagnetic state at T = 39.5 K. The findings suggest that the origin of the
superconducting phase in the Mg-2B-SWCNT system samples at a temperature Tc = 39.5 K.
We are also the second main superconducting characteristic was calculated as the limit of the
current density (Jc). Bean's equation was used to calculate the Jc values: Jc = 30 * AM / d,
where Jc - critical current density in A/cm?, AM - difference between the bottom and top of the
magnetization of the magnetic hysteresis. d - the average particle size.The calculated data is
presented in Table 2.
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Table 2 - The results of the critical temperature and current density for system Mg-B-SWCNT

Critical Critical current density Jc, A/cm2
# Name tem_lng,ra&ure, In seli-field External mZa_?_netlc field,
1 | Undoped MgB2 39.7 2.0*108 0.8*107
2 | Mg-B+0.3 wt. %SWCNT 39,5 3.3*108 1.7*%107
3 | Mg-B+0.5 wt. %SWCNT 39,4 3.2*108 1.6*107
4 | Mg-B+0.7 wt. %SWCNT 39,4 2.6*108 0.7*107
5 | Mg-B+1.0 wt. %SWCNT 39,5 2.4*108 0.7*107
6 | Mg-B+5.0 wt. %SWCNT 39,4 0.6*108 0.4*107

The results indicate in the Table 2, doping does not considerably effect on the critical transition
temperature (T¢), which is extremely constant for all obtained samples. It is found that the
critical current density (Jc) depending on the particle content in magnesium diboride SWCNT
varies over a wide range of values. According to current density estimation, the most optimal
dose doping of SWCNT, which achieves the highest J;, at the range of 0.3 - 0.5 wt.%. The
SWCNT generated increased the amount of pinning centers in samples which acting as barrier
to locomotion of magnetic force line in lattice structure.
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Design of high-strengthtransparent ALON ceramics is one of the promising directions for the
new materials production. Traditionally the ceramics is obtained by powder metallurgy [1]. In
[2-4] the possibility for synthesis of cast ALONs from CrOs/Al/AIN and Fe,Os/Al/AIN
mixtures by SHS-metallurgy wasshown. This work aimed at investigation of syntheses
parameters, microstructure and composition of cast aluminum oxinitrides as function of
components rate in MoOs/Al/AIN initial mixture. Optimal conditions for obtaining the most
stable phase AlsOsN were determined as well as grinding regime. The obtained powders are
used for Spark Plasma Sintering (SPS) [5].

EXPERIMENTAL

Molybdenum (V1) oxide, aluminum nitride, and aluminum (ASD - 1 brand) were used as raw
materials. Initial mixture (mass 100 and 3000 gm) was burned in quartz or graphite forms
(d=20-100 mm, the layer height = 50-250 mm) in SHS-reactors (volume3, 5 and 20 liters)
under nitrogen initial pressure 5 MPa. The products were analyzed by XRD and EDS.

RESULTS AND DISCUSSION

Green mixtures (in wt. %) were prepared according to the following reaction scheme:

(MoOsz + 3Al) + 10% AIN—AILOs;-AIN + MoAI. As the combustion temperature in all
experiments exceeded melting points of the products (MoxAly and AlsOgN), the process of
separation took place. MoyAly lowered and AlsOsN formed the upper ingot that was powdered
(to 150 um) and sintered by SPS. In the experiments, the following optimal conditions of
sintering were determined: Tc = 1850°C, delay time 10 min, heating rate 100°C/s,cooling
rate50°C/s, external pressure 40 MPA. Under these conditions we prepared samples of sintered
aluminum oxinitrides with density (3.61+0.01) g/cm3, mean micro hardness (18.2+0.1) GPa,
bending strength (261+13)MPa. Their phase composition corresponded the initial powder
composition.

CONCLUSIONS

The results of the work show that initial pressure and components proportion (o) are the main
parameters affecting microstructure and phase composition of the product. Optimal conditions
were determined for SPS where high-strength compact ceramics with specified microstructure
and phase composition of initial powders can be produced.
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Filtration combustion is widely applied in processes of self-propagating high-temperature
synthesis. In this case an exothermic reaction takes place in porous medium between the solid
reagent and gaseous oxidant which is consumed and a solid product is formed. The gas
consumption in the reaction front causes a pressure gradient which drives natural filtration of
oxidant through a porous substance towards the reaction front. The development of modern
macrokinetic theory of filtration combustion started with the analysis of adiabatic quasi-steady
modes for case when all sample boundaries are closed to the gas penetration except one, which
is open to exchange with a large bath of gas so that the pressure is that of the bath at that end
[1]. The reaction is initiated at the opposite end of the sample. It was shown that two modes are
possible, with complete and incomplete conversion. Heat losses effect for quasi-steady modes
was formulated (without details or computations) in [2]: at the modes of complete conversion
the combustion extinction is observed in accordance with the theory of flame propagation limits
[3], but in the case of incomplete conversion heat losses do not lead to extinction. This
conclusion was repeated in several subsequent reviews. In that theoretical analysis the initial
gas content in pores was not taken into account (this assumption simplified solution of the
problem).

The aim of the present work is to revise the effect of heat losses on the basis of a generalized
mathematical model with heat losses through the side surface and with account of the initial gas
content in the sample pores. If the sample length much more than the characteristic scale of the
filtration zone, the combustion wave propagation at the initial sample part (far from the open
end of the sample) is only possible due to the gas in pores. In this case, the approximate analysis
of the steady modes with heat losses shows that the combustion limit exists for both modes,
with complete and incomplete conversion [4]. Fig. 1 shows a relationship between initial gas
pressure po and critical value of heat losses coefficient oe which defines the domain of
existence (‘combustion peninsula’) for steady wave propagation in the presence of heat losses.
Maximum of o corresponds to the stoichiometric pressure. At high heat losses combustion is
impossible, while at lower ones combustion is possible only within some certain range of po.
The lower limit (left branch in Fig. 1) arises due to deficiency of gaseous reagent (incomplete
conversion mode) while the upper one (right branch in Fig. 1 — the mode of complete
conversion), due to the excess of gaseous reagent which begins to act as a heat-absorbing
diluent.
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Fig. 1 - Combustion peninsula for a steady wave in the presence of heat losses.

The results of analytical solution for quasi-steady combustion modes are presented in the Fig.2
showing the dependence (CD; curve) of critical value of parameter R (that defines a combustion
mode) on heat losses coefficient o for three initial gas pressures po. At a given level of heat
losses (o), combustion is only possible for R < Re(o). The range of combustion mode with
incomplete conversion is under the BCD; curves. Transition from incomplete to complete
conversion takes place on the curve BC. Horizontal straight line AC corresponds to the
combustion extinction at the modes of complete conversion in accordance with the theory of
flame propagation limits [3] - ultimate decrease of combustion temperature is one characteristic

interval, and the combustion velocity is \Je times lower. The dashed curve close to CD; (po =
0.1) corresponds to the boundary of incomplete conversion mode within limits of low initial
pressure (this border approaches asymptotically to the abscissa axis). With an increase in po, the
CDi curves at large R approach not to the abscissa axis but to some horizontal asymptote such as
FDs (in case of po = 0.7). Position of such asymptotes is defined by critical value of o for the
steady combustion sustained only by the gas reactant initially located in the sample pores [4]
(see Fig.1). The larger po, the higher is position of the respective asymptote.
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Fig. 2 - Combustion peninsula for a quasi-steady wave in the presence of heat losses.

At high values of R (to the right from the point C abscissa at Fig. 2) the increase of heat losses
leads to combustion extinction under the mode of incomplete conversion at border of CD;.
Therefore, in the common case the corresponding line of ACDi restricts the region of the
combustion modes for the preset value of the initial pressure. In the region of parameters above
the line, the combustion is impossible because of too high heat losses.

The results of the theoretical analysis are in good agreement with experimental observations.
The value of R parameter is directly proportional to the distance from the combustion front to
the open end through which gas is supplied. Existence of the critical value of R means that
there is a critical distance from the combustion front to the open end of the sample. If the
distance is longer than the critical value, the combustion wave propagation is impossible
because of the extinction at heat losses under the mode of incomplete conversion; it was
observed experimentally [5, 6].
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The ternary system titanium—aluminum-nitrogen is of great interest from the scientific point of
view as well as from the viewpoint of practical application of the obtained combustion products.
The scientific interest consists in experimental investigation of filtration combustion regularities
of the system in which several simultaneous competitive reactions are possible. In addition to
two parallel gas—solid reactions such as titanium-nitrogen and aluminum-nitrogen with
formation of nitrides, the reaction between solid reagents titanium—aluminum with formation of
intermetallic compounds is possible. These compounds can react with nitrogen. Besides, the
formation of ternary compounds titanium—aluminum-nitrogen is possible too. Some of these
compounds belong to MAX phases which are of great interest for different research groups in
last decade [1].

The principal possibility of MAX phase TiAIN synthesis by filtration combustion was shown
earlier [2]. But its content in the combustion product was less 50% wt. It is known that MAX
phase decomposes at temperature higher than 1400°C [3]. Respectively to prevent MAX phase
decomposition it is necessary to decrease combustion temperature lower than the temperature
interval of MAX phase decomposition. The standard procedure of temperature decreasing in
SHS processes is an addition of combustion products into the initial mixture. As our aim was an
increasing of MAX phase content in final product, then according to simple logic it should be
added into the initial mixture.

Due to TiAIN powder is commercially unpurchaseable an attempt was made to obtain it by
vacuum sintering. As a result of performed researches [4] the sintering parameters were defined
and 500-g sintered sample was obtained. According to XRD-analysis the obtained sample was a
monophase product (100% TiAIN). The product micrographs (Fig. 1) demonstrate its
nanolaminate structure. Prepared from obtained sample Ti,AIN powder was used further as a
component of the initial mixtures.
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Fig.1 - Fracture surface of obtained MAX phase Ti>AIN.
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The experiments for combustion in the gaseous nitrogen under pressure 0.1 MPa were carried
out for two initial mixtures 2Ti+Al+xTi2AIN with MAX phase containing 50 and 75% wt.
respectively. XRD-analysis of obtained combustion products showed full absence of MAX
phase in the phase compositions of the products i.e. a full decomposition of MAX phase had
occurred at the combustion. On the one hand this may be explained by the next fact. For
samples with 50% wt. MAX phase content in the initial mixture the process maximal
temperature (indicated by thermocouple) was Tmax=1580°C and exceeded the start temperature
of MAX phase decomposition. On the other hand for samples with 75% wt. MAX phase content
in the initial mixture the measured temperatures did not exceed 1300°C. It follows the
decomposition temperature of MAX phase in the gaseous nitrogen is lower than in vacuum. As
MAX phase content in the initial mixture was rather high, a hypothesis about possible nitriding
reaction of TiAIN at combustion mode arose.

To test this hypothesis we carried out experiments for combustion of Ti2AIN samples in the
gaseous nitrogen. The samples presented 16x16 mm rectangular blocks with 28 mm height.
They were cut out from Ti-AIN preform obtained by sintering in vacuum. The experiments were
carried out at several values of nitrogen pressure, the self-sustaining combustion was observed
at pressure 1 MPa and 0.3 MPa. In the last case the combustion mode was unsteady with a lot of
moving hot spots. At nitrogen pressure 0.1 MPa after burning of igniting pellet (titanium and
boron mixture) the combustion of sample was not observed. XRD-analysis of products after
combustion at nitrogen pressure 1 MPa showed the presence only nitride phases 74% wt. TiN
and 26 % wt. AIN. The products obtained by combustion under the nitrogen pressure 0.3 MPa
besides nitride phases (76% wt. TiN and 21 % wt. AIN) contained a little amount 3% wt. of the
intermetallic TiAls. Fig. 2 demonstrates microstructure of obtained product. Comparison of the
micrographs on Fig.1 and Fig.2 shows qualitative change of the initial material microstructure
from nano-laminate to micro-composite structure with fibrous inclusions. EDS microanalysis
(INCA Energy 350 XT, Oxford Instruments) showed, the micro-agglomerates consist mainly
from titanium nitride, but the fibrous inclusions are whiskers and fibers of aluminum nitride.
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Fig.2 - Microstructure of TiAIN decomposition combustion product.

So in this experimental work the decomposition of MAX phase Ti-AIN in the gaseous nitrogen
at the mode of self-propagating reaction wave with formation of titanium and aluminum nitrides
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has been observed in the first time. This result has a particular importance for the operation of
TiAIN-based material at high temperature in the nitrogen-containing medium.

REFERENCES

[1] M.W. Barsoum, MAX Phases: Properties of Machinable Ternary Carbides and Nitrides,
Wiley-VCH Verlag GmbH, Germany, 2013. 437 p.

[2] A. A. Kondakov, V. V. Grachev. Modes of Filtration Combustion of Titanium-
Aluminum —Nitrogen ternary system, Proceedings of the Third Conference on Filtration
Combustion, Chernogolovka, Russia, 18-21 June 2013, pp. 35-38.

[3] ©.M. Low, W.K. Pang, S.J. Kennedy, R.l. Smith. High-temperature thermal stability of
Ti2AIN and Ti4AIN3: A comparative diffraction study. Journal of the European Ceramic
Society, 31 (2011), pp. 159-166.

[4] A. A. Kondakov, I. A. Studenikin, A. V. Linde, N. A. Kondakova, and V. V. Grachev.
MAX phase Ti-AIN by sintering in vacuum. In book: EPNM2016/ Explosive Production
of New Materials: Science, Technology, Business, and Innovations. [Edited by A.A.
Deribas, Yu.B. Scheck and R. L. Mendes] — Coimbra, Portugal, 2016. pp.76-78.

86



DENSE IN SITU CERAMIC AND INTERMETALLIC MATRIX COMPOSITES VIA
PRESSURE ASSITED THERMAL EXPLOSION MODE OF SHS: FROM BASIC
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Over the last decade a gradual shift from the basic to applied research has lead to the development of
a number of unconventional SHS processes that allow simultaneous synthesis and consolidation of
the inherently porous combustion products. Pressure assisted thermal explosion (TE) mode of SHS
results in dense products in cases when the heat evolved during TE and pressure applied are
sufficient for consolidation. Reactive Forging (RF) SHS/TE-based method has been developed: in
RF, a self-sustained reaction is ignited in a reagent blend by rapid heat transfer from preheated press
rams, and a moderate uni-axial pressure is applied while a sufficient amount of a liquid or very soft
phase is present in the combustion product. Combined with the developed Short Distance Infiltration
(SDI) approach, RF provides conditions for fabrication of interpenetrating phase in situ composites
with binary (Al,Os, TiBy, TiC) or ternary (MgAl;O4, TisSiCy, TisAlIC,, Ti,AIC) ceramic matrices, as
well as well as intermetallic-ceramic and metal-ceramic composites (MgB2-Mg, Mg,Si-Mg, Ti/Nb-
Al>O3, TiNi-Al:03, NiAI-Al;03). Compared to traditional melt infiltration, SDI has the advantage of
the considerably shorter infiltration distances (um vs. mm/cm). SDI is based on the presence of low
melting phases in the powder blend. Rapid heating of compacts above Tr, followed by application of
pressure results in squeezing the liquid phase into the pores which promotes SHS reactions and
consolidation and results in dense products with fine homogeneous microstructures. The RF-SDI
approach has also been successful in fabrication ceramic matrix-diamond grinding wheels, parts from
machinable ternary ceramics and light armor tiles. RF approach can be used also for production of 3-
D porous structures by diluting the blend with non-reacting spacers that can be easily dissolved after
SHS processing.

Nanostructuring of powder blends results in lower ignition temperatures, Tig, and can be used for
ignition of high Tig blends and thus for fabrication of two component materials and structures. RF
approach employing exothermic inserts and “chemical furnace” approach be can be also used for
consolidation of refractory materials and composites.

Simultaneous synthesis and consolidation of reaction products employing pressure assisted SHS is a
“green”, cost effective and thus perspective fabrication route of structural parts.
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COMBUSTION SYNTHESIS OF NOVEL NANOCARBONS VIA PROCESSING OF
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23chool of Science, Kathmandu University, Dhulikhel, Kavre,Nepal
* ahuczko@chem.uw.edu.pl

Self-propagating high-temperature synthesis (SHS) or combustion synthesis (CS) is practiced all
over the world for the production of advanced and novel materials [1]. The CS process has
several advantages over the conventional synthesis approaches these being (i) generation of high
temperatures, (ii) short duration of highly exothermic reactions, and (iii) processing under
conditions usually far from equilibrium. It makes use of chemical reactions involving redox
compounds and redox mixtures. Huczko et al. [2] reported fast combustion synthesis and
characterization of YAG:Ce* garnet nanopowders. Magnesium-thermal CS has been
specifically an efficient technique for manufacturing a number of compounds and elements for
years [3]. Novel nanocarbons have been efficiently produced following the ‘bottom-up’
approach via the condensation of carbon gas [4]. The combustion temperatures in case of
magnesium-driven reduction are well above 2000 K. Thus, graphitization conditions may
prevail during the process resulting in formation of carbon nanotubes, encapsulates and
graphene-related nanostructures. Dyjak et al. [5] produced hierarchical, nanoporous graphenic
materials through an instant, self-sustaining magnesiothermic reduction of oxalic acid. The
extended studies carried out in recent years in the Laboratory of Nanomaterials Physics and
Chemistry (Department of Chemistry, Warsaw University) have shown that different carbon-
and oxygen-containing compounds are efficiently reduced with magnesium. The high
temperatures of magnesium-driven reduction of carbon-bearing oxidants (carbon oxides,
oxalates, etc.) along with extremely short duration of combustion (usually below 1 sec) result in
almost total atomization of reactants paving the way towards condensation of carbon gas
resulting in formation of graphene-related and porous carbon nanostructures with many
potential application (sorbents, supercapacitors) [6-8].

The aim of this work was to extend those experimentation into converting carbon-containing
ammonium  oxalate ((NH4):C204) and acetate (NH4CHsCO,) into 3D graphene-related
nanocarbons following the reaction schemes

5 Mg + (NH4).C204H,0 — 2 C+5MgO + 2 NH3 + 2 H,
2 Mg + NH4CH3CO; — 2 C+2 MgO + NHz + 2 H»
Comparing to the previously reported Mg-driven reduction of Mg/Ca oxalates [6] one could
expect here much more vigorous evolution of gaseous products resulting in the expanded

internal morphology of final porous nanocarbons. The exploratory study was also carried out to
test the adsorption properties of the produced material.

All combustions were carried out (after ohmic ignition) in the high-pressure stainless-steel
reactor following the protocol outlined elsewhere [9] and using the stoichiometric ratio of the
solid starting reactants. The runs were performed under neutral atmosphere (Ar). After the
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combustion the reactor was cooled down while the puffy and greyish/blackish solid product was
collected. Both the raw and purified (leaching with 3M HCI solution at 90 °C for 30 min.)
products were analyzed (XRD, SEM, TGA and Raman spectroscopy). The adsorption
performance was tested via the removal of 4-chlorophenol from water. The combustions were
accompanied by a high pressure increase which results from the evolution of hot gaseous
reactants. Table 1 presents the operational parameters of all runs (O: oxalate; A: acetate).

Table 1 - Operational parameters of all combustions

- Mass of Mass of Solid
Initial Peak Mass of e
Run Green . raw purified carbon
. pressure, | pressure, starting .
# | composition product, | product, yield,
at at reactants, g . .
g g %
O-1 | Mg/O=5/1 1 30 11,12 5,55
0-2 as above 1 32 11,96 6,20 0,27 8,5
0-3 as above 1 35 11,56 5,93
A-1 | Mg/A=2/1 1 18 11,74 6,94
A-2 as above 1 17 6,49 3,90 5,14 90,0
A-3 as above 1 18 11,63 6,65

“cumulative (for 3 runs each)

From the data presented in Table 1 and the reaction equation the mass balance was carried out
to estimate the conversion of starting carbon (in O and A salts) into solid carbon (in a purified
product). This varied between 8,5% (for oxalate) and 90,0 % (for acetate). Such a huge
difference suggests quite different combustion mechanisms: in case of oxalate reduction the
high temperature of Mg oxidation initiates efficient gasification of carbon elemental while for
the acetate the process seems to be dominated by thermal pyrolysis of the salt with soot
formation. The water vapor (hydrated oxalate reduction) can also efficiently etch and gasify the
formed carbon elemental thus decreasing its content in the purified product.

The XRD spectra of the selected products for the raw and purified material are shown in Fig. 1.
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Fig. 1 - XRD spectra of raw and purified products. A: run A-1, purified product; B: run A-1,
raw product; C: run O-1, purified product; D: run O-1, raw product

The results confirm the deep transformation of the reactants into the sought products, with the
total disappearance of the starting salts in the raw products which are dominated by MgO, along
the presence of some unreacted Mg. The purified product is dominated by turbostratic carbon
with much better graphitization obtained for an oxalate reduction. Surprisingly, the purified
product also contains some residual MgO and Mg which, presumably, were not leached in the
acid during purification and plausibly remained encapsulated in protective carbon coatings.

Figure 2 shows the representative SEM images of the reactants.

Fig.2 - Representative SEM images of the reactants. A: starting mixture Mg/O; B: run O-1, raw
product; C: run O-1, purified product; D: run O-1, purified product; E: run A-1, raw product; F:
run A-1, purified product

The green composition of Mg and salts is a non-homogeneous mixture of metal microcrystallies
and agglomerates of salt nanocrystallites. The morphology of product (oxalate processing) is
completely different just confirming the total conversion of reactants. The raw product contains
mostly cubic nano- and micro-crystallites of carbon-coated MgO particles (ca 50-200 nm in
diameter) with some un-reacted round-shaped Mg particles. The purified product is dominated
by petal-like 3D graphene material forming both a kind of a ‘Swiss cheese’ carbon matrix and
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hollow carbon nanospheres, clearly resulting from the acid etching of MgO/Mg. In case of
acetate reduction the product contain mostly MgO and soot nanoparticles.
The adsorption properties were investigated 20 T pristine material
via the removal of 4-chlorophenol from *  Activated material
water for the carbon material obtained (run /

200 -

A-1), both for a pristine and KOH-activated 150-
product. It can be seen (Fig. 3) that the

maximum adsorption capacity for the case h
of pristine material does not exceed 75 50

Adsorption capacity (mg/g)

mg/g, whilst after activation this value rises
up to 225 mg/qg. S B % @ % 1(‘)03 120
Equilibrium concentration (mg/dm’)
Fig. 3 - Adsorption isotherms for the carbon
material obtained from NH4CH3CO,

Thus, the uptake of 4-chlorophenol onto the activated sample is comparable to the uptakes
determined for the activated carbon [10] and higher than onto the other carbon nanomaterials
[10].
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COMBUSTION SYNTHESIS OF GRAPHENE-RELATED COMPOSITE
NANOMATERIALS

M. Kurcz*!, A. Huczko!
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Herein a novel and simple protocol for the fast and autothermal synthesis of graphene-like
nanocomposites via the self-sustaining combustion synthesis (SHS) is presented. Two starting
redox green compositions Si/CFie and Mg.Si/GO (Graphite Oxide) were tested . The
parametric studies in Si/CF1,06 System were conducted and the following parameters: kind of
atmosphere, pressure, stoichiometry of reactants were investigated in terms of product
formation efficiency and its characteristics. Mg.Si/GO mixture was also combusted and
analyzed. The resulting raw and purified graphene-SiC nanofiber composites were analyzed
with XRD, SEM and Raman spectroscopy.

Graphene attracts nowadays much attention due to its unusual electronic, magnetic, thermal,
lubricant, chemical, optical, and mechanical properties [1] hence it can be widely used in
composites [2]. A wet chemistry technique (exfoliation route) via the graphite oxidation (to GO)
followed by a GO reduction to reduced graphene oxide (rGO) remains the most popular
production technique. This approach is, however, obsolete due to its time-consuming procedure
and the use of harmful reactants. Thus, new methods are sought, mostly exploring a ‘bottom-up’
approach of the formation of nanomaterials [3]. A self-propagating high-temperature synthesis
(SHS) [4] is well suited for such approach. The atomization of the starting components (green
mixture of a strong reductant and a strong oxidant) is here due to the high temperatures which
can easily approach 3000 K (thermite reactions). High temperature and pressure gradients, a
short duration of redox ‘combustion’, and a fast quench of products give way to the formation
of novel products (non-stoichiometric, nanosized).

We have shown elsewhere [5,6] that SHS can be harnessed for graphene-like material
production. We have also proved [7,8] that combustion synthesis can be efficiently used for SiC
nanowires (SICNWs) production in a simple Si/Teflon® system.

We propose here SHS approach for nanocompositions (graphene-like material/SICNWs)
production. Such nanocomposites can be very attractive for materials science as fillers of
polymers improving not only electrical and thermal properties but also mechanical ones [9].

The goal of the research was to test such selected systems that would lead to the formation of
composite components (graphene-related and SICNWSs) in a single combustion. Based on our
previous experience we put forward two systems Si/CF1s and Mg,Si/GO. In the first one we
assumed that exothermic reaction between a strong oxidant and a medium reductant (Si) should
allow for both chemical (leading to SICNWSs) and thermal reduction of fluorinated carbon (to
graphene-like nanomaterial). In the second one two reductants (strong Mg and a weaker Si) and
strong oxidant (GO - graphene oxide) were tested which may lead to deep reduction and
formation of both graphene-like structures and SICNWs. The released energy should be,
however, lower than in the first system, what may lead to different products/morphologies.
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Experimantal Si/CFy,06

All thermolyses were carried out in the high-pressure reactor following the procedures described
in [6]. Well-mixed reactants were placed in a quartz crucible, with a carbon thread (electrical
igniter) immersed inside and reaction was ohmically initiated. All combustions proceeded
spontaneously, strong light and high pressure jump (up to 20 atm for low initial pressure and up
to 90 atm for high initial pressure) were observed. The following equation describes the
chemical transformations in the system:

Si+ CFx— C + SiF4 + SiC

After the reaction termination, the reactor was cooled down and blackish, puffy solid product
was collected, mixed and purified (30 min boiling in 30% KOH to remove unreacted Si and side
product - SiOy), and analyzed.

A wide range of combustion parameters (type of atmosphere, pressure, reactant’s
stoichiometries) were tested. The combustions are summarized in Table 1. The efficiency of the
synthesis was close to 50%. The highest efficiency of solid products (comparing the same
pressures) was obtained for an inert gas, both active environments caused reduction in solid
products, probably oxygen reacts with carbon towards COx. The relations are even stronger with
an increase of the pressure. In case of the air, the least amount of SiC and C is produced,
however no significant efficiency drop is observed (this due to SiO, formation). Comparing
amounts of SiC and C one can notice that the presence of an oxygen (active gases), as well as
higher pressure, favors SICNWSs formation, therefore the atmosphere together with pressure can
control proportions of SICNWs and graphene-like material in composites. Stoichiometry
changes, as expected, influence amount of C and SiC in products, surprisingly either increase or
decrease of Si increases total SiC and C formation in compare to stoichiometric reagent mixture.
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XRD analysis of raw products (Fig. 1) confirmed the reduction of CFy to carbon and formation
of SiC.. At higher pressures SiC dominate while un-reacted Si is much weaker. The role of
active atmosphere in removing carbon material is also confirmed (weaker signals of carbon in
Air and CO,).

SEM analysis (Fig 2) showed both highly exfoliated carbon material and SICNWs as expected.
At higher pressure not only SICNWs but also SiC nanocrystallites are present. In raw products
(air, CO,) some silica is also visible. Changes in stoichiometry do not have such a strong effect
on products as changes of gases, however increasing amount of Si results in higher amount of
SICNWs and crystal formation.

CO,_Satm B CO_Satm

Ar_Satm

Ar_Satm

sy
1
Ty
g I ST I R |

B0

e
n
w
°
-
pu
-
L
o
e

T T T T T T 1
10 20 30 a0 50 €0 70 20
2 Thata 2Theta

Fig. 1 - XRD spectra of raw and purified product

Structural details of the products were obtained from Raman spectra (Fig 3, Table 2). The
spectra are dominated by 2D (band typical for graphene-based structure material), G and D
bands. G band in all samples is wider than graphite's and 2D is wider than graphene's its FWHM
is about 50 cm™ which is close to turbostratic carbon. The lowest amount of defects is found for
the sample produced in Ar (the lowest value of D/G and highest 2D/G); oxygen atmospheres
cause depletion of amorphous carbon. Increasing pressure results in higher graphitization in
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case of inert gas and increases amount of defects for active atmospheres. Increasing amount of
Si (stoichiometry changes) results in increasing amount of defects (data not presented).
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Fig. 3 - Raman spectra
Table 2 - Parameters obtained from Raman spectra
Gas P G FWHM 2D FWHM D/G 2D/IG
[atm] [cm™] (G) [cm?] (2D)

Ar ) 1577 29 2690 58 0,58 1,32
CO; 5 1576 32 2684 64 0,71 1,31
Pow 5 1578 30 2688 60 0,60 1,26

Ar 50 1570 30 2678 63 0,48 1,43
CO; 50 1579 36 2688 67 0,95 1,19
Pow 50 1588 52 2691 121 1,85 0,25
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To sum up, the presence of oxygen favors formation of silica and decrease of carbon, the effect
is strengthened at higher pressures, thus the atmosphere controls the products. The pressure
increase favors formation of SiC, not only as nanowires but also nanocrystals and it lowers
amount of defects at inert atmoshere (it has opposite effect at active atmosphere). Changes in
stoichiometry control the amount of SiC and C in product.

Mg.Si/GO
In the exploratory study we assumed that the reaction follows the following scheme:
Mg.Si + 2 C1150 — 2 MgO + SiC+ 1,30 C

The synthesis was conducted in Ar at 5atm. The efficiency was 89%, what clearly proves
formation of gasous products (CO4?). Contrary to former system the longer heating was
required to initiate the combustion this probably due to thermodynamic stability of MgSi. The
as produced material was black, fluffy powder. XRD analysis (Fig. 4) confirmed the formation
of MgO and SiC, some un-reacted Si as well as unreacted Mg.Si was also present, however no
C was observed.
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Fig. 3 - XRD spectrum otf the raw product

SEM analysis showed large variety of product's morphologies (Fig. 4). There are not only
exfoliated carbon structures (not confirmed by XRD) but also MgO crystals (located between
carbon layers) and alongated forms, patel-like carbon, SICNWs.

To summarize, as a result of thermo-chemical reaction between Mg,Si and GO highly exfoliated
and reduced forms of carbon were produced. The results are encouraging for more in deepth
research.

97



Fig. 4 - SEM images

SHS is proved to be a fast and efficient method for production of nanocomposite materials.
Process parameters like combustion atmosphere, pressure and reactants stoichiometry control
not only the reaction yield but also the composition and morphology of products.

Acknowledgement. GO was kindly provided by Institute of Electronic Materials Technology,

Warsaw
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Zirconium diboride ZrB; possesses a complex of unique physical and mechanical properties [1,
2]: high melting point (3245 °C), thermal conductivity (57.9 W / (m - K)), hardness (20-22
GPa), abrasion resistance, and resistance to aggressive environments. Constructional high-
temperature ceramics based on ZrB,, which is capable of long-term operation in an oxidizing
environment at temperatures above 1500 °C, has low density and high strength characteristics at
elevated temperatures. The use of such materials is promising in engineering industry [3], as
well as for protective coatings deposition by PVD technologies [4, 5]. The main disadvantage of
ceramics based on ZrB; is low crack resistance. To improve the oxidation resistance and
strength of ceramics based on ZrB,, various alloying additives are used, for example ZrSi,,
TaSi,, MoSi; and etc. [6-9]. Prospective methods for obtaining of ZrB, based ceramics are hot
pressing (HP), spark plasma sintering (SPS) and SHS [7, 10, 11].

In this paper, the kinetics and mechanism of combustion of Zr-Si-B-(C) mixtures, the staging of
chemical reactions in the combustion wave during synthesis of ceramics based on ZrB, with
silicon containing dopants were studied. The experimental dependences of T and U. on Ty were
determined, the values of effective activation energy of combustion process Ec« were calculated
to be around 170-200 kJ/mol, which is an evidence that the limiting stage is the liquid-phase
interaction. The staging of chemical transformations in combustion wave was studied by
dynamic XRD. It was found that during the first stage of reaction, ZrB, forms from the melt,
and then, after insignificant period of time (0.1-0.2 s) silicon containing binder forms due to
interaction of molten silicon with other components.

Compact ceramics based on ZrB,, characterized by high hardness (20-24 GPa) and low residual
porosity (less than 1.5%), were manufactured using SHS technology, as well as hybrid
technologies of SHS + HP and SHS + SPS. Microstructure and elemental composition of the
compact synthesized samples before (cross sections and fractures) and after (fractures)
annealing were studied using SEM, EDS and XRD techniques. Figure 1 shows typical
microstructures of the compact samples based on ZrB, with Si-containing binder, obtained by
SHS (Fig. 1a) and by hybrid SHS + HP technology (Fig. 1b).
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50.0um

Figure 1 - SEM images of microstructure of the samples based on ZrB;, with Si-containing
binder obtained by (a) force SHS-pressing and (b) by hybrid SHS+HP technology

To study the oxidation resistance compact samples were annealed in air at a temperature of
1200 °C for 30 hours. During the oxidation measurements of the samples mass change were
fulfilled ad every 5 hours of the tests. It was shown that during the oxidation of the samples,
depending on their composition, a film with thickness of 10-40 um and consisting of complex
oxides SiO,-Zr0,-B,03, ZrSiO4 is formed on the surface. This film acts as an effective diffusion
barrier reducing the oxidation rate. Oxidation rates were determined from the kinetic curves and
were in the range of 0.0055-0.022 mg/(hxcm?). After annealing for more than 10 hours, the
mass loss was observed as a result of the evaporation of B,O- and other gaseous oxides.

This work was carried out with partial financial support from the Ministry of Education and
Science of the Russian Federation in the framework of state assignment No.11.1207.2017/1T4.
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STUDYING HARDNESS WITH SUB-MICRON LATERAL RESOLUTION OF
COMPOSITE MATERIALS PRODUCED BY SHS WITH THE HELP OF
PICOINDENTOR BUILT IN A HIGH RESOLUTION SCANNING ELECTRON
MICROSCOPE
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One of important application of SHS technology is a fabrication of armor plates from hard
materials based on ceramics-ceramics or metal-ceramics composite materials. Such composite
materials should have high mechanical properties with a combination of a low specific density
and low prices. Practically, it has been shown that high values of hardness and fracture
toughness result in enhanced ability to withstand destroying. However, an exact theory
describing a material destroying under ultra-fast dynamic loading does not exist so far. The
situation becomes more complicated for composite materials produced by a fast SHS
compacting. Different constituents of a composite material may have different mechanical
properties and different ratios of thermal expansion. For this reason, some grains can be
partially stretched and other grains - partially compressed relative to their equilibrium state.
Therefore, the material produced by such a way presents a complex state with alternating
stretching and compressing fields of stresses. An experimental study of such state can help to
illuminate the nature and mechanism of crack propagation and, finally, provide us with
understanding material destroying under the ultra-fast dynamic loading. However, so far
mechanical properties of materials could be measured at macro-scale only. A goal of the
present paper is to describe novel possibilities for studying hardness with a sub-micrometer
lateral resolution through the use of a picoindentor built in a high-resolution scanning electron
microscope (HR SEM).

The current study was carried out on a specimen of a T-B-N composite produced by SHS.
Powders of boron nitride and titanium were used as initial materials. The process flow included
weighting and mixing initial powders with functional additives, mechanical milling and
preliminary pressing followed by synthesis by SHS compacting proceeded in combustion mode.
In the process of the synthesis, active atoms of nitrogen originated from decomposition of boron
nitride are released and interact with melted titanium. As a result, formation of titanium borides
and titanium nitrides took place. For microscopy study, a piece of the specimen was cut from
the produced sample using a diamond wheel and mounted in an epoxy resin. It was then
grounded on a 180-grit silicon carbide paper and polished sequentially with 9 um, 3 um and 1
um water-based diamond suspensions. Finishing of the sample preparation was done with a 50
nm colloidal alumina.

XRD patterns measured from the specimen showed the presence of the following phases: TiB
phase (orthorhombic, space group 62), TiNgs (or TioN) phase (cubic, space group 225) and a
small amount of TiB, phase (hexagonal, space group 191) and Ti(B) phase (hexagonal, space
group 194). Typical SEM image in secondary electrons (SE) aquired from the specimen surface
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is shown in Fig.1, where numbers denote grains of Ti;N and TiB phases found by EDS and
EBSD analysis.

EHT = 1000 kV
ESBGridis= 0V

Fig. 1 - SE image measured from Ti-B-N specimen: 1 denotes grains of Ti>N phase and 2 —
grains of TiB phase.

Local measurements of hardness and Young’s modulus were performed with the help of a
Hysitron Pl 85 picoindentor built in a HR SEM ZEISS Ultra Plus. A typical experimental
layout is shown in Fig.2. The studied specimen is mounted on a piezo-stage of the picoindentor
in such a way that the direction of movement of the picoindentor tip is perpendicular to the
specimen surface. The picoindentor on a special holder is loaded in the microscope specimen
chamber. To observe the studied surface the holder is tilted at 10°. A point for indentation is
selected on the electron image and directed under the tip by pieze stage controls. Fig.3 presents
a general view of the tip above the tilted specimen surface. Arrows in Fig.3 denote points,
where indentations were done. One can see that all indentations were produced within one grain
of TizN phase with sub-micrometer lateral resolution.
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Fig.2: Experimental layout: 1 — electron column, 2 — specimen piezo-stage, 3 — picoindentor
tip, 4 — specimen.

A plot of Force (uN) along the ordinate axis versus Displacement (nm) along the abscissa axis
measured from one of points in Fig.3 is shown in Fig.4. Data handling of the presented plot
makes it possible calculation of hardness (25.92 GPa) and reduced elastic modulus (265.6 GPa).
In such a manner, the introduced technique can be used for measurement of mechanical

properties of separate constituents of composite materials with a sub-micrometer lateral
resolution.
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Fig.3: SE image from the specimen surface tilted at 10° with the picoindentor tip above the
surface; arrows show points where indentation was done
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Fig.4: Force (uN) along the ordinate axis versus Displacement (nm) along the abscissa axis
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A popular trend in modern R & D is the design of materials that combine, two in one, the
properties of ceramics and metals, such as hardness, strength, heat resistance, high-temperature
strength, wear resistance, and ductility [1]. In this communication, we report on the deposition
of multilayer ceramic coatings onto Ti and Ta substrates by the method of SHS surfacing.

Commercial powders of Ti (PTS brand), carbon black (P804T), and Si (d<10 um, 99.4% pure)
were used to prepare Ti + 0.5C; Ti + Si, 5Ti + 3Si, and Ti + 0.65C pellets. The Ti foils 180 and
270 um thick were used as a substrate. Sandwich-type samples were ignited (under a load of
400 g) in a closed reactor under 1 atm of Ar to yield a strong metal-ceramic joining [2]. In case
of Ta substrate (100-um foil), the tablets had a three-layer structure: (Ti + 0.65C)/(Ti + 2B)/(5Ti
+ 3Si); these were ignited under a load 3360 g. Combustion products were characterized by
SEM, EDS, and XRD.

Combustion products represented graded materials with changing composition and structure.
The absence of clearly pronounced transition zones is indicative of good diffusion-assisted
intermixing of constituent components. Comparative analysis has shown that the important
prerequisites for good joining between ceramic coating and metallic substrate are: (a) the
presence of the liquid phase, (b) wettability of a metal, and (c) closeness of combustion
temperature to the melting point of a substrate. Due to possibility of varying green composition
within wide limits, SHS method opens up new horizons for deposition of multilayer coatings
onto metallic substrates.

This work was financially supported by the Russian Foundation for Basic Research (project no.
15-08-04595-a) and conducted by using the set of modern scientific instruments available for
multiple accesses at the ISMAN Center of Shared Services.
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Molybdenum is an alloying element which increases high temperature strength and corrosion
resistance. Therefore molybdenum is widely used in stainless steels, high-speed steels and heat
resisting steels. Molybdenum is added to steels as ferromolybdenum.

Molybdenum melting point is 2617 °C. Metal’s main usage area is alloying element for steel
applications. Liquid steel bath has 1565 °C temperature, this value is not enough to melting
Molybdenum, so master alloys can be solution for this circumstance. FeMo is master alloy form
of Iron and Molybdenum.

In this study ferromolybdenum is produced via SHS method and molybdenum trioxide is used
as molybdenum resource. Molybdenite is roasted in rotary kiln under different conditions and
sulphur content is reduced to 0.6 %. After roasting process ferromolybdenum is produced via
SHS method. Mixture of ferrosilicon and aluminum are used as reductants. The main reactions
occur during the process have shown below:

2/3Mo0O3 + FeSi = 2/3Mo + Fe + SiO;
2/3Mo0O3 + 4/3 Al - 2/3Mo + 2/3Al,03
2/3 Fe;O3 + 4/3Al > 4/3Fe + 2/3A1,03

Before the experiments, Thermodynamic software Factsage 6.4 used, in order to simulate the
chemical and phase equilibria of arbitrary systems at different temperatures will be determined
guantitative and phase compositions for the temperature range. Figure 1. Present probable
phases of metallothermic reduction.

Experiments were made by changing the parameters such as reductant aluminum content and
ferrosilicon content. FeMo containing Mo 60.5%, Fe 33.69% and Cu 3.12% has produced.
Copper content is much higher than FeMo standards. After SHS process, copper content is
reduced to under standard limit which is 0.5 % by leaching.
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Figurel - MoO3; Reduction Conditions

The samples were characterized by using Atomic Absorption Spectrometer, X-Ray Diffraction,
X-Ray Fluorescence, Scanning Electron Microscope and EDS techniques.

Self-propagating high temperature synthesis process (SHS) is a combustion synthesis process
which presents some benefits such as high quality of production, low cost, low processing
temperatures, low energy requirement, very short processing time and simple operation [1, 2].

In a SHS process, the ignition begins the combustion and it propagates throughout the reactant
mixture yielding the desired product. However, the disadvantages of the process such as
unreacted products due to undesirable reaction rates needs to be overcome by changing some
parameters such as ignition temperature, particle size, additive, atmosphere etc. [3, 4].
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CONSIDERING STRUCTURAL HETEROGENEITY IN THE SYNTHESIS OF
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From the structural point of view, inorganic materials are found either in the form of a
crystalline, ordered, regular lattice (numerous minerals, metals, alloys, etc.), or in the form of
disordered, irregular substances (liquids, amorphous substances, granular materials, etc.).

Building materials (cement, sand, gravel), most agricultural and food products (wheat, rice,
granulated sugar, grains, etc.), as well as metallic and nonmetallic powders used in the SHS
process, belong to disordered systems and are investigated by a special section of applied
mechanics - mechanics of granular media.

The very notion of disorder in principle already implies the existence and order. For the
microscopic description of the crystalline body, Bravais lattice models are created, to which the
world of crystals obeys.

How to characterize a disordered structure? For atomically disordered systems, for example,
liquids, numerous models have been proposed, which basically use two structural concepts: the
hypothesis of quasi-crystallinity and Bernal's geometric model. The first allows the presence of
atomic configurations with fragments of the crystal structure in liquids. This hypothesis formed
the basis for many variants of lattice theories, according to which simple liquids, including
liquid metals, retain to a considerable extent the structural characteristics of the short-range
order of pre-melting. In particular, it is believed that the structural element of the liquid is the
"fuzzy" unit cell of the crystal.

Bernal pointed to a radical difference between the lattice structure and the irregularity and put
forward the hypothesis that a dense irregular arrangement of particles in space is characterized
by a symmetry of the fifth order, which is forbidden for crystalline bodies [1, 2].

Investigating the regularities of the irregular filling of a three-dimensional space by steel balls
(the rigid sphere approximation) and using the mathematical theory of arrangements, a
structural model of irregular packing was developed in [3]. The model describes the stacking
density, the motifs for constructing the structure and the microscopic characteristics
(coordination number, number of unlike contacts, their concentration and fractional
dependencies), both atomically disordered and macroscopic disordered systems.

These results are successfully used in estimating the contribution of the size factor to the excess
volume, for calculating the isotherms of the surface tension of the metal solution, for excess
thermodynamic mixing functions, for ascertaining the causes of their concentration asymmetry,
etc. The model has found further development with respect to SHS processes [4].

Powder materials of different physico-chemical nature participate in the SHS process. In this
case, every expected process begins at the points of contact of heterogeneous particles. This
trivial statement does not require clarification, since in the absence of heterogeneous contacts no
process can be expected. Consequently, it can be assumed that the number of heterogeneous
contacts will significantly affect the SHS process.
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In the present study, it is proposed to use the patterns of statistics of two fractional granular
systems to estimate the number of heterogeneous contacts.

In our discussions there is used the simplest pattern of the granular environment according to
which initial furnace charge is considered as statistical set metal (Ti, Al, Ni ...) and nonmetallic
(B, C, Si ...) spherical particles of two sizes (D>d).

If the particles of metal powders (D) and nonmetal (d) are equal in size (D = d), then when they
are mixed, a mono fractional two-component statistical mixture is formed. In this mixture,
contacts of three kinds can be observed: the particles contact themselves with similar particles,
forming bonds 1-1 and 2-2, and also form heterogeneous contacts 1-2. According to the laws of
statistical physics, the entropy of such a chaotic system is:

AS = —R(N,/nN, + N,/nN,), (1)

the probability of formation of bonds between identical particles is proportional to a numerical
share of a component (N;)

=N, )

while the concentration dependence of number of heteronymic contacts (P,_, ) is described by a
symmetric parabola

—==N;N, 3

where No is a total number of particles in system, and Z is the coordination number of the
particle, which, because of the mono fractionality of the system, is constant throughout the
concentration interval. The maximum value of the packing density coefficient for mono
fractional granular media is known to reach K = 0.64.

