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IN MEMORY OF PROF. ALEXANDER MERZHANOV: INVENTOR AND
WORLD RECOGNIZED LEADER OF SHS

Prof. Alexander Merzhanov, inventor and world recognized leader of SHS, died on July 31,
2013 in Chernogolovka, Russia at the age of 82. Merzhanov made his first significant contribution
to combustion science, while still quite young. He developed the Nonstationary Theory of Thermal
Explosion in condensed media (1958-1966). This theory was highly considered and supported by
N.N. Semenov and Ya.B. Zel'dovich and played an important role in the practical design of solid
rocket propellants and has still not lost its contemporary R&D significance. In 1967 he led the
work, which resulted in discovery of the “solid flame” phenomenon. Based on this discovery,
Merzhanov and his coworkers elaborated a novel method to synthesize advanced materials called
Self-propagating High-temperature Synthesis (SHS), followed by a new scientific discipline,
structural macrokinetics, which explores the formation of material microstructures in realistic
conditions of rapid high-temperature reactions.

Merzhanov also demonstrated his talent as a scientific leader and administrator. He was

capable to establish a new institute of the Russian Academy of Sciences, the Institute of Structural
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Macrokinetics (ISMAN), and became its first director. He founded the International Journal of
Self-Propagating High-temperature Synthesis (Allerton Press) and has been its Editor-in-Chief for
more than 20 years. This tremendous activity, which also includes organization of international
symposia, workshops, conferences, numerous lecture tours in different countries, and publication
of analytical reviews, resulted in worldwide recognition of this new scientific field. Currently, SHS
is being studied in more than 50 countries, hundreds of papers are published on this topic every
year, and several industrial ventures have been launched.

Prof. Merzhanov's contribution to basic and applied research has been recognized both in
Russia and abroad. He was elected a Full Member (Academician) of the Russian Academy of
Sciences (1997); an Academician and Member of the International Board of the World Academy
of Ceramics, Italy (1994); an Honorary Member of the Materials Research Society of India (1997);
Active Member of Academia Scientiarum et Artium Europaea, Austria (1996); an Honorary
Foreign Member of the National Academy of Sciences of Armenia (2006); an Honorary Professor
of several Russian and foreign universities; etc. Merzhanov was awarded the status of an Honorary
Citizen of Chernogolovka (2001).

Alexander Merzhanov was not only outstanding scientist with exceptional intuition but also
a dedicated educator. Indeed he brought up a vast group of scientists all over the world including
Russia, FSU countries (Ukraine, Belarus, Armenia, Georgia, Kazakhstan), United States, China,
Japan and many others. His teaching and supervision has resulted in 40 doctors of sciences and
150 candidates of sciences, many of which now occupy leading positions in numerous areas of
chemistry, physics, mechanics, materials science, chemical engineering, catalysis, etc. No