When mixing particles of different sizes, however, these regularities do not hold. The difference
in the sizes of mixed pairs produces an increase in K, a change in the internal structure of the
mixture and an increase in the number of dissimilar bonds as compared with mono fractional
system [3]. This is easy to understand if we imagine that in an unordered system of identical
particles, some of them are replaced in one case by the same number of colored particles of
similar size, and in the other by particles of a larger size.. In the first case, the number of
"multicolored"” or unlabeled contacts can be calculated from formula (3) for ideal mixtures, and
in the latter from an empirically established relationship for two fractional systems [3,4]. The
number of heteronymic links of i.e. the number of contacts arising between large and small
particles is estimated by the formula:

T IN G Ml 1) N @

0

2 2
where o :(1+%j , P= (1+%} , D and d is diameters of mixed particles (while D > d),

and N is share of particles of the bigger size. Function (4) describes a set of asymmetrical
parabolic curves whose shift toward the component characterized by a smaller particle size is
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more pronounced for higher D/d ratios. At significant granulometric difference of the mixed
powders (D>>d) the coefficient B in a formula (4) becomes negligible. One can therefore

2
. . . . D
assume that the number of heteronymic contacts increases in proportion to (Fj .

We will use the scheme [5] in which reactionary mix is considered on the scale of separate
particles of powder (fig. 1). Let mix consist of two reagents, spherical particles of D>d,;
Stoichiometry of the planned reaction, the quantity and the size of particles is set by the
experimenter. We will allocate some area in the neighborhood of a big particle where the ratio
of big and small particles is approximately identical (the darkened area in the drawing). In [5]
this area is called an elementary reactionary cell.

Since the mixture is statistical, it can be expected that the composition of each elementary
reactionary cell will not strongly deviate from the average composition of the mixture. This fact
greatly facilitates further research, since it allows, in the replacement of the entire continuum, to
investigate its part in the form of a separate cell, and to generalize the result of observations to
the entire system.

The exothermic mixture presented in Fig. 1 contains a lot of elementary reactionary cells. In the
terminology of an unordered state, elementary reactionary cell is a Voronoi polyhedron that can
be thought of in the mind near a large particle.

In the result of studying the statistical properties of Voronoi polyhedra arising in dilute
bifractional mixtures and using the mathematical theory of arrangements [6, 7], a formula was
proposed in [3] for estimating the coordination number in a system of various spheres

2
Z.[ D
Z=""—+1]|, (5)

41d
where Z, is the coordination number of the monofractive (D = d) mixture. It follows that in
irregular mixtures the number of spheres in simultaneous contact with the central one depends
strongly on the fractional composition of the mixture (D / d) and can be estimated according to
(5).

The reaction in a mixture with saturated elementary reactionary cell can be initiated by a
thermal explosion or in the SHS mode. In the first case, the entire volume, similar to an inert
body, is heated by the heat supplied from outside. When a certain temperature (ignition
temperature) is reached, the reaction begins, and the initial mixture "burns" in the regime of a
thermal explosion due to the increasing self-heating.

Unlike a thermal explosion, in the case of SHS, this process is localized in a micro volume, and
accordingly the reaction site is also local. This is why SHS favourably differs from other
technologies.

The development of the SHS process is as follows: after the heat pulse is applied, as a rule, by
heating the tungsten filament, contact melting begins in elementary reactionary cell at the points
of contact of the dissimilar particles to form combustion products (borides, carbides, silicides).
The heat evolved during the reaction melts the metal particle and spreads outward, heating the
adjacent layers of the charge. The metallic melt, wetting the newly formed solid combustion
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products according to the mechanism of capillary spreading [8], penetrates to the next layers of
heated but unreacted nonmetal particles and reacts with them. Thus, the combustion wave
spontaneously moves along the sample. The presence of the liquid phase improves the contact
between the reagents, enhances the processes of heat and mass transfer and, on the whole,
intensifies the combustion process

Fig.1 - Schematic structure of reaction mix and combustion wave front according to [5].
1 -and 2 - particles of initial reagents, 3 - elementary reaction cell, 4 - reaction products

From the presented combustion mechanism it follows that the number of heterogeneous contacts
arising in the elementary reactionary cell between the metal and nonmetal particles determines
the successful development of the synthesis process - the greater the number of unlike contacts
or the higher the fractional difference (D / d) between the particles of the mixed reagents, the
more efficient the synthesis reaction. In this case, it is obvious that the particles of a relatively
easily fusible reactant should be larger than the particles of the reagent with a higher melting

point.
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Due to unique combination o their properties, MAX compounds Mn+1AX,—where M is a
trabsition metal, A a group IllA or IVA element, and X = C, N—are thought to be very
promising for numerous applications [1-3]. In this communication, we report on the SHS of a
MAX phase with X = B from 3Ti + 2Al +2[(1 — x)C + xB] green powder compacts (x = 0.0,
0.15, 0.25, 0.50, 0.75, see Table 1). Combustion reaction was monitored by time resolved X-ray
diffraction [4] and its products were characterized by conventional XRD (DRON-3M) with
Rietveld refining.

Table 1 - Phase composition of the final product as function of boron content, at.%.

% at. B Ti:AIC TizAlIC; TiC TiB: TiAl3 Cc TiAl
0 28.5 46.3 5.6 - 19.6 - -
15 10.6 411 7.9 6 34.5 >0 -
25 19.6 44.9 1.3 6.2 19.9 8.1 -
50 33.5 10.48 2 10.3 - 5.5 38.2
75 28.8 - - 20.5 - 11.8 38.9

For x< 50%, the diffraction patterns of products are nearly the same (Fig. 1a) and become
different for x > 50% (Fig. 1b). The lattice parameters of TisAlC, and Ti,AlC varied within the
limits of experimental spread (Table 2).

According to TRXRD results, combustion of 3Ti—2AI-2C occurs in several stages. At the first
stage, predominant is the reaction yielding TiC crystals in the Ti—Al melt. In 5 s behind the
wave, TiC dissolves in the melt thus giving rise ti formation of the MAX phases.

114


mailto:*ksv17@ism.ac.ru

BT O -TiB,
@ -Ti:AIC F A -TiAIC A
°® A -TiAIC | o -¢ '
- TiAl, \ -Ti ‘
¢ A ‘I O -Tial 0|
|
\
° .
{ “ A H | 'rﬂ | \ |‘<>
o ¢ | \ \
| * LR My |
* o gl f‘wl.gw' 'J L‘V\«‘. WWWWMWM \»M g Jk,,.,w
é 1I2 ‘IIE ‘ IZID 2‘4 ‘2‘8‘ 32 36 B 12 16 ZD 24 5 23 32 36 4‘0‘ ‘ I4I-’-1. ' I4I8‘ '
20, rpas. ., rpaj.

(@) (b)

Fig. 1 - XRD patterns of products derived from 3Ti—2AI-2C (a) and 3Ti—2AI-2(0.25C-0.75B)
green compacts (b).

Table 2 - Lattice parameters (a) of Ti,AlC and TisAlC; as a function of x.

" Ti;AIC, Ti2AIC

0 3.08(3) 3.06(4)

18.6(1) 13.7(4)

. 3.08(3) 3.05(8)

18.6(1) 13.9(7)

» 3.07(3) 3.06(6)

18.5(5) 13.7(2)

- 3.07(4) 3.05(7)

18.5(5) 13.6(5)

— 3.05(9)
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We have assumed that the replacement of C atoms by larger B atoms is accompanied by an
increase in lattice parameter [5]. Total amount of MAX phases attained a value of 75% while
that of TiC, below 6%. An increase in x was accompanied by a decrease in the TiC content and
appearance of free carbon in products.
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Fig. 2 - Modeled XRD patterns of (a) TizAlC; and TisAl(CosBos)2 and (b) Ti-AIC and

TizAl (Co_sBo_s).

Using program package MERCURY [6], we modeled the diffraction patterns of TizAl(CosBos)2
and Ti2Al(CosBos). The results are presented in Fig. 2. No new reflexes within the range 7 < 20
< 45° were found. But the intensities of 002 reflections (26 ~ 9.6° for the 312 phase and 26 ~
13.1° for the 211 phase) are slightly different. Nevertheless, this observation cannotbe regarded
as serious evidence for the insertion of B atoms into the multiatomic systems under
investigation.

No doubt, the feasibility of synthesizing TizAl(C,B). and Ti.Al(C,B) compounds from Ti-Al-
C-B blends deserves further investigation.

This work was financially supported by the Russian Foundation for Basic Research (project no.
15-08-02331).
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Due to unique combination o their properties, MAX compounds My+1AX,—where M is a
trabsition metal, A a group IllA or IVA element, and X = C, N—are thought to be very
promising for numerous applications [1-3]. In this communication, we report on the SHS of a
MAX phase with X = B from 3Ti + 2Al +2[(1 — x)C + xB] green powder compacts (x = 0.0,
0.15, 0.25, 0.50, 0.75, see Table 1). Combustion reaction was monitored by time resolved X-ray
diffraction [4] and its products were characterized by conventional XRD (DRON-3M) with
Rietveld refining.

Table 1 - Phase composition of the final product as function of boron content, at.%.

% at. B Ti:AIC TizAIC; TiC TiB: TiAl3 Cc TiAl
0 28.5 46.3 5.6 - 19.6 - -
15 10.6 411 7.9 6 34.5 >0 -
25 19.6 44.9 1.3 6.2 19.9 8.1 -
50 33.5 10.48 2 10.3 - 5.5 38.2
75 28.8 - - 20.5 - 11.8 38.9

For x< 50%, the diffraction patterns of products are nearly the same (Fig. 1a) and become
different for x > 50% (Fig. 1b). The lattice parameters of TisAlC, and Ti,AlC varied within the
limits of experimental spread (Table 2).

According to TRXRD results, combustion of 3Ti—2AI-2C occurs in several stages. At the first
stage, predominant is the reaction yielding TiC crystals in the Ti—Al melt. In 5 s behind the
wave, TiC dissolves in the melt thus giving rise ti formation of the MAX phases.
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Fig. 1 - XRD patterns of products derived from 3Ti—2AI-2C (a) and 3Ti—2AI-2(0.25C-0.75B)
green compacts (b).

Table 2 - Lattice parameters (a) of Ti,AlC and TisAlC; as a function of x.

" TizAIC, Ti2AIC

0 3.08(3) 3.06(4)

18.6(1) 13.7(4)

s 3.08(3) 3.05(8)

18.6(1) 13.9(7)

» 3.07(3) 3.06(6)

18.5(5) 13.7(2)

- 3.07(4) 3.05(7)

18.5(5) 13.6(5)
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We have assumed that the replacement of C atoms by larger B atoms is accompanied by an
increase in lattice parameter [5]. Total amount of MAX phases attained a value of 75% while
that of TiC, below 6%. An increase in x was accompanied by a decrease in the TiC content and
appearance of free carbon in products.
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Fig. 2 - Modeled XRD patterns of (a) TizAlC; and TisAl(CosBos)2 and (b) Ti-AIC and

TizAl (Co_sBo_5).

Using program package MERCURY [6], we modeled the diffraction patterns of TisAl(CosBos)2
and Ti2Al(CosBos). The results are presented in Fig. 2. No new reflexes within the range 7 < 20
< 45° were found. But the intensities of 002 reflections (26 ~ 9.6° for the 312 phase and 26 ~
13.1° for the 211 phase) are slightly different. Nevertheless, this observation cannotbe regarded
as serious evidence for the insertion of B atoms into the multiatomic systems under
investigation.

No doubt, the feasibility of synthesizing TizAl(C,B). and Ti»Al(C,B) compounds from Ti-Al-
C-B blends deserves further investigation.

This work was financially supported by the Russian Foundation for Basic Research (project no.
15-08-02331).
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Alkaline oxide bronzes of transition metals are advanced materials of modern technology,
because they have a unique combination of physical and chemical properties: electrical
conductivity, thermal conductivity, chemical and thermal stability, corrosion resistance.
Recently it was shown [1] that nanoparticles of tinaniun and tungsten oxide bronzes give high
photothermal effect in laser heating of frozen biotissues, so they can be used as biofunctional
materials.

Synthesis and physicochemical properties of oxide bronzes of titanium, molybdenum, tungsten
are the subject of study by many authors. SH-synthesis of oxide bronzes was first proposed in
our work [2]. Later, this method was used to produce molybdenum and tungsten bronzes with
various compositions. Oxides of transition metals were chosen as precursors because of the
similarity of their crystal structures Atoms of alkali metal in the process of bronze formation
intercalate into the oxide lattice, occupying advantageous crystallographic positions (fig. 1). For
titanium and tungsten frame structures with different types of octahedra connections form. For
molybdenum bronze, as a rule, layered structure of MoOs is retained.

Fig.1. The projection of the tetrahedral bronze structure Nao.33WOs3 on the X-Y plane

The possibility of obtaining oxide bronzes in the SHS-mode is determined by the
thermodynamic characteristics of the chemical agents. In the absence of exothermic additives,
the intercalation of potassium or another electropositive metal into the structure of the d-metal
oxide is not justified thermodynamically. We proposed an effective exothermic mixture (CuO +
d-metal), which led to the successful production of various SH-products of the oxide bronzes
type. Reactions proceeded according to the schemes given below (as an example potassium-
titanium bronze):

2 CUO +Ti — 2 Cu +TiO; 1)
Ti02+0,12 Kl — K0,12Ti02+0,06 I, (2)

We have shown that varying the quantitative ratios of the regents and the amount of the
exothermic mixture can obtain bronze oxides of various compositions with different physical
properties.
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Using the system of optical control parameters SHS with automated analysis of thermal data [3],
we estimated the combustion temperatures and velocity in a process of synthesis (fig. 2).

coordinates X, 10 m
temperature scale,°C

-

‘e

time, 103 s

Fig. 2 - Thermogram for synthesis of K«TiO>

The obtained results are correlated with the thermodynamic characteristics and physicochemical
properties of the initial oxides of titanium, molybdenum and tungsten (table). The most

important factors are the enthalpies of formation, as well as the melting point of the initial
oxides.

Table - Physicochemical characteristics of the initial oxides

Formula AHY%, 20, Melting point,°C | Boiling point, °C Combustion
kJ/mol temperature for
KxMOy, °C
TiO, -943,9 1843 2500 2050
MoOs —745,2 795 1257 No interaction
WOs3 —842,7 1473 1667 800

This work was supported by the Russian Foundation for Basic Research (project No. 15-42-
00106).
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Study of the structure- and phase formation of materials during chemical reactions requires
effective diagnostic methods that allow understanding the materials transformation. Creating of
a sensitive high-speed X-ray detector is a fundamental step in developing of diffraction methods
for dynamics of fast transformations in materials during chemical reactions. Time resolved X-
ray diffraction (TRXRD) is a unique experimental method for study the evolution of the crystal
structure during the process of phase transitions. The idea of the method consists in the
registration sequence patterns with minimum time exposure from material in the process of its
transformation, i.e. "diffraction cinema». The method allows to receive in controllable
conditions of experiment with complete information not only about changes in phase
composition, presence of intermediate products in high-temperature combustion front and in in
a prehearing zone, but also to study influence of separate parameters (pressure, temperature,
impurity) on the combustion process. This study presents the latest results obtained in ISMAN
using the TRXRD.

TRXRD Study of Thermochemical Conversion of Iron Oxide [1]

Thermochemical conversion of transition metals compounds with forming of high-porous
composite material, comprising nanosized particles of these metals can occur in the flameless
combustion wave of energy-rich materials with the polymeric systems ballast. We investigated
the phase formation in mixture of iron oxide (I11) - hexogen in a nitrogen atmosphere. TRXRD
method shown, that the process of reduction of iron oxide (lIl) in the wave of flameless
combustion occurs in stage by stage manner (fig.1). The lines of the initial components
disappeared when the combustion front reaches the detection area. We may observe the
appearance of line of (200) FeO. Lines of the phase FeO are visible during 15 seconds and then
disappear. At the same time the nucleation and growth of the intensity of the Fe;O4 phase lines
(220) (311) (400) is observed. The analysis of the diffraction patterns reveals that the formation
of the final product occurs through the intermediate phase FeO to the final FesO4 phase. The
process occurs entirely in the solid phase, without amorphization of structure. Size of the
coherent scattering area of FesOs is 5-7 nm.

122


mailto:kovalev@ism.ac.ru

Fe,0,

Fe,0,

20, degree

time, s

Fig. 1 - The diffraction pattern of the combustion process of mixture Fe,Oz — hexogen

TRXRD Study of Magnesium Diboride Obtained by SHS [2]

TRXRD was used to study the dynamics of phase formation in magnesium diboride during self-
propagating high temperature synthesis (SHS) in the thermal explosion mode (fig.2). The MgB:
phase was emerged without the formation of intermediate compounds. The effect of the heating
rate on the formation mechanism of the MgB; phase was established. The presence of oxygen
impurities has a significant impact on the kinetics and formation mechanism of MgB.. If the
heating rate exceeds 150 deg/min, the oxide coating is not formed around the magnesium
particles, which results in the solid-phase reaction of Mg+2B=MgB; through a reactive diffusion
mechanism. Moreover, the self-ignition temperature of the mixture is lower than the melting
point for magnesium. Mechanical activation of the mixture leads to variations in the kinetics of
MgB: formation, significantly increases the period of simultaneous existence of Mg and MgB.,
and reduces the temperature at which the reaction occurs.
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Fig. 2 - Diffraction pattern and thermogram of the Mg + 2B mixture

TRXRD Study of the Transition of an Amorphous TiCu Alloy to the Crystalline State [3]

An analysis of the diffraction pattern has shown that the crystallization of the amorphous TiCu
alloy upon heating occurs for a short time (no longer than 0.5 s). A sharp transition is observed
at the instant of crystallization, at which the intensity of the total diffraction pattern background
decreases and diffraction lines of the crystalline phase y-TiCu arise (fig.3). No intermediate
crystalline phases are observed. The change in the alloy structure is accompanied by the
exothermic thermal effect. The Kinetics of the change in the total intensity of the diffraction
spectrum in the period preceding the crystallization is non monotonic. The integrated spectral
intensity decreases in a 10 sec before the occurrence of diffraction lines of the y-TiCu phase at
300° C. The effect observed is related to the relaxation processes in the amorphous state and the

onset of formation of long-range structural order.
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Fig.3 - Diffraction pattern and heating thermogram of the amorphous TiCu alloy.

Exothermic Self-Sustained Waves with Amorphous Nickel [4]

We investigated the self-propagating exothermic waves associated with crystallization of Ni
from the amorphous precursor. TRXRD data indicates that amorphous nickel crystallizes in the
temperature range 170° to 210°C. The results (fig.4a) show that, at v=120 K/min, long range
order begins to develop at a temperature of 170°C. Figures 4b and c show several XRD patterns
acquired at different stages of crystallization and kinetics of intensity for Ni (111) diffraction
peak. The results of TRXRD analysis allow suggesting that the exothermic crystallization of a-
Ni takes place between ~170° to 210°C during external heating conditions, with characteristic
time scale on the order of few seconds. Self-diffusion of Ni atoms is the rate-limiting stage for

crystallization.
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Fig.4 - TRXRD during crystallization of Ni from the amorphous precursor: dynamic of
crystallization (), selected diffraction patterns (b), and kinetics of crystallization (c).

Completed to date, TRXRD studies have shown high informative value method to determine the
mechanism of structural and chemical transformations.
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NiAl and TiAl intermetallides are notable for their high scale resistance and heat resistance and
are a basis of some structural materials for aerospace, gas turbine and atomic machinery. These
alloys have valuable physicochemical and mechanical properties as well as better treatability in
comparison to ceramic materials; and they are corrosion-resistant. In connection with
development of additive 3d technologies for making geometrically complicated articles, there is
a problem of obtainment of close-cut-fraction spherical powders with a regulated graininess.
This work aims at obtaining close-cut-fraction powders based on NiAl and TiAl.

The particles of powders based on NiAl and TiAl obtained through various methods are
typically sized at 40-60 um. Such powders are difficult to crumble up, and plastic TisAl phase
present in TiAl-based alloys aggravates the situation.

In order to increase the porosity of the synthesis products and to reduce the particle size, the
authors proposed to introduce gas-emitting and/or modifying functional additives into the
reaction mixture. Peculiarities of the SHS process in Ni-Al and Ti-Al mixtures with the
functional additives were studied. The structures and phase compositions of the products,
including those tempered in a copper wedge, were researched using optical and electronic
microscopy, X-ray spectral, X-ray structural and dynamic X-ray structural analysis. As a result
of the research, sodium chloride was chosen as the functional additive. Influence of the NaCl
concentration on the Ni— Al mixture combustion parameters was researched. It was
demonstrated that the phase compositions of the synthesis products depend on the NaCl content,
and the volatile sodium and aluminum chlorides play an active role in forming the synthesis
products’ structures. Formation of nickel aluminide starts in the warm-up zone as a result of the
volatile chlorides’ filtering from the combustion zone, then comes to its active stage in the
combustion zone, and finishes in the postcombustion zone.

The SHS products from 90%(Ni-31,5%Al)+10% NaCl and 90%(Ti-36%Al)+10% NaCl
mixtures are characterized by the NiAl and TiAl grain size of less than 20 um, which is 2—
3 times less than in the samples where to sodium chloride was not added. This is conditioned by
crystallization of NaCl along the boundaries of the NiAl or TiAl grains, which impedes
recrystallization of the grains and facilitates formation of the fine-grained structure. Optimal
modes of conducting the synthesis and the NaCl concentration at which the SHS product will be
easily crumbled up were determined. As a result, submicron powders based on NiAl and TiAl
with a particle size of 5 um and a nanoblock size of 30—70 nm (Fig. 1) were obtained.
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(b)
Figure 1 - The microstructures of the SHS powders based on NiAl (a) and TiAl (b)

Through hot pressing and spark plasmatic sintering, the submicron powders were converted to
compact metallomatrix composites based on NiAl and TiAl with a homogenous structure and a
residual porosity of less than 0.1 %. The physico-mechanical properties and scale resistance of
the sintered samples were studied. It was demonstrated that these composites have a higher level
of physico-mechanical qualities as compared to materials of similar compositions prepared
through alternative methods.

The submicron powders were used as precursors in the plasmatic spheroidization technology.
Using this technology, spherical nonporous granules with a graininess of 10-20 pm (Fig. 2)
have been obtained from the 20-50 um fraction.

Figure 2 - The microstructures of the NiAl (a) and TiAl (b) spherical powders
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Abstract: The aim of this work is synthesis of composite materials based on zirconium borides
by self-propagating high temperature synthesis (SHS) method. The macrokinetic characteristics
of SHS composite materials are determined depending on the composition of the initial charge.
The SHS products were determined by X-ray phase analysis, which showed the high-
temperature phases of zirconium borides and magnesium oxide. The influence of preliminary
mechanochemical activation on the combustion temperature and on the strength characteristics
of the samples was studied. Using scanning electron microscopy (SEM), the microstructure of
the obtained materials was studied.

INTRODUCTION

Ceramics having high density made of zirconium compounds are used in packing
thermocouples as melt filter and in induction furnaces (heated up to 2000°C) as a heating
element. Zirconium diboride has a high melting point (over 3000 ° C), high hardness and
strength, good thermal conductivity and electrical conductivity, high thermal stability. These
qualities allow zirconium diboride to be a good material for high-temperature applications [1].
Composites based on zirconium diboride are used as crucibles, cutting tools, rocket engines.
Zirconium diboride also has excellent resistance to oxidation. This indicates the fact stability of
ZrO, was formed at high temperatures in an oxidizing atmosphere [2]. Composite materials
based on ZrB,-MgO are resistant to high temperatures and aggressive environment, they possess
durability, also they are ecologically safe [3].

Synthesis must take place at a very high temperature for obtaining the refractory materials of
high strength. At present, it is difficult to find the equipment with the ability to heat these
materials. Moreover, simultaneous oxidation of two compounds is a very complex process. The
most convenient method of obtaining these products is the method of self-propagating high
temperature synthesis [4].

To increase the product yield, it is efficient to use the preliminary mechanical activated charge
mixture (MA). It favorably influences the chemical reaction. In the process of mechanical
activation due to complex mechanical influence (blow, an attrition) the ideal structure of
substance changes and there appear various defects in the lattice. Preliminary mechanical
activation increases the reactivity of SHS components [5].

EXPERIMENTAL

The process of SHS was carried out for the following system ZrSiOs + Mg + H3BOs. The
process in this system mainly proceeds according to the reaction:

ZrSiO4 + 2H3BOs + 5Mg= ZrB, + 5MgO + 3H,0 + SiO,
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The SHS of the prepared samples was carried out in a muffle furnace at a temperature of 800°C,
initiating combustion by magnesium. Temperatures of these samples were measured by heat-
radiation pyrometer (optical pyrometer). The X-ray phase analysis of synthesis products was
performed on a "DRON-4M" diffractometer with the use of cobalt K.-radiation in 26 = 10° -70°
interval. The morphology of the obtained samples was studied by the scanning electron
microscopy (QUANTA 3D 200i, FEI, USA).

RESULTS AND DISCUSSION

Regularities of combustion in the system ZrSiO4 + Mg + H3BOs.

An important parameter of SHS-systems influencing the quality of the synthesized products is
combustion temperature. It is at the maximal temperature developed in SHS-systems there
occurs phase- and structure formation of the material.
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/_Rﬂ

1400
./ "

1350
=ll=-2
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/A .

1250

1200 . . . . Mg,%
17 21 23 26

1-inactivated system; 2- 5 min of MA; 3- 10 min of MA
Figure 1 - The dependency of combustion temperature in ZrSiO4 + H3;BO3; + Mg system on the
content of magnesium (T, = 800°C)

Maximum combustion temperature was 1470°C. Preliminary activation time of the charge
mixture also influences combustion temperature, the more the activation time, the higher the
combustion temperature, therefore, reactions take place in a combustion wave more fully.

The qualitative and semiquantitative X-ray phase analysis (RFA) of SHS products structure for
the ZrSiO, + H3BO3 + Mg system is carried out. The obtained results are presented in Table 1.

Table 1 - X-ray phase analysis of the system ZrSiO4+ H3;BO3 + Mg (To = 800°C)
0

% %) min E RIS N2 NO|OESENOC 50| Na

§ 17 - 1369 - - | 142 ] - - - - | 184

£ | 21 - 499 | 130 | 1.2 - 6.7 | 54 - - 19.6

+ 1 23 - 51.2 - 35 | 73 - - - 49 | 26.1

S [ 17 | 10 [388 126 72 | - [185[ 12 | - - 1209

N 21 10 | 582 | 56 - - 9.2 - 5.0 - 21.9

23 10 | 584 | 45 - - 8.6 - 45 | 28 | 21.2
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Mechanochemical activation influences strength characteristics. At SH-synthesis, considerable
formation of such substances as ZrB,, MgO significantly increasing strength is observed the
mechanical activated systems.
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Mg, %
17 21 23 26 9.7

1-inactivated system; 2- 5 min of MA; 3- 10 min of MA
Figure 3-The dependency of compression strength on the content of magnesium and the time of
MA in ZrSiO4+ H3BO3; + Mg system (To = 800°C)

From Figure 4 it is possible to draw a conclusion that preliminary mechanochemical activation
influences not only the content of ZrB; in the obtained composite material, but also on particle
sizes: particle sizes of ZrB, were 160-200 nm. A complex use of MA and SHS gives the chance
to obtaining ultradisperse material, when using available raw materials and the perspective SHS

method.
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Figure 4 - The microstructure of SHS products and elemental analysis SEM of the ZrSiO. +
HsBOs; + Mg system

Thus, the possibility of obtaining nanodimensional zirconium diboride in the system of ZrSiO, +
HsBOs + Mg after SHS is shown. The influence of MA on a product yield and on particle sizes
of zirconium diboride is stated.
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Efficient methods for fabrication of promising hard and refractory materials based on HfC
(Tmeir=3900°C), TaC (3800°C), HfB- (3380°C), ZrB; (3200°C), TaB: (3200°C), NbB; (3050°C)
are currently being sought. High mechanical properties (strength, hardness, and Young’s
modulus) are essential requirements for these materials. Solid solutions of these compounds
have a higher melting temperature. In particular, the melting temperature of binary carbide
(Ta,Hf)C with 20% HfC content is ~3950°C. In addition to the rise in melting temperature, such
parameters as specific resistance, hardness, the coefficient of thermal expansion (CTE), and
thermal diffusivity are also characterized by an extremal dependence on composition of solid
solution.

The combination of high thermal conductivity and low CTE defines the high thermal shock
resistance of a material. The CTEs of transition-metal carbides and borides are almost identical:
(6-7)-10°°C1, TaB; is an exception, since its CTE is noticeably higher than that of TaC (8.2:10-
6oC-1 and 6.3-10° °C?, respectively). Silicon-containing compounds, such as SiC, MoSi,, and
ZrSiy, are added to borides to prevent decomposition of the barrier layer formed during
oxidation. A borosilicate glass layer is formed in the presence of silicon and ensures the stability
and protective properties.

The hybrid off-line technologies SHS + HP (hot pressing), SHS + SPS (spark plasma sintering)
and online technologies such as reaction SPS (RSPS) or reaction HP (RHP) are used for
synthesizing refractory solid-solution carbide and boride compounds.

The kinetics and the mechanism of combustion process and structure formation in systems Ta-
Zr-C, Ta-Hf-C, Zr-Ta-B, Hf-Ta-B, Mo-Si-B, Zr-B-Si, Zr-B-Si-C have been studied [1-7]. It was
found that mechanical activation (MA) of reaction mixtures and searching for the optimal
operational conditions of fabrication of compacted materials play a crucial role in combustion
synthesis of the most refractory solid solutions (Ta,Hf)C, (Ta,Zr)C, (Zr,Ta)B,, and (Hf,Ta)B..
When mechanical activation is carried out in air, the SHS product is the virtually single-phase
carbide (Ta,Hf)C with the lattice parameter a = 0.4487 nm, which corresponds to 18 at. % of
dissolved HfC and HfO, content is less than 1.0 %. The SHS product is a porous sinter cake
with carbide grain size less than 10 um, which can be easily refined in a ball mill to reach the
grain size of 2-3 um. SHS carbide and boride powders are the excellent raw materials for HP
adn SPS. Hence, (Ta,Hf)C samples with density of 95-98%, hardness of 24.0-27.4 Gpa,
Young’s modulus of 423.6-484.4 GPa, and elastic recovery of 44.3-46.1 have been produced.
Samples with density up to 98% have been produced by SPS.

The RSPS process has been performed to produce compacted samples of nanostructured SiC
with density up to 97% [8]. A comparison of two approaches, SHS + SPS and RSPS, for
production of HfB,, TaB,, ZrB,-SiC, HfB,-SiC, TaB,-SiC, TiN-TiB;, B.sC-TiB, WSi,—SiC
ceramics revealed several important conclusions [9-14]. First, it was found that the kinetic
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mechanisms governing the reactions for the RSPS of the single-phase (HfB,, TaB,) and
composite (ZrB,-SiC, HfB,-SiC, TaB,-SiC) systems are different, i.e. combustion-type and
gradual solid state diffusion, respectively. Second, when the combustion reaction takes place, a
beneficial effect is obtained if a two-step mechanical pressure cycle is implemented during the
RSPS process, i.e. the applied load is increased immediately after the reaction occurrence.
Third, the RSPS method is preferable for the preparation of highly dense single-phase systems.
In contrast, the opposite outcome is found when considering binary composites, where relatively
mild sintering conditions are required to obtain fully dense materials when starting from SHS
powders.

Two hybrid technological routes are also developing for synthesis of advanced powders based
on NiAl and TiAl for additive techniques. First route includes three stages: 1- centrifugal SHS
casting of a semi-product using oxide raw material; 2- vacuum induction remelting (VIR) of
semi-product with structure modification and electrode molding; 3 - plasma rotation electrode
process (PREP) and further classification of powders to the specified grain size. Second route
includes two stages: 1 - elemental SHS of required composition; 2 — particles treatment in
discharge plasma for spherical morphology obtaining.

Advanced NiAI-CrCoHf alloy with the allowable impurity content, high strength with partial
plastic deformation at the room temperature was developed [15-17]. Content of alloying and
functional additives, crystallization conditions were optimized in order to achieve hierarchical
SHS-alloy CompoNiAI-M5 with 4 levels structure: 1% level - large sized grains consist of
colonies of NiAl dendrites separated from each other by 1-2 um layers of Cr-base solid solution
and Hf (~1 pum) particles; 2" level is a single NiAl dendrite with central part containing Co, Cr
and Cr-rich periphery; 3™ level — 50-150 nm Cr-based spherical core-shell inclusions inside
NiAl matrix; 4™ level — 3-4 nm precipitations of Cr in the body of NiAl matrix appeared after
annealing through Guinier — Preston zone formation. The 4™ level nanocrystal grows up from 3-
4 nm to 40 nm after 30 min annealing at 700°C. Moreover, it was in situ observed the annealing
resulting in the fragmentation of 3" level Cr-based inclusions from size 250-300 nm to 20-30
nm. Cr content in a core (about 50 nm thick) decrease from center to periphery that is
demonstrates diffusion mechanism of precipitation’s formation. Such 4 level structures were
observed in alloys with relation Cr/Co~1- 3. It was shown that the coherent structure of
interphase between NiAl phase and Cr- inclusions forms in case of its size less than 80 nm.
Compressive strength of SHS- alloy samples at Tr.omachieve to 2260+210 MPa.

Evolution of the microstructure of the VIR alloy NisAlsiCri2Cos isothermally exposed to 20,
350, 550, 750, 850 °C has been studied by in-situ HR TEM. Recrystallization becomes visible
after 700 °C in SHS alloy and 550 °C in case of VIR alloy. After annealing, the VIR alloy
exhibited strength of 1720 MPa at room temperature. Strength of the alloy after VIR decreased
because of the increasing size of dendrites, inclusions, and precipitates. High-temperature
strength and creep resistance of new alloys were investigated. Interesting that heritage of
hierarchical 4 level structures has been observed even in ingot after VIR, in granules produced
by PREP, and in dense materials manufacturing with SLS, SEBS and HIP technologies.

This work was carried out with financial support from the Ministry of Education and Science of
the Russian Federation in the framework of Increase Competitiveness Program of NUST
«MISiS» (No.K2-2016-073).
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STRUCTURE FORMATION AT CONSECUTIVE LAYER-BY-LAYER PACKING OF
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One of the main tasks within SHS processes is definite macro- or microstructure formation in
the synthesis product [1,2]. Density uniformity and ordered arrangement of components in the
volume of preliminarily structured powder heterogeneous systems have an effect on the
combustion process, structure of pore space and density distribution in the synthesis product [3].
Besides it is reasonable to use model systems with regular arrangement of components and
corresponding reaction cells in the volume, e.g. as tetrahedral or cubic packing, for reliable
comparison of theoretical calculation and experimental results when studying combustion in
heterogeneous systems [4]. This work continues studying structure formation in thin separate
layers of the model systems [5, 7]. The aim of our investigation is to study the peculiarities of
multilayer structured billet formation at consecutive portion packing of monodispersed granules.
The investigation results are actual for obtaining composite materials by SHS from bidispersed
mixtures with spherical components or those containing clad or mechanically activated
composite granules [3].

The regularities of consecutive portion packing of granule loading into the moulds of various
geometry (a circle (D=4, 10, 15 mm), hexahedron (L=15 mm) and square (L=14 mm)) were
studied. The density of the packed granule system was counted as the ratio of the total load mass
to the volume occupied by the granules between the upper and bottom punches in the mould
independently on the filling degree of separate monolayers in the sample. It allows comparing
the peculiarities of structure formation in the model systems with those in ordinary powder
multicomponent SHS mixtures.

The fills of monodispersed steel granules (d=1000 um), spherical titanium granules Ti (s) of a
narrow fraction (di~290 um), aluminum powder ACD-4 with spherical particles di~1-10 um,
and Ti(s)+Al mixture were used. The packing process in matrixes with a smooth base and in
those with the fixed monolayer of balls formed as tetrahedral or octahedral packing (for
initiation of the certain package formation in the system) was investigated. The peculiarities of
multilayer billets formation were studied at consecutive portion packing of thin layers with the
masses (or a number of granules in a single filling portion (dNo)) varying in the experiments.
Fig.1 and 2 show packing density of granules (d=1000 pm) in the hexagonal mould and a
change in the upper monolayer structure with an increase in the billet height.
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Fig.1 - Packing density of granules (d=1000 um) (hexagonal mould): (a) — consecutive pressing,
smooth base: 1 — No=5; 2 - ONy=400; 3 - ON;=250; 4 - No=220; 5 - No=200; 6 - N,=210; (b)
— the first monolayer (tetrahedral packing) is fixed: 1 — consecutive pressing (dN,=5); 2, 3 -
ordinary pressing (a step close to extremes period, po): 2 - SN,=200; 3 - N,=197.
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Fig.2 - The upper monolayer (the first layer is fixed, dNo=5, No=217, 420, 625, etc.).

The packing density of granules (d=1000 pm) in the square mould is shown in Fig.3. According
to the comparison of the experimental data of billets densities achieved at the consecutive layer-
by-layer portion packing in the moulds of various cross sections, the packing density of granules
(in No interval under study) in the hexagonal matrix is 0.67; it is significantly higher than the
analogous value obtained in the case of the square mould (~0.575) and cylindrical matrix
(~0.55). The dependences of p,=p0,(No) in all the moulds under study at consecutive portion
packing of small portions of granules have distinct extremes — density maximums and
minimums which are analogous to those which were observed earlier at packing of thin layers
of SHS green mixtures and spherical particles [5, 6]. Density maximums correspond to
tetrahedral regular dense packing of ideal balls. Analogous dependences are also observed at
consecutive portion packing of thin layers of Ti(s)+Al green mixture and its coarse component
(Fig.3). The obtained results are rather actual and useful for SHS, especially for producing long
pressed billets with significant uniformity.
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Fig.3 - Packing density of granules (d=1000 um) (a square mould, the first monolayer is fixed
(octahedral packing)): 1 — ordinary pressing (alternation of 6No,=196 and 6N,=169 portions); 2,
3 — consecutive pressing: 2 - alternation of 6N,=196 and 6N,=169 portions; 3 - No=5.
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Fig.4 - Sample density (consecutive pressing, a round mould, D=4 mm): 1 — Al (6M=8.5 mg); 2
—Ti(s) (0M=1.85 mg); 3 - Ti(s)+Al (0M=3.75 mg).
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SHS IN Ti-B AND Ti-Al-B STRUCTURED SYSTEMS
AT PRELIMINARY WARMING-UP

M. A. Ponomarev*, Loryan V. E.
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The peculiarities of SHS of composite materials from Ti-B and Ti-Al-B powder mixtures with
preliminary warming-up of structured samples obtained by the method of layer-by-layer compression
[1] were studied. The initial mixtures of Ti-B system contained black amorphous boron (< 10 um) and
titanium of two types — coarse spherical granules (Ti(s)) (~290 um) and dendrite particles (Ti(di)) of
the types PTS (d1~120 um) and PTM (narrow fractions d2<40 pm and d3~100 pum). The initial
mixtures of Ti-Al-B system of (Ti+2B)+(Ti+Al) composition contained coarse spherical titanium
granules (~290 um) cladded with aluminum layer (20-30 um) — (Ti(s)+Al) and powder mixtures of
black amorphous boron and titanium with dendrite particles. The mixture of boron and titanium with
dendrite particles played the role of “a chemical furnace” and provided warming-up and joining of
coarse titanium granules to the reaction. The components of titanium (PTS and PTM)-boron mixtures
were degasified at vacuum annealing (during 40 min at 620°C at residual pressure of 10* torr). The
following reactive mixtures were formed from the powders: a(Ti(s)+Al)+(1-a)(Ti(d1)+2B)) and
a(Ti(s)+2B)+(1-a)(Ti(di)+2B)) with the variation interval a=0-0.8. The mixtures were pressed into
quartz containers (internal diameter D~4 mm, length ~43 mm) by consecutive layer-by-layer portion
compression [2]. The influence of the mixture composition, components dispersion, preliminary gas
removal from the components at vacuum annealing, initial warming-up temperature (T,=20-500°C) on
the product structure was studied. SHS was carried out in the combustion mode at argon atmosphere.
When the billets were warmed up to T,<200° C, the combustion temperature profiles of Ti-B system
demonstrated two and more temperature micropeaks (Fig.1-a); they proved the existence of several
stages of the synthesis - at first, boride matrix was formed in the reaction Ti(di)+2B and then titanium
Ti(s) particles melted and the melt joined the reaction with the matrix material. At higher initial
temperatures T,>200° C (a<0.4), the matrix frame material was formed faster at interaction of titanium
with dendrite particles with boron. As a result, spherical particles of titanium from one layer (a cross
layer to the sample axis) melted and joined the reaction faster, and the only temperature maximum was
observed in the temperature profiles (Fig.1-b). In this case the maximum temperature Ty in the
combustion wave was growing (by ~400°C) and a significant increase in the average combustion rate
(u) was observed — 3-4 times (e.g., from 2.7 cm/s at T,=20° C up to 7.6 cm/s at T,=470° C — for
a(Ti(s)+2B)+(1-a)(Ti(d2)+2B) at a=0.4). The initial temperature increase to 470° C resulted in more
than 3 times growth of the product compression strength — up to 70 MPa. The use of titanium dendrite
particles of fine fraction (<40 pum) allowed increasing the material compression strength 1.5-3 times in
comparison with the initial mixtures containing coarse titanium powder (~125 pm). After the
preliminary annealing the content of hydrogen admixture in the components was 2-3 times lower; it
resulted in a decrease in the impurity gas pressure in the combustion front and an increase in the
combustion rate (up to 30 %), and reduced the influence of impurity gases on porous structure
formation in the synthesized material.
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Fig.1 - Combustion wave temperature profile for a(Ti(s)+2B)+(1-a)(Ti(d2)+2B), a=0.4: a) T,=20°C;
b) T.=470°C.

The synthesis product obtained at T,=20-500° C contains pores of four main types [2]. The fine pores
of titanium diboride matrix round the spherical macropores are filled with the material of melted Ti(s)
particles after the reaction with the matrix (Fig.2). The matrix fragments round the spherical
macropores look like hollow granules (the wall thickness — from tens to hundred microns) and appear
to be a part of the matrix. The granule walls have a composite structure. The pore sphericity is higher
at higher temperatures, To.

Mag= 1201KX

wo= 13mm
EHT = 1500 kv

Fig.2 - SHS product micro- and microstructure (fracture surface) (a(Ti(s)+2B)+(1-a)(Ti(d1)+2B);

a=0.6; T,=445°C): a) cross fracture; b) granule fracture with macropore; ¢) TiB: crystals on on the

surface of middle-sized pores in matrix; d) macropore surface after Ti(s) melt penetration into the
matrix porous frame.
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The synthesized product has a composite structure. The boride frame of the matrix is formed by
crystallites. They are close to the macropores and have a large laminated shape. They look like long
rectangulars. The elemental composition of the matrix nearby the macropore corresponds to the phases
TiB; and TiB, at a distance - TiB.. The light areas round the boride phase are close in their elemental
composition to that of Ti(s) initial granules (titanium alloyed by aluminum and vanadium) and
correspond to Ti, TisAl phases. The matrix microstructure between the macropores has a fine-grain
structure, its pores are uniformly saturated by titanium (the light area). According to the information of
X-ray Diffraction (XRD), with To growth the portion of TiB; phase in the synthesis product grows.

When the SHS product was obtained from the mixture of titanium granules cladded with aluminum
and fine titanium with boron, an increase in To up to 450°C resulted in the

Deme 24 Dw 2015

WOe Vimm oAl
EHT = 100w T 103831

(c) (d)

Fig.3 - Fracture structure and surface of macropores (a, b, d) and middle-sized pores (c) in the SHS
product (a(Ti(s)+Al)+(1-a)(Ti(d1)+2B); a=0.4; T,=450°C (a, c, d); To=240°C (b).
growth of the maximum temperature Ty in the combustion wave and significant growth of the average
combustion rate — 3.5 times (e.g., from 2.4 cm/s at T,=20° C up to 8.7 cm/s at T,=450° C — for the
mixture a(Ti(s)+Al)+(1-a)(Ti(d2)+2B) at a=0.4). The material compression strength (at synthesis at
To=450° C) was 2.5 times higher — up to 77 MPa. The structure of the composite material and macro-
and middle-sized pore surfaces are shown in Fig.3. The phase composition of the material includes
TiB,, TiAl, TisAl, Ti.
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In the work the possibility of processing of copper waste of wiring industry (Iran) under the
combustion mode and preparation of copper powder have been studied. The copper waste used
in this study represents mainly copper (I) oxide with small amount of metallic copper and
having plate-like form of particles with linear size up to 2.5 mm (0.4-1.0 mm - 70 wt.%). At that
the content of metallic copper is comparatively higher in the fraction less than 0.1 mm. After
drying at 100°C and 7 hours ball milling the particle size became practically less than 1 mm
(0.1-0.25 mm - 70 wt.%).

The possibility of copper (1) oxide reduction under the combustion mode has been shown for
the first time in [1] by using polystyrene (PS) as a reducer (as well as other organic compounds).
The same approach was used in [2] for preparation of copper powder from the mixtures of
CuO/Cu,0 and CuO/Cu. It should be emphasized that because of low exothermicity of Cu,O-PS
reaction, the reduction of pure copper (I) oxide by polystyrene in combustion mode is
impossible (maximum value of T.¢=460°C at PS/Cu.0=0.05-0.06). By this reason combustion
limit exist for CuO-Cu,0O-PS system at 40 wt.% content of Cu.0O [2].

In this work for increasing the exothermic effect of Cu,O-PS reaction and reduction of copper
waste (hereinafter Cu,0) to metallic Cu in combustion mode the reactions thermal coupling
approach [3] was applied. Namely, the weakly exothermic (Cu,O-PS) reaction was coupled with
high exothermic NH4sNO3-PS (hereinafter Nt-PS) one.

Determination of optimal conditions of the process was based on the results of preliminary
thermodynamic calculations for the above-mentioned system. Particularly, it was calculated and
shown, that the mixture (Nt+aPS) have maximum enthalpy and adiabatic temperature at
0=0.05-0.06. At that T.=2000°C.

In the experiments cylindrical pellets 20 mm in diameter and 45-50 mm height were prepared
from different initial mixtures (Cu,O+0.06PS)+x(Nt+0.06PS). Main variables are x value and
particle size of the waste. Thermocouple technique was used to measure the main combustion
parameters: temperature (T.) and velocity (Uc). After passing the combustion front and cooling-
down the burned samples were examined by XRD analysis and scanning electron microscopy.

As a result the dependences for Tc and U vs. x value were obtained, microstructure and phase
composition of final products were determined (fig.1, 2). It was revealed that combustion limit
is observed with a significant decrease in the high caloric additive content, namely at x=0.15
(for milled waste with particle size <0.4 mm).

According to XRD analysis results, at x>0.2 complete reduction of copper takes place. At x=0.2
final product contains also traces of Cu,O. The results obtained showed the possibility of using
polystyrene with high caloric (Nt-PS) mixture for reducing copper waste to metallic copper
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under the combustion mode. Optimum conditions for obtaining powdered copper with certain

microstructure were found out.
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Fig.1 - Combustion temperature (T¢), velocity (Uc) and mass loss (Am) vs. x for the
Cu20+0.06PS - x(0.06PS+Nt) system. |- formation of Cu powder, Il- formation of liquid Cu
Fig.2 - XRD patterns of the initial copper waste (a) and combustion product (b) of the
(Cu20+0.06PS) + 0.35(0.06PS+Nt) mixture

A series experiments were performed also using carbon as reducer. The results showed that
despite the realization of combustion reaction and even high enough combustion temperature
(T=780-1080°C), only partially reduced copper is obtained with high content of free carbon.
This result shows how important is to use a gasifying organic reducing agent instead of solid

carbon.
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PECULIARITIES OF ALUMINOTHERMIC COMBUSTION OF OXIDE
SYSTEMS UNDER HIGH NITROGEN PRESSURE

Mansurov Z.A., Fomenko S.M.

The Institute of Combustion Problems

ABSTRACT

In this work there has been studied some processes of aluminothermic reduction of some oxide
systems in solid-state combustion mode, in nitrogen environment, in high-pressure reactor in
order to obtain the nitride containing composites. The properties of synthesis products that
obtained at various nitrogen pressures were determined.

Key words: self-propagating high-temperature synthesis (SHS), high pressure, oxide systems,
nitrides, composites.

INTRODUCTION

Nitride-containing ceramic powders that obtained by combustion of metal nanopowder mixtures
in air are the promising materials for applications. Under certain conditions, during combustion
of aluminum nanopowders in air the aluminum nitride phase (more than 80% by weight) [1,2]
is stabilized in final products. Nitrides— are compounds of refractory metals with nitrogen,
many of which have high fire resistance, unique semiconducting and dielectric properties, high
chemical stability and deserve special attention [3, 4]. Actual task for producing of high-
temperature nitride ceramic at high pressures of reacting nitrogen is not only compound
synthesis, but also the formation of material structure, its geometric form [5]. Previously, we
have been studied some combustion regularities of oxide systems under high nitrogen pressure
conditions [6]. For improvement of structural characteristics in investigated systems there was
used stronger oxidant - chrome oxide (I11) [7].

EXPERIMENTAL PART

SH — synthesis was carried out in high-pressure reactor. The basic unit of research setup is a
reactor vessel with a capacity of 45 liters, is made from heavy-walled metal, provided with top
and bottom cover. For thermocouple outputs and electrical supply the current fittings were
installed in bottom cover. Supply and gas outlet is conducted through flexible cables of high
pressure, equipped with quick disconnect fittings, are installed at top cover. To increase the
concentration limits for realization of SHS synthesis, a tubular heating furnace that heating the
tested sample up to 1000-C was placed inside the reactor. For control of temperature data of
SH- synthesis processes, a computer temperature recording system was used. By direct
measuring method, the thermocouple signal that installed inside the reactor was transmitted
through the current-carrying connections of bottom cover via shielding wires to crate system
LTR-U-1. Combustion products were subjected to X-ray diffraction analysis using
diffractometer DRON-3M. Topography and microstructure of surface samples, as well as
qualitative and quantitative analysis of the composition in pointed regions were carried out
using multifunctional scanning electron microscope Quanta 3D 200i with integrated systems of
focused ion beam and energy-dispersive spectrometer at the National Nanotechnology
Laboratory of the al-Farabi Kazakh National University.
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For realization of experimental works the following components were used: PA-4 aluminum
powder (99.0%), zincconcentrate concentrate of Obukhovsky GOK (Kazakhstan, ZrSiO4
content - 98.1%), silicon and zirconium powders, silicon and chromium oxides, natural quartzite
(the content SiO2 — 97,0 %), silica sol of the DeguDent GmbH company (Germany), nitrogen
gas of increased purity in cylinders (nitrogen content not less than 99.9%, vol.). Dispersion of
initial components was no less than 90 pm.

For determination of thermophysical and strength characteristics, the samples were prepared in
the form of cylinders with a diameter of 20 mm and with height of 40 mm, the cylinders were
made by pressing method in press mold at a pressure of 70 MPa.
The dried samples were placed into tube furnace, is located inside the reactor of high-pressure
(HPR), where in nitrogen environment, at a temperature of 1100-1150 K the spontaneous
combustion of the samples was occurred , and self-propagating high-temperature synthesis of
nitride-containing composites was carried out. Initial pressure of nitrogen in reactor was varied
from 0.5 to 2.0 MPa. Compositions of experimental samples are given in Tables 1-2.

Table 1 - Compositions of initial experimental samples in a system Al — ZrSiO; —C

Component Content, % mass.
Al 25 30 25 30
ZrSiOy 65 60 70 65
Zr 5 5 5 5
C 5 5 0 0

Table 2 - Compositions of initial experimental samples in system Al — ZrSiOs— Cr,03 u Al —
SiOz — CI’zOs

Component Content, % mass.
Al 10 13 13 15
ZrSiO, 38 35 - -
Cr0s 50 50 50 50
SiO; - - 37 35
CaF; 2 2 - -

RESULTS AND DISCUSSIONS

Allegedly the mechanism of molecular transformations in system Al — MeO — Nz s as follows:

MeO + Al — Al,O3 + Me @ where MeO = Cr,03, SiO,, ZrSiO4

2Me + N2 — 2MeN (2)

For obtaining of carbonitride composites, a small amount of carbon in the form of graphite was
introduced into some prototypes. Introduction of graphite lead to a slight increase of combustion
temperature, which was 1670 K and nitrogen pressure which was 0.5 MPa and aluminum

content of 30%. However, under the conditions of preliminary heating of a system, the
formation of gaseous carbon nitride reaction is occurred.

Carbide phases in end synthesis product were not detected.
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The energy capacity of aluminothermal systems based on zircon and silicon oxide is low, and as
a consequence the reaction temperatures are low, and therefore the synthesized samples showed
insufficient strength. To increase the synthesis temperature and giving to composites enhanced
mechanical properties, a stronger oxidant - chromium oxide (I1l) was introduced into the
system. Below there is a proposed mechanism of chemical transformations in the system

Al — ZrSiO4 — CI’203 —Nay:

Cr,03 + Al — Al,O3 + Cr 4
ZrSi0s + Al — AlLOs + Zr + Si (5)
Cr+ N, — CrN (6)
Zr + N, — ZiN )
3Si + 2Ny — SizNa4 (8)

Thus, in our opinion, a multistage process of nitride-containing composite formation is realized,
when the main heat emission is occurred in the first stage of aluminothermic reduction of metal
oxide, and the nitration process of the reduced metal is carried out at the final stages of the
synthesis.

The addition of chromium oxide into the systems Al-ZrSiO4 and AI-SiO2 is significantly
increase the combustion temperatures (see Fig. 5), which reaches 1770 K in a system of Al-
Si02 with an aluminum content of 15% and nitrogen pressure of 0.5 MPa.

With an increasing of nitrogen pressure, the combustion temperature is decreased
monotonically. This is due to the fact that heat emission of exothermic compounds is caused by
aluminothermic reduction of metal oxide. And with an increase of nitrogen pressure, the heat
output of the samples is increased; this fact leads to an increase of heat losses and a decrease of
combustion temperature in the system. Structural characteristics of synthesized nitride-
containing composites are determined. Synthesized samples were determined for ultimate
compressive strength. With an increasing of nitrogen pressure and aluminum content for all
samples, the compressive strength is increased. The introduction of graphite leads to a reduction
of strength due to formation of gaseous compounds of carbon that lead to an increase of porosity
and composite softening.

Figure 1 shows the dependence of ultimate compressive strength on nitrogen pressure in reactor
in the systems Al-ZrSiO4-Cr203 and Al-SiO2-Cr203 at various aluminum contents. With an
increasing of nitrogen pressure and aluminum content in investigated system the compression
strength of composite is increased monotonically and reaches 100 MPa. Ultimate compressive
strength for zircon-containing system reaches 120 MPa at nitrogen pressure of 1.5 MPa, which
is more than in twice increases the tensile strength of samples which not containing chromium
oxide.
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Figure 1 - The dependence of synthesized sample strength on nitrogen pressure in reactor: a —
Al — ZI‘SiO4 — CI‘zOs; o0—Al- SiOz — Crzos

Some investigations of morphology and microstructure of composite have been performed
depending on experimental conditions and the ratio of initial components. The study of
microstructures on chips of investigated samples in system Al-ZrSiO4 (figure 2) showed some
morphological difference of composite structure with graphite and without it.

mag O] HV WD [ det [ mode | HFW mag O] HV WD | det | mode | HFW
20 000 x [15.00 kV|15.0 mm |ETD | Custom [14.9 um KazNU 10 000 x|15.00 kV|15.2 mm|ETD | Custom [29.8 pm KazNU
a) 0)

Figure 2 - Microstructure and external appearance of synthesized sample chips in systems:
a) Al—2ZrSiO;—Zr—C, 6) Al — ZrSiO4 — Zr

Investigation of samples microstructure in system Al — ZrSiO,4 — Cr,O3 have shown the presence
of filamentary whiskers in composite structure. In samples that containing chromium nitride
(Figure 3a), there are observed filamentary twisted spirals, at the ends of which there are
spherical formations. Precisely this form of whiskers gives strength to composite. In system Al
— SiO, — Cr,05 the crystals of irregular shape from chromium-aluminum spinel serve as the
matrix of composite (Fig. 3b).
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Figure 3 - Microstructure, external appearance and characteristic crystal sizes of synthesized
composite in systems: a — Al — ZrSiO4 — Cr203; b — Al — SiO2 — Cr203

CONCLUSION

X-ray diffraction phase analysis and structural characteristics of SHS products, a large number
of samples based on zircon, silicon chromium oxides are determined depending on the content
of active components and nitrogen pressure in reaction vessel. It has been established that along
with metal nitrides and aluminum oxide, the composition of composite contains appreciable
amounts of silicides and oxynitrides.

Electron-microscopic studies of SHS products with energy-dispersive elemental analysis was
carried out, which unequivocally point to the reinforcing and strengthening role of rod-like and
filamentary structures of nitrides and metal oxynitrides in oxide matrix of composite.

Research results shows that SHS processes in multicomponent systems in nitrogen environment
under high pressure make it possible to obtain nitride-containing composite materials,
possessing not only high refractoriness and metal resistance, but also high strength
characteristics.
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Nano-energetic gas generators (NGGs) are energetic formulations comprised of metallic fuel
and metallic or non-metal oxide particles [1]. Recently, we have demonstrated that hydroxides
can play the role of oxidizers in nano-energetic formulations [2]. Specifically, for Al-Bi(OH);
system, the thermodynamic calculations show that the reaction between aluminum and bismuth
hydroxide is highly exothermic. The interaction between Al and Bi(OH)s follows the reaction:

2Al + 2Bi(OH)s = Al,O3+ 2Bi + 3H,0 + AH (- 1.92 kJ/g) 1)

According to HSC-7 calculations, the energetic capacity for the system (1) is 1.92 kJ/g.
Compared to well-known Al-Bi,O3 system, the gas generation in system (1) is twice higher,
reaching 0.0087 mol/g for Al-Bi(OH)s formulation [2]. This opens great perspective for using
this material in applications where the generation of large amounts of gaseous products is
critical, such as microthrusters [3,4].

Figure 1 shows the dependence of the adiabatic temperature and equilibrium concentration of
condensed and gaseous phases during the exothermic reaction in system (1). Interesting to note
that the energetic density calculated for unit volume for the system (1) is 8.83 kJ/cc. When the
molar ratio Al/Bi(OH); increases from 0.5 to 1 mostly all the bismuth product converts to the
gaseous phase. Additionally, when the ratio increases above 1, the temperature increases to
more than 2000 K, resulting to gradual decomposition of water into hydrogen and the released
oxygen is consumed for excess aluminum oxidation. At molar ratio 2 the highest adiabatic
temperature was calculated to be 2970 K, where the products are about 1 mol solid Al>Os, 1 mol
gaseous Bi, and ~1.6 moles of gaseous mixture of molecular H, and atomic hydrogen. At this
point, the reaction pathway becomes

2Al + Bi(OH)s = Al.03 + Bi(g) + 1.4H(g) + 0.2H(g) )

The further increase of fuel to oxidizer molar ratio results some partial decomposition of solid
Al,O3 into Al,O gaseous and Al gaseous, however the amount of atomic hydrogen is quickly
decreasing due to reduction of adiabatic temperature. Thus, in our experiments we used molar
ratio for Al and bismuth hydroxide to be 2 according to reaction (2). We also took into account
the extra oxide shell mass on aluminum nanoparticles. In addition, we investigated the pressure
discharge dependence on non-stoichiometric fuel to oxidizer ratio, for comparison with
thermodynamic calculations.
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Figure 1 - Dependence of the adiabatic temperature and equilibrium concentration of condensed
and gaseous phases on fuel concentration during the exothermic reaction in system Al-Bi(OH)s:
(red line is adiabatic combustion temperature).

The commercial bismuth hydroxide particles (Sigma Aldrich) have broad size distribution,
ranging from few micrometers to 100 micrometers and above (Figure 2a). Thus, it was
necessary to homogenize the commercial bismuth hydroxide particles in high energy ball mill,
to control the effect of the mechanical activation on particle size reduction, decomposition
energy of bismuth hydroxide, and oxidizing activity in the nanostructured system Al-Bi(OH)s.
The milling energy applied during the mechanical activation decreases the particle size of
bismuth hydroxide particles to sub-micrometer and nano-metric size domain (Figure 2b). Thus,
if the homogenization time is in order of 15 minutes, the micro-sized particles are mostly in sub-
micrometer size. The thermogravimetric analysis shows that the decomposition of bismuth
hydroxide starts at around 390 °C with 28.8 J/g degradation energy (Figure 2c). The second
mass loss starts at around 502 °C, and the decomposition is essentially completed at around 590
°C. The energy required for all steps of decomposition was around 107 J/g. For the particles
milled for 15 min, the first step consumes 23.8 J/g energy, the second endotherm energy
decreases to 41.5 J/g (Figure 2d) and the energy for last step increases to 11 J/g. The overall
decomposition energy is about 76 J/g, 30 % less than that for as-received powder.

Figure 2e represents the pressure vs time plot for Al-Bi(OH)s thermites prepared with as
received and mechanically milled Bi(OH)z powder up to 10 and 15 min with different weight
percentages of Al.
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Figure 2 - SEM images for (a) as received Bi(OH)s; (b)15 minutes milled Bi(OH)s, (c) heat
flow and weight change dependence on the temperature for (c) as received Bi(OH)s; (d) 15
minutes milled Bi(OH)s, () discharge pressure dependence on time for Al-Bi(OH); thermites
prepared with as received, 10 and 15 min mechanical treated Bi(OH)s, with 20 wt. %Al, and
thermite prepared with 15 min treated Bi(OH)s and different weight percentages of Al. The
charge mass in all cases is 0.2 g, and the reactor volume is 0.342 L.

The highest pressure for thermite prepared with as-received Bi(OH)s was 3.33 MPa for 0.2 g
thermite, while for 15 min treated Bi(OH)s is 4.34MPa (30 % pressure rise).

Thus, the nano-energetic mixture prepared with sub-micrometer and nano-sized bismuth
hydroxide is highly reactive and powerful, and is comparable to strongest known nano-energetic
formulations. The best mass ratio for generating highest pressure discharge value was 2:8 fuel to
oxidizer. Thus, metal hydroxides are promising components for nano-thermites which may
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generate vigorous amount of gaseous products and have extreme pressure discharge abilities,
which are useful for applications such as microthrusers.
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The increasing scientific interest in Mo-Cu alloys (with various content of Mo) is conditioned
by the fact, that they form a pseudo-alloy and depending on the Mo/Cu ratio, constituent
elements may be either matrix or dispersing component. The Mo-Cu materials combine the
properties of both metals and can emerge improved or new properties even leading to the
optimization of alloy properties, such as high thermal and electrical conductivity, low and
alterable thermal expansion coefficient, low weight, nonmagnetic and well high-temperature
behavior [1-2]. In view of these features they find their main applications as micro electrical
equipment, welding electrodes, microwave carriers, optical and power packages, heat sinks,
micro electrical packages/hybrids and butterfly packages for telecom systems.

In this work it was proposed to synthesize Mo-Cu composite powders with molar ratio of
constituent metals Mo:Cu=2:1 and Mo:Cu=1:3 from oxide precursors in combustion mode by
applying reaction’s coupling approach [3,4] using Mg+C combined reducers and further
densification by selective laser melting (SLM) technique. It is assumed that it may became a
promising combination of cost and energy-efficient combustion synthesis with fast developing
and waste-free manufacturing technique of selective laser melting (SLM) [5].

Before the experimental investigations thermodynamic calculations were performed to reveal
the possibility of combustion in the CuO-2Mo0O3-yMg-xC and 3CuO-MoQO3z-yMg-xC systems.
Optimum areas for the complete reduction of metals were found out according to reducer’s ratio
and ambient gas pressure for both the systems. Thus, 2.2 and 1.7 mole amounts of magnesium
were chosen as optimal for the CuO-2Mo0Os;-xMg-yC and 3CuO-MoOs-xMg-yCsystems
respectively. The optimum composition of mixtures was found by changing the amount of
carbon in the initial mixture. The combustion peculiarities of the CuO-2M003-2.2Mg-xC and
3Cu0-Mo0s3-1.7Mg-xC systems were investigated in the wide range of carbon amount from 0
to 4 (4.5) moles. As a result CuO+2Mo003+2.2Mg+3.7C and 3CuO+Mo0Os+1.7Mg+3.4C
mixtures were found as target mixtures for complete reduction of both the metals. Following the
synthesis acid leaching was performed to get rid of byproduct magnesia and 2Mo-Cu and 3Cu-
Mo composites were obtained.
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Fig.1 - XRD patterns of the leached powder obtained at combustion of
a) CuO+2Mo03+2.2Mg+3.7C and b) 3CuO+Mo0s+1.7Mg+3.4C mixtures

To obtain dense and both functionally and geometrically complex structured Mo-Cu shapes with
good dimensional tollerance, the synthesized powders were treated by SLM, as there are now
numerous examples of the successful implementation of metal SLM. The experiment
parameters, such as layer thickness, laser current, exposure time and point distance were studied
and optimized.

It is expected that the suggested approach is able to expand the application fields of both SHS
and SLM, find scientific interest and industrial usage.
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Self-propagatinghigh temperature synthesis (SHS), is an energy saving and attractive method
for production of a variety of advanced micron- and nano-scale materials with properties that
are superior to those manufactured by conventional methods [1]. In turn, spark plasma sintering
(SPS), also known as the field-assisted sintering technique (FAST) is a novel sintering
technique [2]. During SPS, a strong-pulsed current is directly passed through the electrically
conducting pressure die and the sample. The unique features of the SPS process is the
possibilities to apply extremely high heating rates, up to several hundred degrees per minute,
and subsequently to achieve full densification within minutes. Combination of SHS and SPS in
one-step method to produce pore free ceramics is a new promising technique for fabrication of
advanced materials [3].

In this work bulk silicon (SiC) and boron (B4C) carbides were fabricated from mixtures of
elements (silica, boron and carbon) by use this one-step, so-called, reactive spark plasma
sintering (RSPS) approach. It was demonstrated that preliminary high-energy ball milling
(HEBM) of the Si+C and B+C powder mixtures leads to the formation of composite particles
with enhanced reactivity. Using these reactive composites in RSPS permits tuning of the
microstructure for the synthesized ceramics and thus produced materials with desired properties.
Optimization of HEBM + RSPS conditions allows rapid (less than 30 min of SPS) fabrication of
ceramics with porosity less than 1%, high hardness (SiC~24 GPa and B4,C~35 GPa), and good
fracture toughness of ~ 5 MPa-m*? [4,5].

The authors gratefully acknowledge the financial support of the Ministry of Education and
Science of the Russian Federation in the framework of Increase Competitiveness Program of
NUST «MISiS» (Ne K2-2016-065), implemented by a governmental decree dated 16th of March
2013, N 211.
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In the 1960s, a group of researchers from the Institute of Chemical Physics USSR Academy of
Sciences (Figure 1), leaded by the young head of the laboratory Alexander G. Merzhanov,
searched for combustion systems, which would be burned without producing a gas flame [1].
This was necessary in order to understand the role of reactions in the condensed phase during
combustion of gunpowder and solid rocket propellants. During this work the scientists
unexpectedly discovered a new phenomenon of “wave localization for self - retarding solid state
reactions” [2], or in modern terms the solid flame [3, 4]. The essence of the invention was
formulated as follows [2]: “Experiments established the previously unknown phenomenon of
wave localization for self-retarded solid-state reactions, consisting in the fact that the chemical
interaction between the solid dispersed components occurs without melting and gasification of
the reactants and products, after thermal initiation is localized in a zone moving spontaneously
in the space of the reagent in the form of a combustion wave’’.

1 _Jere~

Figure 1 - Inventors: A.G. Merzhanov, |.P. Borovinskaya, V.M. Shkiro.

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

It is even more important that based on this fundamental phenomenon a novel technological
approach for fabrication of variety of materials, i.e. self-propagating high-temperature synthesis
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(SHS), has been developed [7]. History of the using of the self-sustained reactions for material’s
preparation is discussed in variety of publications [1, 8-11]. No doubt that, while having
predecessors including works by N.N. Beketov and H. Goldschmidt, only after thorough
fundamental research initiated by A.G. Merzhanov and co-workers, SHS became the widely
recognized technology for synthesis of almost any type of advanced inorganic materials (Figure
2).

Figure 2 - Materials and net-shape articles produced by SHS

Following A.G. Merzhanov [1] we may outline three stages for the development of SHS field.
First stage (1967-1972) was related to the works primarily accomplished in Institute of
Chemical Physics in Chernogolovka. This stage was dedicated to establishing the initial
knowledge on the solid flame phenomenon. Year 1972 can be outlined as an “initiation” of the
second stage, i.e. “self-propagating” of SHS ideas along the different Institutions in Former
Soviet Union. Starting from this time several scientific SHS centers have been established,
including in Armenia (in the Institute of Chemical Physics Armenian Academy of Sciences),
Ukraine (in the Institute of the Material Sciences, Ukraine Academy of Sciences), Uzbekistan
(in Institute of Nuclear Physics, Uzbekistan Academy of Sciences), Kazakhstan (Institute of
Combustion Problems), Georgia (in F. Tavadze Institute of Metallurgy and Materials Science).
Three SHS Centers were developed in Russia, i.e. in Tomsk (in Tomsk State University),
Samara (in Samara State Technical University) and Moscow (in National University Science
and Technology, MISIS). Many of these Centers worked together in the Multidisciplinary
Scientific Technical Complex (MSTC) “Thermo-synthesis” established in 1987.

Finally, in 1980" the SHS started getting a worldwide recognition first in USA and Japan,
followed by China and many other countries. Recent analysis of published literature (Web of
Science) shows that scientists in 117 countries are involved in the research in SHS and
combustion synthesis fields. Number of publication increases almost exponentially (Figure 3).
New directions, where self-sustained reactions are used for fabrication of advanced materials
and coatings, have been established. Among them solution combustion synthesis, originated by
Indian scientists attracted most attention (see recent review [12]). Another currently popular
filed is combustion synthesis of ceramics [13, 14], especially by combination of SHS and spark
plasma sintering [15], where contribution of scientists for US, Italy and Japan is difficult to
overestimate.
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Figure 3 - Number of publications per year in the field of SHS and Combustion Synthesis

Combustion of nano-structured reactive foils, developed in US is another current hot spot in the
field of rapid gasless reactions [17, 18]. Also a variety of nano materials including 0, 1 and 2
dimensional structures were produced by different combustion synthesis approaches (recent
review [12, 18]). In this direction, one can find many exciting publications of the researchers
specifically from China and South Korea. Combination of mechanical activation (MA) and
SHS, so-called MASHS, initiated by scientists from Russia and France now found worldwide
attraction ([19, 20]). Among theoretical approaches, we want to outline a rapid development of
molecular dynamic simulation (MDS) methods to analyze SHS processes [21].

In this lecture, we will overview, discuss and analyze all above and other issues related to the
history, status and prospective of this exiting multidisciplinary branch of science, which stared
with the discovery of solid flame 50" years ago.
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For the first time the synthesis of solid-phase radicals was considered in works of V.V.
Voyevodskiy [1] using tetrafluorethylene and ionizing radiation influence on it. At the same
time, in reactions of their recombination, anomalous values of the activation energies and
compensating effect were observed. The assembly of observing factors was used as the basis of
assumption, in a certain range of temperatures there are occurred phase changes in crystalline
structure of the sample. In this case, the effective activation energy of recombination reactions
decreases with increasing temperature.

The compensating effect is a property of crystalline structure of substance, rather than the
reacting particles. Accordingly, if the energy of the interatomic bonds higher, so the
compensating effect is more significant in inorganic radicals (HP) can be expected. Thanks to
HP, it would be possible to have a specific effect on the mechanism of a wide range of inorganic
processes.

The problem of synthesis and condensed products of SHS containing HP is considered. The
practical importance of HP is conditioned by their free valence, to the possibility of influencing
high-temperature chemical processes as agents that have a modifying effect on the kinetics of
the crystallization of melts of various metals, causing a change in their crystalline structure, as
well polymerization processes of inorganic and organic systems. The free valence of HP is also
capable to realize the function of catalysts.

In works [2-4] there are presented fundamentals of SHS oxide systems theory with mass transfer
is conditioned by the rotational forces action to the propagating combustion wave. The
preparation of metal-melt clusters and the method of forming the momentum of their flow were
first considered as a shock agent for attacking a reaction mixture of a selected composition.

The size of the metal particles Me at the time of their formation within the front of SHS wave is
2-3 - 10-6 m [5]. If the reaction of metal reduction from its oxide proceeds under resting
conditions, so these particles coalesce unimpeded, forming firstly enlarged aggregates and
further ingot. In the conditions of the action of rotation forces, there is a transfer of products
from the combustion front zone (Figure 1). Their trajectory is directed towards the fresh
mixture, correspondingly to the resultant vector of the acting forces - centrifugal F, and Coriolis
Fe
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1 - steel case, 2 - transparent tube-insert, 3 - incendiary cartridge, 4 - high-calorie, attacking
stream, 5 - receiver layer, attack medium, 6 - primary direction of development of the
combustion wave front, 7- transition zone to superadiabatic regime
Figure 1 - Scheme of the rotary reactor and the main processes

The sample with a length L and diameter D from the metal oxide mixture and aluminum was
placed in a cylindrical reactor is fixed perpendicularly to the rotation axis. After combustion
initiation, the melt of reaction products (Al.Os together with metal drops Me), as noted above, is
thrown into the layer of fresh combustible mixture of SHS wave. Possessing by high
temperature and kinetic energy of motion, each component of melts penetrates to varying
degrees, during the reaction time t into the pores of the boundary fresh layer - by a depth g,
giving away the thermal energy and zeroing the kinetic energy at the moment of impact.

The kinetic and thermal energies of drifting particles that appeared in last layer are preserved,
because there is no more impact on the surface of the reaction layer. Thus, the energy of cluster
flow is conditioned by the linear dimension of burning sample, the concentration of the metal in
it, and the number of revolutions n.

As described above and in works [4-8], the mixtures y-Al,Os u B,Os; + Al were selected as
attacked. The synthesis was carried out by clusters of tungsten, molybdenum, and copper
reduced in the course of SHS. The composition of the products revealed the presence of
nontrivial crystalline phases number identified by XRF spectra. As an example, we can mention
AlxB4Oss, Al7,7M030Sis,3, BoM0sSi. The obtained product of compositions indicates the
formation of intermediate phase and nonequilibrium products. The transformation time of 10-3 s
is essentially the relaxation time of a nonequilibrium state in a certain temperature range with a
maximum exceeding of melting point of tungsten. The observed uniform distribution of
products in the attacked layer indicates to significant predominance of impact energy over the
surface and viscous forces of the cluster.

The studies carried out on the EPR spectrometer it indicate a high degree of disequilibrium
achieved at the time of the attack. The spectra indicate signals corresponding to the formed
inorganic radicals.
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Thus, an extensive opportunity opens up to synthesize new materials and create chemical
processes where the Arrhenius barrier reaches 1 mJ. Creation of successively attacked layers in
reactor and an increase in the rotational speed of up to 10,000 rpm, it is possible to replace the
attacking clusters of heavy metals On attacking clusters of light metals.
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This work presents the studies on the formation of titanium and zirconium aluminides by
Hydride Cycle (HC) method. Aluminum based alloys have a number of characteristics making
them attractive in modern technology. Because of the stable passivating oxide layer, they are
very resistant to oxidation and have many other useful characteristics, including low density,
high elasticity, high melting points, etc. Therefore, interest in aluminum-based alloys is
associated with a broad perspective of practical application as design materials: in atomic and
hydrogen energy, in the defense, aerospace, shipbuilding, chemical, automobile industries, etc.
The alloying with Group IV transition metals (Ti, Zr and Hf) is used for making better the
mechanical, physical and chemical properties (hardness, wear and corrosion resistance, etc.) of
aluminides.

Traditional melting (induction, electric arc) is the most-known method for production of metal
aluminides. Its realization needs high-temperature induction or arc furnace. The formation of
aluminides by this method is a long, multi-stage process, requiring creation of deep vacuum and
inert medium at high temperature (800-2500°C). In the powder metallurgy, the sintered samples
must be subjected to heat treatment at T=850-900°C during 30-40 hours or more. The
mechanical alloying method demands 10-40 hours or more. During mixing, the batch
components adhere to the drum wall, changing their ratio. Besides, the batch is contaminated by
the materials of balls and drum. The differences in the densities, melting and evaporation
temperatures of the components complicate the current technologies. Dense oxide film on the
particle surface of metal powders hinders the mutual diffusion of components. In recent
decades, the method of self-propagating high-temperature synthesis (SHS) has been used for the
synthesis of aluminides. But for its implementation, additional activation of the initial batch is
often required.

Thus, the possibilities of the traditional technologies are mostly exhausted, and the search for
more efficient, industrially reliable, cheap methods for the synthesis of high-quality aluminides
of a given composition and structure is an actual task of modern materials science.

We propose the "Hydride cycle” method (HC), developed at the Institute of Chemical Physics of
Armenian National Academy of Sciences, as a new method for the synthesis of refractory alloys
and intermetallides. The essence of HC consists in taking the mixture of transition metal
hydrides (or one metal hydride with another metal) as starting materials. When this mixture is
compacted and heated, at temperature slightly above the dissociation temperatures of the
hydrides, hydrogen is removed and a strong, nonporous alloy formed. More than 100 alloys
were produced in the Ti-Zr, Ti-Hf, Zr-Hf, Ti-Nb, Ti-Zr-Hf, Zr-Ni, etc. systems. This method
was successfully used for the synthesis of titanium and zirconium aluminides and of their
hydrides. The demanded for HC transition metal hydrides were produced by SHS.
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The task of the present work was to define the basic regularities and the mechanism of
formation of aluminide phases in TiH.-ZrH>-Al system by HC. In the experiments, 99.9% purity
zirconium (PCRK brand), PTM-1 titanium and 99.7% aluminum powder were used.
Preliminarily, the titanium and zirconium hydrides (H. content of 4.01 and 2 wt. %,
respectively) were synthesized by SHS method. The hydrides were crushed to fractions <50 um,
thoroughly mixed with aluminum and pressed in collate molds to cylindrical pellets with
diameter of 22-25 mm and height of 8-10 mm at pressure of 20000-45000 KgF. The
experiments were carried out in a hermetic unit consisting of a quartz reactor, oven, devices for
monitoring the vacuum and temperature. The samples were placed in the reactor, evacuated and
heated to the temperature of 600-1000°C. The obtained samples were identified by chemical,
differential-thermal (DTA, derivatograph Q-1500) and X-ray phase (XRF, diffractometer
DRON-0.5) methods.

In Table 1 the results obtained for the system (0.75-x)TiH2-xZrH,-0.25Al (TisAl - Zr3Al) are
shown. The effects of titanium and zirconium hydrides' ratio, of compaction pressure,
temperature and heating rate at dehydrogenation and sintering on the characteristics (phase
composition, density, absorption properties, etc.) of the resulting aluminides were studied. In
HC, the titanium and zirconium aluminides are formed in accordance with the reaction:

(0.75-x)TiH2 + xZrH; + 0.25Al — Tip75x AloasZrxaluminide + Ho1 (0< x<0. 75)

During heating of the initial charge (0.75-x)TiH2 + xZrH, + 0.25 Al the exothermic peaks at
650-670°C were registered on the HC thermograms. They indicate on the interaction of titanium
and zirconium hydrides with aluminum (Table 1).

The thermal effects occurring at heating the batch were defined by thermal analysis. Fig. 1
shows the thermogram of TigssAlo 252102 aluminide formation in HC and the DTA curves for
heating of the initial (0.55TiH, + 0.20ZrH, + 0.25Al) batch.

The formed compact titanium and zirconium based aluminides without crushing interacted with
hydrogen in combustion mode (Px=5-10 atm, Tcom=500-650°C), forming hydrides (Table 1).
According to DTA, these hydrides decompose at 540-560°C. Fig. 2 shows the diffraction
patterns of TiossAlo2sZr02 aluminide and its hydride TiossAlg252r0.2Ho.67.
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Table 1 - Characteristics of the aluminides synthesized by HC

Initial reagents,| DTA Phase . .
. H> | Aluminum hydride
at. % /HC exo composition, Calculated | Tcomo.
effects arameters of formula °C cont., formula, and type of
TiHz| Al | ZrH; ' P . > T wt. %|  crystal lattice
°C crystal lattice, A
sol.sol. Al'in HCP 260 Al sy o
0 | 25| 75 |630/670| Zr+X phase | ZrozsAloss | 540 |1.47 0137; +)°'(25 h:;;
a=3.242; c=5.176 P
sol.sol.Al and Ti
15 | 25| 60 |650/680 |in Zr+B; phase Tio.1sAlo.25Zr0s| 430 | 1.3 | Tio1sAlo.25Zr06Ho.s9
a=3.234; c=5.178
sol.sol. Aland Ti
25 | 25| 50 |650/660| inZr+ B> phase Tio2sAlo2s5Zros| 430 | 1.3 | Tio2sAlo.2sZrosHoss
a=3.243; ¢=5.175
B, phase; a=3.384
35 | 25| 40 |660/650 +sol.sol. Al Tio,35A|o,25zro,4 360 |1.32 Tio,35A|o,25zro,4Ho_7g
in Tiand Zr
;a=3.348 +_. .
45 | 25| 30 | 660 /670 |52 PRasCa=3-348 Ho A loaZros| 330 | 157 | TioasAlossZrosHos:
(02) DOxo
B phase; a=3.318 +|__. .
55 | 25| 20 |660 /640 2 phase, a TIo,55A|o,25Zfo,2 3101(1.32 TIO,55A|0,25ZT‘0,2H0_57
(02) DO1g
DOsg; a =5.894;
65 | 25| 10 |660 /690 c=4.629+B; Tio,55A|o,252I‘o,1 300(1.28 Tio_6A|o,3Z[’o_1Ho,59
phase; a=3.307
a2-TisAl; (DOxg) ) Tio7Alo3H10
75 |125] 0 |670/660 a=5.83, c = 4.647 TiozsAlo2s | 500 | 2.27 FCe
. Tc HMe  0.55TiH,+0.2ZrH,+0.25Al b) a1
Tios5Alo.25Zr0.2 2) 000 1, S T
1000°C S 4
1000 . 3
8001 785°C 700 ¢ -
3 600 670“C :‘: .54 endo 670°C
4001 g DzTA ,
200 200 S20°C 820°C
| 100 640°C
0 - - - - 0
0 50 100 150 t, min 200

Fig.1 - Thermogram of aluminide formation in HC (a) TiossAlo.25Zr02; (b) DTA curves for
heating of the initial batch, 0.55TiH, + 0.20ZrH; + 0.25Al
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Fig.2 - Diffraction patterns of: a) TiossAlo.25Zr02 aluminide; b) its TiossAlo2sZr02Ho 7 hydride

CONCLUSIONS

1. Titanium and zirconium based aluminides were synthesized: Tio25Alo.25Zr05; Tio.sAlo25Zr0.4;
TiossAlo.25Zr0.2; TioesAlo2sZro1 et al.

2. The formation in HC of titanium and zirconium aluminides is significantly affected by the
ratio of the components, temperature and heating rate of the initial charge.

3. At HC, the metals are strongly activated due to splitting of Me-H links and the oxide film is
removed from their surfaces. The "open links" and cleaned surfaces promote solid state
inter-diffusion of aluminum, titanium and zirconium. Nanoscale size crystallites in powders
of titanium and zirconium hydrides (20-80 nm) also promote the rapid formation of
aluminides at relatively low temperatures. All these phenomena create favorable conditions
for solid phase diffusion mechanisms of three-aluminides formation in HC.

4. The noteworthy advantages of synthesis of three-aluminides in HC as compared to the
existing methods are: relatively low temperature (800-1000°C) and short time (30-60min) of
processing; formation of single-phase three-aluminides at one technological step.
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MODELING OF THERMAL FIELD DURING SHS-ELECTRIC ROLLING
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G.Zakharov, Z. Aslamazashvili
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It is known, that during Self-Propagating High-Temperature Synthesis (SHS), when giving
thermal pulse, the exothermic chemical reaction is initiated and the combustion wave front is
displaced in the mixture of reagents with distinct speed [1,2,3]. As a result of the synthesis of
reagents, participating in the reaction, the solid product is obtained. Recently, the increased
interest is dedicated to the materials obtained by the mentioned method, in particular synthetic
hard armor materials with metastable structure, high chemical purity, perfect mono crystalline
grains and high physical and mechanical properties [6].

The SHS process itself is quite fast and the duration of the combustion phase is in the range 0.5-
15 s[3], which significantly limits the compaction hot pressure processing ranges of the
material. Truly the temperature regime of pressure processing determines the hardness and
strength characteristics of materials. As a result of combustion there is significant temperature
gradient between sample temperature and neighborhood, which provokes the intensive heat
loses, especially with the direct contact of cold tool during the hot pressure compaction, which
itself significantly makes influence on the structure.

The temperature loses which takes place during the interaction with cold rolls, which is hard to
compensate from the deep layers due to the fast (to~ 5S) process, creates anisotropic
temperature field in the cross section and the deformation of surface layers develops at
relatively low temperatures. The described process stipulates not uniform mechanical properties
in the cross section of the product and in some cases due to the thermal stresses there are micro
crack formation. Therefore for the ensuring the uniform properties of the product during the
compaction, it is necessary to ensure isothermal regime during the hot pressure processing. The
realization of the process in nonstop regime can be achieved by proposed combined
technological processes of SHS and electric rolling [16,17].

The working principle of the method is following: container, which is loaded with pre-
compacted chasm, is delivered to the rolls of specific rolling equipment. Electric energy is
delivered in the heart of deformation area with the use of electric contact, placed between
container and rolls and the heat, generated in the initial section of deformation heart, initiates
the SHS process. Before the entering of material in the rolls, the displacement of combustion
front creates the particular zone of chasm combustion (planned section), the rolls are switched
on and the electric rolling process starts and the hot, viscous-plastic compacted chasms are
delivered to the rolls in nonstop regime (Fig 1).

For the realization of uninterrupted deformation it is necessary that the speed of rolling and
combustion front displacement to be equal and the other important condition is the
compensation of heat loses, which is possible by uninterrupted supplying of heating current in
deformation zone during the rolling. The demolishing of SHS process (demolishing of speed
synchronization), either the process is out of the deformation zone section, or the combustion
zone is shifted on the left so, that the product gets cool and the compaction is practically
impossible.
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While discussing the thermal problems in SHS processes, the convection movement of reagents
is insignificant. In addition, as diffusion coefficients are much less than temperature
conductivity coefficient, we can ignore their influence on thermal processes [5]. Herewith, as
the SHS process is fast process, we may discuss the whole process as adiabatic.

Fig.1 - Scheme of SHS-electric rolling

by
1 2
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a) Scheme of SHS — Electric Rolling b) Scheme of thermal-physical problem

1. Rolls; 2. Electrical contacts; 3. Container; 4. SHS chasm; 5. Combustion Zone; 6.Final
product

Hereafter we can discuss the adiabatic process of combustion and problem of full
transformation of reagents. For the main condition we use the equation of enthalpy at the start
To temperature of reagents and final T.q temperature of product[2,6].

iz [ H(To)li=E}[Ta)l; (1)
At the adiabatic temperature of combustion the enthalpy of product can be written as follow:
T
Foi[H(Ta)li= X [H (Tl [, £y CAT @)

where C; is the thermal capacity of j product, which is the function of temperature [C;=f;(T)];

According to (1) and (2) equations the heat released by exothermic reaction is totally spent on
the heating of combustion product from initial T, to the final temperature Taq.

The special algorithm of free energy minimization gives relevantly precious results by analyzing
the temperatures and balanced compounds of products. This method is used in the software
“ISMAN-TNERMO?” for the calculating of different parameters of SHS processes. The software
is created for multi component heterogeneous systems to calculate thermodynamic balance and
is effectively used for the decision of problems connected to the synthesis possibilities and
adiabatic temperatures of combustion of inorganic products for SHS processes.

According to number of experimental investigations [1,6] it is established, that the temperature
of initiation of SHS for metal-ceramic reagent chasms is in the ranges 800-850°C.

The electric characteristics of electric-contact heating equipment is manly depended on the
electric resistivity of workpiece that have to be heated, which varies/changes during the heating
process according to the temperature variations.
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The total energy consumed by the electric-contact equipment is calculated by the following
formula [7]:
_CG(T3=T1)

7,TCOSQ

©)

Where, c- is the heat capacity of the material; G-mass of the material; T, and T, initial and
final temperatures of material correspondingly; 7,-coefficient of efficiency; z- time of heating;
cosgp —power coefficient of the equipment. The current, necessary for the heating of the
workpiece from To to T1 temperature in time interval z, is calculated according to the following
formula[7]:

— ’GC(T1 —To)
1= TR (4)

Where: n:— is heat coefficient of efficiency in the particular moment of time, R- average actual
electric resistivity of the workpiece in the presented range of heating. The parameters C,n: and
R in the formula (4) are nonlinear functions of temperature. For the simplicity of calculations in
the set interval AT=T;-To we use the average values. Accordingly, formula (4) calculates the
average value of heating current which is necessary for warming up the workpiece to T
temperature in time.

The heat-physical problem progressing in deformation zone

In the stationary regime of SHS-electric rolling, the combustion process of chasm is progressing
just nearby the deformation zone (Fig.1). As a result the workpiece is warmed up to T»
temperature and is delivered to the rolls in hot condition. In this case there is the process of
contact heat transfer to the neighborhood and to the cold rolls from hot workpiece.

SHS combustion zone is located just next to the deformation area, the workpiece in in contact
with the neighborhood for a short period of time, accordingly the heat loses by convection and
heat transfer is too small and can be ignored.

Proceeding from the fast-acting process of deformation and high temperature of chasm, due to
the heat transfer by convection displacement of mass, also by the plastic deformation and work
of surface friction forces, it is practically possible to ignore the heat component influences.
During the hot rolling the heat transfer coefficient a between workpiece and rolls, can be
calculated theoretically[8,11]. Besides, the experimental dates for defining the mentioned
coefficient also exists [12,13,14]. According to the experimental data the value of « coefficient
varies from 5-103-10* W/m? °C.

Heat quantity, transferred from hot product to 1 m? roll in time interval = [11,15]
Q= (To—Trol) zf %)

Where, is a is a coefficient of heat transfer between the product to the rolls; TO is the initial
temperature of the product; T temperature, which could be established in case of absence of
heat resistance between contacting surfaces; 7 is a time of contact.

f=—2_ - —(l-exp(h?at)erfchvat) (6)

h—at hZat
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Where: h - relative coefficient of heat transfer and h:%; C - comparative mass heat capacity; p -
hardness; a - coefficient of heat conductivity.

Therefore, inside the deformed volume the Fourier expression for one dimensional occasion for
non stationary temperature regime, will be written as follow:

2 2
aT_ 82T or T )

ot Yoxz 9t — " ox?
The problem can be formulated as follow: unbounded plate (stripe) with the Width 2L, which
have the similar temperatures To in the whole volume, during the time interval 0<t <14
suffers contact based heat exchange with the rolls, which itself have constant T, temperature.
Consider, that the heat exchange process between stripe and rolls are according to Newton low.
We can define the value of heat loses and and temperature field of the stripe, which equals
VRAR

T =

Vrol
Where: R - radius of rolls; Ah-is absolute stretch; V- speed of rolling.

The problem that has to be discussed schematically is presented on Fig.1-b.
In terms of heat transfer, the problem is symmetric for axis Y, therefore it is possible to be

discussed either one-roll system, or two-roll system:

2
For first occasion will be written ‘;—:_ “ZTZ =0 0<x<2L, 7>0

Initial condition T(0,x)=Toe=const;

Boundary condition T(z,0)=0 da T(z,2L)=0

—on2
ezna

2n-1

The solutions in this case will be following: T(X, r)=%2,‘;°=1 sin(2nx) , 2n=% (n— %)

2
Andseconda—T aa—Tzo 0<x<?2L, 7>0
ot Ox2

Initial condition: T(0,x)=To=const; Boundary conditions T(z,0)=0 and Z—QXZL:O

The solution can be found as follow:

—_on2
e 2n“at

4Ty oo . 1
T(x,r)=7° Y=o e sin(2nx), 2n=% (n+ 5)

It is clear that both solutions are the same [0,L] interval. Indeed, if in the second solution we
make transformation of summing index as n=m-1, we will get the first solution. The same
problem can be overcomed by using the numerical methods, private difference or method of
finite elements.

As far as the time of contact with rolls T, and temperature function T(x, ) are known, we can
calculate temperature gradient

AT =T(x,0) = T(x,7)

This corresponds to the lost heat quantity during the contact of product and rolls in deformation
zone(5).

For creation isothermal character of the process, it is necessary to compensate heat loses. This
can be achieved by providing heat quantity, generated by applying electrical current in

173



deformation zone during the rolling process. The necessary value of current is determined by
expression (4).
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Molybdenum carbide have long since attracted considerable interest for technological
application because of its high melting point, chemical stability, extremely high hardness, high
strength, and excellent resistance against mechanic and corrosive wear. In addition,
molybdenum carbide showed catalytic properties similar to those of noble metals, which led to
an explosion of interest in the use of molybdenum carbide as catalysts for a wide range of
reactions.

In this work we present a novel route to the synthesis of nanosize molybdenum carbide by the
solution combustion synthesis (SCS) [1] with subsequent heat treatment at 1100°C performed
by using a high speed temperature scanner (HSTS) [2].

SCS involves self-sustained reactions in a solution of metal containing oxidizers (typically
metal nitrates) and a fuel, e.g., water-soluble organic amines, acids, amino-acids, etc. In our
work, for the preparation of nanosize molybdenum carbide we used ammonium heptamolybdate
(AHM), and glucose as an organic reducer. For the increasing of reaction enthalpy NH4NOs; was
utilized as an auxiliary oxidant. In the study, the above initial materials were dissolved into
deionized water, and then stirred to obtain a homogeneous solution which was heated to react.
Evolution of substantive gas during the combustion reaction leads to porous morphology and
high specific surface area for products. After much of the water has been evaporated, a viscous
liquid forms (sol, then gel) which is autoignited and forms molybdenum (V) oxide fine powder.
Temperature profiles at SCS were registered by thermocouple technique. As can be seen from
the thermogram, the Tmax is about 550°C (Fig. la), and XRD pattern of the quenched sample
contains only characteristic peaks of MoO- (Fig. 1b).

The corresponding reaction between AHM and glucose and ammonium nitrate for the formation
of molybdenum oxide can be written as follows:

(NH4)6|\/|07024*4H20 + (p1C6H1205+ (pzNH4NO3 — MoO; + CO/CO;, + H,0 + N>

T, °C
500 -
400 -
300
200
100 -

0

(a) 1-MoO; (b)

Intenwity {a.u)

1

0 500 1000 1500 2000 2500 | 10 20 30 40 50 60 70 S0
t,s - 28

Fig. 1 - SCS thermogram of the AHM-CsH1,0s-NH4NOs mixture (a), and XRD patterns of SCS
product (b)

175


mailto:sofiya.aydinyan25@gmail.com

Then, the obtained product was impregnated by the suitable amount of a saturated solution of
glucose and heated by HSTS-1 setup with 100°/min rate up to 1100°C and held for 3 minutes
(Fig. 2a). As a result, it completely converted to molybdenum carbide (Fig 2b). The reaction can
be represented by the following equation:

M002 + C6H1206_) MOZC + CO/COZ + HZO + N2

T, °C (a) 1 (h)
1000 - —_
=3 1-Mo,C
800 - =
600 £
400 g
| = 1, 1 h
200 l
“ U L L
0 200 400 600 || 10 20 30 40 50 60 70,,80

Fig. 2 - Heating thermogram of the MoO2(SCS)+C¢H1206 mixture (a) and XRD pattern of the
cooled sample (b)

According to SEM examination, combustion product represents particles with submicron size.
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One of the most rapidly developing direction in the field of combustion synthesis is a high-
energy ball milling (HEBM) of SHS reactive mixtures. HEBM found its application as a method
to enhance self-propagating reactions for low exothermic mixtures [1-3]. It was also shown in
literature that HEBM allows to expand combustion limits leading to a more complete reaction
[4,5]. During such mechanical treatment it is possible to obtain nanostructure composites with
the size of structural components in the range 10 - 100 nm. Moreover, the contact area between
reactants also significantly increases. It is also important that new contact surfaces formed
during HEBM in inert atmosphere are clean from the oxide films. All above leads to a high
reactivity of the fabricated combustible mixture, i.e. reduces the ignition temperature, extends
combustion limits, facilitates more complete combustion and in some cases increase the
propagation velocity of a combustion wave. Obviously, HEBM affects the reaction kinetics in
heterogeneous powder mixtures, but the mechanism of this effect is still not fully understood.

There are several hypothesis in literature, describing influence of HEBM on reactivity in such
systems [6]. They can be divided on two groups: 1) based on the assumption that after HEBM
reactants “store” energy; 2) based on the microstructure changes during HEBM. Energy-based
mechanism implies that internal energy of the system increases due to increase of the surface
and volume defects concentration caused by particles deformation. Energy accumulated by the
crystal lattice after mechanical treatment results in the enhanced reactivity of powder mixtures
during combustion synthesis. However, values of stored enthalpy in treated materials usually
does not exceed several kJ/mole [7] which is much lower than the enthalpy of formation from
the elements (e.g. 5Ti+3Si=Ti5Si3, AH=585 kJ/mole). Thus, we can conclude that energy
“stored” by the crystal lattice cannot lead to the significant increase in the reactivity of powder
mixtures after HEBM.

In recent publication [8] we showed that acceleration of the combustion reaction in Ni-Al
system after short-term HEBM occurs due to a decrease in the reagent size and an increase in
the contact surface area between the reactants. High-resolution TEM analysis reveals that the Ni
+ Al mixture after mechanical treatment contains nanocrystalline intermediate phases and these
phases can serve as nano-precursors of heterogeneous exothermic reaction, enhancing the
reactivity of the system and decreasing its activation energy (E.).

However, there are no direct experimental data on the reaction kinetics of the mechanically
treated mixtures. Kinetic studies on standard differential scanning calorimetry (DSC) does not
provide the necessary data, since the heating rate in the standard DSC too small (1 - 100 °C per
minute), whereby a further heating step is "annealed™ nanostructured active reaction centers, and
the resulting data does not match the actual kinetics in the rapid heating.
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Here is reported the study of the kinetics of heterogeneous reactions in mechanically activated
nanostructured composite materials (Ni+Al and Ti+0.6Si) by rapid heating. For determination
of the E. we used two approaches allowing to achieve fast heating rates, i.e. high-speed
scanning electrotomography and electro-thermal analysis. Both methods are based on the
heating of the investigated sample by passing current through it and registration of temperature-
time profiles. Processing of the obtained temperature profiles allows us to determine the
effective activation energy in considered systems. Thus, we obtained data on the dependence of
the activation energy on the HEBM time in the Ni-Al and Ti+0.6Si recative mixtures. The
reasons for the changing of effective activation energy are also discussed.
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ABSTRACT

An effective solid-state combustion route for fabricating a new type of AIN hierarchical
microstructures is developed. These hierarchical structures were consisting of cylindrical or
hexagonal central axis decorated with AIN dendritic microcrystals. Depending on the shape and
mutual arrangement of the microcrystals, tower-like, feather-like, flower-like and pine tree-like
hierarchical structures of AIN were obtained. The chemistry of combustion reaction and the
formation mechanism of hierarchical structures is discussed in regard to analysis results. The
discussion of growth mechanism leads to the conclusion that the growth rate can vary from
crystal to crystal as a function of the combustion conditions, including the reaction temperature
and the concentration of aluminum in liquid and gas phases.

TEXT

In recent years, the controllable synthesis of nhanomaterials with unique morphologies and sizes
has attracted increasing interest because of the shape-dependent properties of nanomaterials.
The self-assembly of one-dimensional nanostructures into hierarchical nanoarchitectures is of
particular importance and is fascinating because the nanoarchitectures are promising building
blocks for nanoscale electronic and photonic structures [1-3]. Among the structural ceramic
materials, a huge attention has been paid to the AIN for its unique properties such as a direct
wide band gap (6.2 eV), high thermal conductivity (140-200 W/m-K), superior compressive
strength (280-400 MPa), a high piezoelectric response, small or even negative electron affinity.

In this article, we report the combustion synthesis of new morphology 3-D hierarchical
nanostructures of AIN. By regulating the reaction parameters, the structures of AIN could
evolve from a wildflower patterned crystals to multilayer hierarchical structures. These 3-D AIN
hierarchical structures were grown by the combustion of Al-AlFs-ZnF,-NH4Cl reaction mixture
under nitrogen gas pressure.

In the lengthwise cross-section of the combusted sample, three zones could be distinguished:
surface (1), intermediate (2) and central (3) (Figure 1a). The surface consisted of nanowires and
nanoparticles, and this was the largest zone in the sample. Molten Al decorated with AIN
fragments of differing morphology was typical for the intermediate zone. The central zone
resembles a large void, which is full of AIN fragments of differing morphology. This is the most
interesting region, from which we could harvest the most interesing and formerly unknown
hierarchical structures of AIN. Figure 1b is an image captured from the central zone and shows
the presence of AIN 3-D structures, including such as, feathers, stellar dendrites, 6-fold
symmetry crystals, and multi-story micro towers. The XRD peaks of micro and nano crystals
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crystals collected from the central zone perfectly match single-phase AIN (Figure 1c). The
highest peak intensities (26 = 33.3° and 37.9°) indicate that the growth of AIN crystals is fastest
in the (1010) and (1011) planar directions.

Intensity (a.u.)

d=1.8290 (1012}

O f et 55591120

® 8
=
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T

Figure. 1- (a) Lengthwise cross-sectional view of as-combusted sample; (b) Central zone
morphology, (c) XRD patterns of the reaction product collected from the central zone.

FESEM observations revealed at least two routes for the formation of the hierarchical
structures: (1) dissolution of nitrogen gas into Al melt and subsequent dendritic crystallization
of melt into hierarchical structures, and (2) formation of central axis (rod- or arrow-type) and
subsequent decoration by newly formed AIN crystals. The first route of hierarchical
crystallization is shown in Figure. 2a.

Figure 2 - (a, b) SEM fragments of hexagonal and sectoral plates of AIN; (c-¢) The “blooming”
process of AIN microrods.
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The plate-type crystals that formed after partial crystallization of the Al melt were preserved and
can be seen clearly. Assembled hexagonal plates of AIN are seen in the upper part of the
micrograph. In the left bottom part, we can see a half-grown structure that resembles multilayer
sectored plates. Additional microstructural fragments with dendritic growth of AIN micro
crystals are shown in Figure 2b. Typically, the growth process of several crystals was already
completed resulting in 6-fold morphological fragments, but the growth process of some of the
crystals was still in progress. We can see a number of dendritic branches half-protruding from
the molten mass. EDS analysis conducted on the different dendritic fragments led to the
conclusion that their composition always corresponds to the AIN phase. The fragments on
Figure 2c-e demonstrate the second route of crystallization, where the central axis is formed
first, and then is decorated by AIN crystals. Figure 2c shows arrow-type micro rode covered
partially with AIN crystals. The growth process was not completed and empty zones on the
central axis remained. Figure 2d shows the “blooming” process of an AIN micro rod: several
flower-like sprouts can be seen on this micro rod. The sprouts more likely were formed due to
interaction between AlF; (or lower fluoride) and N2 on the micro rod surface. The “blooming”
of the micro rod and its transformation into a multilayer structure can also be seen ion Figure 2e.

Normally, based on the experimental findings, we might suggest that in the combustion process,
a dendritic growth mechanism of AIN hierarchical structures was realized. Calculated surface

energies for different facets of AIN indicated that (1011), (0111), and (1010) facets have the
highest surface energy (5.6, 5.59, and 5.3 J-m?, respectively) and are thermodynamically the
most unstable. Therefore, they are the most probable locations from which the dendritic
branching will be initiated [4]. This data is in good agreement with the XRD data shown in
Figure 1c.
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Self-propagating high temperature synthesis (SHS) is one of the important methods to
synthesize advanced materials such as ceramics (e.g. TiB», B4C, SisN.); abrasives, cutting tools
and polishing powders (e.g. TiC, cemented carbides); resistive heating elements (e.g. MoSi>),
shape-memory alloys (e.g. TiNi); high-temperature structural alloys (e.g. nickel aluminides);
master alloys (e.g. AITiB); neutron attenuators (e.g. refractory metal hydrides) as well as
conventional metals and their alloys [1, 2]. Although the discovery of metallothermic reactions
(Beketov 1865; Goldschmidt 1895) is earlier, combining with flame propagation theories and
the first gasless metallothermic combustion experiments were conducted by Merzhanov et al. in
the middle of 1960s [3]. SHS reactions are highly exothermic. Thus, the propagation of
reactions and the yield of reaction products continue in self-sustaining mode without requiring
additional heat [4, 5]

The aim of this study is to produce NiB master alloy via SHS method instead its two current
industrial production methods, carbothermic and aluminothermic reduction, in an electric arc
furnace. With the increased environmental concerns, primarily on carbon emissions and energy
saving, the SHS process with its lower energy costs and lower environmental impact may
become a favourable / preferable production method of NiB.

Thermochemical evaluations were made to estimate the adiabatic temperatures and possible
product compositions in the final product by using FactSage 6.4 thermochemical software. The
aluminothermic reduction process was performed in ceramic crucibles which were pre-heated in
a furnace at 500°C for 30 min. before powder mixture were poured in it. Under normal gravity
and atmospheric conditions, oxides of metals (NiO, B2O3) and fluorspar (CaF) as flux for good
slag metal separation and Al as a metallic reductant were used. To obtain optimum flux ratio for
the best slag metal separation 5 different experiment organized (1%wt. - 2.5%wt. - 5%wt. -
7.5%wt. -10 %wt. CaF, ) and optimum result obtained from 5 %wt. CaF, value with 89 %
metallic recovery. By changing the parameters such as reductant aluminum content and molar
ratios of other initial components, we expected to change the yield of target product. Also, NiB
master alloy should typically contain 15-20% B, 80-85% Ni and the balance of permissible
contaminants. We obtained NiB contains 12%wt. B.
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Self-propagating high-temperature synthesis (SHS) reactions propagate self-sustainingly
without any oxygen supply and form high-temperature field at the back of the reaction zone.
The technological merits of SHS have been revealed in versatile areas with the additional
techniques on such a joining method as “stereo fabrication of large-sized matters with hollow
ceramic units assembling” and a capsule formation as “large-sized light and tough aggregate
fabrication with metal and/or ceramic hollow spheres”. The SHS and related technologies have
been successfully applied to R&D studies under microgravity environments from 1980s [1],
which have nowadays broadened their goals toward human space access in space exploration
beyond low-earth orbit (LEO) to the Moon, Mars and others. One of the key challenges in the
development is to achieve “extended stays of humans in space” by establishing advanced
technologies in the fields of robotics, micro-machines, space solar energy and multiple resource
utilizations with loss minimization of energy and mass. Material resources will be strongly
restricted and almost impossible to be resupplied from the earth for distant and long-term
missions performance; none would be enough to develop technologies with resources only from
the earth, so it should be required to utilize resources on other places with different nature of the
earth, i.e., in-situ resource utilizations (ISRU) [2].

According to the NEEMO (NASA Extreme Environment Mission Operations) project, the
aquanauts are able to simulate
living on a spacecraft and test
spacewalk techniques for future
space missions, which means that
the underwater environment has
the additional benefit of allowing
NASA to "weight" the aquanauts to
simulate different environments.
When considering the recent
challenging goal in  space
exploration, our targets can expand
not only in space exploration but

also in underwater environment, i. ¥
. [ Advanced Survival Systems for Extreme Environments]
e., toward extending human-stays :

in both of "extreme environments”, Fig. 1- Guidelines of the SHS and related

where the SHS and related technologies for the environments of underwater and
technologies can work practically in beyond LEO

fulfilling efficient for the goal of the
technological success. The technologies of survival system formations including the availability
of renewable and/or self-sustaining energy also play a critical role, specially, in the prime of

SHS and related Technologies

power-firee, oxygen-free and self-sustaining]
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Long-term Field Operation
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extreme environment utilizations. The present paper mainly concerns “long-term field
operation” and “ecological life support” as well as the ISRU as shown in Fig. 1. For example,
the former refers to sustainable lunar-night (overnight) survival [3], and the latter to CO--
reduction and Hz-extraction for essential life support system establishment.

There are a number of reaction parameters which affect SHS and related reactions, e.g. reactant
particle size, stoichiometry (including the use of diluents or inert reactants), green density,
thermal conductivity, ignition temperature, heat loss and, therefore, maximum temperature,
heating and cooling rates and physical conditions of reactants (solid, liquid, gas). Differences
between space and underwater environments are in the existence of regolith and water as
resources, respectively. As shown in Fig. 1, water can play a key role for the processes of CO,-
reduction and Hz-extraction as well as others in life support systems.

Long-term field operation with supply system development of heat, power and light

The geothermal R&D on ‘“natural volcanic occurrence of hydrogen: fuel production from
magma [4] is also considered to make SHS and related technologies advanced in underwater
environment utilization, especially in the fields of undersea resources such as submarine
hydrothermal polymetallic ore and methane hydrate [5]. The magma reaction with hydrogen
extraction principally proceed on the reducing action of basaltic magma on injected water under
high-pressure condition, which chemical interaction causes the oxidation of ferrous components
in the basalt and the production of hydrogen (Eg. (1));

2FeO (magma) + H,0 (fluid) — Fe,03 (magma) + H, (fluid) ............... (2).

Fresh basaltic lava contains on the order of 10wt% ferrous oxide (FeO) and 1 to 2wt% ferric
oxide (Fe203). These components are present as dissolved constituents within the silicate melt
and in minerals (e.g., olivine, pyroxene, magnetite) suspended in the magma. The
predominance of ferrous over ferric oxide in basaltic magma is in large part responsible for the
reported concentrations of hydrogen and carbon monoxide observed in the above volcanic gas
collections.

The related reactions can be evaluated with such as Al-H,O and Al-CaO-H,O systems by
focusing on the reduction of water resulting in hydrogen extraction as follows;

2A1 (s) + 3H20 (I) > 2A1,05 (S) +3H2 (@) veveveeiiieieeea (2) and
2Al (s) + CaO (s) + 4H,O (I) > CaO + Al,O3 (s) +3H2 () ..eenee... 3).

R&D on ecological-life-support system establishment

As the technologies applied to life-support technologies for a Japanese moon base concentrating
on air and water recycling, the Closed Ecology Experimental Facilities has already been
established and set on the International Space Station [6] for performing extraction of hydrogen
and carbon dioxide reduction mainly with Sabatier reaction, which can lead various “spin-off”
R&D approaches in marine and undersea environment utilization. The atmospheric
revitalization process is shown in Fig. 2 as a part of the self-contained full-circulated life
support system. Carbon dioxide in the atmosphere exhaled by crew is separated and
concentrated with zeolite. Then, the carbon dioxide is mixed with hydrogen in the presence of a
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ruthenium catalyst around 300°C and the mixture reacts to produce water and methane by the

Sabatier reaction (Eq. (4)).
‘ heatlpowerl:ll Energy Supplﬂ]

Water Ilghtlheat
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Fig. 2 - Schematic design of self-contained full-circulated life support system
CO; + 4H; = CH4 + 2H,0, AH =-165 kJ/mol veee (D).

The obtained water is electrolysed to obtain oxygen and hydrogen. The crew then breathe the
oxygen and exhale CO,, and the process repeats. The processes of concentrating CO,, well-
known technologies of Sabatier reaction and water electrolysis are used.

In the present work, the potential of SHS and related technologies in underwater environment is
outlined as well as that in space exploration. With the nature in underwater environment, the
both influences from high-temperature and high-pressure on water are also much interested to
study on further SHS and related technologies with supercritical water. Supercritical water can
be found around hydrothermal vents at deep-undersea, which might be effective for forming
long-lasting nano-emulsions. These technological concepts shown in the present work for both
space and underwater environments would be also useful as spin-off technologies in other
extreme environmental fields. These R&Ds on ISRU, overnight and life-support achieved with
the aid of SHS and related technologies would make further steps of the challenging missions
advance forward.
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Introduction. Cutting and grinding tools with metal bond, is the most sought after tools for
processing non-metallic materials (natural stone, building materials), as it has high thermal
conductivity, wear resistance, provides high speed grinding [1]. One of the effective methods of
manufacturing the composite powder of diamond tools is powder metallurgy. The improved
properties of the composite material can be achieved through the use of nanodispersed metal
powders [2] and the formation of the structure of metastable austenite [3], which is in the
process of the work hardened due to the formation of deformation martensite [4] that as a result
improves the fixation of the diamond grains increases the strength of the ligaments and cutting
properties of the tool [5]. However, the consolidation of nanosized powders typically require
sintering with the application of pressure, such as plasma-spark sintering [6, 7].

The work purpose is research of structure and properties of powder systems, "Fe — Ni — TiC - C
(diamond)" on the basis of the fine iron powder and micro - and nanodispersed powders of
Nickel and titanium carbide with the sintering and spark plasma sintering (SPS).

Methods. Samples were made from powder mixtures that contain 6-18 wt. % Nickel, 8 wt.
percent titanium carbide, 7, 5 wt. % of diamond grains, the rest is iron. It have been used as the
basis of carbonyl iron powder brand Navy with an average size of 11 microns; the titanium
carbide powders: the first, made by the carbothermically with an average size of 5 microns, and
the second, obtained by the method of the explosive mechanochemical synthesis in a planetary
mill from titanium and graphite. It has been added powders of nickel carbonyl PNK — UT3 with
sizes of 3-5 um or nanosized with the size 50-80 nm, restored salt, as well as synthetic diamond
powder AC 32 400/315. Mixture of powders was mixed in a mixer for 8 hours. Then the
powders were pressed at a pressure of 400 MPa and were annealed for removing internal
stresses in hydrogen for 2 hours at a temperature of 600 C, the samples were then re-extruded to
reduce porosity at a pressure of 600 MPa and sintered finally in hydrogen for 5 hours at a
temperature of 900-950 °C. Diffusion couples "iron-nickel™" extruded at a pressure of 600 MPa.
Sintering was conducted at temperatures of 800, 900 and 1100 °C, using thermo-mechanical
analyzer (dilatometer) Setaram (France) in argon atmosphere under a load of 0.07 MPa, and the
installation of the spark plasma sintering Dr. Synter SPS-1050b in argon atmosphere at
temperatures of 800-900 °C and a pressure of 30 MPa, exposure 5 min. diffusion Coefficients
were calculated by the method of Matano-Boltzmann. The concentration of elements was
determined using an analytical field emission scanning electron microscope ULTRA 55/60 Carl
Zaiss with an energy dispersive analyzer.

Sintered samples were tested on density and calculated porosity, the HRC hardness,
microhardness, strength in three-point bending specimens without cracks according to standard
procedures on 3 samples per point, and measurement error was 10 %. The study of
microstructure was performed on thin sections, etched in nital, using the metallographic
microscope Carl Zeiss Axiovert 40MAT by increasing 100-200. X-ray phase analysis was
performed using the Shimadzu XRD — 6000 in the Ko radiation of Cu c Ni filter.
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Tribological tests were carried out on the friction machine SMTS — 2 at a frequency of 300 rpm.
Steels and diamond tools were tested on the wear by friction on the counterbody of corundum,
we calculated the relative wear as a ratio of loss of mass of the sample and the counterbody.

The results and discussion. The diffusion coefficient (D) in the "Fe — Ni" as with micro-
dispersed and nano-dispersed powder of nckel, at a temperature near the phase transformation in
iron (900 °C) was higher than that at 1100 °C. In systems with nano-sized particles of nikel
powder D at temperatures of 900 and 1100 °C were 2-3 times higher than in the system with the
ultrafine powder. SPS provides increase in D by an order of magnitude in comparison with the
free sintering at more lower temperatures and the 5-minute time. When the temperature SPS
was increased from 800 to 900 °C, the diffusion coefficient increased about 2 times. The
calculated coefficients of the equation of kinetics of sintering of Evensen. The addition of
nanosized Nickel powder to micron-sized powder of iron lowers the activation energy several
times, with 45 to 7 kJ/mol. The use of SPSS for the system powders "iron-nikel™" significantly
lowers the activation energy of sintering by maintaining a high concentration of structural
defects to the beginning of isothermal sintering at high heating rate and the application of
pressure in the process of consolidation (of 5.2 and 3.6 kJ/mol for the system with the ultrafine
powder of Nickel and nano-dispersed, respectively). The values of the coefficients of the
equation of kinetics of sintering confirm that intense shrinkage occurs already during heating;
and sintering under pressure during isothermal exposure is much more intense. When you add
the powder titanium carbide to the system of powders of iron and Nickel activation energy of
sintering increases by 10 times when the free sintering due to the reduction of area of metallic
contact is 85 kJ/mol, while at SPS is only 2 times (up to 11 kJ/mol).

Grain size in the sintering composition materials, contain nanodispersed powders of nikel and
titanium carbide was 4 pm, with the ultrafine additives - 8§ um. In the process of SPS, as with
the free sintering, in system "iron-nickel-titanium carbide" is formed by ferrite-austenitic
structure, in which, after the friction on the abrasive is the transformation of metastable
austenite to martensite deformation. The volume of transformation in materials with nanosized
alloying additions was 30 %, and was 10 % in material with micro powders; thus, the greater
was the amount of transformation, the higher was the hardness, microhardness and wear
resistance. The coefficient of grinding in the corundum by the diamond tool with ultrafine
additives was 0.6, and with nanodispersed was 4.0.

Conclusions. The use of nanodispersed powders of Nickel and titanium carbide for the
manufacture of a matrix of diamond tools leads to improved physical-mechanical, tribological
and cutting properties of the material due to the increased volume of the phase transformation of
metastable austenite to deformation martensite.
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HfC, TaC and ZrC carbides have high values of the melting temperature, corrosion resistance,
hardness and resistance to evaporation when exposed to radiation. As a rule, solid solutions
have higher values of hardness and thermal stability as compared to the elements they are
formed of. However, the extremely high melting temperatures of these materials impede
obtaining them through traditional powder metallurgy technologies. That is why this work
researches into the possibility of obtaining the solid solutions through the self-propagating high-
temperature synthesis (SHS). It demonstrates the influence of mechanical activation modes on
the phase compositions and structures of both the initial reagents and the synthesis products in
Ta-Zr-C and Ta-Hf-C systems.

The mechanical activation was carried out in AIP-0.015 and Activator 2S planetary mills.
Influence of the conditions of treating the mixtures was researched: time, ratio of the balls’ mass
to the material’s one, rotational speed of the drums, sequence of charging the components,
activation environment. The combustion heat of the activated charge mixture was determined
with a fast-acting combustion calorimeter. The carbide powders were obtained by crumbling the
product up in a rotating ball mill. The phase compositions were researched through X-ray phase
analysis. The microstructures and chemical compositions of the samples were studied using the
SEM and EDS methods.

When mechanically activated, the Ta particles are deformed into scales, and smaller C and Zr
particles are embedded into them, after which agglomerated granules sized at 200-300 um form.
If the MA time increases, microdeformation of the tantalum lattice rises and its coherent-
scattering region reduces, which evidences the increase of the amount of the energy stored. The
research into effect of the MA environment (air, argon, vacuum) demonstrated that the SHS
product is single-phase (Ta,Zr)C carbide with the content of admixtures amounting to less than
3%. When synthesized from the reaction mixtures obtained in oxygen-free atmosphere, three
phases — TaC, ZrC and (Ta,Zr)C — form. The SHS MA modes have been determined that
ensure obtaining 100 % single-phase (Ta,Zr)C solid solution with a lattice parameter of a=
0.4488 nm, which corresponds to 15 at.% ZrC in the double carbide without ZrO, traces.

The Ta-Hf-C reaction mixtures were mechanically activated in centrifugal planetary mills with
various rotational speeds of the drums. When the drum’s rotational speed was increased
3.5 times, the coherent-scattering region decreased by an order of magnitude, and the lattice
microdeformation degree rose 1.5-2 times. It was experimentally established that at To less than
550 K it is impossible to initialize the SHS reaction in the MA mixture activated at 678 rpm.
Only after MA at the maximal rotational speed, the combustion process was successfully
realized. A separate activation increases the proportion of admixture oxides. As a result,
practically single-phase carbide with a lattice parameter of a = 0,4487 nm, which corresponds to
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18.0 at.% of dissolved HfC, has been obtained. The hafnium oxide admixture content has not
exceeded 1 %.

The work has been done with financial support from the Ministry of Education and Science of
the Russian Federation within the framework of the project part of State Assignment

No. 11.233.2014/K.
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Since their initial discovery, self-propagating high temperature exothermic reactions [1, 2] have
enabled the development of a plethora of material production techniques along with the
synthesis of a wide range of novel materials with many applications. In addition to
conventional thermal means of reaction initiation via localized or volume pre-heating,
mechanically-induced and shock-induced reaction synthesis [3, 4] have also been developed.

Here we report on mechanisms of phase transformation that occur within the unassisted
exothermic propagating reactions of the Ti-B-N ternary system [5, 6, 7]. Reactive
nanocomposites of TiN/3B and 3Ti/2BN were prepared using high-energy ball milling (HEBM)
of initial reactant powders. Unassisted propagating reaction of TiN/3B has not been previously
reported.
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Figure 1- Powder X-ray diffraction patterns of 3Ti/2BN prepared for different durations of
high-energy ball milling.

Thermodynamic calculations indicate that for both systems reaction initiation temperatures are
well below the melting points of any reactants or products. For TiN/3B, the adiabatic
combustion temperature is well below the melting or dissociation points of any reactants,
intermediates, or products indicating that this is a solid flame-type system [8] where mass
transfer occurs via a solid-state mechanism. This reaction proceeds according to the exothermic
reaction (1)

3G+ TN = 8N +TiB, + @ (1)
Comparative study is made of the metathetical reaction:

T+ 28N — 2TV + T1H, + ¢ (2)
which is also exothermic, despite the reactant nitride functioning as an “oxidizing agent” in both
reactions and simultaneously appearing as a product of “oxidation” in the opposite reaction. In
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the above-mentioned circumstances, i.e. absence of ternary phases in Ti-B-N system it is
fundamentally interesting to determine the route for the “reverse” (as compared to reaction 1)
reduction of BN by Ti in reaction 2.
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Figure 2 - Powder X-ray diffraction patterns of reaction products from TiN/3B: thermally
initiated, shock-initiated, mechanically-induced during high-energy ball milling.

Electron microscopy investigation of the composite products of the TiN-3B reaction initiated
under different temperature and pressure conditions provides insight into the reaction
mechanism. Specifically, the reaction products produced via three methods of initiation
(thermal, shock, and mechanically-induced during HEBM) along with the initial composite
material were studied via transmission electron microscopy. The mechanically induced reaction
during HEBM was incomplete and will therefore be referred to as quenched. The distribution of
product phases compared to the initial composite material and the observed degree of
conversion provide several clues regarding the process of reaction.
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Figure 3 - STEM images of TiN/3B-based composites
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The initial composite material consists of widely dispersed size distribution (5 nm — 1 pum) of
boron crystals situated in a field of fine (5 nm — 20 nm) titanium nitride crystallites. Scherrer
analysis of the reaction products reveals that the average product crystallite size decreases from
thermal initiation to shock initiation and from shock-initiation to mechanically-induced
initiation during HEBM. This decreased size is likely due to a decreased characteristic time of
heating which is too short to permit the diffusion of boron to reaction sites except in those
regions that initially contained boron nano-crystallites.

TEM analysis of quenched TiN/B particles revealed nucleation sites of TiB, distributed
throughout the regions of finely mixed TiN and B whereas no BN was observed. This
observation requires further confirmation to determine whether there is a decrease in nitrogen
content between the initial and quenched material.

Conclusions from TEM analysis address the mechanisms of phase transformations that occur
within the time scales of the propagating high temperature reaction front. Further studies
utilizing x-ray and electron microscopy techniques are in progress to better our understanding of
the reaction mechanism and diffusion behavior occurring in the reactions of the Ti-B-N ternary
system.
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AL BASED COMPOSITES

L2pkaki Peikrishvili, 2Laszlo Kecskes, 'Giorgi Tavadze, *Bagrat Godibadze

IF. Tavadze Institute of Metallurgy and Materials Science, Thilisi, 0186, Georgia

AWeapons and Materials Research Directorate US Army Research Laboratory, Maryland, USA
3Tsulukidze Mining Institute, Thilisi, 0186, Georgia

apeikrishvili@yahoo.com

The novelty of proposed nonconventional approach relies on the fact that the consolidation of
the samples from coarse (around 5 p) Ta-Al and Ta-Al-B4C blend powders was performed in
two stages. First-the explosive predensification of the powders was performed at room
temperature. In all cases, the second stage was done by the hot explosive compaction (HEC)
but at temperatures under 1000°C with intensity of loading around 5 GPa. Cylindrical
compaction geometry was used in all of the HEC experiments (Figure 1a).
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Figure 1 - The arrangement of two stage fabrication of powders.

a) Predensification by shock waves at room temperature: 1-Bottom plug of steel tube; 2.
Precursor powders; 3. Explosive powder; 4. Upper plug of steel tube; 5. Electric detonator;
6. Products of detonation; 7. Consolidated powders.

b) HEC device : 1. consolidating powder material; 2. Cylindrical Steel container, 3. Plugs of
steel container, 4. Heating wires of furnace, 5. Opening and closing movement of furnace,
6. Opening sheet of furnace, 7. Closing sheet of furnace, 8. Basic construction of HEC
device, 9. Feeding steel tube for samples. 10. Movement tube for heated container, 11.
Connecting tube from rub, 12. Accessory for fixing explosive charge, 13. Circle fixing
passing of steel container. 14. El. Detonator, 15. Detonating cord, 16. Flying tube for HEC,
17. Explosive charge, 18. Lowest level of steel container, 19.Bottom fixing and stopping
steel container, 20. Sand.
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The key operational component of the planning experiments HEC with vertical configuration of
explosive charge that allows to consolidate coarse and nanoscale precursors at elevated
temperatures is presented on Fig. 1b. Application of vertical configuration of the explosive
charge allows to increase without limitation their sizes.. As a result the pulse duration during the
compression (loading) will increases too resulting of obtaining samples with higher densities.
From the other hand increasing of pulse duration will allows to decrease consolidating
temperature and as a result to reduce the cost of obtained billets too.

The preliminary predensified cylindrical billet (1) was located in central hole of heating furnace
(4). The heating billet is fixed in furnace by the opening and closing movement mechanism (6).
After heating of billet up to necessary temperature the opening (6) sheet will opens furnace and
billet moves through the feeding cylindrical system (9-11) to the set-up of explosive charge
1.

After receiving signal that billet passed feeding system and is located in final position (13) the
detonation through the detonators and detonation cords there takes place.

The Fig. 2 represents the view of HEC billets at 940°C with intensity of loading under 10GPa.

W
| o

a) b) c)

Figure 2 - The view of HEC billets based on Ta-Al precursors consolidated with intensity of
loading under 10 GPa. a) Heating of predensifyed Ta-3Al billets above 950°C with further SHS
reaction; b) HEC of Ta-3Al billet at 940°C, ¢) HEC of Ta-3Al-10% B4C billet at 940°C

As it was established in order to prevent starting of SHS reaction before shock wave loading and
to maintain billets without cracks it’s necessary to heat samples under 940°C temperature. The
increasing of temperature above the mentioned value leads to starting of SHS reaction. The
extraction of gases inside of consolidated billets starts, the geometry of billets changes and as a
result further transportation of sample towards of charge becomes impossible (fig.2a). The
loading of Ta-3Al billets under 940°C temperature results starting of SHS reaction on the shock
wave frond that provides sharp jumping of residual temperature behind of shock wave front and
as a result melting of steel containers wall and even guide steel tubes jacket melting there takes
place (fig.2b). The application of B4C passive additive and consolidation of Ta-3Al-10%B4C
precursors provides reduction of residual temperature behind of shock wave front and as a result
no melting process there occur (fig. 2c).

The figures. 3 & 4 shows the microstructures and analyses of HEC Ta-3Al-10%B4C and Ta-Al
precursors obtained at 940°C and 900°C temperatures with intensity of loading under 10GPa.

195



200 - e

TaAl-B,C
1504 *TaB 35-0815
g = + AICT&':\2 29-0092
z |V o=l mAlTa 02-1128
2o
£ "
i o
%07 M i 1) R a| *
A L3
L LUV L AL
s ol e et e e” ﬁ 10 20 30 0 50 60 70 80
: o - 20 [deg]
a) b)

Figure 3 - The microstructure and diffraction picture of HEC Ta-3AIl-10%B4C composite after
two stage consolidation at 940°C with intensity of loading under 10GPa. a) microstructure; b)
Phase analyse.
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Figure 4 - The microstructure and elemental analyses of HEC Ta-Al precursors consolidated at

900°C with intensity of loading under 10GPa.

As it’s seen from microstructure and correspondent diffraction picture (Fig 3b) and elemental
analyses (fig 4) in both cases almost full syntheses and formation of Tantalum aluminates there

TaAl, T-900C".

Total
7232 100
754z 100
7013 100
531 100
Tamlas

IT.13Ta

Taziazcs

takes place. The investigation of microstructure of HEC Ta-3Al-B4C composites and analyses

of diffraction picture shows that at high temperature, under shock wave loading there took
please full dissolution of boron carbide with further redistribution of B and C atoms. As a result
the formation of tantalum diborides -TaB and tantalum aluminates -Ta3Al /T,AIC. (fig. 3b)
behind of shock wave front there takes place. The needle like particles on microstructure
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(figure 3a ) as it was confirmed by micro X-ray spectral analyses belongs to mentioned TaB2
phase.

The figure #5 represents the microstructures of HEC TaAl intermetallic compound obtained at
900 °C with intensity of loading under 10GPa.

Spectrum 6

4um
a)

Figure 5 - The microstructure of HEC TaAl intermetallic compound obtained at 900 °C.
a) reminder unreacted Ta phase; b) formation of microcrystalline structure;

As it was established the low consolidation temperature and low quality of blending of Ta-Al
powders leads to partial SHS reaction behind of shock wave front and unreacted reminder
tantalum (Ta) phases in whole volume of HEC billets may be observed (fig.5a).

The investigation of grain sizes of HEC tantalum aluminates (TaAl), showed that the
dimensions of particle size for synthesized aluminates changes between the 200-900nm
depending on HEC temperature and starting phase content.

In whole comparing previous results connected with HEC of Ni-Al and Ti-Al composites
(including clad precursors) with current investigation shows that Ta-Al based precursors are
much more promising from the standpoint of features of explosive consolidation processes and
formation of intermetallic compounds. This is due to high density of Ta powder (16.4 g/cm?)
and the high reactivity of Ta-Al system. Application of HEC technology may be solved
previously fixed problems, based on developed of high intensity of compression (loading) and
high consolidation needed for initiation of SHS processes during heating.
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Dynamic methods associated with the use of explosion energy occupy a special place among the
various methods of processing materials. The main attention is paid to the near-surface zone,
where the main processes occur, when studying materials treated with a high-speed particle
flow. The impact of a flow of particles with a steel obstacle leads to the stopping of most of
them in the near-surface zone and the formation of the coating from the stopped particles on the
surface of sample.

As a steel obstacle samples were selected from steel St.3 with a diameter of 20 mm and a height
of 30 mm. Tungsten powder, with a particle size of 5-20 pm (66%), and a nickel powder with a
particle size of 6-16 pm (68%) were used in the experiments.

During the experiment, the sample was placed in a guiding channel, on top of which was located
a ring with powder material in a bulk density with a mass of 3 g. A charge of an explosive with
a detonator was mounted on the ring. There was a clearance between the particles of the powder
and the charge of explosive. The role of the clearance was to a decrease in the peak pressure
acting on the powder particles. The clearance also ensures a continuous loading of the powder
particles, during which the necessary impulse of a shock wave of a rectangular profile is
communicated to it. Shock wave generated by the charge of explosive and the stream of
detonation products went through the powder and together with powder impacted on the sample

[1].

Investigation of the surface of steel samples showed that after the impact of a flow particles of
tungsten and nickel on the surfaces leads to formation a coating with a thickness varying
between 10 and 30 pm and the formation of a transition zone occur.

An SEM survey of the near-surface zone of samples treated with a high-speed flow of nickel
particles revealed phase changes in the structure of the steel and the region of distribution of
nickel in the near-surface zone (Fig. 1).
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Spectrum 1 2 3 4 5 6 7 8 9
C 376 30.7 30.8 295 28.0 294 286 259 238
Fe 95 693 692 705 719 36 38 741 76.2
Ni 529 - - - - 669 675 - -
All results in wt. %

Fig. 1 - SEM image of the sample surface after treatment with a flow of nickel particles and
EDS data for the surface layer

The a surface layer of tungsten particles is formed as a result of the impact of a high-speed flow
of tungsten particles with the surface of the steel sample. This coating consists of tungsten, iron
and their intermetallic compound. Globular particles at the interface of the tungsten and iron
which surround the tungsten particles are formed in the near-surface layer of samples [2]. This
indicates a reaction diffusion at the interphase boundary with the formation of intermetallic
compounds on the basis of the initial components. This structure is characterized by of carbide
"fringe" from globular particles of tungsten carbide.

This work was financially supported by the Russian Foundation for Basic Research (project no.
15-08-00571a).
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A promising direction in modern medical technology is surface functionalization of metallic
implants by creating composite coatings with sufficient levels of mechanical characteristics,
biocompatibility, bioactivity and antibacterial properties [1].

Such coatings can be obtained by pulsed electrospark deposition (PED) — a promising method in
the field of surface engineering. The technology enables formation of an adhesively strong
layer, resulting from fusing both the molten electrode and the molten substrate materials within
the pulsed arc discharge. However, this method requires the use of composite multicomponent
electrodes for deposition of coatings. Fabrication of the electrodes with homogeneously
distributed metallic and non-metallic components is necessary to obtain a coating with excellent
properties, to simplify the deposition process, and to increase their reproducibility and
productivity.

The capabilities of pulsed electrospark deposition can be substantially extended by using of
composite electrodes based on ceramics produced by self-propagating high-temperature
synthesis (SHS) [2]. SHS provides a highly dense, homogeneous structure with the necessary
mechanical, thermal, and electrical properties of electrode materials for PED. SHS method also
allows to homogeneously distribute the functional nanosized dopants introduced in small
amounts (<5 %). Significant antibacterial and sterilizing effect while preserving the bioactive
properties of PED coatings has been achieved with electrodes containing nanosized antibacterial
additives [3].

Ceramic electrodes for PED of bioactive coatings in the Ti—C—Caz(PO.),—Co/Fe-Mg-Ag
system with different content of metallic Co/Fe binder were fabricated by forced SHS pressing
[4-6]. Preliminary mechanical activation (MA) of the initial mixture makes it possible to reduce
an average size of structural components and increase the homogeneity of their distribution in
green mixture, and consequently in the compact synthesized products. As a result of intensive
plastic deformation during MA process composite particles (granules) with a lamellar structure
are formed. The layers in these granules consist of different mixture components. Granules in
MA mixture presents alternating elongated layers of Ti and Co/Fe with a thickness of 2-3 um,
between there basic layers there is a uniformly distributed layers with a thickness of less than
500 nm consists of Caz(PO4)2, Ag and Mg powders. It was found that an addition of Co or Fe as
a binder elements in to green mixture leads to refinement of the electrode materials structure.
This improved the mass transfer of the material from the electrode to the substrate, which leads
to increase Ca, P, and Ag content in PED coatings. Co/Fe-free SHS materials consist of a TiCy
rigid frame with the TisPO() phase homogeneously distributed along the TiCy grain boundaries
and local precipitations of CaO phase. In the case of the Co-added SHS electrodes complex
phosphide CoTiP and TiCo intermetallic compound occur in the electrodes composition. The
TiFe intermetallic compound and FeTiP phosphide were formed by the addition of Fe in to
green mixture. The introduction of antibacterial additives in the form of silver and magnesium
led to the formation of a AgMgx solid solution, with x = 0.12 - 0.14. PED coatings contain the
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Ag-based 20-200 nm inclusions uniformly distributed both on the surface and within the
coating.

The authors gratefully acknowledge support from the Ministry of Education and Science of the
Russian Federation in the framework of the Increase Competitiveness Program of NUST
“MISiS” (No. K2-2016-011) and from the Russian Foundation for Basic Research (project no.
16-08-00525).
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Nanostructured ceramics based on magnesium diboride MgB,, with the effect of
superconductivity, is promising for cryoelectronic devices at liquid hydrogen and neon
temperatures. In particular, the superconductors can be used to produce electric motors,
cryopumps, support-free vehicles, magnetic bearings, current limiters, and intense magnetic
fields [1]. Absence of phase transitions in this material, low specific weight, relatively low cost,
ease of production in comparison with the metal oxide ceramics and strength characteristics
allow its application in a wide range of technical solutions [2].

Development of an effective ceramics production technology based on MgB: is an urgent task
[3]. One of such technologies is a self-propagating high-temperatures synthesis (SHS), which
allows to produce of various compounds without high energy consumption and ensures the
chemical purity of the final products due to the self-purification effect in the combustion wave.
There are a lot of parameters of SHS process which gives a great influence on phase
composition, structure and properties of final synthesis product, like initial and combustion
temperatures and rate, initial mixture heating rate, characteristics of raw materials, specific
density and etc [4].

In this research we used the time-resolved X-ray diffraction (TRXRD) method to study the
effect of Mg + 2B mixture heating rate on the dynamics of phase formation during thermal
explosion in helium environment. It was shown that MgB; phase occurs with no intermediate
compounds. The presence of oxygen impurity in initial mixture is a significant factor affecting
MgB: formation kinetics. When heating rate of the initial mixture Mg + 2B is high ~ 150-200
°C/min an oxide film is not formed on the surface of magnesium particles, since there is not
enough time for this. Thus reaction Mg + 2B — MgB, proceeds by a mechanism of reaction
diffusion immediately upon magnesium melts at 650 °C. Synthesis products are mostly consists
of nanosized MgB particles and small amount of MgO less then 5 %. When the heating rate is
30-50 °C/min, a relatively thick oxide layer grows on the surface of magnesium particles. This
layer inhibits melt spreading and the temperature of thermal explosion increases up to 1100 °C.
In this case synthesis products also contain nanosized MgB: particles and an increased amount
of oxide MgO ~ 15 %. So, there is an inverse dependence between heating rate and the starting
temperature of thermal explosion [5].

Preliminary mechanical activation (MA) of the initial mixtures using planetary ball mill leads to
changes in combustion kinetics at MgB, formation, significantly increases the period of
simultaneous existence of Mg and MgB;, and reduces the starting temperature of thermal
explosion at which the chemical reaction occur.

Doping of initial mixture Mg + 2B by Cu, Zn and Ag leads to formation of intermediate
intermetallic compounds based on Mg like Cu.Mg, CuMg., Zn.Mg, Zn,xMgs: and AgMg during
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synthesis. In turn, this leads to a lack of magnesium, prevents the formation of MgB., and leads
to the formation of MgB,4 during combustion in thermal explosion mode. Introduction of Al
additive in the amount of 0.05-0.3 % in to initial mixture allows to obtain a single-phase product
consists of solid solution based on magnesium diboride.

The authors gratefully acknowledge support from the Russian Foundation for Basic Research
and the Moscow Government (project no. 15-38-70013 «mol_a_mos»).
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A wide range of composite targets (cathodes) based on ceramics, metalloceramics and
intermetallide compounds for magnetron sputtering of functional multicomponent
nanostructural coatings (MNCSs) can be obtained via forced SHS pressing technology. Such kind
of composite SHS- targets possess a high relative density up to 99.5 %, homogeneous or
gradient structures and high chemical purity along with necessary mechanical properties,
thermal and electrical conductivities. During the magnetron sputtering with using of
multicomponent composite SHS- targets, the substance is transferred with a homogenous flow
of metallic (Ti, Ta, Cr, Mo, Al, Zr, etc.) and non-metallic (Si, C, O, N, P) atoms and ions, since
a target contains all the elements required for the formation of the coating. SHS- pressing
technology allows to obtain disk and planar-extended segmented targets (Figure 1) which can be
used in both laboratory scale and industrial magnetron installations.

Figure 1- Composite disk (a) and planar-extended segmented (b) ceramic-based targets
obtained via forced SHS pressing.

Many compositions of SHS-targets, intended for the physical vapor deposition (PVD) of
functional coatings for cutting tools, parts of aircraft and rocket engines, internal-combustion
engines, medical devices and etc., have been developed. Multi-component SHS-targets in the
TiBz-TisSig, TiCxNy-Tissig-TiA|3, CFBX-Crssis-CMA'll, MOSiz-MOB, M05SiBz, ZrBz-ZrSiz, SiC-
B4C, and etc. systems have been synthesized [1-5]. These SHS-targets have been successfully
applied for the magnetron sputtering of heat-resistant MeSiBN (Me: Mo, Zr, Cr, Al, Ti) coatings
with an enhanced thermal stability [6-9]. The metal (Cr-, Ni-, and Mo-alloys, WC-Co) and non-
metal materials (Si, AlO3) were used as the substrates. TiSiBN coatings demonstrated hardness
up to 30 GPa, good long-time oxidation resistance at 900 °C, but exhibited a poor resistance to
the metal atoms diffusion from the metal substrates. TiAISiBN had extremely low crystallite
size less then 3 nm and good oxidation resistance at 1000 °C. CrAISiBN, MoSiBN, and ZrSiBN
coatings showed hardness 30-40 GPa, and good oxidation resistance at 1200-1400 °C.
CrAlISiBN revealed the best wear resistance in terms of cyclic impact loadings and in sliding
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conditions at room temperature. On the other hand MoSiBN showed the low wear rate and low
friction coefficient at T>500 °C due to formation of MoOs which is solid lubricant. Moreover
MoSiBN successfully resisted to the diffusion of metal atoms from the substrate up to 1000 °C.

SHS-targets made of TiCos-CaO, TiCxNy-SizsN4-CaO, TiCos-TisPOx-CaO and (Ti,Ta)Cx-TizPOx-
CaO compositions [10,11] have found an application for the deposition of multifunctional
bioactive nanostructured films (MuBiNaFs) onto orthopedic and dental implants, as well as
implants for cranio-maxillo-facial surgery, fixation of the cervical and lumbar spine and etc.
MuBiNaFs exhibit reduced Young’s modulus — 230-350 GPa, high-resistance to longtime
elastic strain to failure as an indicator of coating durability and wear resistance, high elastic
recovery up to 75 %, high adhesion strength up to 50 N, low friction coefficient of 0.12-0.22,
high hardness in the range of 25-40 GPa, also they have a good biocompatibility and are non-
toxic [12].

The SHS process combined with preliminary mechanical activation (MA) of the reactionary
mixture is successfully applied for obtaining M1.,AXn- phase targets based on: TisAIC, [13],
TiLAlIC, TisSiCy, CrAIC and TiwCrAIC [14]. They are applied for magnetron sputtering of
protective corrosion- and heat-resistant coatings. TIAICN coatings [15] possess high hardness
32-35 GPa, low friction coefficient below 0.25, high thermal stability up to 1200 °C, and
superior performance in dry milling tests against high Cr steel. Coatings with high Cr content
[15] demonstrated improved oxidation resistance up to 1000 °C and superior electrochemical
behavior, but their mechanical and tribological properties were deteriorated. In addition, MA
SHS made it possible to obtain targets on the basis of CrBx and MoB borides, as well as of
Ti,CrB; and Cr4TigB [16] ternary compounds for deposition of hard wear-resistant coatings.

Resistance of the ceramic based SHS-targets to thermal cycling is increased due to applying
functionally-gradient materials (FGMs) [17], when a ceramic sputtering layer, for example,
TiCos-TisPOx-CaO0, is fastened to a load-bearing layer, which has a high thermal and electrical
conductivity, for example, the one made from titanium. Besides, the difference between thermal
expansion coefficients of the ceramic and metallic layers is smoothed due to the intermediate
gradient layers. The working life of such FGM targets is limited by the thickness of the
sputtered layer. The second way to improve the thermal stability of SHS-targets is to reinforce
the material with a refractory component (Ta, W, Mo, etc.), for example, with the use of
continuous fibers or meshes, which are put into the reactionary mixture at the stage of the
briquette obtaining before performing the SHS process.

Development of the ceramic based SHS- targets requires the prior conduct of the whole
complex of researches in the field of structural macrokinetics including experimental studies of
the Kkinetics and the mechanisms of combustion process, possible routs of the chemical reactions
during combustion synthesis, peculiarities of phase- and structure formation of the final
products in dependence of the synthesis conditions and etc. All of these studies were carried out
for above mentioned compositions. Obtained results allowed to find optimal conditions of the
synthesis and fabricate SHS-targets for application in different installations for ion-plasma
sputtering: in direct-current magnetron systems, high-frequency and pulse magnetron systems,
magnetron systems with additional inductively coupled plasma, arc evaporators and etc.

This work was carried out with partial financial support from the Russian Science Foundation
(project Ne 14-19-00273).
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Unstable three-dimensional combustion regimes of gasless systems are one of the most
interesting problems in the combustion theory. Numerical studies [1-3] revealed a large number
of regimes characterized by a diverse propagation of high-temperature reactions and their
interaction within the framework of a three-dimensional solid-phase model. The results have
shown that the so-called spin combustion (propagation of reactions along a spiral trajectory) is
one of the special cases of unstable combustion. It should be noted that unstable gasless
combustion regimes were found and investigated in the systems which contained a low-melting
component in porous samples in experiments [4, 5].

The simulation of gasless combustion, considering the melting of one of the mixture
components, found the new regimes of unstable combustion [6, 7]. The parameters of the phase
transition were shown to influence on the stability of combustion. The study found the
conditions for the formation of «strong spin wavesy, the regimes of which differed in the rate of
reactions in the axial and tangential directions. The melt flow in pores, which determined
convective heat transfer, revealed new regimes for the formation of composite materials [8]. For
a solid-flame combustion model, the stability boundary is determined by the quantity

2
CRT; Ar— RT.
QE

gas constant; T« is the combustion temperature; c is the heat capacity; Q is the thermal effect of

as=9.1Td — 2.5Ar =1 [9], where, Td =

, E is the activation energy; R is the

a reaction. The combustion regime is stationary for s> 1. When one of the mixture components
starts melting and spreading, the boundary of stable regimes is shifted to a region of lower as:.
The melt is assumed can be filtrated only at a temperature that is above the melting temperature.
This study presents a 3D numerical solution for the gasless combustion of a cylindrical sample
with allowance for the convective flow of a melt. The combustion modes are found and
described for small values of the stability parameter as~0.5.

When a convective flow rate is higher or approximately equal to the mean axial rate of the
reaction front propagation, combustion is stabilized, the reaction front becomes flat, and the
combustion regime becomes stationary, regardless of the sample radius, which is connected
with additional convective heat transfer from the product zone to the chemical reaction zone.
The decrease in the melting point leads to the fact that combustion is stabilized earlier due to the
convective flow of the melt as compared with the high-temperature phase transition, since the
depth of melt into the heating zone is increased. In the strong instability region of the
combustion wave, new spin combustion regimes are found, which are characterized by a high

tangential rate of combustion U » In comparison with the axial component of the rate U,. The

combustion front is presented by a pulsating loop in the perpendicular cross section of a
cylindrical sample for s = 0.68 (Fig.1) and has a spiral shape that varies periodically in time, ost
=0.51 (Fig.2) and ast = 0.045 (Fig.3).
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Fig. 1 - Temperature distribution in the cross section perpendicular to the cylinder axis during
passage through the front point on the cylinder axis: the sample radius R=100, 05=0.68
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Fig. 2 - Temperature distribution in the cross section perpendicular to the cylinder axis during
passage through the front point on the cylinder axis: the sample radius R=100, 0s=0.51
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Fig. 3 - Temperature distribution in the cross section perpendicular to the cylinder axis and
passage through the front point on the cylinder axis: the sample radius R=100, as=0.45
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The conducted computations showed the qualitative influence of convective heat transfer on the
characteristics of combustion.

This work was funded by the Competitiveness Enhancement Programme of Tomsk State
University for 2013-2020.
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Microwave heating fundamentally differs from other heating techniques as the consequence of
its unique characteristic of being based on the electromagnetic energy transfer from the
microwaves source to the interacting material, which according to its electric, dielectric, and
magnetic properties can convert the absorbed energy into heat. This peculiar heating mechanism
is at the basis of a plenty of unquestionable advantages that were reported during the last three
decades in most of the different branches of chemistry as well as materials science, thus
including also combustion synthesis. After a brief overview of the microwave heating
fundamentals as well as of the different components constituting the scientific microwave
applicators, all the most significant and recent advancements in the use of microwaves as energy
source in both solid state as well as solution combustion synthesis processes will be
comprehensively reviewed, highlighting the unique opportunities arising from the coupling of
these two energy efficient techniques. Moreover the possible employment of less conventional
frequencies as well as the use of new-generation solid state generators will be critically
discussed also in the framework of scaling-up and microwave reactor design considerations.

REFERENCES
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Several kinds of self-propagating heat waves in thin films (coatings or free-standing foils) were
discovered up-to-now. First, self-propagating waves of explosive crystallization were observed
in amorphous antimony [1]. This phenomenon was found also in other vacuum-deposited
amorphous metallic (Yb, Bi, V, Sb, etc.) or semiconducting (Si, Ge) thin films [2-6]. This
process achieved widespread use in production of nanocrystalline films for solar cells [7].
Second, exothermic self-sustained waves were discovered, is reactive multilayer foils [8].
Driving forces are quite different for waves of crystallization and waves of reaction.
Mechanisms of the reactive waves in thin multilayer foils were widely discussed (see, for
example, reviews [9, 10]). Quenching of the reaction wave allowed us to shed some light on
reactive mechanism in the Ni/Al multilayer foils [11-13]. Apart from vacuum deposition,
alternative method for producing amorphous metallic foils is a quick quenching of melts.
Materials produced by this method are commonly named metallic glasses; they found
application for powerful magnets and transformers, while bulk metallic glasses represent
promising engineering materials [14]. The self-propagating thermal waves in metallic glasses
were unknown until recently such phenomenon was detected in CuTi glassy metal tapes [15].

In this work, overview of new resultsis on macroscopic behavior, phase/structure
transformations and evolution of some properties induced by self-sustained exothermic waves in
these three mentioned above classes of the materials are presented. It is shown that, despite of
different composition and production methods of thin films, the self-propagating waves in all
cases have thermal nature.

In order to compere the three main classes of thermal waves, let us consider films of amorphous
Sh, CuTi and nano-lamellate Ni/Al. Propagating velocities (U) and maximum temperatures
(Tm) of the self-sustained waves differ significantly among various types of the films. Evidently,
these characteristics depend directly on the heat released during the process. Thus, heat
evolution of the reaction Ni+AI=NiAl is 1400 J/g, while heat of amorphous-crystalline
transformation, measures by DSC method, has been found to be much less: 87 + 20 J/g for Sb
and 148 + 7 J/g for CuTi. The relatively large dispersion of specific heat release for Sb can be
explained by presence of Cu-substrate, which complicates precise measurement of the mass of
pure antimony film in the samples studied by DSC. Expectably, higher heat release results to
higher T and much higher U of the reactive waves in multilayer Ni/Al foils in comparison with
the waves of crystallization. It worth noting that values of T, for Sb and CuTi films are lower
than melting points of Sb (904 K) and bulk intermetallic phase CuTi (1158 K), as well as
eutectic point (1143 K for CusTi, — CusTi eutectic). Despite the difference in T values,
normalized temperature - time profiles of the thermal waves have some similarity, as shown in
Figure 1.
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Figure 1 - Temperature—time dependences in the middle point of the films normalized by
maximum temperature: CusoTiso (1), Ni/Al (2) and Sb (3). Measured by thermal imaging
camera.

All three systems exhibit relatively short exothermal self-heating with duration of the
temperature rise stage about 150 ms for CuTi, 35 ms for Sh, and a few ms or less for Ni/Al. A
stage of cooling down (right slope of the temperature peaks in Fig. 1) are several times longer
than the self-heating stage. A higher cooling-down rate in case of Sb can be associated with the
presence of Cu substrate. The global characteristics of the wave propagation process depends on
phase and structure transformations taking place in each system. A conclusion can be made that
in all considered systems the self-propagating waves have thermal nature and propagate due to
exothermic effect of physical (amorphous-to-crystalline transformation) or chemical
(heterogeneous reaction) processes.
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Solution combustion synthesis (SCS) method that involves self-sustained reactions in a solution
of metal containing oxidizers and fuels, e.g. water-soluble linear and cyclic organic amines,
acids and amino acids, currently attracts attention of scientists all over the world. This form of
combustion synthesis is well-known, extremely versatile, simple, rapid, energy saving and green
technology offers some unique conditions for effective production of nanomaterials. The
characteristic synthesis time is about seconds, with maximum temperatures as high as 1500 °C,
without using any external heat source. The short process duration allows to fabricate super-
nano (less than 10 nm) scaled powders and high temperatures facilitate the formation of desired
crystalline structure without additional calcination. Typically SCS vyields various types of
nanosized oxides from simple binary compositions (e.g., iron oxides) to complex doped phases
(e.g., perovskites), with different physical and chemical properties, which include luminescent
nanophosphors, semiconductors, high surface area supported catalysts, and bioceramics [1-3].

During the last three years, the SCS field has experienced an explosion of interest with more
than hundreds articles published and number of citations exceeding 12,000. The published
papers are related to different science and engineering disciplines, including synthetic inorganic
chemistry and electrochemistry, chemical and electrical engineering, bio- and materials science.
Such rapid success in a variety of applications became possible due to recent breakthroughs in
understanding of fundamental mechanism of structure and phase formation during SCS that
allowed to synthesize several transition metals (Ni, Cu, Co) and alloys (CuNi, NiCo). It is
shown that the combustion of nickel (and/or copper) nitrate and glycine mixture at near-
stoichiometric and fuel-lean conditions indeed produces fine oxide powders. However,
excessive quantities of fuel lead to the formation of pure metal or alloy. It is also shown that the
combustion front propagates because of the reaction between N.O and NHs, which are the
products of decomposition of the oxidizer and fuel. The excess of NH3 gas produced in fuel-rich
conditions rapidly reduces nickel oxide to pure metal in the reaction front [4,5]. A new class of
metal-based materials produced by SCS opens vast opportunities for this flexible method to
synthesize a wide range of compounds with tailored nanostructures and properties. Indeed, the
Ni(NOs),—glycine reactive mixtures impregnated onto fumed silica were used to prepare
supported Ni/SiO; catalysts via the SCS method, varying the fuel to oxidizer ratio as well as the
atmosphere (air, argon, helium) in the reaction chamber. It was shown that highly dispersed
nickel nanoparticles (5 nm) formed in the reaction front possesses high activity during the
ethanol decomposition toward hydrogen at low temperatures (200 °C) and excellent stability
toward deactivation with essentially no change of catalyst activity over 100 h of operation [6].

In the present work, we report about new phases such as bimetallic (FeNis), nitrides (NisN
and/or CuCoNgs, FeNisN) and high entropy alloys obtained during solution combustion process
under different synthesis atmosphere (Figure 1).
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Figure 1 - XRD patterns of combustion synthesized products of different solution-based
systems
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The article is devoted to the investigation of the interaction of metals with a polymer matrix
(polytetrafluoroethylene) with the throwing a flat impactor on them, and also under conditions
of shock wave consolidation in cylindrical recovery fixtures (Fig. 1). The kinetics and thermal
effects of these interactions are of scientific and practical interest for materials science in
obtaining new structural and functional materials [1]. Study the principal possibility of synthesis
in the compositions liable to exothermic reactions by shock-wave action and the influence of the
synthesis initiation method on the structure and properties of final products are actual tasks [2].

powder mixfure

explosive
recovery fixture

type I

A

Fig. 1 - Geometries of shock compaction; A - in cylindrical recovery fixtures; B - throwing a
flat impactor (1 - powder mixture, 2 - matrix, 3 - impactor, 4 - BB, 5 - detonator)

The essential role of the activating additives (Al, Ti, B) to initiate, pass a chemical reaction in
the powder mixture and the final phase formation is experimentally shown. Under similar
conditions, a two-phase mixture of Me + fluoropolymer did not react.

Reaction is most intensively initiated in the lower part of cylindrical recovery fixtures fig. 1a. In
this zone, a passing shock wave is reflected from as a compression wave and a sharp increase in
pressure is observed. This is accompanied by an increase in the rate of chemical
transformations.

In the presence of boron in the parent powder, the reaction of the metal with boron is seen to be
superior to that of the metal and carbon. A greater amount of carbon from the fluoropolymer
goes to the formation of TiC in the presence of titanium in the initial charge. For example,
reaction of Ti+C has advantage over reaction of W+C. Fluorine from fluoropolymer is spent for
formation of AlF3[3].
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Powder mixtures based of mix (Ni-Al) and also Ti and Hf with additives of boron are easier
initiated and most fully react (without the rest of initial metal) at the impactor's throwing
according to the scheme fig. 1b

The reported study was funded by RFBR according to the research project Ne 16-03-00777 a.
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Among numerous techniques for melt dispersion, the method of hydro-vacuum suction of a
molten metal using an apparatus for producing metallic powders from a melt [1] deserves
special attention. In this apparatus, water moving in the closed loop channels generates vacuum,
which is used to disperse the melt. The product in the form of metal powder is removed from
the active zone with the same water [2]. In this case, the particle structure formation occurs
under the conditions of rapid quenching which requires attaining a certain degree of
supercooling below the temperature, at which the free energies of the homogenous liquid phase
and the oversaturated liquid phase are equal [3].

The supercooling degree should be such as the latent heat of crystallization released during the
formation of a new phase propagates with the rate lower than that of the cooling of the melt
film, which prevents heating of the solid and liquid phases. In this case, a metastable structure
forms in the thin layer of the crystallizing metal while the solid metastable phases do not
disintegrate [4].

The shape, size and structure of powder particles are the main characteristics determining the
technological properties of metallic powders. Formation of particles of certain size and
dispersity from melts depends on numerous parameters. The most important of them is the
gravity acting on the drops of melt produced by the action of a high-pressure water jet on a
liquid metal flow.

The mechanism of melt dispersion by the method of hydro-vacuum suction of molten metal is
principally different from the mechanism of melt dispersion by a high-pressure water jet. For
the dispersion, such properties of the meal as its viscosity, surface tension and density are the
most important. Viscosity is generally determined by the strength of the atomic bonding and the
density of atomic packing, while surface tension characterizes the work of formation of the
physical surface of phases per surface unit. At the initial stage of formation during dispersion,
the drops are generally of irregular shape and tend to be spherically shaped due to the action of
the surface tension force. However this tendency may not be realized if they quickly harden.
Therefore, if the drop balling time is less than the time of its hardening, the drop will be
spherically shaped; otherwise solid particles of irregular shape will form [5].

At the hydro-vacuum suction, from the moment the melt flow gets into the inlet box, where it is
surrounded by a circular high-pressure water flow, intensive vaporization takes place due to a
significant difference in the temperatures of the melt and water. The produced vapor is removed
from the working area with the rate of the supplied water flow. The water pressure is 12 kg/cm?,
while the vacuum amount at the entrance of the inlet part of the sucker is 0.9 kg/cm? The
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intensive vapor suction conditions creates a difference in the relative rates between the vapor
and surface of the sucked melt, which causes the destruction of the jet surrounded by the high-
pressure water flow. It is very important that under these conditions, the forming drops of melt
are in the state close to weightlessness. Before getting into the cooling medium, the jet of melt
goes up due to the force of vacuum and no gravitational force affects the particles at the moment
of crystallization. This is proved by a special morphology of the particles and a high specific
surface area of the produced powders (Fig. 1). Fig. 1 shows the view of powder particles
produced by the method of high-vacuum suction of melts. As can be seen, regardless of the
material type the powder particles have a developed surface and low thickness. It should be
noted that the shapes of the particles for different disperse compositions of the powders are
almost identical.

Fig. 1. Morphology of metallic powders produced by the vacuum-suction method
1-aluminium and 2-iron, dispersity 1000-630 um;
3-aluminium and 4- iron, dispersity 315-250 pm.

Some results of the metallographic characterization of the iron powder produced by the method
of hydro-vacuum suction of molten cast iron are presented (Fig 2). The cast iron was melted in
an induction furnace and fed to the sucker at melt temperature of 1480 °C. The chemical
composition of the powder is Few:-93.14% (Fecoms-89.27%), C-3.5%, Si-1.97%, Mn-0.72%, P-
0.11%, S-0.09%, Cr-0.16%.

The analysis of the microstructure shows that even in the same powder batch the particles differ
by structural and phase status. This phenomenon can be explained by a difference in the
conditions of crystallization, mostly — essentially different temperature gradient and particles’
cooling rate, a part of which is crystallized under conditions of direct thermodynamic action of
water, another part being hardened in the water steam jacket.

Fig. 2 - Microstructure of produced metallic powders at different magnification
1. x100; 2. x400; 3. x1000.
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The experiments performed using aluminum powder under conditions of iron aluminothermy
and copper cementation from solutions have proved the high reactivity of powders produced by
the method of hydro-vacuum suction.
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Alloys with limited solibility in solids and liquids—such as Cu—Fe alloys—are difficult to
fabricate by conventional methods [1]. These are normally produced by melting in microgravity,
melting in crossed electromagnetic fields, mechanical intermixing of melts, mechanical
alloying, and other techniques that are unprofitable and yield largely inhomogeneous products.
In this work, we fabricated 70Cu-30Fe alloys in a two-stage process involving: (a)
metallothermic SHS of cast ingots under artifcial gravity and (b) subsequent pull-type forging at
850°C followed by cold drawing. The alloy under consideration may find its application in
designing magnetically hard materials [2].

Combustion synthesis (stage a) was conducted in the centrifugal machine desribed elsewhere
[3] for n = a/g = 2 -50, where « is the centrigugal acceleration and g the accelerationofgravity.
The main process parameters as a function of a/g are presented in Fig. 1.

n,n,, % u, sm/sec
100 12

90 -
- L 10
70 -
60 -
50
404
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20

a/g

Fig. 1 - Burning velocity u, material loss n1, and yield of cast alloy n, as a function of a/g.
As follows from Fig. 2, the SHS-produced alloy exhibits an heirarchical three-level structure.
The first level (Figs. 2a, a') can be characterized by uniform distribution of Fe grains (10-30 um
in size) over the entire ingot volume. At the second level (Figs. 2b, b', b") we can discern the Cu
particulates (0.5-4 um) uniformly distributed within the Fe grains.
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Fig. 2 - TEM/EDS results for SHS-produced 70Cu—30Fe alloy.

At still larger magnification (Figs. 2c, ¢'), we can discern the third structural level, that is, the
submicron Fe particles (20-25 nm) uniformly distributed within a Cu matrix. Such a structure
can be explained by specific conditions of SHS metallurgy. A high combustion temperature
(above 2500 K) ensures the elevated solubility of Cu in Fe. Then, at the stage of crystallization,
ever decreasing temperature facilitates the precipitation of Cu in the form of fine particles.

At stage b, SHS-produced ingots were warmed in furnace up to 850°C and subjected to pull-
type forging to obtain 10-mm rods (their structure is shown in Fig. 3a) and then to cold drawing
(v = 4.5 m/s, separation between draw plates 0.2 mm) to obtain a wire with a diameter of 4.5
mm (g = 67%, Fig. 3b) or 3 mm (g = 86%, Fig. 3c).
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Fig. 3 - Microstructure of material cross section after pull-type forging (a) and cold drawing to €
=67 (b) and 86% (c).

Thermomechanical processing of SHS-produced Cu—Fe alloys can be readily used to regulate
their structure and to fabricate bulk materials with longitudinally oriented structural
constituents, which opens up new horizons for designing magnetic materials based on the
systems with limited solubility.
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The necessity of improving the service parameters of modern materials for aerospace
applications, power engineering, and chemical industry has given strong impetus to designing
novel materials [1, 2], such as intermetallic alloys (1As) [3, 4], metal-matrix eutectic composites
(MMCs) based on refractory metals [5], and new multicomponent alloys termed high-entropy
alloys (HEASs) [6-8]. A main difficulty in designing the above materials is high sensitivity of
their phase composition to the presence of alloying agents, impurities, process parameters,
structural imperfections (e.g. liquation phenomena), sinterability, and ductility. The fabrication
of complicated items by conventional methods, including casting, machining, spark erosion,
thermo-mechanical treatment etc., is a labor and material consuming process. A challenge here
can be the so-called additive technology (AT). The most promising kind of AT is selective laser
smelting whicht requires that starting materials be in the form of spherical granules (micro
granules) with strictly defined size and morphology.

In this communication, we present some recent results on fabrication of micro granules by
combined use of SHS metallurgy [9] and subsequent treatment including electrovacuum
remelting into electrodes for centrifugal plasma sputtering (Fig. 1) or classification of SHS-
produced composite powders and their spheritization (short-term plasma treatment) (Fig. 2).

In this communication, special emphasis will be made on the formation of micro granules
during the combustion of thermite mixtures as reported previously for Ni—Al mixtures [10]. The
preparation of HEA-based granules will be reported for the first time.

Process parameters for preparation of NiAl-(Cr, Co, Hf), TiAl-(Nb, Cr), Nb-NbC, Nb-NbSi,
and HE alloys have been worked out and optimized, including (a) the roadmap for basic
technological stages of SHS process, (b) formation of micro granular precursors and (c)
comparative analysis of raw materials and micro granules. Typical results are exemplified in
Figs. 1 and 2. The details will be discussed at presentation.
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(b) (b”)

Fig. 1 - The overall view (a, a’) and microstructure (b, b”) of SHS-produced microgranular
NiAl-(Cr—Co-Hf) precursors.

Fig. 2 - The overall view SHS-produced Nb—NbC composite powders (a) and the powders after
spheritization by short-term plasma treatment (b, c).
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Thus the cast refractory alloys can be readily fabricated by centrifugal SHS. The process can be
recommended for practical implementation in production of micro granules for AT. The present
results can be expected to make a background for industrial-scale manufacturing of new micro
granules by integrated technologies with valued service parameters.

This work was partially supported by the Russian Foundation for Basic Research (project no.
16-08-00398).
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Multicomponent high-entropy alloys (HEAS) [1] attract the attention of researchers because of
their novelty [2,3] and unique properties [2-4]. So the fcc Co—-Cr—Fe—Ni—Mn alloy [5] exhibited
high ductility at room and cryogenic temperatures [6] and record breaking fracture toughness at
cryogenic temperatures [7]; but the yield strength of the alloy was rather low.

There have been many efforts to improve the properties of the CoCrFeNiMn alloy. It was found
than the highest strength can be attained in the alloys with a fcc matrix strengthened with the
particles of some another compound [8]. However, the design of precipitation-strengthened
HEAs with optimal properties requires additional efforts.

One of possible candidates for precipitation strengthening is carbon whose presence can be
expected to result in precipitation of carbide particles [9]. Many carbon-containing Co—Cr—Fe—
Ni-Mn HEAs have already showed encouraging mechanical properties by combining high
strength with good ductility. However, the effect of Al on deformation of the alloys has not been
explored so far. Although similar studies on carbon effect are available, their results are highly
controversial. Mechanisms of deformation and strengthening can be revealed by studying the
evolution in microstructure and mechanical properties during cold working [25, 29].

In this work, we explored changes in the structure/properties of high entropy alloy
Al34Co7C0223Cr197F€229Ni224Mng e during its cold rolling. The cast alloy was fabricated by
metallothermic SHS from powder mixture of oxides (NiO, Cr,03, C030s4, Fe;03, MnO;) and Al
as a reducing agent as described elsewhere [10]. Thus produced ingots were then used to
prepare 10 x 10 mm bars for subsequent rolling at varied conditions. The chemical composition
of the as-cast alloy is given in Table 1.

Table 1 - Chemical composition of Al34Co7C022.3Cr1g7F€229Ni22.4Mngs alloy.

Al C Co Cr Fe Ni Mn
At. % 3.37 0.69 22.35 19.67 22.85 22.44 8.62
Wt % 1.65 0.15 23.92 18.57 23.17 23.92 8.64

Some mechanical properties of rolled Als4Co7C022.35Cr19.7F€229Ni2 4Mnge alloy—yield strength
(c0.2), ultimate tensile strength (curs), uniform elongation (g), and elongation to fracture (ef)—
are characterized in Table 2.
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Table 2 - Tensile properties of Al34Co.7C02235Cr19.7Fe229Ni24Mngs alloy at different stages of
cold rolling.

0.2, GuUTS, €u, &f, Go.2, OuTS, gu; &y
MPa  MPa % % MPa MPa % %
As-cast 210 455 74 80 Annealingat 870 1060 13 24
700°C
20% 545 650 18 25 Annealingat 610 925 25 38
rolling 80%  800°C
40% 945 980 3.7 7 rolling Annealingat 530 875 27 41
rolling 900°C
60% 965 1140 23 54 Annealingat 435 820 36 44
rolling 1000°C
80% 1310 1500 13 6.5 Annealingat 320 760 40 47
rolling 1100°C
1600 1200
1
s M & 1000 - 2
?’_ 1200 ; 3 4
@ 1000 E 01 3
ué! 800 _g 600
g 890 1 £ w0 1 - Rolling 80% + annealing 700°C
5 400 | I 2 - Rolling 80% + annealing 800°C
as-cast 200 3 - Rolling 80% + annealing 900°C
200 4 - Rolling 80% + annealing 1000°C
0 5 - Rolling 80% + annealing 1100°C
0 T T

0 20 40 60 80 100 120 0 20 40 60 80

Engineering strain,% Engineering strain, %
(a) (b)

Fig. 1 - Tensile stress—strain curves of Als4Co7C02235Cr197F€229Ni224Mng after: (a) cold rolling
with different thickness reductions and (b) after subsequent annealing at 700—1100°C for 1 h.

The stress—strain curves of the annealed Alz4Co.7C022.35Cr19.7F€22.90Ni22.4Mngs alloy demonstrate
(Fig. 1) that mechanical properties of the alloy can be further tailored by annealing treatment.
Apparently, the alloy becomes softer and more ductile with increasing annealing temperature.
For example, after annealing at 700°C the alloy still retains high strength: the yield strength and
ultimate tensile strength have the values of 870 and 1060 MPa, respectively, at a reasonable
ductility of 13 and 25%. An increase in the annealing temperature up to 900°C decreases the
material strength, especially the yield strength (530 MPa).

It follows that the cast Als4Co.7C02235Cr19.7F€229Ni224Mngs alloy can be readily fabricated by
centrifugal SHS metallurgy in optimized conditions. The present results can be expected to
make a background for industrial-scale manufacturing of new micro granules for use in
integrated technologies.

The work partially was supported by the Russian Foundation for Basic Research (project no.
16-08-00398).
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Due to wide use of heat-resistant Ni-Cr—W alloys in power engineering, aerospace industry, and
related areas, there is the everlasting search of new methods for their production, including the
technique of SHS metallurgy, also known as metallothermic SHS [1].

This work aimed at comparative analysis of commercial Ni—-Cr—W alloy (VZh98 brand, see
Table 1) with similar SHS-produced alloys.

Table 1 - Elemental composition of VVZh98 alloy (GOST 5632-72).

Ni Cr W Fe Ti Al Mn C Si
Base 23.5-26.5 13-16 <4 0.3-0.7 <0.5 <0.5 <0.1 <0.8

Our Ni-Cr-W alloy was prepared from the mixture of commercially available nickel,
chromium, tungsten oxides (mean particle size below 100 um) in the absence/presence of added
carbon black. Combustion was carried out in a centrifugal machine as described elsewhere [1,
2].

The SEM images in Fig. 1 suggest that our alloy represents a Ni-based solid solution. No
contamination with carbon from a graphite cartridge was observed, as well as any change in the
phase composition of resultant alloy. Also, we did not detect any precipitates based on W and
Cr.

mode| HV [mag| WD [———— —_— mode  HV [mag| WD
A+B_20.00 kV 150X 145 mm A+B | 20.00 kV.500 x 14.5 mm

Fig. 1 - The outer surface of SHS-produced alloy.
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Figure 2 illustrates the effect of carbon black added in an amount of 0.1 wt %. Within the grid,
we detected elevated concentrations of W and Cr. The precipitates are seen to be uniformly
distributed over the entire sample volume. The mechanical properties of the alloys under study
are chacterized in Table. 1.

Fig. 2 - SEM images of SHS product alloyed with 0.1 wt % C.

Table 2 -Mechanical properties of the alloys.

Hy Loading (10 s?)
at 20°C at 1000°C
60.2, MPa oer, MPa
Commercial alloy (VZh98) 200 20 50
SHS product not alloyed with C 190 90 120
SHS product alloyed with 0.1 wt % C 260 120 145

As follows from Table 2, the SHS product alloyed with 0.1 wt % C takes advantage over the
commercial alloy in its strength characteristics. The effect of strengthening can be assigned to
the presence of the carbide phase that hampers the motion of dislocations and the process of
grain boundary sliding. The resistance to deformation increases due to the formation of the
dendrite phase in SHS-produced alloy (Fig. 1).

Thus the fabrication of heat-resistant alloys by metallothermic SHS can be regarded as rather
promising.

The work partially was supported by the Russian Foundation for Basic Research (project no.
16-08-00398).

REFERENCES

[1] V.N. Sanin, D.M. Ikornikov, D.E. Andreev, and V.I. Yukhvid, Russ. J. Non-Ferr. Met.,
55, (2014) 613-619.

[2] V.N. Sanin, D.M. Ikornikov, N.V. Sachkova, V.l. Yukhvid, Complex boride metal-matrix
composites by SHS under high gravity, Int. J. Self-Propag. High-Temp. Synth., 23, (2014)
151-160. doi 10.3103/S1061386214030091

231



EXPERIENCE IN TESTING OF HIGH-TEMPERATURE MATERIALS
FOR VARIOUS COMPONENTS OF METALLURGICAL UNITS AT
ENTERPRISES OF KAZAKHSTAN

Doctor of Technical Sciences Satbayev B.N., Doctor of Technical Sciences Koketayev
A.l., Shalabayev N.T., Satbayev A.B.

Astana branch of the Republican State Enterprise “National Center on Complex Processing of
Mineral Raw Materials of the Republic of Kazakhstan™ over the past few years, with the support
of the largest in Kazakhstan metallurgical plant of “ArcelorMittal Temirtau” JSC, carried out
works to develop and implement the developed refractory materials based on SHS technology.

The principal difference between these refractories is the content of the active chemical mixture
in their composition, which, when heated, interacts with the remaining components of the
charge in the self-baking regime. In this case, the refractory body is synthesized with the
formation of refractory oxides, which leads to an improvement in the quality of the material.

It should be noted that materials prepared for testing are unshaped refractory masses and are
created on the basis of self-baking high temperature technology (SHS) and are used for lining
highly aggressive zones of metallurgical aggregates of ferrous and non-ferrous metallurgy,
cement Kilns, energy boilers and chemical industry.

During the pilot-industrial tests, high-temperature materials for the following units of
metallurgical aggregates were investigated:

1. Exothermic mixture for warming of the cast iron mirror of cast iron ladles;

2. High-alumina gutter mass for the main gutters of blast-furnace production;

3. High-alumina concrete mixture for lining the shelters (covers) of the aspiration system of
the main troughs of blast furnaces;

4. The airborne anhydrous mass based on quartzite and silicon carbide, designed to close
the blast hole of the blast furnace.

At “ArcelorMittal Temirtau” JSC there was a problem of overgrowing cast-iron ladles with the
formation in the neck of the “roof”, which complicated the discharge of cast iron in the mixer
compartment of the converter shop, both in the mixer and in the cast iron ladle. This problem is
especially aggravated in the winter period and in cases of unstable iron removal by the converter
shop. Tare-bucket due to “skull formation” is growing, capacity is decreasing. We have to cut
off the “roofs”, burn holes for casting and draining cast iron. The sprinkling of a cast iron mirror
in the ladle with a fine coke, vermiculite did not solve the cardinally existing problem.

To solve this problem, we developed an exothermic mixture for warming the cast iron mirror in
cast iron ladles in order to reduce heat losses during the transportation of pig iron to the
converter shop.

In addition, “ArcelorMittal Temirtau” JSC offered high alumina grooved masses for lining the
main blast furnace. Experimental-industrial tests showed that the tested mass is not inferior in
its characteristics to the masses supplied by the world's leading companies, and exceeds the
duration of work by at least 10%. At the same time, the cost of mass is lower than that
purchased by the metallurgical plant.
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At the request of the employees of the Blast Furnace Shop of “ArcelorMittal Temirtau” JSC, a
“High-alumina concrete mixture for the lining of shelters (covers) of the aspiration system of
the main blast furnaces of blast furnaces” was proposed.

So, previously used mass for gutter covers, purchased from foreign companies, served from 10
to 30 days. Because of sudden temperature changes, the refractory material was destroyed, the
mass disintegrated and the lid came into disrepair, which required re-lining it.

The use of the high-alumina concrete mixture prepared on the basis of corundum with the use of
silicon carbide (the mass share of SiC in the finished product is within 7-10%) and the hydraulic
bond, as well as with the mass fraction of Al,Os of not less than 80%, allowed us to increase the
resistance on medium covers without repair up to 60 days, the durability of the manipulator
cover was 30 days.

At many metallurgical enterprises, there is a problem associated with the opening and closing of
the air hole, from where the metal is discharged from the furnace. A similar problem exists at
“ArcelorMittal Temirtau” JSC.

For these purposes, an airless anhydrous mass based on quartzite and silicon carbide was
developed to close the blast hole of the blast furnace. Tests of the proposed flyweight showed a
decrease in the consumption of borax and oxygen tubes, the length of the canal channel
remained constant, with the release of the smelting products, the jet flowed smoothly, without
splashing, the cast iron and slag were dispensed in full.

In general, conducted pilot-industrial tests of refractories developed in the AF RGP “NCMDS
RK” showed good production and technical properties at “ArcelorMittal Temirtau” JSC. The
results of these tests make it possible to draw a conclusion about the correctness of the chosen
research direction, to develop other compositions of refractory materials for various types of
thermal aggregates of ferrous and non-ferrous metallurgy, cement-kiln furnaces, energy boilers,
chemical industry, etc.
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QUASI-PERIODIC MATERIALS — A PARADIGM SHIFT IN CRYSTALLOGRAPHY
D. Shechtman

Technion, Haifa, Israel and
ISU, Ames, lowa, USA

Crystallography has been one of the mature sciences. Over the years, the modern science of
crystallography that started by experimenting with x-ray diffraction from crystals in 1912, has
developed a major paradigm — that all crystals are ordered and periodic. Indeed, this was the
basis for the definition of “crystal” in textbooks of crystallography and x-ray diffraction. Based
upon a vast number of experimental data, constantly improving research tools, and deepening
theoretical understanding of the structure of crystalline materials no revolution was anticipated
in our understanding the atomic order of solids.

However, such revolution did happen with the discovery of the Icosahedral phase, the first qua-
si-periodic crystal (QC) in 1982, and its announcement in 1984. QCs are ordered materials, but
their atomic order is quasiperiodic rather than periodic, enabling formation of crystal symme-
tries, such as icosahedral symmetry, which cannot exist in periodic materials. The discovery
created deep cracks in this paradigm, but the acceptance by the crystallographers' community of
the new class of ordered crystals did not happen in one day. In fact it took almost a decade for
QC order to be accepted by most crystallographers. The official stamp of approval came in a
form of a new definition of “Crystal” by the International Union of Crystallographers. The par-
adigm that all crystals are periodic has thus been changed. It is clear now that although most
crystals are ordered and periodic, a good number of them are ordered and quasi-periodic.

While believers and nonbelievers were debating, a large volume of experimental and theoretical
studies was published, a result of a relentless effort of many groups around the world. Quasi-
periodic materials have developed into an exciting interdisciplinary science.

This talk will outline the discovery of QCs and describe the important role of electron micros-
copy as an enabling discovery tool.
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METALLIC GLASSES CusoTiso BY MECHANICAL ALLOYING AND THEIR HEAT-
INDUCED STRUCTURAL TRANSFORMATIONS

N.F. Shkodich*'2, A.S. Rogachev!?, S.G. Vadchenko?!, D.Yu. Kovalev?, A.A. Nepapushev?,
I.D. Kovalev?

Ynstitute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
Chernogolovka, Russia

2National University of Science and Technology MISiS, Moscow, Russia

* N.F.Shkodich@mail.ru

Amorphous alloys, or metallic glasses, are a relatively new class of materials with a specific
combination of technologically interesting properties. These materials are characterized by the
absence of a regular crystal structure (short-range ordering). Such a structural configuration
ensures a unique combination of properties that cannot be attained in crystalline materials, such
as high mechanical strength, corrosion/radiation resistance, and specific electric/magnetic
properties [1]. It explains ever growing interest in studies on the formation of amorphous
structures and their crystallization and on industrial-scale implementation of amorphous
materials. Metallic glasses can be produced in several routes such as solid-state reaction,
mechanical alloying (MA), fast quenching, etc. [2-4]. Compared to other conventional
techniques, MA has an advantage that (a) amorphous alloys can be obtained at temperatures
much below the crystallization temperature of its constituents and (b) structural changes may
happen during the amorphization reaction.

In this work, we explored the formation of amorphous Cu-Ti alloy during high-energy ball
milling (HEBM, t = 1-30 min) and subsequent crystallization. Powder mixtures with a
composition of CuseTiso were prepared using the elemental powders of Cu (PMS-B brand, d <
45 um, 99.5% pure) and Ti (PM brand, d = 2.0-4.5 um, 99.95% pure). Starting and milled
powder mixtures were characterized by XRD, electron diffraction, high-resolution SEM/EDS,
and high-resolution TEM. Thermal stability and the amorphous—crystalline transition in Cu-Ti
metallic glasses were analyzed by differential scanning calorimetry (DSC) and time-resolved X-
ray diffraction (TRXRD).

During HEBM processing, the structure of the initial powder mixture undergoes a substantial
evolution. According to the SEM data, a set of randomly distributed particles of starting Cu—Ti
powder mixture was found to form a layered structure during first minutes of mechanical
treatment. With increasing milling time, the layer thickness decreases. After 20 min of
mechanical treatment, the formation of a relatively uniform amorphous Cu-Ti structure was
observed. While unprocessed Cu—Ti mixtures exhibited strong and narrow diffraction peaks of
Cu and Ti, the HEBM resulted in gradual broadening of the diffraction peaks accompanied by a
decrease in their intensity. Solid-state amorphization of CusoTiso alloy powder was achieved at t
= 20 min (~93% of amorphous phase). HR TEM images of amorphous Cu-Ti powders suggest
that the material consists of amorphous matrix with a small admixture of nanocrystalline (2-8
nm) inclusions. The DSC results for mechanically amorphized CusTiso alloys have revealed the
occurrence of heat evolution from the amorphous—crystalline phase transformation, up to 80 J/g
(8.9 kJ/mol) in the temperature range 336-369°C.
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Fig.1 - Time-resolved XRD patterns for mechanically amorphized CusoTiso alloy.

TRXRD results for the amorphous to crystalline phase transformation during heating under
helium have shown (Fig. 1) that the crystallization of the HEBM CusoTiso alloy gets started
around 400°C, i.e. much below the temperature of the eutectic formation in the Cu-Ti system
(875°C) and accomplished in 10-15 min without melting.

The diffraction pattern of the initial alloy exhibited a wide halo and high background level. The
amorphous-crystalline transition during heating occurred gradually: the background noise
decreased, whereas three diffraction peaks corresponding to (110), (102), and (200) lines of the
v-CuTi phase (tetragonal, P4/nmm) gradually appeared. At 500°C, a diffraction peak of the
CusTi phase was observed, thus indicating an incomplete amorphization of Cu-Ti powder
mixture during HEBM. Based on the duration of the y-TiCu diffraction peaks formation, we can
assume a diffusion mechanism for the amorphous—crystalline transition HEBM-produced Cu-Ti
alloy.

Our results may turn useful for some technological applications and in designing amorphous
bulk materials with unique properties.

This work was financially supported by the Russian Science Foundation (project no. 16-13-
10431: Self-sustaining thermal waves in amorphous media).
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SHS IN SURFACE ENGINEERING
D.V. Shtansky, E.A. Levashov, Ph.V. Kiryukhantsev-Korneev, K.A. Kuptsov, A.N. Sheveyko

National University of Science and Technology “MISIS”, Moscow 119049, Russia
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Utilization of SHS in surface engineering is rapidly growing field. The heat released during
SHS is useful in terms of providing high adhesion strength between coating and substrate. The
surface treatment process which combines SHS and coating deposition is referred as SHS
coating. The process can be subdivided according to the method of coating deposition, type of
precursor materials, type of external heat source to initiate combustion reaction, as well as the
densification method used for synthesized products [1].

In the field of surface engineering, SHS is frequently combined with other methods such as
centrifugation, microwave and induction heating, laser cladding, sol-gel, concentrated solar
energy treatment, high velocity oxy-fuel thermal spraying, reactive and atmospheric plasma
spraying, plasma transferred arc overlay welding, and electroless plating. Various metallic,
ceramics, metal matrix composite, steel matrix composite, and ceramic matrix composite
coatings were fabricated. There are two main routes of coating deposition which may be
classified as SHS: (i) a mixture of exothermically reactive powders or a cold pressed product is
applied to the substrate surface as a precursor and then ignited by an external energy source and
(ii) SHS-derived powders, targets or electrodes were fabricated separately and then used in
coating deposition technologies such as plasma spraying, magnetron and ion sputtering, electro-
spark deposition, and electroless plating. The first route is often referred to as an in situ or single
step process because both processes, namely SHS and coating deposition, occur simultaneously.

The possibilities of various physical vapor deposition (PVD) technologies can be extended
through the application of SHS targets and electrodes. Coatings with an improved combination
of properties can also be produced through non-vacuum methods, for example by pulsed
electrospark deposition (PED), using electrodes fabricated by SHS. The method utilizes an
exothermic reaction initiated by an electric discharge within an inter-electrode space.

Recently, newly designed deposition equipment which combines PED and PVD techniques was
employed. The PVD part of the deposition unit has two modules: magnetron sputtering and
cathodic arc evaporation. The bottom layer, which is expected to provide superior adhesion
strength and high mechanical properties, can be fabricated by means of computer controlled
PED in air, argon atmosphere (1 atm), or vacuum (10 Pa). The top layer with high tribological
properties can be deposited using either magnetron sputtering or cathodic arc evaporation.
Using the deposition facility described above, TINDCN and TiCNiAl coatings were fabricated
and studied. The two-layered PED-PVD TiNbCN coatings showed higher dynamic impact
resistance at a maximum applied load of 1000 N and better tribological properties (lower
friction coefficient and wear rate) compared with the single layer PED TiNbC-binder
counterparts. The two-layered PED-PVD TiCNiAl coatings were compared with single layer
PED and PVD references coatings. Although the PED TiCNiAl coatings demonstrated high
wear resistance during sliding and abrasion, they had relatively high friction coefficient, low
hardness and poor corrosion resistance. In contrast, the single-layer PVD TiCNiAl coatings
showed low friction coefficient, good mechanical properties, and high corrosion resistance, but
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low wear resistance. In the two-layered PED-PVD TiCNiAl coatings, the PED sublayer acts as
mechanical support, whereas the top PVD layer provided antifriction and anticorrosion
characteristics (Fig. 1).

|3 PED-PVD ® PVD @PED |

Arhbitrary units

1 2 3 4 5 6

Fig. 1 - Coating characteristics. 1 - Corrosion current; 2 - abrasive wear, 3 - impact wear, 4 -
friction coefficient, 5 - elastic recovery, 6 - hardness.

Finally, applications of SHS targets and electrodes to produce multifunctional coatings on the
surface of various biomaterials are considered.
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QUANTITATIVE 3-D RECONSTRUCTION OF REACTIVE NANOCOMPOSITES:
EFFECT OF NANOSTRUCTURE ON ACTIVATION ENERGY

C.E. Shuck*l, A.S. Mukasyan1

1 University of Notre Dame, Notre Dame, IN 46556, United States of America
*cshuck@nd.edu

Reactive nanocomposites (RNCs) are a class of high energy density systems that are safe and
can be rapidly converted into usable forms of energy. They are fully dense materials that contain
all necessary reactants within individual chemical cells and can be utilized in any environment,
including in vacuum or underwater. RNCs have been proposed for use as solid fuels, for energy
storage, among numerous other energetic applications [1-3]. Additionally, RNCs are used for
synthesis of many advanced and refractory materials through combustion synthesis (CS)
approaches. CS has been shown to be a versatile material synthesis method, allowing for
production of metals, ceramics, biological materials, and countless other advanced and
functional materials [4].

Milling (HEBM), specifically [ v
Arrested Reactive Milling (ARM), [

oxygen free Ni/Al composite
particles were prepared with a
variety of HEBM times (See Figure
1). As the milling time is increased,
up until the critical time, it is known
that the internal nanostructure of the
particles becomes more intermixed
in thin tortuous lamellar structures.
These structures have increased
surface area contact and lower
reactant diffusive distances [5]. It is
well  known that solid-phase

3um

reactivity is related to the surface

area contact between the reactants Figure 1- HEBM-produced Ni/Al nanocompOSite
[6]. However, to date, there has not materials with a) 10, b) 20, c) 30, and d) 40-min milling
' ’ times.

been a statistically valid quantitative
study on the relationship between the nanostructure, including diffusive distances and surface
area contact, and the observed chemical kinetics. The goal of this work is to provide
statistically proven guantitative data on the nanostructural characteristics of the HEBM-induced
high energy density materials (HEDM), utilizing 3D reconstruction of the complete sample
volume (Figure 2). Correlations of these nano-features with statistical, experimentally proven
values of the HEDM chemical kinetics in the Ni-Al system are also investigated.
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Experimental datasets from Ni/Al
composite  particles of each
investigagted HEBM time are
collected using FIB-SEM ion beam
milling, consisting of thousands of
images for each analyzed particle,
until statistical convergence is
reached. Each dataset is digitized
using 3D reconstruction software
and analyzed wusing distance-
ordered  thinning  algorithms,
diffusive distance maps, and
surface texture mapping. Using
the 3D reconstructions, accurate
analysis relating to diffusive layer

thickness of both Ni and Al,

surface area contact between Figure 2 - Complete sample volume 3D reconstructions

reactants, along with a multitude of of the Ni/Al nanocomposite materials for the a) 10, b) 20,
¢) 30, and d) 40-min milling times.

other nanostructural features can be
determined [7].

To study the reaction kinetics, the electrothermal explosion method (ETE) was used to study the
reaction Kinetics. This technique utilizes rapid Joule-preheating until ignition. The resulting
time-temperature profile is analyzed, allowing for the activation energy (Ea) and pre-
exponential factor (kQ) to be extracted. Combining the quantitative nanostructural data, an
accurate relationship was determined that relates Ea to the surface area contact (Figure 3). This,
for the first time, shows that the reaction kinetics can be directly controlled through mechanical
processing steps. Additionally, it gives insights into the fact that this is not a truly intrinsic
activation energy, but is instead an effective activation energy (Eef).
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Figure 3 - Dependence of effective activation energy of the reaction as a function of
milling time a) and specific contact surface area b) between Ni and Al phases.

Using this experimental correlation, it is possible to more fundamentally understand the reaction
kinetics and the processes that contribute to them. Considering that in solid state reactions,
namely all SHS reactions, there are two possible limiting steps for the reaction. The first is the
diffusion rate and the second is the reaction rate. Using the extracted kinetic parameters, Egf and
ko, in conjunction with the structural parameters, it is possible to understand the trends that are
observed. Furthermore, this work highlights the importance of determining structural kinetics in

relation to the observed Kkinetics, without proper understanding of the structure, correct
interpretation of the data is impossible.

To further understand the chemical reaction process, a limiting case was examined. Using low-
temperature in-situ TEM studies, the diffusive rate can be directly measured (Figure 4). By
measuring the diffusive rate, without the influence of chemical reactions, the upper bound of
possible Eef can be determined in conjunction with the diffusive pre-exponential factor. This
gives valuable insight into a process that is limited by two physical processes; by fully
characterizing one of the limiting cases, a greater understanding of the relationship between Egf,
the intrinsic chemical reactivity, and the diffusion process. Additionally, this gives additional
insight of the role temperature and nanostructure have on these processes. This greater
understanding allows for complete characterization of the single-step approximation to
chemical kinetics within SHS systems, which further provides the ability to determine the
mechanisms that drive the chemical reactions.
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Figure 4 - Low-temperature in-situ TEM diffusion studies into the Ni/Al system.
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Vanadium can take more than one valence and thus can form different oxide compounds. These
oxides have different properties due to their different compositions. For example, VO2 and
H2V 0303 are used as an optical, electrical, electrochemical, thermochromic and thermal switch
material. VO2 has also different polymorphic forms, which can reveal stable and metastable
phases. For instance, VO2, which is a monoclinic metastable phase, is used as a cathode
material especially in lithium ion batteries. Thin films of vanadium oxide (V205) are used in
electrochromic and thermochromic devices, uncooled bolometric detectors, laser protection,
solar cell windows, high-capacity lithium battery electrodes, electrical and optical switching
devices, light modulators [1-2].

In this study, vanadium oxide nanoparticles were synthesised by solution combustion method.
Glicyne (C2H5NO2), citric acid (C6H807.H20) and mixture of these two reactants were used
as a fuel material during solution combustion synthesis (SCS), while ammonium meta-vanadate
(NH4V03) was used as an oxidant. The structure, morphology and chemical composition of the
samples were characterized by using XRD and SEM & EDS methods. Surface area of
synthesised particles were determined by BET analysis. The effect of different fuel materials on
synthesised products were investigated.
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Department of Metallurgical and Materials Engineering, Istanbul Technical University, Saryer,
34469, Istanbul, Turkey
* kaplans16@itu.edu.tr

Tungsten trioxide is used in wide range of applications. Due to its high coloration efficiency and
high cyclic stability, it is a good candidate for thermochromic applications such as smart
windows, antiglare mirrors, high contrast displays, and active camouflage. In these applications,
WOQO3 is generally preferred to be amorphous because of higher electrochromic performance than
crystalline phase. However, amorphous phase is not robust as crystalline phase, and causing to
some problems in applications [1, 2].

In this study, WO3 synthesis by solution combustion method were experimentally investigated
by using citric acid and ammonium tungsten oxide hydrate as fuel and oxidative material,
respectively. The effect of solution combustion synthesis parameters such as fuel type, fuel
oxidizer ratio, homogenization on final product were studied. XRD, SEM, and BET analysis
were conducted to determine powder properties.
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As is known, high heat resistance and mechanical strength of Ni—Al alloys and related materials
can be markedly improved by dispersion-strengthening using submicron and nanosized
carbides, nitrides, and other refractory compounds or rare-earth metals [1, 2]. As for the Ni-Al-
W system [3], eutectic NiAI-W alloys are being used to fabricate porous foils, nanofiber
matrices and wires [4, 5], turbine blades and similar machine parts [6]. The feasibility of
preparing NiAl intermetallics containing above 10% W by hot isostatic pressing was
demonstrated in [7] along with the positive influence (up to 700°C) of newly formed finely
dispersed phases containing Mo and W. Ni-W and NiAI-W systems belong to the class of so-
called systems with unipolar solubility: Ni is insoluble in W, while W is moderately soluble in
Ni (up to 17 at. % near the Ni melting temperature). But within a thin (1 nm) layer at the grain
boundary, the solubility may be higher by an order of magnitude [2]. It is known that alloying of
Mo-W blends with Ni strongly accelerates the sintering process (activated sintering). The
diffusion of Ni over the grain boundaries was also found to strongly facilitate superplastic flow
at elevated temperatures.

In this communication, we report on SHS reaction in the Ni-Al-W system with special
emphasis on subtle details of SHS joining between NiAl and W substrate as a function of green
composition and amount of NiO added as a heat-generating agent (booster). Combustion
products were characterized by SEM (Zeiss Ultra Plus microscope based on an Ultra 55
apparatus) equipped with an EDS facility (INCA Energy 350 XT, Oxford Instruments).

The structure of the weld seam is presented in Fig. 1 and Fig. 2c. In the (Ni—Al)/W transition
layer, one can discern the dendrites of a—W (Fig. 2d), pseudo-binary eutectics of f—NiAl (with
precipitates of W-containing phase below 50 nm in size), acicular inclusions of y'—NisAl, and
nanostructured (o + v + y") eutectics with a grid structure (Fig. 1c, d) formed by solid solution
and NisAl grains with the size about 100 nm. After etching, we also observed the presence of
branching bundles of W fibers up to 10 um long and 50 nm in diameter (Fig. 2a, b).
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Fig. 1 - SEM images of the NiAI-W weld (a, ¢) and nanostructured (o + y + y') eutectics with a
grid structure.

SHS reaction resulted in modification of the W surface with formation of dendrites (Fig. 2e) and
globular precipitates (Fig. 2f) [8]. All this facilitates strong joining of W substrate with NiAl
coating.

The W content of green (Ni + Al) + (1-5) at. % W mixtures had no influence on the amount of
dissolved W (0.4 at. %). Upon addition of NiO to (Ni + Al) + 5 at. % W + xNiO mixtures (x =
1-5 at.%), the amount of dissolved W attained a value of 0.6 at. % at x = 5 at.%. In this case, no
formation of globular precipitate was observed (Fig. 3). An increase in x was accompanied by a
decrease in the amount of NiAlI-W eutectics and an increase in that of W-containing dendrites.
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Fig. 2 - SEM images of the bundles of fibers etched from NiAl-W eutectic (a, b); joint
section between W foil and NiAl intermetallide before etching (c); dendrites in the transition
layer after etching (d) and globular and dendritic-like formations on the W surface of the foil

after etching (e, f).
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(b)

Fig. 3 - SEM images of SHS-produced NiAl-W composite: (a) (Ni+Al) + 3 at. % W and (b)

(Ni+Al) + 5 at. % W + 1 at. % NiO.
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Due to a combination of high-temperature strength, heat resistance, high thermal conductivity,
and good corrosion resistance, AlI-Ni intermetallics are widely used in the automotive industry,
aerospace engineering, and power plants [1]. Since these materials are also known for their low
ductility and proneness to brittle failure [2], alloying elements are usually added to improve
their mechanical behavior [3]. Following this approach, Nb has been tried as a high-temperature
strengthening agent for polycrystalline NiAl with at least marginal success [4]. When V-V
Group metals (Me=Ti, Zr, Hf, V, Nb, Ta) are added to nickel aluminide, the dominant phase is
in equilibrium with Laves (NiMeAl) and Geissler (NizMeAl) phases. Upon dissolution, these
metals (Ti, Zr, Hf, V, Nb and Ta) occupy predominantly aluminum sublattice positions within
nickel aluminide [5]. A novel ternary eutectic in the Nb—AI-Ni system with a directed lamellar
structure and improved thermophysical parameters was found, with the Alss4Nii23Nbss3s [6].
Arc melting of Ni—-Al-Nb mixture also leads to formation of the B2 NiAl and the NiAINb Laves
phase. It was found that a eutectic between these two compositions occurs close to 16.0 at % Nb
with a eutectic transformation temperature of 1487°C [7].

In this study we investigated the process of structure formation during combustion synthesis in
the thermal explosion mode in the Ni—Al-Nb system using Time-Resolved X-Ray Diffraction
(TRXRD), enabling real-time recording phase composition evolution of the reactive mixture

during combustion synthesis.

According to XRD analysis of the synthesized samples the following phases were detected: ~65
wt % NiAl, ~35 wt % NDbNiAl (Laves phase), and traces of NbsNi. The lattice parameters of
NbNiAI (a = 0.4963 nm, ¢ = 0.7991 nm) are smaller than the tabulated ones (a = 0.50 nm, ¢ =
0.8093 nm). Figure 1 presents typical time-resolved diffraction patterns on the sample surface.
Just after initiation, reaction between Al and Ni starts with the melting of the reagents. As a
result, we observe a sharp drop in the intensity of Ni and Al peaks down to zero, accompanied
with the emergence of the peaks of the NiAl phase. Decreasing intensity of Nb peaks indicates
the beginning of its dissolution in the Ni—Al melt. Niobium peaks are detected all along the
experiment (Fig.1), because the probing beam penetrates only to a 30-40 um depth, smaller than
the average particle size of niobium (mean size: 50 um). Indeed, due to the fast cooling at the
surface, Nb can completely dissolve only when completely surrounded by Ni—-Al melt. Within
6—7s after thermal explosion, the emergence of the NbNiAl phase is observed (Fig. 1). Figure 2
represents the time evolution of the intensity of the main diffraction peak for each crystalline
phase, representing the kinetics of the phase formation (NiAl, NiAINb) and transformation (Ni,
Al and Nb consumption), starting from the initiation of the reaction.
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Fig.1 - Time-resolved diffraction patterns on the 40Ni-40AI-20Nb (at. %) sample surface.
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The decrease in the intensity of the Nb diffraction peaks (Fig.2) results from the transformation
of Nb to the NiAINb ternary intermetallic by interdiffusion. Niobium dissolution in Ni—Al melt
leads to the subsequent formation of NiAINb which crystallizes from the melt. Since strong heat
release from the surface prevents complete dissolution of Nb particles, especially considering
the large mean size of Nb particles (<50um), we observe the presence of Nb peaks on the
surface diffraction pattern obtained during time-resolved XRD.

SEM images in Fig. 3 illustrate the eutectic, fractal-like dendritic microstructure of the
synthesized alloys. Constituent components of synthesized material involve NiAl grains (d =
20-30 um) and fine colonies of the NiAl phase (d < 1 um). This can be explained by the rather
fast cooling down that prevents the homogenization of resulting material. According to EDS
data, the composition of dark areas is close to NiAl while that of bright areas, to NbNiAl, the
contrast resulting from the fact that Nb is an heavier element. The NiAINb Laves phase forms at
the boundaries of NiAl grains and hence form a continuous phase.
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Fig.3 - 40Ni-40Al-20Nb (at%) alloy microstructures synthesized by combustion synthesis.

According to EDS analysis, the material is seen to contain, in addition to NiAl and NbNiAl, Nb
and Nb;NiAl phases. The sample presents a dendritic microstructure similar to the one observed
within the volume, with two phases as previously, NiAl on the one hand and NiAINDb, with an
average composition close to NisAlwNbzo, slightly depleted in Nb, as compared to the initial
mixture composition.

Indeed, Nb reacts only partially near the surface of the sample due to a partial quenching of the
dissolution process. As a result, some residual Nb large grains are visible on the SEM
micrograph and a thin layer with a composition close to NizsAlxsNbsg is observed around the Nb
grains.
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Due to the fast reaction rate of the combustion synthesis process and the fast cooling rate of the
sample, specifically near the surface, it must be pointed out that these results are far from
equilibrium. Nevertheless, all the detected phases on this micrograph might be attributed to
existing phases in the phase diagram: points 3 and 4 correspond to Nb, point 5 to the NbNi
phase, points 6 and 7 to the T, Laves phase, points 8 and 9 to the NiAl B2 phase, and finally,
points 10 and 11 to the T1 Geissler phase, even though this composition is out of the pseudo-
binary NiAI-Nb phase diagram.
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The NiAl intermetallic compounds have attracted attention as potential high temperature light-
weight materials with an exceptional combination of high strength and low specific weight,
thermal stability, good oxidation/corrosion resistance, high thermal conductivity, and strength at
high temperature [1]. Formation of intermetallics in the Ni—Al system can be explored for
sintering, spark plasma sintering, diffusion soldering, and gas detonation deposition of coatings.
As it is well known, NiAl intermetallics can be prepared by self-propagating high-temperature
synthesis (SHS) [2]. On the other hand, SHS reactions can also be used as a tool for joining
similar and dissimilar materials and coating processing [3]. Meanwhile, no reliable
technological processes for SHS joining and coating have been proposed so far. The reactive
compacts can act as local heat source for joining many materials. Since heating is localized to
the interface during joining, temperature sensitive components or materials can be joined
without thermal damage, and the thermally affected zone may be controlled and limited by
adjusting process parameters.

In this work, we explored the interaction between SHS produced Ni—Al intermetallics using
mechanoactivated Ni-Al mixture deposition on Ta substrates resulting in the formation of
interpenetrating junctions. The intermetallic nickel aluminides may be formed by NiAl and/or
NizAl, wherein the ternary Laves phases based on Ni, Al and Ta may be formed. In particular,
the formation of ternary Laves phases in the form of NiAlTa may occur in the tantalum NiAl
(Ta) blend. The ternary phase based on Ni, Al and Ta, provide by the presence of the
corresponding grain boundaries of the NiAl - crystallites and/or NisAl - crystallites for a
corresponding increase in the strength and the creep resistance of the material. Such ternary
Laves phases can be in the form of hexagonal C14 structure while NiAl in the B2-structure is
present. SHS-assisted deposition of intermetallic coating onto a refractory Ta substrate can be
expected to open up new approach for producing materials with improved structure and
properties.

In our study, commercial powders of Al (particle size d < 44 um), and Ni (d=3+7 pm) were
used as starting materials. Composition of initial reacting mixture was Ni-Al = 1:1. Initial
mixtures were prepared in a Turbula mixer. Cold-worked Ta substrates (6.35 mm in diameter
6.35 high) shown in Fig. 1 were processed in a planetary mill Fritsch Pulverizette-7 together
with Ni—Al powder mixture. Mechanical treatment resulted in removal of the oxide layer from
the Ta surface, its roughening, and deposition of activated Ni—Al mixture. X-ray analysis of the
Ta substrate coated by (Ni+Al) initial mixture did not show the formation of new phases after
mechanical activation (Fig.2).
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After MA, the processed Ta substrates were immersed into raw Ni—Al mixture, compressed into
20 mm diameter and 10 mm height samples (Fig. 1) and ignited under the thermal explosion
mode. The adiabatic combustion temperature of the Ni-Al mixture is ~ 1630°C, which is below
the maximum solubility temperature of Ni in Ta (20 at.% at 1788°C) and Al in Ta (12 at.% at ~
2000°C), but above the solubility temperature of Ta in Ni (14 at.% at 1360°C) [4]. According to
the phase diagram, NisTa, Ni;Ta, NiTa, NigTa, AlsTa, AlsTa, binary intermetallics and six
ternary compounds TaNiAl, TaNi.Al, TagsNizAlos, TasNiAl;, and TaNiAl, may form at
temperatures below 1630°C [5, 6]. It was found that as a result of the interaction of the NiAl
with the Ta substrate, a multilayer transition zone with a thickness of 2 to 20 um was formed.
Fig. 3 shows a structure of the transition zone formed between Ta and SHS-produced Ni-Al
intermetallics along with corresponding EDS results. The transition zone exhibits the presence
of most of the intermetallics predicted by the constitution diagram of the Ta—Ni—Al system. The
layer nearest to the substrate (points 3 and 4, in Figure 4) has a uniform composition and a
thickness of 0.25 to 0.6 um. The next layer (points 5 and 6 in Figure 4) has a more developed
structure in the form of dendritic eutectic structures and a thickness of up to 30 pum.
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Fig. 3 - Microstructure of the transition layer.
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Spectrum Al Ni Ta
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6 341 282 37,7
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8 31,6 190 494
9 293 21,3 494
10 46,4 481 55
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Fig.4 - Microstructure and EDS data of the transition layer, (at%).

According to the EDS data (points 5 and 6 in Fig.4), the composition of this layer is close to the
ternary compound TaNiAl (Laves Phase), which has a wide range of Ni homogeneity. On the
side of the deposited NiAl layer, another phase (points 7, 8 and 9 in Figure 4) is formed in the
transition zone in the form of elongated particles up to 3-5 um in size. The composition of this
phase is close to the TasNi,Als. TasNi2Als formed the diffusion zone of all the specimens, which
was approximately 6 pum in extent (Fig.4), and consisted of a number of grains with a B-phase
matrix and Ta-rich precipitates, which grew perpendicular to the Ta substrate with a rod shape
and bright contrast. As a result of grain-boundary diffusion in the fused Ni—Al layer, grains of
globular form on the basis of TayNiyAl; up to 0.5 pm in size were formed on the NiAl grain
boundaries, presumably on the basis of the ternary phase of TaxNiyAl,. The possible mechanism
of phase formation at combustion temperature is as following:

(1) melting of (Ni+Al) reactive reagents resulting to the NiAl (B) formation;

(2) Ta dissolution in Ni-Al melt resulting to the TaNiAl (t;) formation:
(Ni-Al) L «> NiAl (B) +TaNiAl (t1);

(3)ternary peritectic reaction at T=1000°C:
NiAI(B) +TaNiAl(t) + (Ni-Al) L < TaNiAl (t2).

Various Ta-containing NiAl-base alloys show a strengthening with the TaNiAl Laves phase,
with Cl4 structure [7]. Such behavior of mechanical properties is a result of both solid-solution
strengthening and second-phase strengthening. Indeed, materials based on the intermetallic
compound NiAl strengthened with the Laves phase NiAlTa or the Heusler phase NiAlTa have
shown promise for use in some high-temperature structural applications [8]. Therefore,
mechanoactivated SHS in a mode of thermal explosion can be recommended as a method for
strong joining of Ta substrate with Ni—Al intermetallic coating with a tailored composition.
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SUCCESSES AND WAYS OF DEVELOPMENT OF SHS IN GEORGIA
G.F. Tavadze

LEPL - Ferdinand Tavadze Metallurgy And Materials Science Institute

Today the famous experts in the field of SHS from all over the world have gathered in this hall,
and, it is probably logical that | want to acquaint the audience with the work of our Institute in
this direction and, more generally, with some works on inorganic materials science.

I will begin with a very general statement that today's technological progress depends to a large
extent on the production and processing of new materials with special properties. It is for this
reason that the problems of material science are mentioned at the beginning of the priority
scientific directions of all civilized countries. It is generally accepted that materials science,
along with the problems of ecology and biomedicine, determines the path of
human development in the 21st century [1].

The name of our Institute indicates that in Georgia it determines the development of this
important scientific direction. The foundations of the Institute were laid 72 years ago by
Academician Ferdinand Nestorovich Tavadze, which is reflected in the name of the Institute.
Many innovations are connected with his name: the study of the diagrams of the state of multi-
component systems, in particular, the iron-chromium-manganese-nickel system, the production
of stainless, cryogenic-resistant, wear-resistant, heat-resistant steels, corrosion problems, boron
problems and much more.

Now the main thing is about our some works in the field of inorganic materials science and SHS
(self-propagating high-temperature synthesis).

Our Institute fruitfully cooperates with the relevant scientific centers of Ukraine, Russia, the
USA, Israel, Turkey and therefore, | think, many of the guests who are present here are familiar
with our problems and will confirm that a number of the scientific and technological results
received by us is accompanied by the international resonance.

Now about the main thing - about some of our works in the field of inorganic materials science.

It is known that the properties of material are primarily due to its chemical composition. Of the
elements that create the greatest diversity of our world, majority are made of metals. Of their
combinations are obtained most of inorganic materials. However, in addition to the chemical
composition, the properties of materials determine its structure. For example, depending on the
structure in which carbon is represented, it can be in the form of graphite, ash or diamond; steel,
which is an alloy of iron and carbon, is microscopically represented by different structural
components, the ratio of which depends on the rate of cooling. The cooling rate determines the
process of martensitic, bainitic, cane, sorbitol and pearlitic transformations and, as a result, the
operational properties of the product.

During the rapid cooling of the melt, the viscosity increases catastrophically. Atoms lose
mobility characteristic of the liquid state, the material "freezes" in the amorphous state and
hereditarily preserves the structural elements of the liquid. Consequently, in the conditions of
cooling molten metal at ultrahigh rates, it is possible to expect the production of supersaturated
solid solutions, completely new structures characteristic of the liquid state, a significant increase
in the inter-resolvability of the components in the solid phase, fixation of the amorphous state,
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etc. Hence, the structure, i.e. the spatial distribution of particles significantly determines the
properties of matter and can be controlled by the cooling rate, i.e. the degree of deviation from
the equilibrium state.

Obviously, from the point of view of structural diversity, the process of cooling the melt with
ultra-high speed has an inexhaustible reserve. And it was in this direction that Ferdinand
Nesterovich Tavadze instructed us to conduct a study 50 years ago - to me as a student and, at
that time, my supervisor, Jumber Varlamovich Khantadze, who today heads the Scientific
Council of our Institute.

As a result of obtaining such a task, a problem appeared that required research in other areas,
namely, modeling of molten metal as a structurally disordered object.

If we look at the structural aspect of the inorganic world that exists around us, we easily find
that matter in nature basically exists either in the form of a crystalline, ordered, regular lattice
(various minerals, metals, alloys, etc.) or in the form of a disorder irregular substance (liquids,
amorphous substances, friable materials, etc.). At the same time, the atomistic model of the
structure of matter, according to which atoms are regarded as rigid spheres, are equally
applicable to regular and irregular, disordered structures.

The chaotic, structural model with irregular packing, which is based on the results of a
systematic study of the irregular filling of space by steel balls (approximation to hard
spheres) and the mathematical theory of packing , is developed at the Institute by Doctor of
Chemical Sciences, Professor Jumber Varlamovich Khantadze. The goal of
mechanical modeling is the creation of a geometric image of a random structure and the
establishment of a statistical pattern of its construction. It makes it possible to represent the
spatial distribution of particles in an unordered structure, similar to the model represented by
balls of an ideal crystal, which shows the regularity of the spatial distribution of particles and
determines the distance between the particles and the Wigner-Seitz cell, and limits the volume
per particle.

The structural model of a disordered, irregular system describes: the concentration-
fractional dependence of the packing density coefficient, the structural motifs - the variety of
geometric-statistical Voronoi polyhedra, the microscopic characteristics - the coordination
number, the number of heterogeneous contacts, their concentration-fractional dependence
etc. The results obtained are successfully used for the general characterization of granular
structures [2,3] and, in particular, for the characterization of powders used in SHS [4,5], which
we will discuss below, and also on this topic will be the report of Prof. J.V. Khantadze.

As it was said above. in conditions of rapid cooling of the melt, when the cooling rate reaches
one million degrees per second, the boundaries of inter-solubility increase, supersaturated solid
solutions are obtained, new intermediate compounds are formed, an amorphous state is
often fixed, and completely new structures appear.

The study of the processes of supercooling of the melt with ultrahigh speeds requires a
very complex and skilful experimental investigation, all the more so because we chose
such refractory and aggressive objects as boron and its alloys with elements of group IV A,
V A of the periodic system and 3d transition metals. This choice was due to the general interest
to them both from the theoretical point of view, as well as the prospects of their application in
practice. It is known that as a result of the interaction of boron with transition metals, we
obtain more solid borides. In addition, the light isotope B is one of the most active neutron

absorbers, and
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B, on the contrary, is the best neutron-transparent material. Therefore, boron is widely used as
a neutron-absorbing or neutron-transparent material in the manufacture of converters, counters
and other equipment. Boron is often used in the form of thin-walled products of different
configurations. Therefore, naturally, the interest in boron and its compounds is so high until
today.

Boron is an anisotropic material, characterized by low thermal conductivity and high brittleness.
To receive from crystal boron the perfect product without defect is too complex challenge. On
slide 1. Fig. 1 shows the general view (a) and the schematic diagram (b) of the electron beam
device, specially designed and built by us for melting and cooling with high velocities
of refractory inorganic materials. In this setup, we first obtained films of elemental boron and
its compounds with a thickness of 40 + 200 microns. under cooling conditions at a rate
of ~ 106grad / sec.

For quenching from liquid state three different schemes of cooling were applied. Slide 2, Fig. 2.

Slide 1. Fig. 1. Installation for electron-beam melting and cooling with ultrahigh speeds of
refractory inorganic materials

a) General view and b) Schematic diagram
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Slide 2. Fig. 2. Cooling with ultrahigh speed in conditions of a) compression, b) rolling and c)
centrifugation

Studies have shown that the borides of the metals under investigation (Fe, Co, Ni, Zr, Hf) under
conditions of ultrahigh-speed cooling crystallize as quasieutectic, i.e. supersaturated solid
solutions with a finely dispersed structure. Please draw your attention to the term "
guasieutectic ". This term was introduced by us in 1980. By this term, we stressed the perfect
eccentricity, even the uniqueness of the structure of the preparation we received. In this context,
we must mention the work of Professor Dan Schechtman, who in 1984, in rapidly cooled alloys
Al-Mn discovered crystallographic elements with symmetry of the fifth order. Such a symmetry
is acceptable for disordered systems, but based on the postulates of solid state physics, it is
inadmissible for metal objects. To denote this feature, Professor Dan Shechtman called his
crystal "quasicrystal”. Afterwards, by Professor Schechtman virtuosic technology of electronic
diffraction were studied double Ca-Cd, Yb-Cd, triple Fe-Cu-Al, and a set of other systems and
in 2012, for the discovery of "quasicrystals”, Professor of the Haifa University "Technion"
(Israel ) Dan Schechtman was awarded the Nobel Prize.

This case deserves special attention, as it demonstrates that scientific achievements in modern
materials science are determined by the perfection of two factors - the technological process and
the method of investigation. As a result of the improvement of the technological process
developed by us, it became possible to produce from boron and its alloys various products,
among them cylindrical and spherical containers. Slide 3. Fig. 3. Later, this technology was
introduced in the Kharkov Institute of Physics and Technology as a method of manufacturing
special containers.

SRy f—)

03 33 2 3cm

Slide 3. Fig. 3. A laboratory sample of a cylindrical container of crystalline boron obtained
by centrifugal casting
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The experience gained in the process of studying the effect of ultrahigh cooling rates on the
process of crystallization of inorganic materials and phase transformations has been successfully
applied in the technology of self-propagating high-temperature synthesis (SHS).

The product obtained in the conditions of melt cooling at ultrahigh rates and the material
synthesized by the SHS method are characterized by a different degree of deviation from the
equilibrium conditions, which is associated with the transience of the processes and makes it
possible to obtain materials and products from them with different properties. As a result of the
works carried out in these areas, we have created scientific and technological foundations for
the production of inorganic materials with special properties using high-temperature fast
processes. It is about them that | want to tell you.

Works on SHS in our Institute began in the late 70s of the last century and they are connected
with two well-known scientists and personalities: with the author of the discovery and the
founder of the SHS-direction, Academician A.G. Merzhanov and supporting this scientific
direction and the main initiator of the introduction of SHS in our Institute, Academician F.N.
Tavadze.

As is known, this technology is based on a scientific discovery, which was discovered as a result
of research into solid rocket fuel combustion processes in the late 60s of the last century. It
turned out that the self-braking reactions propagated in the form of a combustion wave, its
propagation velocity was of the order of 10 cm per second, and the temperature reached ~
40000C. Early this phenomenon was not known, therefore the explanations of the mechanism
and the regularities of burning with a solid flame aroused great interest and disagreement.

This discovery immediately attracted the attention of our Institute, as it became evident that this
method provided the solution to many of the earlier unresolved problems. The Institute
immediately established scientific contacts with Professor Merzhanov. While physicists and
chemists were discussing the details of this process, the two institutions began collaborating in
the field of materials science. And this cooperation certainly had a huge impact on the
development of self-propagating high-temperature synthesis.

It should be noted that SHS can be successfully applied to produce such new materials, the
synthesis of which is either impossible with traditional methods or is associated with great
difficulties. The Institute has three varieties of self-propagating high-temperature synthesis:

- SHS - with a restorative stage;

- SHS - pressing;
- SHS - casting / metallurgy
and the corresponding scientific and technological bases were developed.

The Institute has developed SHS technology to produce elemental boron, boron carbide and
boron nitride from boron oxide (B20Os) and potassium tetraborate (KBF.) by magnesium and
aluminum reduction, slide 4, Table 1
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Slide 4

Table 1
SHS - with a recovery stage
4B+C—B4C+9,3kkal/mol (Reaction 1)
2B,03+6Mg+C=B4C+6MgO+269 kkal/mol (Reaction 2)
Systems were studied:  KBFs-Mg; KBF4-Al; (Reaction 3)
KBFs-Mg-C; KBF4+-AI-C; (Reaction 4)
KBF4-Mg-N2; KBF4-AlI-N, (Reaction 5)

By SHS- with a reducing stage with the participation of potassium tetraborate was obtained:
- elemental boron with purity 99%6, with outpot of final product ~95-97%;
- boron carbide with purity 99%, with outpot of final product ~96-97%.

From potassium tetraborate fluorate enriched with isotopic boron we obtain: B, B with
their successive enrichment.

As a result of the thermodynamic analysis, it was established [6] that, from the energy point of
view, the magnesium-thermal reduction of tetraborate is more preferable. This process is also
advantageous from a technological point of view, since the volatile combustion products (KF,
MgF.) are easily removed from the reaction zone, unlike the refractory oxides MgO and Al,O3
formed in the case of reduction of B,Os.

By SHS - with the recovery stage with the participation of potassium tetraborate it was obtained
[2,3]: elementary boron and boron carbide of 99% purity, with the yield of the final product ~
95-97%, and when enriching potassium tetraborate with isotopic boron, the corresponding
products containing isotopic boron - B,

It should be noted that with the help of SHS - with a recovery stage, compounds are synthesized
that can not be obtained directly from the reacting elements due to the weak exothermicity of
the process. For example, reaction 1, slide 4

4B+C—>B4C+9,3 kkal/mol @)

is not feasible in the SHS mode because of the small thermal effect of the reaction (9.3 kkal /
mol). However, B4C is synthesized as a result of reaction 2, slide 4

2B,03+6Mg+C=B,C+6MgO+269 kkal/mol, )

which is rapidly developing due to the large amount of heat released - the thermal effect of the
reaction.

SHS - with a recovery stage is used in the preparation of multicomponent composite ceramic
and metal-ceramic materials. These include functional gradient materials. In this field, for the
first time, we used together the methods of SHS - with the recovery stage and SHS - pressing.
This direction is one of the leading directions in today's scientific subject of our institute.
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From the point of view of practical application, composite ceramic materials that represent a
mixture of carbides, borides, nitrides and oxides of transition metals are very interesting.

On the basis of the conducted studies, the goal was to obtain a ceramic armor material that
would be characterized by low weight, high physical and mechanical properties, high ballistic
stability, manufacturability and low price, which would significantly distinguish it from metal
armor and from known ceramic armor materials.

By combining the SHS- recovery stage and the SHS-compacting, which as we said above, was
used for the first time, a composite ceramic armor material with the phase composition
B.C-TiB,-Al,0O3 code-named "Tory" was produced. This work was later awarded with the state
award of Georgia.

Armor plates received by the SHS-compaction method are advantageously distinguished by
physical-mechanical characteristics from hot-pressed products - boron carbide, aluminum oxide,
etc. Slide 5, table 2.

Slide 5
Table 2
Coefficient .
' . h
SHS Young's of fracture Hardnes Density Crushing .
. modulus . . S strength Porosity
Composition intensity P,
. E, HV, 3 ome gpa, %
ceramic . Kic, ka/mm? gr/cm
9P mpa-m®5 g
B4C. TiB2.Al,O3 410 13,2 2&730 3,45 4,7 3-6
(2:2:7) GP 400 GP 9,8 2650 GP 354 | GP 3.2 GP 4-5
B4C. TiB2.Al:O3 425 13,7 2850 3,48 52 3-6
(3:2:5) GP411 GP10,6 GP 2800 | GP 3,40 GP 3,8 GP 3-5

Some physical and mechanical characteristics of armored plates obtained by
the SHS-pressing method

When investigating the fracture toughness of composite ceramics, it was found that during the
action of a diamond pyramid on a composite material, cracks propagate not in a straight line but
in a branching in fine-grained regions of the material by numerous microcracks. Thus,
practically stopping the main cracks in the phase components of the compositions, slide 6 of
Fig. 4.
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Slide 6, Fig.4. Schematic representation of the propagation of cracks in the composition
1 - curvature of the trajectory of cracks; 2 - branching of cracks; 3 - stop (fastening braking) of
cracks stitching.

The voltage intensity factor in the Kic composition is 10-13 mp m®®. This value is several times
higher than the voltage intensity factors of the individual B4C, TiB.; Al.O3 phases.

On (slide 6) in Fig. 5. A raster micrograph of a ceramic composite armored material B4C; TiBy;
Al>O3 (2: 1: 7) is shown on which a picture of phase distribution is visible.

Slide 6, Fig. 5. Raster micrograph of the structure of the ceramic composite with the phase
composition of the armored element B4C-TiB,-Al,O3

Based on the studies carried out, a gradient two-layer ceramic- metal ceramics material was
obtained. The full-scale test of the developed metal-ceramic armored plate was carried out in
accordance with the NIJ IV and STANAG 3+ standards and showed that they could be
successfully applied to protect the equipment from an armor-piercing bullet of caliber 12.7X99,
with an energy of 18000-20000 Joule with a large ballistic resource. slide 7 video.

With the use of SHS technology, the Institute has synthesized metal superconducting
compounds of A-15 class, based on vanadium [7], niobium [8-10] and also high-temperature
superconducting material (HTSC) based on erbium: ErBa;CusOs,60 [11,12].
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Based on the conducted studies and obtained superconducting materials, using the energy of the
explosion, the technology of obtaining superconducting products was developed. W seveloped
technology, our institute together with Kurchatov Institute of Atomic Energy began to
manufacture models of superconducting magnetic windings intended for an international project
known as the "Tokomak".

The Institute is working on the development of a new energy-efficient technology for the
synthesis of materials, which combines self-propagating high-temperature synthesis with
electroresonant irradiation [13]. The innovation consists in the following: for the initiation of the
process, the microwave electroresonance effect on the charge was first applied. As a
result, during the “incubation" when the initial charge is heated, gases are released,
intensive self-cleaning takes place, and at the last stage volumetric combustion occurs. At the
same time, the burning rate increases by no less than an order of magnitude, the resulting
synthesis product is homogeneous, uniformly heated, and much more liable to the compaction
process.

With this technology it is possible to obtain powder materials in the form of nano and
micropowders, as well as compositions in the SHS-compacting mode. The consumption per unit
of thermal energy is 25-50 times less than in comparison with similar characteristics of other
high-temperature units (laser, plasma). As a result, by practically zero energy costs are produced
expensive products in the form of structural ceramics, hard alloys, armor materials, etc.

The application of this heating method in the SHS process leads to the possibility of
synthesizing materials to an entirely new level. As a result of the analysis, it has been
established that by this method of initialization it is possible to synthesize such low-energy
materials, which usually do not burn.

The second problem, which is being solved at present, is based on the original rolling
technology developed at the Institute [14]. In the process of electric rolling, the heating mode is
localized directly in the deformation zone by supplying electric power to the rolls and
deformation occurs under conditions of a stationary thermal regime.

We developed a combined innovative technological process for self-propagating high-
temperature synthesis and electric rolling [14], which ensures the production of high-quality
materials (including gradient materials).

We continue to study fast-flowing high-temperature processes and their use in order to
create new functional materials, including in the nano state. | am sure that SHS, as a
scientific and technological direction, has a great prospect for the development of inorganic
materials science for the entire twenty-first century.

This is the scientific and technological direction on which the research described above is based
and which is being intensively and successfully developed in our institute.

I hope that the symposium participants in their reports, messages and discussions will
demonstrate the success, importance and significance of the results obtained and the

perspectivity of SHS as a scientific and technological direction.

Good luck, dear colleagues!
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NUMERICAL MODELLING OF FLAME TEMPERATURE OF GEL SOLUTION
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Nickel, an important hydrogenation catalyst, was successfully synthesized by Gel Solution
Combustion Synthesis (G-SCS) from a gel containing nickel nitrate (66.7%) and glycine
(33.35%) at 500, 600, 650 and 700°C. The combustion temperature of solution combustion
reaction plays a significant role in phase formation and physical characteristics of the products
and depends on various process parameters. XRD results of the resulting Ni/NiO catalysts are
presented in Figure 1 synthesised at various temperatures.
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Figure 1 - XRD spectra of Ni-NiO SCS catalysts produced at different temperatures

Formation of Ni and NiO during G-SCS can be explained by a multi-branch reaction cascade,
based on the general equation: 2Ni(NQOgz)2:6H20 + C2HsNO, >Ni + NiO + NO2 + 2NO + N, +
2C0O; +29/2 H,0 + 5/20;

The influence of the furnace’s preheating temperature on the catalysts’ composition is shown in
Figure 2 which indicates that increasing the preheating temperature results in increased nickel
concentration in the final G-SCS product.
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Figure 2 - Influence of preheating temperature on the composition of G-SCS catalysts.

Following these observations, an attempt has been made to analytically model (using the
Semenov method) and evaluate the influence of preheating temperature on the flame
temperature as well as on the physico-chemical characteristics of the products. During
modelling the following assumptions are made:

1. The SCS mixture (nickel nitrate + glycine) is homogeneous and its temperature depends only
on time, which corresponds to zero-dimensional formulation of the problem.

2. Any relative movements of the different phases are neglected.

3. The formation and release of gaseous products are solely determined by the change in mass

of the solution.

The simplest model to describe this behaviour is that developed by Semenov [1]. In accordance
with accepted assumptions, the model includes:

Equation of heat balance
dT
Ceff (F)m(n)a =Sa(Tg, —T)+Qm(M)A—-n)ky exp(-E/RT); )
Effective heat capacity function
Cerf (M= Co+ QvapS(T _Tvap) J (2

where the ce formulation allows the heat consumed to be utilised by the phase transition as
described for melting in [2]);

Equation for evolution of condensed mass

m =m, — (my —my)n; 3)
Chemical kinetics equation

Z—?:(l—n)ko exp(—E/RT). 4)

with the initial conditions: T(0)=To, n(0)=0, m(0)=mo (5)
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where: 3(T) is the Dirac delta function, K'*; Quap is the latent heat of phase transition, kJkg™; Tvap
is the temperature of phase transition, K; co is condensed-phase heat capacity without phase
transition, kJkg*K?; n is the depth of conversion; S is the area of the bottom of the container,
m2; o is the heat transfer coefficient, Wm=2K?; Ty, is the furnace pre-heating temperature, K; Q
is the heat of reaction, kJkg™; E is the activation energy, kJmol™; R is the universal gas constant,
JmolK™; ko is the pre-exponential factor, s*; mgis the initial mass of the mixture, kg and ms is
the mass of the solid products (Ni+NiO), kg.

The formulated equations (1) - (5) can only be solved numerically. By numerical optimisation
the parameters were found to be: co=2.64; ©=0.19; Quap=2260; Tvap=430; Cco=2.64; S=0.006;
a=200; T=773+973; Q=1050; E=150; ko=10*; m=0.014; ms=0.0032. The calculation results
according to the system of equations (1) - (5) are presented in Fig. 3.
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Fig.3 - SCS combustion temperature in the glycine - Ni(NO3). system as a function of time for
four furnace temperatures: 1: Tr=500 °C; 2: Tr=600 C; 3: Tr,=700 °C and 4: T#=800 °C

A characteristic feature of the change in temperature with time is the isothermal region
corresponding to the phase transition temperature Tvap. The short duration of this region is a
potential barrier for the main synthesis reaction. The temperature of the furnace Tr determines
the heating rate of the mixture and, due to the nonlinear behaviour of the system, the time for
complete conversion to 1 = 1 sharply decreases with increasing furnace temperature, as shown
in Figure 4 in comparison with experimental results. This means that the combustion
temperature of the system depends little on Txr, in contrast to the classical version of SHS
where the combustion temperature depends on the initial temperature [3].
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Fig.4 - Influence of preheating temperature on the time of combustion initiation.

The adequacy of the above model was checked by experimental data which are presented on
Figure 5.
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Fig.5 - Influence of preheating temperature on the combustion temperature.

The numerical modelling showed that the system’s combustion temperature (both calculated
and experimental) is only slightly influenced by Trr, (Fig.3 & 5), in contrast to the classical
version of SHS [3], where the combustion temperature depends strongly upon the initial pre-
heating temperature.
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Solution Combustion Synthesis is a versatile method for the production of various materials
directly in the nanoscale. The main source of heat comes for the exothermic combustion
reactions that take place once the water in the solution has evaporated, so it is a self-sustaining
thermal synthesis process [1]. It is already widely used to prepare catalysts for laboratory and
industrial purposes, due to the advantages it offers. On the other hand, SCS is a very sensitive
synthesis method and in this work an effort was made to investigate the main parameters that
influence the final products’ composition and properties.

Nickel nitrate hexahydrate (Ni(NOs)2:6H,O) and aluminium nitrate nonahydrate
(AI(NO3)39H20) were used as oxidizers and glycine as the reducer. In most cases distilled
water was added to the initial gel mixture to facilitate mixing prior to SCS. The parameters that
were investigated during this work were:

e water quantity in the initial SCS mixture,

e pre-treatment of water used in the initial SCS mixture,

e duration of heated stirring as a pre-treatment for SCS initial solution,

o fuel (reducer) to oxidizer ratio and total fuel concentration in the initial SCS mixture
e preheating temperature,

¢ heating mode during SCS, and

o time in furnace after SCS was completed.

All produced catalysts were tested for catalytic liquid-phase hydrogenation of unsaturated
hydrocarbons in order to investigate the effect of the synthesis parameters on the catalysts’
catalytic behaviour. It was concluded that all the parameters above influence the SCS process
and subsequently the final products’ composition and activity in the hydrogenation process, as
shown in Figure 1.
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Figure 1 - Dependence of the catalysts’ composition and catalytic activity on amount of
glycine in an initial SCS mixture of Ni(NOs)2, glycine in 75ml H,O.

The structural properties of the products such as crystallite size and crystal lattice spacing were
also influenced by the synthesis parameters. Typical examples of structural changes and varying
catalytic activity of the SCS catalysts produced shown in Figures 2 and 3.
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Figure 2 - Influence of Ni(NOs)2:6H20 concentration in the initial SCS mixture (Ni(NOs).
+ AI(NOs)s, 40% glycine, 75ml H,0) on the Ni & NiO crystallite size and catalytic activity in
liquid-phase hydrogenation.

Furthermore, the specific surface area - is a critical parameter for nanomaterials and especially
catalysts —was also studied. The influence of glycine concentration in the initial SCS mixture
and the heating mode (directly in a pre-heated furnace at 500°C or placed in the
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Figure 3 - Influence of water quantity in SCS mixture (66,7% Ni(NO3),*6H.0, 33,3%
glycine, water) on crystal lattice spacing and activity

furnace at room temperature and heating up to 500°C with approximately 7-7.5°C/min heating
rate) of the initial solution of Ni(NOs),, glycine in 75 ml distilled water on the catalysts’ specific
surface area and activity in liquid-phase hydrogenation is presented in Figure 4.
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Figure 4 - Influence of glycine concentration in the initial SCS solution and heating mode
on the catalysts’ surface area and activity

As shown on Figure 5, changes in the fuel/oxidizer ratio have a large effect on the BJH
adsorption pore size distribution (Harkins — Jura calculation) and the total porosity of the
materials. In Figure 5 the lowest and the highest ratios only are included, in order to point out
the significant differences between those cases.

Figure 6 depicts the time-variation of the probability density function, ¢(e;?), of the local
adsorption energy, &, and the points where a local minimum in each graph ¢(e;¢)=¢(t) is found
which are the points distinguishing the different types of each catalyst’s active sites.
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Analysis of these results show that up to four different kinds of active sites (A, B, C, D) are
fully activated and clearly distinguishable for each of the catalysts made with 100 ml, 25ml and

75 ml water [2].
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Figure 6 - Surface topography of catalytic active sites for SCS catalysts prepared with
four different water quantities in their initial solution, at 80°C

As a general conclusion of this on-going work, SCS has been shown to be a very effective
method to synthesize catalysts for the hydrogenation process. On the other hand, it is very
sensitive to many synthesis parameters which have a major influence on the properties of the
final products in a very complex way.
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In recent years many researches focused on Solution Combustion Synthesis (SCS) of nano-sized
ceramic (e.g. oxides and perovskites) and metallic powders (in the form of elemental or alloyed
metals). The SCS technique consists in a number of self-sustained reactions occurring typically
in a water solution. This solution is composed by an oxidizer, usually a metal nitrate and a fuel,
like a water-soluble linear or cyclic organic amine, acid and/or amino-acid [1]. This allows a
combustion reaction particularly efficient to occur in a homogenous and extremely rapid way,
which can be easily exploited on an industrial scale, in order to obtain nano-structured powders
at a significant lower cost compared to other synthetic routes.

The aim of this study is to deeply investigate the peculiar ignition mechanism represented by the
use of microwave energy on a well known and well conventionally studied [1] system, i.e. the
reactive mixture composed by nickel nitrate oxidizer and glycine fuel.

Indeed, starting from the measurement of the dielectric properties of the different starting
reactive mixtures as a function of fuel to oxidizer ratio, all of the different possibilities offered
by the use of scientific single-mode microwave applicators will be investigated.

Particularly the effect of the incident frequency, the disposition of the load inside the applicator,
the exploitation of pulsed electromagnetic energy, the continuation in irradiating the sample
after the ignition, the use of a coaxial cable to realize a real SHS, on the combustion synthesis
parameters and consequently on the products structure and composition will be presented.
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Pure metal and metal oxide nanoparticles are most demanded materials for scientific and
industrial applications. They are widely used also in different forms and modifications as
pigments, conducting paints, catalysts, magnetic recording media, for medical purposes in
magnetothermia etc [1]. Although many different approaches are developed to obtain such
nanoparticles with required properties, any new technique allowing a direct synthesis of single-
phase nanomaterials still attracts a significant attention.

As it has been shown, a "solution combustion” technique (SCS) is one of the most promising
candidate for different magnetic pure metal and oxide materials production with controllable
properties, like iron oxides [2] or pure nickel. The method is based on the usage of highly
exothermic self-sustained redox reactions between metal nitrates and organic “fuels”, which are
mixed on a molecular level in aqueous solution. Heating of reaction solution leads to water
evaporation and formation of a homogeneous reactive mixture, followed by reaction initiation
with rapid heat release. The intensive adiabatic self-heating of the environment and appearance
of a great amount of gaseous products facilitates the formation of oxide or even pure metal
nanocrystalline aggregates. The further development of the method requires to overcome
aggregation of the resulted nanoparticles.

In this work we propose a hybrid technique for the synthesis of oxides and metals based on the
method of the aerosols pyrolysis and solutions combustion synthesis (Figure 1), using
inexpensive starting reagents and allowing to affect on the specific surface area, the crystallinity
of the samples, and also introduce alloying additives to produce composites.

Me*(NO,), + NH,-CH,-
COOH,, solution
l Tube Product
. Fumnace on Schott
-urnace filter

ultrasonic
Nebulizer

Figure 1 - Scheme of the installation of synthesis of microspheroidal particles

The classical method of the aerosols pyrolysis implies the spraying of the initial reagents and
the subsequent thermal decomposition in various hardware design of the installation. Spray
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reagents are commercially available or pre-synthesized in the laboratory. A feature of the
proposed procedure is the presence of the fuel in the initial reaction mixture. As a result of the
mixture passage through a tube furnace an exothermic reaction occurs on the droplets of the
water aerosols leading to the formation of the oxides or metals and crystallization of the
product.

A new modification of the SCS method was proposed: spray solution combustion synthesis for
the obtaining nanostructured metal hollow microspheres. The furnace temperature, the
composition of the reaction solution, the carrier gas and its flow rate are critical parameters,
which determines the phase composition of the resulting microspheres. By changing these
parameters, it is possible to obtain pure Ni and Cu metals (Fig. 2), pure oxides (NiO, Cu.0) or a
mixture of these phases.

We have developed the solution combustion reaction in the individual micron-size droplets of
ultrasounic - generated aerosols using an oxidizer and fuel, namely iron, nickel and copper
nitrates and glycine. An aqueous reaction solutions were nebulized in a preheated to 400-800°C
quartz tube furnace using ambient air or argon as a carrier gas to produce well dispersed
powders with magnetic properties. Phase composition, morphology and optical properties of
resulted powders were studied by XRD, SEM, TEM and BET techniques. All powders were
found to contain metal or metal oxide phases depending on synthetic conditions and consisted of
non-aggregated hollow micron - sized spheres with a complex internal structure. All oxide
products demonstrated high values of specific surface area. Based on the obtained results, the
possible reaction mechanism was proposed what could help to develop the synthetic conditions
for a direct synthesis of another metal and oxide materials.

Figure 2 - SEM images of the pure nickel (a and c), copper oxide (b and d) obtained via
convention SCS (a, b) and Solution Combustion in Aqueous Aerosols (c, d) techniques.
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It was shown that the outer diameter of the sphere is primarily determined by the diameter of the
initial droplets formed by the ultrasonic nebulizer. The observed thickness of the microsphere
wall varies in the range of 20-50 nm. The developed method is rather universal and allows
synthesizing various hollow microspheres, including pure metals such as Cu, Ni, Co, and metal
alloys (NiCu, NiFe, CoCu, etc.), as well as almost all known oxides.

The authors gratefully acknowledge the financial support of the Ministry of Education and
Science of the Russian Federation in the framework of Increase Competitiveness Program of
NUST «MISiS» (Ne K2-2016-065), implemented by a governmental decree dated 16th of March
2013, N 211.
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Nickel are most demanded oxide materials for scientific and industrial applications. They are
widely used in different forms and modifications as catalysts, magnetic materials, for medical
purposes [1]. Although many different approaches are developed to obtain nickel with required
properties, any new technique allowing a direct synthesis of single-phase materials still attracts
a big attention.

As it has been shown recently, a "solution combustion” technique is one of the most promising
candidate for nickel production with controllable properties [2]. The method is based on the
usage of highly exothermic self-sustained redox reactions between metal nitrates and organic
“fuels”, which are mixed on a molecular level in aqueous solution. Heating of reaction solution
leads to water evaporation and formation of a homogeneous reactive mixture, followed by
reaction initiation with rapid heat release. The intensive adiabatic self-heating of the
environment and appearance of a great amount of gaseous products facilitates the formation of
oxide nanocrystalline aggregates. The further development of the method requires to overcome
aggregation of resulted nanoparticles.

In present work, we have developed the solution combustion reaction in the individual micron-
size droplets of ultrasounic - generated aerosols using an oxidizer and fuel, namely nickel nitrate
and glycine. An aqueous reaction solution was nebulized in a preheated to 800°C quartz tube
furnace to produce gray powder depending on preparation temperature and aerosol flow
velocity. Phase composition, morphology and optical properties of resulted powders were
studied by XRD, SEM, TEM and BET techniques. The magnetic powder obtained at high
temperatures or low flow velocity was found to be a well crystalline single-phase nickel.
Powder consisted of non-aggregated hollow micron - sized spheres with a complex internal
structure. All oxide products demonstrated high values of specific surface area.
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Fig. 1 - SEM images of the sintered nickel microspheres by spark plasma sintering (SPS)
without pressure.

Metallic porous materials on the basis of fine nickel powders are used as an insulating material
in the thermal protection systems (TPS) on reusable carrier rocket. Outer cover of the carrier
rocket made from such porous materials increases it thermal protection system from the
aerodynamic surface heating to the temperatures up to 1000 °C.

To obtain such a new material, synthesized nickel powder sinters to create a cellular structure
(fig.1) of metal microspheres in which instead of intercrystalline volumetric macropore perform
internal cavity of the microspheres, the shell of which are connected by a necks due to the
sintering process. Thermal conductivity measurement results shows that metal the samples
sintered from the nanothin-walled nickel microspheres have an extremely low thermal
conductivity, which proves their use as materials for thermal protection.

The authors gratefully acknowledge the financial support of the Ministry of Education and
Science of the Russian Federation in the framework of Increase Competitiveness Program of
NUST «MISiS» (Ne K2-2016-065), implemented by a governmental decree dated 16th of March
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The SHS catalysts on the base of NiO-Al-a-Al.O; were prepared from powder mixtures
consisting of nitrates, metals, and oxides for catalytic methane reforming. The second series of
catalysts was prepared by traditional method: samples were prepared by the incipient wetness
impregnation of dispersed a-Al,Oz. The resulting catalysts were characterized by XRD and
SEM methods. Surface area of the samples was determined by BET method. During the SHS
experiments the combustion velocity was measured.

SHS catalysts on the base of initial batch Al-NiO-Al.O; but different ratio of components have a
similar qualitative composition, but there are differences in the phase ratio. The proportion
between the phases determined from the relative intensities of the X-ray diffraction peaks are
shown in Fig. 1 and Fig. 2. At 52-53% Al and 26-27% NiO observed maximum yield of the
reaction products: NiAl, NiAl;O..
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Fig. 1 - Dependence of concentrations ratio of different phases in SHS catalysts at change of
NiO content in composition of initial batch NiO-Al-Al;Os. a: 1 — AINi/Al, 2 — AINI/NiO; b: 1 —
NiAl,O4/Al, 2 — NiAl,O4/NiO
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Fig. 2 - Dependence of concentrations ratio of different phases in SHS catalysts at change of Al
content in composition of initial batch NiO-Al-Al;Os. a: 1 — AINi/Al, 2 — AINi/NIO; b: 1 —
NiAl,O4/Al, 2 — NiAl,O4/NiO

Thus, changes in the composition of the initial batch results in a change in the phase ratio in
SHS reaction products (Fig. 1 and Fig. 2).

Dependence of the combustion velocity from the initial batch composition was investigated.
The increase of NiO concentration and decrease of the Al concentration in the initial charge
increases combustion velocity. It is connected with approach the stoichiometric composition,
and therefore a greater heat generation affects the increase in the reaction rate.

The maximum vyield of products is not observed at the highest temperatures due to the fact that
at higher temperatures there is a rapid oxidation of the metal and thus decreases the output of
intermetallics. High temperatures (when there is more than 27% of nickel oxide and lower than
55% aluminum in the initial batch) affect the stabilization of the crystal lattice.

The study of SHS catalysts structure was carried out using a scanning electron microscope
(catalysts with NiO: 24.1 and 34.4 wt% concentration in the initial batch). It was found that the
phase analysis by method of chemical analysis is corresponding to the data of XRD analysis: Al
a-Al,0s, Al-Ni, Ni, NiO, NiAl,O4. Fig. 3 demonstrates analysis data for catalyst with initial
batch composition: 24.1% NiO + 55.9% Al + 20% Al>,Os. Chemical analysis was conducted for
indicated in the photographs regions. Nickel, aluminum and oxygen ratio varies in different
areas of catalyst. A high content of nickel, aluminum and oxygen corresponds to the spinel
phase. The virtual absence of oxygen at a high content of nickel and aluminum corresponds to
NiAl.

Thus, catalysts were synthesized on the base of the initial batch NiO-Al-a-Al,Os and
combustion characteristics, composition and structure of the obtained catalysts were studied.
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Fig. 3 - SEM catalyst photos on the base of initial batch: 24.1% NiO + 55.9% Al + 20% Al,O3
(furnace temperature T = 900°C)

Obtained SHS catalysts tested for catalytic activity in the carbon dioxide dry reforming of CH,4
at 750-900°C. The best results for SHS catalysts based on systems NiO-Al-Al,Os are: 93% CH.
conversion, 100% conversion of CO,, product yield reaches 92% H, and 99% CO. H,/CO ratio
in the reaction product varies in the range of 0.7-1.35. Increasing the reaction temperature, in
most cases, increases the ratio of H,/CO due to the amplification of dehydrogenation reaction.
Results for CO, and CH, conversion, H./CO ratio in the reaction products as well as H, and CO
yields were studied for catalyst on the base of systems NiO-Al-Al,03-M0oOs, AlI-NiO-H3;BOs,
Al-Mg-NiO-Al;03-MgO:. It was shown that additives to NiO—Al-Al,Oz system did not lead to
positive results.

Effect of catalyst composition on the conversion of CH4, CO; and the ratio of H2/CO seen in
relation to the concentration of aluminum in the starting material. To maximize the yield of CH4
the optimum aluminum content in the initial batch is 51% and for CO, — 51-56% of Al in the
initial batch. Such effect also seen in relation to nickel oxide, because from nickel oxide
concentration depends content of nickel spinel - active catalyst component. Comparing these
data with those in Fig. 1 and Fig. 2, it can be concluded that the catalyst with 29% nickel oxide
and 51% aluminum in the starting material, after the SHS reaction contains a maximal
concentration of NiAl, NiAl O, active phases into carbon dioxide reforming of CHa.
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Effect of structural deformation and the composition of catalysts on the conversion of CH4, CO>
and H»/CO (at 900°C) shown in Fig. 4.
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Fig. 4 - Effect of structural deformation and composition of catalysts on the conversion of CHa,

CO2 and Hz/CO. a — Al;O3: | — 24.1% NiO, Il — 25.8% NiO, I —29.2% NiO, IV — 34.4% NiO;

b — NiAlOs, | — 24.1% NiO, Il — 27.5% NiO, 11l — 29.2% NiO, IV — 34.4% NiO. 1 — conversion
of CHa, %, 2 — conversion of CO;, %, 3 — Ho/CO. T = 900°C

Fig. 4 data indicate a clear structural dependence of the catalyst activity. The optimal lattice
parameter for maximum conversion of CO, and CH, are 3.48 - 3.485 A for aluminum oxide,
which plays the role of a catalyst carrier and 1.42 A - for NiAl,O4 playing the role of catalyst.

The study of catalysts of similar composition but prepared by the traditional method of wetness
impregnation and further their comparison with SHS catalysts is very interesting. A series of
catalysts was prepared by impregnation method: 24.1% NiO + 55% Al + 20% Al;Os, 25.7%
NiO + 54.2% Al + 20% Al,03, 27.5% NiO + 52.5% Al + 20% Al,0s, 29.2% NiO + 50.8% Al +
20% Al,Os. Investigation of catalysts was carried out under the following conditions: CHa4 : CO-
Ar=1:1:1, GHSV - 860 hl. Analysis of the data shows that the conversion of feedstock has
similar values both on SHS catalysts, and on traditional supported samples. However, target
products yield is significantly higher for SHS catalysts: hydrogen yield is about 48-51% on the
supported catalysts, and ~ 80% on SHS catalysts; CO yield is about 40-42% on supported
catalysts, while about 90% on SHS catalysts. These data indicate a significant advantage of the
new composite materials produced by combustion synthesis process. The obtained target
products on above-mentioned catalysts are cleaner, which do not require additional treatment.
SHS catalysts show higher activity in CH, partial oxidation, H. yields (52.0-67.0%) are higher
compared with supported samples (53.9-57.2), and for CO - (21.0-27.1) instead of (21.9-24.2).
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Density Functional Theory (DFT) allows calculating of various properties of solids, including
solid solutions. Aforementioned properties include crystal lattice parameters under various
pressures, some mechanical properties (bulk modulus, shear modulus), optic properties,
conductive properties, sound velocity, etc. The ability to calculate the properties of the desirable
phase and then synthesize it will greatly enhance the effectiveness of development of new
materials.

However, DFT( as well as all other models) has its restrictions. All calculations are made for 0
K temperature, micro- and nanostructure of the material is not taken into consideration,
generated crystal units usually are not bigger than 100 atoms, These factors can cause major
discrepancies between the calculated properties and real ones. Therefore, it is pivotal to assess
the applicability of the DFT modeling for every class of materials of interest by comparing the
calculated results with experimental ones.

In this work, solid solutions of refractory carbides in the Ta-Zr-C systems were chosen for the
validation of DFT modeling approach. These solid solutions are perspective for use as ultra-high
temperature ceramics (UHTC) due to their exceptional thermal and mechanical properties.
Currently, there is no available modeling data for the solid solutions in the Ta-Zr-C system; in
general, modeling data on the solid solutions is precious little. Predominant majority of
modeling is dedicated to stoichiometric compounds, whereas in real materials solid solutions are
ubiquitous. Therefore, validation of DFT for carbide solid solutions has a theoretical as well as
practical value.

(Ta, Zr)C solid solution with 80 at.% TaC - 20% at.% ZrC were synthesized by the SHS
because the SHS allows the production of solid solutions with the very homogeneous
distribution of elements. Also, the calculation of enthalpy of formation of TaC, ZrC and (Ta,
Zr)C may allow a better understanding of the phase transformation mechanisms during the SHS
in Ta-Zr-C system.

The goal of this work was to calculate the enthalpy of formation, bulk modulus and crystal
lattice parameter of 80 at.% TaC — 20 at.% ZrC solid solution and to compare the calculated
results with the experimental ones.

Two equations were used to calculate the properties of 80%TaC-20%ZrC solid solution: Vinet’s
exponential equation and Birch-Murnaghan isothermic equation. 48 atoms cell was used for
calculations (Fig. 1) with 6x6x6 K-points grid and Monkhorst-Pack integration scheme.
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Figure 1 - 48 atoms FCC unit, used for calculations. Brown spheres represent tantalum, green

We calculated the volume modulus BO, crystal lattice parameter and its dependence on external
pressure, enthalpy of formation of TaC, ZrC as well as (Ta, Zr)C (table 1). Calculated results for
TaC and ZrC were compared to available data. Crystal lattice parameter and bulk modulus for
(Ta, Zr)C were compared to our experimental measurements, described in [1].

Table 1 - Calculated and experimental parameters for TaC, ZrC and 80%TaC-20%ZrC solid

spheres represent zirconium, dark spheres represent carbon.

solution
Energy of formation
Phase Vinet equation, eV | Birch-Murnaghan | Theoretical data from other
equation, eV sources, eV
TaC -11,12 -11,12 11,12 [2]
ZrC -9,73 -9,73 9,69 [2]
TaC- -10,43 -10,43 -
20%2ZrC
Solid eV ki/mol | eV kd/mol | -
solution _ _ - _
formation | 0,01085 | 0,00105 | 0,01090 | 0,00105
energy
Bulk moduli
Phase Vinet equation, Birch-Murnaghan | Theoretical data | Experimental
GPa equation, GPa from other data, GPa
sources, GPa
TaC 321,75 323,98 323,94 [2] 329 [3]
ZrC 212,03 213,27 221,25 [2] 187-243 [3]
TaC- 271,93 274,27 - 272
20%2ZrC
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Crystal lattice parameters

Phase Vinet equation, nm | Birch-Murnaghan | Experimental Our
equation, nm data from other | experimental
sources data
TaC 0,4478 0.4492 0,4482 [4] 0,4454
ZrC 0,4721 0,4737 0.4724 [4] 0,4686
TaC- 0,4491 0,4590 - 0,4493
20%ZrC

Admixing enthalpy of 80%TaC-20%ZrC solid solution is equal to -1 J/mol, suggesting that
solid solution formation is a very low-exothermic process. During the SHS, the formation of the
solid solution must occur only after the formation of TaC and ZrC, due to the release of heat
during the highly exothermic reactions of tantalum and zirconium with the carbon. This
hypothesis is corroborated by the study of stopped combustion fronts in Ta-Zr-C system as well
as dynamic XRD data [5]

Also, we can assume that 80%TaC-20%ZrC solid solution remains stable after the formation
and does not undergo any phase transformations, albeit in Ta-Zr system there is a monotectoid
transformation at 1073 K [6]

Conclusions: Modeling of properties of TaC, ZrC and 80%TaC-20%ZrC solid solution and
comparison of modeling and experimental data shows the validity of DFT method for modeling
of properties of solid solutions of carbides of refractory metals. Also, modeling data provides an
insight into phase formation mechanisms during the SHS.

This work was carried out with partial financial support from the Ministry of Education and
Science of the Russian Federation in the framework of state assignment No.11.1207.2017/T14 .
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INTRODUCTION

The ITER (meaning “the way” in Latin, at
first an acronym for “International
Thermonuclear  Experimental ~ Reactor”)
Reactor, which is still under construction in
the south of France, will be the largest
Tokamak to study the fusion reactions using
magnetic confinement, according to the
following mechanism:

1T +1D —5 He+n+17.6MeV

The bottom part of the reactor, which plays a
key role in the magnetic confinement, is
called the divertor. This part is the place
where most of the particle bombardment will take place, and, as a result, the material chosen to
build it must be highly resistant to sputtering. Moreover, because sputtering will occur anyway,
it must have a small influence on the plasma stability, must not be subjected to hydride
formation which would trap a significant amount of injected fuel, have a good thermal
conductivity, a good thermal resistance, be insensitive to neutrons, etc. For these reasons,
tungsten has been chosen as being the best compromise.

In a first series of experiments, we have been synthesizing tungsten nanoparticles by milling,
mechanically activated SHS, and SHS, in order to understand their behavior [1]. Indeed, as
sputtering will occur, it is dramatically important to control the amount of nanoparticles present
within the reactor, as highly detrimental events could follow an accidental Loss Of Vacuum
Accident (LOVA): particles might be set in suspension in the air, have an explosive behavior
due to static electricity, or present fast, SHS-like oxidation due to the high temperatures.
Periodical cleanups are therefore scheduled, and toxicological studies on these particles have
been performed as human operators might get in contact with these particles [2]. In addition, we
also studied the tritium retention of these particles [3].

Our studies focus today on the elaboration of tungsten and tungsten alloys in order to actually
produce the plates which will be used within the reactor. It has been shown recently that
tungsten could have a much lower Ductile-to-Brittle-Transition-Temperature (DBTT) if under
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the form of nanoparticles, where a particle size of 700 nm would be small enough to lower this
temperature to room temperature. Naturally, the addition of alloying elements could also
improve this ductility enhancement. Rhenium is well known for such an improvement, however
its price remains prohibitive. We will therefore choose other elements within the refractory
metals family, Vanadium as a first step, but also Chromium for the enhancement this material
may brings in the corrosion resistance of the resulting alloy.

TUNGSTEN SYNTHESIS

Tungsten powders were synthesized through thermite reactions from tungsten trioxide using
magnesium as the reducer in the propagating mode of SHS, with the following reaction scheme:

WO;3+3Mg— W + 3MgO

As our reactions happen at high temperature, far above magnesium boiling temperature,
magnesium has to be used in excess to ensure the reaction completeness. The magnesium
amount will then be referred to using its excess amount from the stoichiometry.

Adiabatic temperature is used as one of the parameters of our reactions. It is calculated from the
database of the THERMO® program, using the reaction enthalpy and the heat capacities of the
products. In addition, the heat capacities of the magnesium in excess and of a diluent used in our
mixtures (NaCl) are considered. We therefore are adapting our mixtures to set these two
parameters: (i) the excess magnesium and (ii) the adiabatic temperature.

Reaction is then started using a Joule heated tungsten coil either in air or under confinement.
After reaction and cooling down of the sample, the diluent, excess magnesium and magnesia are
completely removed by lixiviation in 2M HCI at 50°C for 2h, then filtered and rinsed with de-
ionized water, and finally dried. -

We started with small sample
yielding 2 grams of metal, for
which it was necessary to add huge
amounts of excess magnesium to
get a good purity. Indeed, the
surface/volume ratio for such a
sample is large and magnesium
could escape from the reaction zone
too easily. For larger samples, 20
grams in air, then 20g under
confinement and finally 50g under
confinement, the needed amount of - G- 3K X_E8T= 30000 WSS T e g

excess magnesium to provide pure W powder, +100%Mg, Tag=1800°C

W would decrease dramatically,

below 25% (all masses are the final

W masses, not including MgO, excess Mg nor NaCl). Both the increase of sample volume and
confinement are thus favorable to yielding high purity powders, as shown on the XRD pattern
below.
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The morphologies of the resulting powders are presented in the micrograph below. Although the
size of the resulting powder may vary with the experimental conditions, we may see on this
figure that the final particles are in the nanometric range.

TUNGSTEN ALLOYS SYNTHESIS

Tungsten alloys were synthesized also through thermite reactions in the propagating mode of

SHS, using, in addition to WOs, Cr.0; and V20s, and adjusting the magnesium and NaCl

amounts accordingly to control Mg excess and adiabatic temperature, following the reactions:
Cry0O3 + 3Mg — 2Cr + 3MgO

VoOs + 5Mg — 2V + 5MgO

(110)

211

intensity {arb. units)

(200)
| ‘ @20)
)

(310)
|

|
Il
1

W - 2w9%V, 1800°C, +50%Mg, NaCl diluent

20 30 40 50 60 70 80 90 100 110
2.8 (Cu Kay)

W-V2w% powder, +50%Mg, Ta=1800°C

XRD results, figure below, reveal a homogeneous diffraction pattern. Although the peaks width
might be due not only the small grain sizes but also composition gradients, no detectable
intermetallic phase was found.

EBSD orientation map on a
60um X 60um square, showing
apparent large grains with a fine
nanometric substructure. Sample
W-V4Aw% sintered for 5 minutes,
2000°C,

1M1

001 101
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DENSIFICATION

Powders were then densified using SPS. This technique was chosen amongst others for its short
duration time, allowing a limited grain growth. The densified samples were then characterized
using XRD, SEM, EDS mapping and EBSD, which reveals an apparent large grained structure
with a very fine nanostructure.

CONCLUSION

A complete set of results will be presented concerning tungsten and all the alloys mentioned as a
function of their synthesis mode; moreover, preliminary results concerning mechanical
properties on dense bulk materials will be shown.
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Solution Combustion Synthesis (SCS) is one of the most efficient techniques used to synthesize
high selectivity catalysts directly in the nano-scale [1], including Ni-based catalysts which are
widely used in various catalytic processes. Combustion-assisted flame spraying (“CAFSY”’) was
recently developed to produce catalytically active nickel aluminide coatings on ceramic
substrates [2]. The CAFSY process showed [3] that combustion synthesis occurs both in-flight
as well as on the substrate. In this work we report on Ni-based catalysts produced by in-flight
SCS during flame spraying, a novel method which combines conventional flame spraying and
solution combustion synthesis into a single step. A fine spray of the aqueous SCS solution is
inserted into the flame wherein the water is evaporated and the SCS catalyst is synthesized
rapidly in the flame. The fine particles of nano-structured catalysts are then applied as coating
on the Mg-Al-O carrier and penetrate very efficiently into all the surface pores. Figure 1 shows
the schematic diagram of the in-flight SCS during flame spraying and presents the main parts of
the novel arrangement.

Fuel gas Nozzle

. . Coating —>
solution nebulizer

bl

R

Oxygen

Workpiece —>

Fig.1 - Schematic diagram of in-flight SCS during flame spraying

The solution nebuliser inserts fine droplets directly into the hot zone of the flame, which is the
main difference with the CAFSY method where powder mixtures are inserted in the flame. The
fine spray droplets are evaporated immediately and the SCS-synthesised catalytic nano-powders
are accelerated until they impact and penetrate into the spinel carrier. The oxyacetylene flame
raises the temperature of the solution significantly almost instantaneously which triggers the
exothermic SC process within the time available. This is significantly different from previously
reported in-flight synthesis of catalysts using added methane gas to induce reaction [4].

In this work we report on nickel-based nano-catalysts synthesized by in flight Solution
Combustion Synthesis (SCS) from starting solutions of nickel nitrate Ni(NOs).-6H,O with
glycine as fuel in the ratio of 2:1. In order to facilitate the homogenization 100ml distilled water
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was added to the initial SCS mixture. Flame spraying was carried out by a Sulzer’s Metco
Thermospray Gun (5P-I1) and the solution was inserted into the flame using an adjustable
nebuliser. The synthesized SCS nano-catalysts were deposited as thin coatings on a ceramic
Mg-Al-O carrier previously made by SHS from an initial mixture of 7.41% Al + 8.33% Mg +
39.63% Mg(NO3)2 + 32.41% Al,O3+ 4.81% MgO + 7.41% H2BOs.

The nano-structured catalysts were characterised by SEM, EDAX, phase analysis (XRD) and
measurement of their specific surface area using the BET method. The catalyst’s performance
was studied in liquid-phase hydrogenation of maleic acid (0.26g of maleic acid for 50ml Hy).
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Fig.2 - XRD analysis of the nano-catalyst including the Mg-Al-O carrier

XRD analysis (Figure 2) shows that the coatings consist of Ni and NiO phases (the other phases
shown are from the carrier) which indicates that SCS was completed in-flight. The following
reactions take place by in-flight SCS in the flame over times of milliseconds:

Ni(NO5); - 6H,0 + C;HsNO; - Ni+ Ni0 + NO, + 2NO + N, +2C0, + = H,0 +2 0, 0)
54°C 85.4°C .
Nl(N03)2 '6H20_)NL(N03)2 '4H20_)NL(N03)2 '2H20 (”)
Ni(NO3), - 6H,0 — 2NiO + NO, + NO + Ny + 6H,0 + 20, (iii)
NiO + H, > Ni + H,0 (v)
Ni+ 0, = Ni0 +0, (vi)
2CH,NH,COOH + 60, - 4C0, + 5H,0 + NO + NO, (vii)

293



Element Wt % At %
o 0.18 0.67

Ni 99.82 99.33

Total 100.00 100.00

Fig.3 - SEM photo of the surface of the catalyst and EDX quantitative analysis of point 1

SEM microstructural examinations of the surface of the coating (Figure 3) confirmed the
presence of NiO and Ni phases. The grey spherical phases are identified by EDX as Ni phase.
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Fig.4 - Hysteresis curve of in-flight SCS Ni-based final product

The results of BET analysis using nitrogen as adsorbent are shown in Figure 4. The type V
isotherm indicates uncontrolled formation of the multi-layer followed by capillary condensation
[5]. Such structures results because lateral interactions between adsorbed molecules are stronger
than those between the measured product and the adsorbate (nitrogen). A characteristic feature
of type V isotherm is its hysteresis loop which is associated with capillary condensation taking
place in mesopores. Based on the hysteresis loops classification, the obtained adsorption-
desorption curves are ranked as type H3 [5]. This indicates that the final nano-structured
product consists of aggregates of plate-like particles forming slit-like pores. BJH pore analysis
was also carried out in the BET surface area analyzer (Gold App P2800) and is presented in
Figure 5.
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Fig.5 - BJH pore analysis of in-flight SCS Ni-based nano-catalysts

The BJH pore size analysis confirms the existence of nano-pores in the SCS Ni-based which
resulted in a measured specific surface area of 2.47m?/g.

REFERENCES

[1] G. Xanthopoulou, O. Thoda, E. D. Metaxa, G. Vekinis, A. Chroneos, Journal of Catalysis,
348, 2017, 9-21

[2] G. Xanthopoulou, A. Marinou, K. Karanasios and G. Vekinis, Coatings, 2017, 7, 14

[3] A. Marinou, Synthesis of High Temperature Coatings by the New Method CAFSY,
Ph.D.Thesis, University of loannina, loannina, Greece, 2015

[4] R.Kaoirala, S. Pratsinis, A. Baiker, Chem. Soc. Rev., 2013, 45, 3053

[5] Singetal, Pure & Appl. Chem., 1985, 57, 603-619

295


http://et.al/

SINGLE STEP PREPARATION OF Cu-Cr-O AND Ni-Cr-O NANO CATALYSTS FOR
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Solution Combustion Synthesis method provides a cheap oxide catalysts in the form of nano-
sized powders, which have very high catalytic activity at low temperatures. Nanomaterials on
the base of Cu-Cr-O system (including spinels CuCr,04 and CuCrO;) by SCS described in the
following works [1-3]. As fuel was used glycine [1] and citric acid [2-3], Cu and Cr source in
the synthesized compounds were nitrates of these metals. However, the synthesis in all
described works takes place in several stages (including temperature annealing), which requires
a lot of time [1-3]. catalysts The aim of this work is to investigate the possibility of CuCr,Q0s,
CuCrO; and NiCr,04 spinels synthesis by SCS without additional temperature treatment (in one
stage) and study of those SCS catalysts activity in CO oxidation.

The following materials were used in the experiments as initial components: copper nitrate,
nickel nitrate, chromium nitrate, urea - CO(NH>).. Spinels produced by reaction of CuO + Cr,03
= CuCry04, 2CuO+Cr0s-> 2CuCrOz+ 1/20, ,NiO +Cr,0s->NiCr,0, after oxides were
originated from nitrates during heating. Concentration of chromium and nickel nitrate in
mixture with the copper nitrate was changed from 0 to 100%. Ratio of the nitrates in the initial
batch to urea in all experiments are : 32% urea and 68% of chromium nitrate and 42% urea and
58% of nickel nitrate, 50 ml of water also added. XRD, SEM-EDX, BET analysis were
performed, temperature of combustion was measured. Catalytic properties of Cu-Cr-O spinel
studied in the CO oxidation reaction at temperatures 150-550°C and volume speed 2400 h(l/I
catalyst per hour) using gas mixture (99% air + 1% CO).

According to XRD analysis there are CuO, Cr;0s;, CuCr,04, CuCrO; and Cu in the final
products of SCS. Copper exist in the final composition only in case of 16.7%-50% Cr (NOs)s *
9H,0 (or 83.3-50% Cu(NO3)2) concentration in the initial batch, this could be connected with
much lower combustion temperature (fig.1) at this concentrations and less possibility of copper
oxidation. Copper can originate due to following reactions:

CuO+NO->Cu+NO-

CuO+CO->Cu+CO;

CuO + NH3z -> Cu + N, + H,0O

There is also possibility that mechanism of copper formation is connected with conditions of
optimum ratio of HNO3 formation during decomposition of nitrates and NH3; produced during

combustion of urine, then in the exothermic reaction HNO3s+NHs can be produced hydrogen,
which reduce copper oxide:

Cu+H2->Cu +H,0.

296


mailto:*g.xanthopoulou@inn.demokritos.gr

1200
1100 - 01300

Q (2] | &

© ot

%1000 g

© Peak 1 S

=1 900 g

g / 2

[¢B) [

: 1

S 800 g

+— O

Z 1 2

O o

£ 700 ©

g £

g - Peak 2 g

E N %

% = 400 .
z 500 T T 1 (o(\bq,b(o Cb‘op{)f) ‘ob \"\, (\,\ ,\‘O Bc) QQ

0 50 100 150
Concentration of Concentration,
Cu(NO;),*6H,0,% Ni(NO;),*3H,0,%

Fig.1 - Influence of copper (a) and nickel (b) nitrate concentration in the initial batch
composition: Cr (NOs)s * 9H,0, Cu(NO3).*6H-0 (or Ni(NO)2*3H20) and urea (42%) on the
combustion temperature (Peakl- combustion temperature at first peak; Peak2-combustion
temperature at second peak).

Confirmation of such hypothesis can be fact that in all cases exist 2 peaks of maximum on the
temperature curve (second peak connected with origination of copper), but XRD show copper
metal only at 16.7%-50% Cr (NO3); * 9H,0 (or 83.3-50% Cu(NOs),* 6H,0) concentrations in
the initial batch. Existence of second peak on temperature curve (fig.1a) when there is no copper
nitrate in the initial batch could be connected with chromium origination, but it was not
determined by XRD, probably Cr was oxidized immediately after SCS. At the same time when
copper metal is present in the catalyst there is increasing of the CuCrO2 spinel in ratio
CuCrO/CuCr,0; (ratio calculated from XRD results) (fig.2).

297



3.5

4 CuCrO2/CuCr204
m CuO/Cr203

—— polynomial
CuCr0O2/CuCr204

—— polynomial
CuO/Cr203

Ratio of the intensities

16.7 28.6 37.544.4 50 55.6 62.5 71.4 83.3
Cu(NO,), concentration, %

Fig. 2 - Semi-quantitive analysis of SCS products (oxides and spinels) concentration in the Cu-
Cr-0 system. Influence of initial batch composition on the catalyst composition.

Analysis of XRD results show that at low concentration of chromium nitrate in the initial batch
there is CuCrO; spinel due to reaction :
2CuO+ Cr,03 -> 2CuCrO,+ 2 O,

Increasing of concentration of chromium nitrate leads to increasing of CuCr,Qs in the product
due to reaction:

CuO+ Cr,03 = CuCr,04
Cr,03+ 2CuCr0,+1/20, = 2CuCr,04

Copper, CuCrxQy and NiCr,O4 spinels have catalytic activity in the CO oxidation process, this
explains data fig.3 where at the concentration 55%-83.3% of Cu(NOs).*6H,O CO conversion
reach 90-99%.

Surface area depends from initial composition of batch and varies from 5 to 37 m?/g. Large
surface area has catalysts with high concentration of chromium nitrate in the initial batch. This
regularity can be explained by higher (approximately 2 times) gas formation at the
decomposition of 2Cr(NO3);*9H,0—>Cr,03+2NO+4N0,+5/20,+9H,0 than Cu(NO3z),*6H,0-
>CuO +NO+NO,+0,+6H-0.
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Fig. 3 - Dependence of CO conversion from copper nitrate concentration in the initial batch:

XCu(NOz3)2+yCr(NOs)s+CO(NHz2). at different reaction temperatures.

Thus, it was found that CuCr;04 , CuCrO; and NiCr,04 can be produced when copper nitrate
in the mixture with chromium(or
combustion influence copper concentration in the catalyst. The specific surface area of the
catalysts is varied between 5 m? /g and 37 m? /g calculated from the BET adsorption equation.
Surface area and composition (spinels and copper) of the catalysts influence activity of the SCS

exceed stoichiomentric ratio

catalysts in CO conversion.
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MULTIWAVE SCS REGIME IN THE SYSTEM Mn-Zn-Na-Si-O
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Solution combustion synthesis (SCS) in the Mn-Zn-Na-Si-O system has been studied at a pre-
heating temperature of 600°C with a mixture of Zn(NOs),, Na:SiOs, Mn(NO3), and 60wt% Urea
which supplies combustion fuel and also acts as the reduction agent. Such SCS mixtures are
actually used to produce stable nano-structured pigments. The methodology of the experiments
has been described previously [1]. The influence of the nitrate concentration on the final SCS
composition and other properties has been investigated and reported. Interestingly, in this
system 4 consecutive waves of combustion were found to occur and shown in the photos from
the synthesis video and of the products after each wave in Figurel.

70 sec 75 sec 80sec 90sec 110sec  120sec  135sec 140sec

after 15t wave after 2" wave after 39 wave after 4™ wave

Fig.1 - Four waves of combustion during SCS in the system: 50%2Zn(NOs3), + 50%Na,SiOs +
60%Urea +2% Mn(NO3). preheated at 600°C

A possible explanation for the occurence of a multiwave regime of combustion may be
connected with the possibility of the conversion of manganese oxides [2] as follows:

3 MnO, =2 Mn304 +0O, (T=530°C)
2 MnO; > Mn,05+1/2 0, (T=530-940°C)
3Mn,03; > 2Mn304+1/2 O, (T=940-1090°C)
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If hydrogen forms during combustion, which is possible during SCS due to the dissociation of
water [3], then it is possible to obtain conversion of Mn3O4 to Mn3;04 at a temperature as low as
230°C and of Mn3z0,to MnO at 300°C.

Such conversions have been confirmed by X-ray diffraction (XRD) of the intermediate products
and the results are shown in Figure 2 (only the peaks for manganese oxides are marked in the
figure). XRD showed that there are also ZnO, ZnMn,QO,, ZNMnQO3, SiO; in the final product.
Some peaks are missing due to the defect structure of the products.
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Fig.2 - X-ray diffraction patterns of the SCS products of an initial mixture of: 30%Zn(NO3), +
50%Na,SiOs + 60%Urea +22% Mn(NQOs),, at a preheating temperature 600°C: MN1: 1%t wave
of combustion, MN2: 2" wave of combustion, MN3: 3 wave of combustion, MN4: 4" wave of
combustion. Only manganese oxides are identified and marked.

Measurements of the combustion temperature during SCS in the systems which contain 2% and
22% of manganese nitrate were carried out by placing three type K thermocouples within the
solution (“bottom”), close to the solution-air interface (“middle”) and at about 2.5 cm above the
solution (“top”) and the results are shown in Figure 3. The bottom thermocouple registered only
one clear peak which is probably because of increasing of the reaction mixture volume and the
wave character of combustion. The results indicate that the maximum combustion temperature
was about 700°C which is too low for the formation of MnO and Mn3O.. We therefore explain
the synthesis of the identified Mn3;O4 and MnO by the transient formation of hydrogen during
SCS which reacts exothermically with manganese oxides.
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Fig.3 - Temperature curves for SCS of mixtures: 50%Zn(NOz),+50%Na,SiOz+60%Urea+2%
Mn(NOs), (left) and 30%Zn(NOs3),+50%Na,SiOs+60%Urea+22% Mn(NOs): (right).

The colour characteristics of the SCS products (pigments) are shown in Table 1. The colour of
the pigments depends on the concentration of manganese nitrate in the initial mixtures and
becomes darker with increasing nitrate concentration.

Table 1 - Color characteristics of SCS manganese pigments.

Colour characterization

CIE L*a*b* quour
(D60/2) Of pigment
50% Zn(NOs3), L* 84,83
50% Na,SiO3 *
a*-1,02
cCl 60% Urea b* 30.77
0,1% Mn(NOs), -
50% Zn(NOs)2 L* 80,25
50% Na,SiO3 *
a* 34
cc2 60% Urea b*
0,5% Mn(NO3), 448
50% Zn(NOs)2 L* 74,77
50% Na,SiO3 *
a* 5,87
ces3 60% Urea et o
1% Mn(NOs). el
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50% Zn(NOs)2 L* 64,19

50% Na28i03 *
a* 6,26
CcCa 60% Urea v 6 g
2% Mn(NO3); >
50% Zn(NOs3)2 L* 50,91
50% Na28i03 e
a* 9,55
CCo 60% Urea b*
5% Mn(NO3); S
50% Zn(NOs), L* 43,57
50% Na28i03 *
a* 4,55
cCr 60% Urea v s
10% Mn(NO3); 1
50% Zn(NOs), L* 39,57
50% Na28i03 *
a*4.4
Cccs 60% Urea

20% Mn(NOs); o lepse

In summary, we observed 4 waves of combustion during SCS of manganese pigments due to
the formation of manganese oxides of valences II-1V in the system Mn-Zn-Na-Si-O by
exothermic reaction with transient hydrogen, as confirmed by temperature profiles, XRD and
SEM.
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Spinel-type mixed oxides are of considerable interest due to their use in different fields
including environmental protection and catalysis. Previous studies have shown that copper
chromite spinels synthesised by SCS or SHS are very effective catalysts, due to the tetragonally-
distorted spinel structure which acts as a burn rate modifier in solid propellants [1] and in CO
oxidation [2]. Internal combustion engine exhausts consist of a complex mixture of gases
(including soot, CO, NOx, HC, etc.) whose composition depends on a variety of factors such as
the type of engine, vehicle speed, acceleration/deceleration rates, etc. Diesel soot oxidation and
NOx in particular have a significant adverse impact on both global warming and public health.
Copper chromite catalysts are some of the most efficient materials for many processes and have
been used widely as catalysts for hydrogenation, dehydrogenation, hydrogenolysis, soot
oxidation, alkylation, cyclization, etc [3]. It is therefore thought that they could be active as
emission-control catalysts as well.

In the present work, chromium-based catalysts were synthesized by Solution Combustion
Synthesis (SCS) from solutions of 40% K2Cr.07, 60% Cu(NOs).*3H.0 and 40% urea as fuel. In
some experiments CrOs; was used instead of K,Cr,07. The synthesized SCS catalyst was then
deposited as a coating on a MgO-spinel carrier (previously prepared by SHS) by flame spraying.
The effects of SCS solution concentration and preheating temperature as well as spraying
distance and number of sprayed layers on the catalyst atomic structure, composition and its
catalytic activity in soot oxidation were investigated. The structure of the catalysts was
characterized by SEM, EDAX, XRD and their specific surface area and pore distribution were
measured by the BET method with nitrogen gas.

The materials’ catalytic performance was studied for oxidation of diesel soot. The catalyst was
mixed with soot in the ratio 1:3 by weight in an alumina reactor and the combustion initiation
and burning-out temperatures of the soot were determined in an in-house built apparatus at a
heating rate of about 10°C per minute. Figure 1a shows typical pore distribution curves for the
SCS catalysts while Figure 1b shows the combustion initiation and burn-out temperatures
against total specific surface area of the materials. The results indicate that, in spite of the
presence of nanopores, the specific surface area is low at 0.68-1.07 m?/g and there is no clear
dependence of catalytic activity on surface area, probably because the surface area is similar for
all catalysts.
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Figure 1 - a) Adsorption and pore distribution of a Cu-Cr-O catalyst and b) influence of surface
area on the catalytic properties of Cu-Cr-O system in diesel soot oxidation.

The influence of the total concentration of solids in water used for SCS and that of the
preheating temperature during SCS on the activity of catalysts for diesel soot oxidation is shown
in Figure 2.
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Figure 2 - Influence of a) preheating temperature and b) total concentration of solids in water
on the catalytic properties of Cu-Cr-O system in diesel soot oxidation.

The higher measured catalyst activity at a SCS preheating temperature of 650°C is probably
connected with the higher activity of the spinels for soot oxidation, which is supported by the
fact that the ignition temperature for soot combustion decreases. On the other hand, the
increased burning out temperature when SCS was carried out at 700°C is probably connected
with decreased surface area at high SCS preheating temperature.

Figure 3 shows the influence of the number of spraying passes (which is proportional to the
amount of catalyst coating the carrier) and spraying distance on the catalytic properties of SCS
Cu-Cr-O system for soot oxidation.
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Figure 3 - Influence of a) number of spraying passes and b) spraying distance on the catalytic
properties of Cu-Cr-O system for oxidation of diesel soot.

The amount of catalyst sprayed on the carrier plays a major role in catalytic activity (Figure 3a).
With just 2 spraying passes the carrier mass increases by 7.7wt% (all of it made up of catalyst)
but with 4 passes the mass increase is 10.9wt% which gives a significant improvement in
measured catalytic activity as evidenced by the burning-out temperature dropping by 80°C. This
is because the sprayed-on catalyst penetrates very deeply into the open surface pores and covers
the whole surface. This is probably why further increasing of catalyst on carrier up to 16% of
mass is not affected by increasing the ignition temperature. Considering the burn-out
temperature, further increasing of catalyst amount on the carrier results in lower catalytic
activity. Spraying distance (fig.3 b) influences catalyst activity in a complicated way: the greater
the distance the more catalyst is applied on the carrier (from about 4 to 17.9% by total mass),
while increasing the spraying distance decreases the temperature on the surface of carrier and
this leads to changes in the surface area and composition of the catalyst, especially the ratio of
CuCr,04 to CuCrOzin the final composition of the coated catalysts.
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Figure 4 - Influence of number of passes on a) lattice spacing of CuCrO; and CuO and b) ratio
of CuCrO,/Cu0O

Comparing Figures 3a and 4a indicates that ignition temperature of soot oxidation depends from
crystal plane lattice parameters of CuCrO, with an optimum at 2.849A. CuO also play role in
catalysis, especially as it influences the products’ desorption process. According to Figure 4a
copper oxide parameters of crystal plane lattice increase with number of spraying passes which
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could be the reason for the observed changes in catalyst activity (Figure 3a). Figure 4a shows
that with increasing number of spraying passes the ratio CuCrO2/CuO increases which can be
explained by the increase in thermal treatment time with increasing number of spraying passes,
a necessary condition for spinel formation from oxides.

In conclusion Cu-Cr-O SCS powder sprayed on carrier surface using flame spraying has
catalytic activity which depends on initial mixture concentration in water, preheating
temperature, powder composition and parameters of spraying: distance and number of passes.
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COMPARISON OF THE ACTIVITY OF SHS, SCS AND IMPREGNATED
CATALYSTS IN THE REACTION OF CARBON DIOXIDE CONVERSION AND
OXIDATIVE CONVERSION OF METHANE WITH CONNECTION TO
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Processing of natural gas into motor fuel has become one of the major problems of chemistry.
Partial oxidation and carbon dioxide reforming of CH, attract a great attention in recent years.
The catalysts prepared by three different methods were tested. Activity of SHS catalysts on the
base of initial batch NiO-Al-a-Al;Os, and with additives (HsBOs, MgO,, MoQs) prepared by
Self-propagating High-Temperature Synthesis (SHS) method, and by impregnation (IMP)
(Ni/Al,O3 catalyst) were tested in the partial oxidation of CH, in following conditions: volume
velocity - 2500 ht (I/1 catalyst/hour), composition of gas mixture: 34% CHs + 17% O, + 50%
Ar, table 1.

Table 1 - Oxidative conversion of methane on SHS catalysts (initial batch NiO-Al-a-Al>O3) and
impregnated catalysts (Ni/Al>O3)

Composition | Conversion CHa,
of the initial %
batch SHS IMP SHS IMP SHS IMP SHS IMP
24.1% NiO
55.9% Al 90.0 78.8 61.5 54.9 21.0 21.9 2.9 2.5
20% Al;O3
25.8% NiO
54.2% Al 84.2 66.9 62.0 57.2 26.4 22.4 2.3 2.6
20% Al;O3
27.5% NiO
52.5% Al 96.0 69.4 67.0 53.9 27.1 24.2 2.5 2.2
20% Al;O3
29.2% NiO
50.8% Al 81.7 73.7 52.0 55.7 25.9 22.8 2.0 2.4
20% Al,O3

Yield Hz, % Yield CO, % H2/CO

SHS catalysts has more high activity in partial oxidation of CHa: H; yield (52.0-67.0%) on SHS
catalysts and (53.9-57.2%) on impregnated catalysts, CO yield — (21.0-27.1%) on SHS catalysts
and (21.9-24.2%) on impregnated catalysts. For SHS catalysts received optimum ratio Ho/CO =
2 (29.2% NiO+50.8% Al+20% Al,O3), for impregnated catalyst ratio is 2.2-2.6. The SHS
catalysts of the NiO-Al-a-Al,O; series, were also tested with additives (H:BO3z;, MgO,, MoQ3)
in this process and they show a high activity in partial oxidation of CH4, yields (52.0-67.0%)
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and selectivity for H, (90.9-100%) exceed those of the other tested samples. The ratio of H,/CO
= 3.2-4.9. Catalysts on the base of Ni-Co-Zr-O, prepared by SHS, also were tested in dry
reforming of CH,, but results were much more low in comparison with described catalysts (table
1). The activity of catalysts based on the initial mixture of 47% Ni(NO3):+2% Co(NOs)+1%
Zr(NOs)+50%  glycine+36.15% AI(NO3)s+13.85% Mg(NOs),, obtained by Solution
Combustion Synthesis (SCS) were also studied in the oxidative conversion of CH4. A mixture
of CH4:0; = 2:1 (34% CHa, 17% 0,) and 50% (Ar+H>0), was used to study the oxidation of
CHy. into synthesis gas at 750-900°C. The results of the Hz, and CO yield as well as selectivity

for the target products for these catalysts depending on the volume velocity (500-8500 ht) and
temperatures (850-900°C) (figure 1).
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Fig. 1 - Influence of the volume velocity on the yield and selectivity for H, and CO at different
temperatures on the SCS catalyst on the base of initial batch 47% Ni(NO3),+2% Co(NOs),+1%
Zr(NOs)2+50% glycine+36.15% Al(NOs3)s+13.85% Mg(NOs).. a — yield: | —-Hy, Il - CO; b —
selectivity: I — Hy, Il - CO

On this catalyst, when the temperature and volume velocities varied from 500 to 8500 h, the
yields of Hz and CO, their selectivity, and the H./CO ratio, which plays an important role for
further syntheses of alcohols and hydrocarbons, were determined. It is shown that at volume
velosity from 1000 to 2500 h?, it is possible to obtain the highest yield and selectivity for the
target products. For example, at V = 2500 h?, up to 55-57.3% H,, 19-19.4% CO with
selectivity up to 84.2% in H; and 57% in CO, the ratio Ho/CO = 2.8-2.9. Similar results were
obtained at a volume velocity of 1000 h. It should be noted that the H,/CO ratio is more
optimal in this case and corresponds to a value of 2.3-2.4. A further increase in the space
velocity, or a decrease, leads to a decrease in the process indices.

The activity of Ni-Co-Zr-O, Ni-Co-Zr-Al-O, Ni-Co-Zr-Al-Mg-O SCS catalysts were also tested
(figure 2).
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Fig. 2 - The effect of the composition of catalysts on the yield and selectivity of H, and CO: a -
H; and CO vyield, b-selectivity on Hz and CO. 1 - 47% Ni(NO3),+2% Co(NO3).+1%
Zr(NO3),+50% glycine+36.15% Al(NO3)3+13.85% Mg(NOs)2, 2 - 35% Ni(NO3)2+10%
Co(NO3)2+5% Zr(NO3),+50% glycine+36.15% Al(NO3)3+13.85% Mg(NOs), 3 - 20%
Ni(NOs3)2+20% Co(NO3)2+10% Zr(NO3)2+50% glycine+36.15% AI(NO3)3+13.85% Mg(NOs).,
4 —16.7% Ni(NO3)2+16.7% Co(NOs3)2+16.7% Zr(NO3)2+50% glycine+36.15%
AI(NO3)3+13.85% Mg(NO3),; V = 2500 ht.

It is shown that on the compositions with the highest Ni contents, the highest results for
synthesis gas are obtained. Nevertheless, at 20% Ni content the selectivity catalyst for the
desired products is rather high and the H»/CO ratio is the most optimal in comparison with the
rest of the samples (2.3 instead of 2.8-2.9). Comparison of the data on the oxidative conversion
of CH, on catalysts of the composition 47% Ni(NO3)2+2% Co(NO3)+1% Zr(NOs)+50%
glycine+36.15% AI(NOs)s+13.85% Mg(NQ3)., prepared by the SCS and impregnation method
it is established that the values of the process parameters are close, however, in terms of
commercial use, the catalyst prepared by the SHS method has a greater advantage due to lower
energy costs. The process of impregnation, drying and calcination requires many hours of
thermal procedures, which leads to an increase in the cost of the catalyst. SHS catalysts also
tested for catalytic activity in the carbon dioxide dry reforming of CH, in the temperature range
750-900°C. CO and CH, conversion, Hz/CO ratio in the reaction products as well as H, and CO
yields for the studied SHS catalysts on the base of system NiO-Al-a-Al,O; shown in figure 3.
Fig. 3 shows that the best results for SHS catalysts based on systems NiO-Al-Al,O3 are: 93%
CH. conversion, 100% conversion of CO,, product yield reaches 92% H, and 99 % CO. Ratio
H,/CO in the reaction product varies in the range of 0.7-1.35. Increasing the reaction
temperature, in most cases, increases the ratio of H/CO due to the amplification of
dehydrogenation reaction.
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Fig. 3 - The indicators of carbon dioxide reforming of methane according to the reaction
temperature for SHS catalysts on the base of system NiO-Al-Al>Os. 1 —24.1% NiO + 55.9% Al
+20.0% Al,O3, 2 — 25.8% NiO + 54.2% Al + 20.0% Al;O3, 3 - 27.5% NiO + 52.5% Al +
20.0% Al,O3, 4 —29.2% NiO + 50.8% Al + 20.0% Al-O3, 5 - 31% NiO + 49% Al + 20.0%
Al;03, 6 — 34.4% NiO + 45.6% Al + 20.0% Al,Os; V — 860 h'?

Thus, series of catalysts were synthesized by SHS, SCS and impregnation, and their
physicochemical properties and activity in the reaction of carbon dioxide conversion and

oxidative conversion of methane were studied. The analysis of the obtained results show cause
of the activity of the active catalysts.
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The atomic number of antimony is 51 and, it is a metalloid in the 15" group of the periodic
table. It is mainly found as a sulphide mineral stibnite (Sb2S3) in the nature and, has over 100
mineral species. Antimony has a melting point of 630 °C and a boiling point of 1587 °C. Its
density is about 6.7 g/cm® at room temperature. Antimony is a lustrous grey metal that has a
Mohs Scale Hardness of 3. This metalloid exists in two forms; metallic antimony is bright,
silvery, hard and brittle, non-metallic form is a grey powder. Antimony has poor electric (417
nQ-'m at 20 °C) and heat conduction. It is not attacked by dilute acid or by alkalis and stable in
dry air [1-4].

Gasification and reduction method, electrolyte method and the Niederschlag Process are among
the mostly applied methods to produce metallic antimony [1, 5]. In the Niederschlag Process,
antimony, which is presented in Sh,Ss, can be directly reduced with the addition of metallic iron
and a slight amount of carbon (to soften the bonds) in reverbetory type furnaces or in vertical
furnaces. In the method antimony can be reduced in one step and, it is candidate to be the most
economic and energy-efficient production method for antimony production if the process can be
optimized to work with high metallization ratios. Sulphur, which is decomposed from stibnite,
interacts with iron resulting in the formation of a slag-like-matte phase over reduced metallic
antimony. The type and main reaction of the Niederschlag Process are given with Equation (1)
and Equation (2) respectively [5].

Me X + Me, — Me; + MeoX (1)
Sb,Sz + 3Fe — 2Sb + 3FeS 2
The specific heat value of Equation (2) is 617.4 j/g. Although it is a metallothermic reduction
equation, it is not in self-sustaining mode due to its specific heat value less than 2250 j/g. So,
application of additional heat, like volume combustion processes, is a necessity. Another

limitation on the process is that reduction reaction slows down over 950 °C whereas the charge
fully melts at about 1100 °C (Figure 1).
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Figure 1 - Thermodynamical predictions on the possible products of the Niederschlag Process
with increasing process temperature (plotted by using FactSage 6.4 database).

Various flux materials can be used for the process, such as silica (SiO.), sodium borax
decahydrate (Na;B.O7+10H-0), calcium carbonate (CaCOs), glauber salt or NaHCO;3 to avoid
metal lost [5].

In the present study, the parameters of metallic Sb production from Sh.S; flotation concentrate
(Table 1), which was mined in Etibakir A.S. Emirli Mine and concentrated in Halikoy Flotation
Plant, were investigated by using the Niederschlag Process.

Table 1 - Chemical content of stibnite concentrate (wt. %).
Sb S Fe | Pb | Sn | Al | As | SiO;
68.67 | 27.11 | 1.08 | 0.14 | 0.12 | 0.08 | 0.08 | 0.14

As-received dry concentrate was mixed with borax, sodium carbonate and SiO; as flux materials
and iron as reductant. Used flux ratios were 10.5% for borax, 20.1% for sodium carbonate and
10.5% for SiO; (flux / Sh,Ss concentrate, %). Experiments were conducted with various iron
reductant ratios and refractory acidity ratios. The all experiments were conducted in an electrical
resistant furnace at 1100 °C for a process duration of 60 minutes. Duration and temperature
were fixed for all experimental sets.

At the experiment which was conducted in the crucible having an acidity ratio of 3.2 and with
the addition of 100% stoichiometric Fe had the highest metal recovery ratio was calculated as
79.25% (Figure 3 and Figure 6). It was determined that the lost amount of antimony was
collected in the dust collector of furnace in the form of Sb,O; during the experiments. The effect
of acidic flux addition (borax and SiO, Figure 4) and the use of carbon to soften the bonds
between Sb and S were also investigated during the experiments.
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Figure 5 - Optical microscopy micrograph
of metallic phase received with 100% Fe
stoichiometry for 1.4 crucible acidity ratio.
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increasing Fe stoichiometry for 3.2 crucible acidity ratio.
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As is known, composite materials (CMs) can be subdivided in two groups: (a) hard alloys and
heat resistant materials and (b) functionally graded and layered materials. CMs can be fabricated
by the methods of conventional or powder metallurgy as well as by techniques of forced SHS
compaction [1] and SHS joining [2]. This lecture will address the development of SHS
metallurgy since the earlier 80s [2—6], with inclusion of some recent unpublished results.

A typical process of SHS metallurgy involves the following stages: (i) combustion of green
mixture, (ii) gravity-assisted phase segregation, and (iii) cooling down and crystallization. In
order to suppress material splashing, the process in carried out under elevated pressure or in
centrifugal machines.

Thermit-like reactions yielding cast composites proceed by the following scheme:
MeO + Red + AA — CCM + Ox 1)

where MeO stands for metal oxide (NiO, CoO, CrOs;, MoOs, Nb,Os, etc.), Red is a reductant
(Al, Ca, Mg, etc.), AA is alloying agent (C, B, Si, Hf, Ti, etc.), CCM is a target cast composite
material (heat-resistant material, hard alloy, heterogeneous material), and Ox is metal oxide
(Al,O3, Ca0, MO, etc.).

The extent of gravity-aided phase segregation (n) is defined by a ratio of characteristic cooling-
down time for the melt to the time of motion of CM drops in the slag:

n o« D?d’ng/xhv < 1 ()

where D is the sample diameter, d the diameter of metal drops, n centrifugal overload, g the
acceleration of gravity, y thermal diffusivity of the two-phase melt, h height of burned sample,
and v the kinematic viscosity of the oxide melt.

In conditions of slow cooling-down and fast phase segregation, n becomes close to unity.

Conversely, the phase segregation is incomplete and the combustion product appears in the form
of a heterogeneous structure representing an oxide matrix stuffed with CM particles.

Alloyed heat-resistant CMs and Reney catalyst. Scheme (1) was used to fabricate heat-
resistant CMs based on Ni—Co, Ni—Al, Nb-Si pairs; and hard alloys based on Cr-C, Cr-Ti-C,
Cr-Ti-Mo-C, Cr-B, Cr-Ti-B, Mo-C, WC, etc. A key point here was finding a proper balance
between the amounts of alloying elements (AA) and Al in resultant CM. The problem was
solved by using alloyed agents with reduced reactivity and upon spatial separation of the zone
of oxides reduction with Al and that of AA dissolution in reduced metal. Convective motion of
the melt (whose velocity grows with increasing n) facilitates the formation of uniform cast CM
with fine structure.
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For some important CMs, it is rather difficult to prepare ignitable green compositions. In order
to activate combustion in such systems, we used the additives of heat generating compounds
(boosters). In this way, we managed to fabricate Ti—Al, Ti—-Al-Nb, etc. composites and a
heterogeneous CM with Al,O3—CaO as a matrix with uniformly distributed Ti,AIC particles.
Our technique followed by chemical activation was applied to obtain the Reney catalyst Ni—-Co—
Mn-Al. The active sites in this catalyst represent the NizAl nucleus covered by a porous Ni—Co—
Mn shell with a Reney structure.

Hard alloys. The mixtures of Cr, Ti, and Ni oxides with Al, C, and B were used to fabricate
cast hard alloys based on Cr—C, Cr-B, Ti-C, Ti-B, Cr-Ti-C, and Cr—T-B with Ni as a binder.
In these experiments, we disclosed the abnormal influence of carbon particle size dc on burning
velocity U and carbon content of hard alloys. With increasing dc, U was found to increase,
whereas the carbon content of hard alloys passed through a maximum. Microstructural analysis
of CrsCo—Ni and Cr3C,—TiC—Ni alloys derived from optimal green compositions with dc = 400—
500 um shows that in this case the Ni matrix contains large platelets of chromium carbide, while
Ti and C are localized on smaller TiC grains. Addition of Mo and combustion in conditions of
artificial gravity facilitated the formation of finely grained alloys.

Functionally graded and layered CMs. Functionally graded materials (steel-ceramic,
titanium—ceramic, and aluminum-ceramic) were obtained by using the technique of SHS
surfacing. Combustion of Cr, Mo, Ti, and Ni oxides mixtures with Al, C, and B under pressure
or in centrifugal machines was found to yield uniform coating of a cast hard-alloy strongly
joined with steel, titanium or aluminum substrates. In this case, green mixture acted not only as
a source of carbide of boride ceramics but also as a source of heat in the amounts sufficient for
substrate melting.

Experiments with Fe—Al thermite in an axial centrifugal machine demonstrated the feasibility
for deposition of corundum coatings on the inner surface of steel tubes and thus to fabricate
layered materials and items. More complicate green mixtures were used to fabricate single-layer
tubes with a heterogeneous (cermet) structure.

In cooperation with partners, pilot-scale processes for fabrication of alloyed CMs were patented;
and pilot-scale batches of the composites were produced and tested on an industrial-scale level.

ACKNOWLEDGMENTS

This work was financially supported by the Russian Foundation for Basic Research (project no.
15-08-01442).

REFERENCES

[1] A.G. Merzhanov, Int. J. Self-Propag. High-Temp. Synth., 6, (1997) 119-163.

[2] V.L Yukhvid, Pure Appl. Chem., 64, (1992) 977-988.

[3] A.G. Merzhanov, V.I. Yukhvid, I.P., and Borovinskaya, Dokl. Akad. Nauk SSSR, 255,
(1980) 120-124.

[4] V.A. Gorshkov and V.l. Yukhvid, in: Proc. Int. Conf. on Modern Processes and Methods
in Inorganic Materials Science, Thilisi, 2012, pp. 66-73.

[5] V.L Yukhvid, M.I. Alymov, V.N. Sanin, and D.E. Andreev, Key Eng. Mater., 684, (2016)
353-358.

[6] V.l Yukhvid, Adv. Mater. Technol., no. 4, (2016) 23-34.

317



COMBUSTION SYNTHESIS OF Ni-W COMPOSITE NANOPOWDERS FROM OXIDE
PRECURSORS

M.K. Zakaryan*!?, S.L. Kharatyan'?

IA.B. Nalbandyan Institute of Chemical Physics NAS RA, P. Sevak 5/2, 0014, Yerevan, Armenia
Zyerevan State University, A. Manukyan 1, 0025, Yerevan, Armenia
*zakaryan526219@gmail.com

Interest in nickel-tungsten (Ni-W) alloys has expanded unusually rapidly in recent years due to
their unique combination of tribological, magnetic, electrical and electro-erosion properties.
They are also characterized by high tensile strength and premium hardness, as well as superior
abrasion resistance, good resistance to strong oxidizing acids, and high melting temperature [1].
Current and possible future applications of Ni-W alloys include barrier layers or capping layers
in copper metallization for ultra-large-scale integration (ULSI), electrodes accelerating
hydrogen evolution from alkaline solutions, environmentally safe substitute for hard chromium
plating in the aerospace industry, etc [2]. Ni-W alloys are usually electroplated from agqueous
solutions containing NiSO4-6H.0 and Na,WO42H:0O as the electroactive species, and organic
acids as complexing [1].

In this work for the manufacturing of Ni-W composite powder the self-propagating high-
temperature synthesis (SHS) method is applied [3] by using thermo-kinetic coupling approach
[4]. Its essence consists in the coupling of low exothermic reduction reaction (MeO+C) with a
high caloric (MeO+Mg) one with possible change of reaction pathway. Furthermore, using
(Mg+C) combined reducer will allow to control the reaction temperature in a wide range at
synthesis of Ni-W composite powders. Byproduct magnesia can be removed by acid leaching.
First of all thermodynamic calculations were carried out for NiO-WOQO3-yMg-xC system to
determine optimal conditions for joint and complete reduction of nickel and tungsten oxides,
aimed at obtaining of Ni-W alloy. Based on the results of thermodynamic calculations
magnesio-carbothermic co-reduction of nickel and tungsten oxides were performed with such
amount of magnesium corresponding to low temperature area (y=1.7 mol). To find out the effect
of carbon amount on the behavior of combustion perameters (temperature and velocity) a series
of experiments were performed with changing carbon amount (fig. 1).
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Fig. 1 - Combustion temperature and velocity vs carbon amount for the the
NiO-WOs-1.7Mg-xC system, P=0.5 MPa

According to XRD analysis results, the variation of carbon amount makes possible to
completely reduce precursors (at x=2.1-2.2) up to desired Ni and W metals. After acid leaching
of completely reduced sample byproduct magnesia was removed and the products contain only
fine-grained particles of target metals (fig. 2).
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Fig. 2 - XRD pattern of combustion product after acid treatment
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The combination of high hardness with plastic properties in borides, their high chemical
inertness - represents an important class of inorganic compounds for creation of tools and
structural steels of highly alloyed borides. One of the specific features of the structure of iron
borides is that they hold particular place in compounds implantation. Conversely with
compounds of metal with carbon, nitrogen, hydrogen, boride of metals can form covalent
bonds between atoms of boron.

That is why their composition does not correspond to the usual degrees of oxidation of the
elements. In addition, boron compounds have the ability to absorb neutrons intensively. This
stipulates the using of boron compounds for the manufacture of control rods of reactors, as well
as biological protection against neutron radiation.

Boron holds special position among reactor materials. It’s uniqueness is stipulated by the
simultaneous content of two stable isotopes — 1°B and 'B. °B is characterized with the high
section of absorption thermal and the fast neutrons, and *'B is an effective mechanism to delay
and reflect neutrons. In the nuclear equipment is widely applies materials, which include °B
therefore on constructional boron steels became demanded alloys [1-3].Boron steels found wide
application in the area of the Boiling nuclear reactors.

Besides, boron steels are widely used in production of containers for storage and transportation
of radioactive wastes and reproduces nuclear fuel for absorption of secondary neutrons. Micro
Additives of Ferro-boron ligature for obtaining boron steels make positive influence on
physical-mechanical properties and radiation resistance of materials in the production of boron
steels. Small amounts of atoms of boron form solid solutions of implants, which slower the
development of porosity, which promotes segregation on structural defects of a crystal lattice
and reduces diffusive mobility of the basic alloying elements in the course of radiation.
Ligatures, enriched with the 1°B isotope, can be used for micro-alloying of austenitic class
steels, which is widely applied in nuclear equipment as construction materials, as far as the °B
isotope excludes the formation of helium, which in general is accompanied by its formation in
the nuclear reaction.

Carbothermic restoration and electrolysis from molten media are the most well-known industrial
methods for obtaining Ferro boron ligatures [4,5].In particular, the carbothermal method of
restoration is more complicated and long process, which takes place at a temperature of 2000°C.
The task can be successfully implemented using the SHS-metallurgy technologies. [6].
Realization of this task for obtaining Ferro boron ligature is possible by technology - SHS
metallurgy, which is characterized by simple and small-sized equipment, high productivity and
purity of the products obtained with environmental safety of the process [7-9].

The laboratory SHS centrifugal machine have been used as processing equipment for carrying
out experimental works under the influence of centrifugal force at overloads at 1000 a/g.

320



Synthesis of final products was conducted in the graphite reaction cups, with an internal
diameter of d=40 mm and a height of h=100 mm. Methodology of processing is standard [10].

The obtained products were investigated byX-ray diffraction and microspectrum analysis.To
obtain final products are used a boron-containing material in the form of B,Os, iron oxides and
as restoring metals were powders of aluminum, magnesium and magnesium-aluminum alloy.

In the experiments was studied influence of technological parameters (such as phase separation,
the scattering of the reaction mass, the composition and dispersion of the components, the
density of the initial mixture) on regularities of the synthesis of cast ligatures in the system Fe-
B.

The influence of overloads on the regularities of the synthesis of cast ligatures and the
mechanisms of structure formation of SHS products wasstudied.

As a result of investigations was established the defining technology factors influencing an exit
and extraction of target elements of the Ferro boron ligatures. On the basis of the received results
was established, that extraction of boron is more than 95%.

The analysis of the samples showed the presence of a high content of carbon in the casted
ligatures. This can be explained by the fact, that the great affinity of iron to carbon, high
synthesis temperature promotes the interaction of iron with carbon of the graphite reaction cup.
The problem of the high content of carbon in the melt can be minimized with a technological
way by creating a protective barrier between the reaction mixture and a graphite cup. It is
important, because the content of carbon in boron steels the does not exceed 1,0% (wt).

The quantitative and elemental composition of the components of obtained ligatures alloy and
slag were studied and established Fig. 1 and 2.Analysis of the structure and content of the alloys
showed, that content of boron in the Ferro boron alloys doesn't exceed 22% .The analysis also
showed that, there is no boron in the slag practically. Minimization of boron loss is an
important circumstance, when receiving material enriched with an isotope boron°B.

Based on conducted experimental results has been obtained Ferro boron ligature enriched with
boron of natural isotope in the quantities sufficient for carrying out melting and receiving of
boron steel.

ResultType | Weight
%
@ SpectrumlLa | Spectru | Spectru | Spectru
& bel m 1 m 2 m 3
& B 23.07 20.24 20.79
i C 6.05 4.22 4.29
Al 4.90 4.88 4.64
&= Si 0.26 0.19 0.19
| Ti 0.14 0.14
Cr 0.34 0.27 0.31
Fe 65.24 70.06 69.78
Total 100.00 | 100.00 | 100.00
a b
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Fig. 1 - Structure (a), composition (b) and distribution of elements (c, d) in the cast ferroboron
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SpectrumLab | Spectru | Spectru | Spectru
m 38 m 39 m 40
43.10 42.91 50.19
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3.74 8.05 3.33
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Fig. 2 - Structure (a), composition (b) and distribution of elements (c, d) in Ferro boron slag
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Knowledge of the SHS[1]process (self-propagating high-temperature synthesis) in combination
with a scientifically substantiated and correctly established experiment allows us to have a clear
idea of the essence of the processes taking place in the system under consideration. This allows
us to identify factors and conditions that affect the course of the technological process.

On the basis of the theoretical and experimental investigations, the received results find
practical application in manufacture for technological processing or in construction of the
equipment.

- In order to solve scientific tasks is required:

- Preliminary researches and elaboration of conditions for the solution of tasks

- Improvement or elaboration for creating new processes and technical objects (Machines,
equipment, etc);

- Elaboration of experimental design facilities;

- Assembly, adjustment of equipment and commissioning of the developed objects or processes.

Solving such problems at the Institute of Metallurgy and Materials Science Ferdinand Tavadze
by the scientists of the SHS laboratory managed to make his contribution to the overall
development of such a new scientific direction as SHS-metallurgy.

SHS — metallurgy is a new scientific direction. Use of advanced equipment and advanced
processing methods make it possible to obtain refractory compounds and materials controlling
explosion character of combustion type reaction at high temperatures.

The scientific and applied research studies have shown that the processes of phase separation
and dispersion of the reaction mass, the formation phase and chemical composition of the
micro-structure, as well as composition, density of the mixture, dispersion of the components,
the field of mass forces, etc., have a major influence in the preparation of new materials and
products from them[2-4].

The development of scientific achievements in the field of SHS-metallurgy also contributed to
participation in international congresses, symposia, conferences, seminars, inventions, patents
and project financing in various scientific and technical centers[5-9].

Over the period of the development of SHS — Metallurgy have been obtained heat resistance and
high temperature strength, thermo-stable boron-containing composite materials and products with
various porosity, under atmospheric conditions. In fig.1 is shown appearance of samples of various
configurations in the form of bushings, cylinders, etc. It is possible to produce, from the same
material, highly effective filters for cleaning the polluted water and air from industrial dust.
Workability of the process and simplicity of the equipment allows to produce of products in the form
of protective blocks that can be used for protection from radiation.

In the high pressure reactor have been obtained ultrafine powders of hard alloys, borides,
carbides, nitrides, silicides and etc. The technologies have been developed for the production of
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ferroaluminum, ferrovanadium, ferrochromium, nickel boron and ferromanganese. The patents
and inventions are given to many developments [10-16].

The laboratory SHS centrifugal machine will be used as processing equipment for carrying out
experimental works and receiving cast ligatures based on tungsten carbide under the influence
of centrifugal force. The study carried out the research technological parameters was established
of synthesis of casting materials for various configuration fig.2. In order to increase
productivity, a multifunctional centrifugal machine (EMB) has been designed, with a horizontal
axis of rotation in fig.4 [17]. The installation is capable to initiation in 12 reaction beakers in
one technological cycle. The fact that during one stage of technological process possible is to
receive material and product that is the essential advantage of this technology. In this case, in
each reaction beaker can be placed up to four forming elements. This will allow us to receive
up to 48 products simultaneously. In addition, replacing the round reaction equipment with a
rectangular shape, will allow to receive up to 8 samples with dimensions of 70 x 70 mm.

SHS-process allows to obtain the entirely new compositions of master alloys and ferroalloys with a
wide range of elemental composition in a very short time. This technology makes it possible to
introduce simultaneously refractory and low-melting starting products in a wide range of compositions,
which cannot be done by traditional technology. Thus, this technology gives us possibility to
introduce refractory and low-melting starting products in a wide range of composition simultaneously,
which cannot be done by traditional technology. The conventional methods is restricted by the longer
smelting process and burning of fusible elements, due to different melting point. The ligatures with
different composition were obtained from pretreated waste of manganese production, Fig. 4. On the
basis of the received results of conducted experiments were established, that the technical solution can
also be cost-effective.

In particular, the preliminary calculations showed that SHS-synthesized AIMn60 master alloy
will be at least at 30% cheaper than the commonly produced alloy. To increase the productivity
in the preparation of ligatures are developed working drawings of the experimental centrifugal
machine (ECB), with a vertical axis of rotation fig. 3B [18].

After approbation and establishment of technical parameters of high-performance centrifugal
machine is planned to develop an industrial plant. . It is assumed, that centrifugal machine is
characterized by simple and relatively small-size (the occupied area of the industrial installation
will not exceed 10m?).At the same time productivity of ligature by using such installation will
be at least 160 tons per year. The amount of the by-product, containing mainly of corundum,
will be 250 tons / year. At the same time, the by-product is a raw material for production of
abrasive materials and manufacturing of products from them. ECB gives us possibility to
receive materials with different composition and purpose also, to obtain products that are
limited only by the size of the reaction form.

According to the preliminary investigations silicon of technical purity have been produced from
the Georgian natural raw materials under the influence of centrifugal force. In Fig. 5 shows the
structure and composition of the alloy and slag of ferroboron ligature. The quantitative content
of boron in ferroboron (FeB) compound is at least 22% by weight.

In this case, content of an isotope °B doesn't exist in the slag practically. This circumstance is
important for obtaining of ferroboron material, which contain of a boron isotope °B. This
special ligature is used for alloying boron steel, which is one of the best construction materials
in the nuclear power industry.
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The relationship between SHS - metallurgy and applied sciences everything is becoming more
significant, that is reflected in the high level of research. New aspects for application of the
obtained materials are observed. There are also connections with other technological directions.
The search for new methods and a deeper study of their properties makes to draw conclusions
about the continuation of scientific research in a wide variety of technological direction.

Fig. 1 - Examples of execution of products from boron containing materials under atmospheric
conditions

Fig. 2 - Examples of cast hard alloys materials with different configuration obtained under the
influence of centrifugal

A B
Fig.3 - A - The experimental multifunctional centrifugal machine (ECB), with a horizontal axis
of rotation
B - The experimental multifunctional centrifugal machine (ECB), with a horizontal axis of
rotation
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In order to obtain silicon nitride ceramics with excellent characteristics silicon nitride powder
with a-phase content > 90 % should be used. When silicon nitride is synthesized by the furnace
or diimide method, a-phase content is ~ 95 % since the synthesis process can be governed and
occurs at the optimum temperature. However in the case of SHS it is rather difficult to achieve a
high content of a-phase. The value of a- B transition of SisN4 mainly depends on temperature,
exposure time and existence of various admixtures and impurities [1,2]. Phase a—f transition
starts at ~1450°C. Therefore the synthesis temperature should not be higher than 1500°C.
Silicon melting point is 1419°C so it is rather difficult to synthesize a-phase of silicon nitride by
combustion. For low-temperature mode of SHS of a-SisNs some gasifying additives or silicon
powders with high specific surface area are used [3,4].

According to literature, oxygen impurity is known to have influence on phase-stability of a-
Si3Ns. If oxygen impurity content in a-SisN4 is less than 0.1 mass %, a-SisN4 is characterized by
the same thermodynamic stability as B-SisN4 [3]. Therefore if O is a destabilizing factor for a-
SisN4, we can suppose that use of oxygen-free green mixture components will allow us to
extend the temperature range of silicon nitride synthesis with retaining the high content of a-
phase.

When the experiments in silicon nitride synthesis were carried out, the chemical composition of
the products was not usually determined, and existence of impurities, including Oz, was not
practically connected with a-phase content and synthesis temperature. The dependence of a-
phase content on combustion temperature in SHS of SisN4 for the powders with oxygen
impurity in the range of 1.0-1.5 mass % is shown in [5].

This work demonstrates the results of investigation of synthesis temperature and oxygen
impurity effect on the product phase composition at SHS of SizNa.

For the experiments we used green mixture components with various contents of oxygen
impurities. When the influence of high oxygen concentrations on phase formation of silicon
nitride was studied, amorphous silicon dioxide was introduced into the green mixture. Some
characteristics of the initial components are given in Table 1. In the case of low-temperature
synthesis, ammonium chlorides and fluorides were added.

Table 1 - Green mixture initial components

Component Impurity content, mass % Specific surface
N2 O Fe area, m2/g
Si - 0.6 0.02 2.5
Si - 2.2 0.1 10
SizNg 38.9 0.5 0.05 25
SisNg 38.3 2.0 0.09 7.5
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The dry components were mixed in the ball mill during 1 hour. The initial nitrogen pressure was
60 atm. The green mixture mass was 3.0 kg. The experiments were carried out in the industrial
SHS reactor of 30 | capacity.

The phase composition of the products was analyzed using “Dron2M” diffractometer. The
combustion temperatures were measured by W/Re5-W/Re20 thermocouple.

Experimental study of phase composition dependence on synthesis temperature has proved the
supposition on oxygen impurity effect on a-phase content at synthesis of silicon nitride. Fig.1
demonstrates the results of the temperature measurement in the cases when the green mixture
contained various amounts of oxygen. When the green mixture contained a low amount of
oxygen (0.5-0.7 mass %), the synthesis temperature range was 1400-1800°C. In the case of high
content of oxygen impurity (2.0-2.5 mass %) the content of a-phase decreased from 1200-90 %
to 95-65 % in the temperature range of 1400-1700 °C in comparison with the results obtained in

[5].

X-ray phase analysis of SisNs samples obtained from the green mixture with a low content of
oxygen impurity showed only two phases identified as a- and 3-modifications of silicon nitride.
The peak intensity of these phases changed depending on the synthesis temperature. Analysis of
SisN4 samples synthesized from the green mixture with a high content of oxygen impurity
proved the existence of the additional phase of silicon oxynitride (SizN2O). Due to our study we
can conclude that the existence and intensity of the peaks of SioN.O phase depend on the
synthesis temperature. The comparison of high-temperature characteristics of silicon oxynitride
and consequence of phase formation with a temperature increase allowed determining the role
of oxygen impurity in the phase formation process. It was established that a—f transition at
SHS of silicon nitride from the green mixture with high oxygen content occurs via the stage of
silicon oxynitride formation and decomposition. Therefore the obtained results prove our
supposition on the influence of oxygen impurity on a— transition of silicon nitride.
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Fig.1 - Dependence of silicon nitride phase composition on synthesis temperature at the use of
green mixture with various contents of oxygen impurity. O, content in synthesis product: 1 —
1.0-1.5 mass % [5]; 2 — 0.5-0.7 mass %; 3 — 2.0-2.5 mass %.
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Low exposure time at the temperature of phase transition (higher than 1450°C) and low content
of oxygen impurity in the green mixture components allow synthesizing silicon nitride with a
high content of a-phase in a wide temperature range. The dependence of a-phase content on the
synthesis temperature is determined by the specific times of the synthesis reaction and existence
of oxygen impurity.
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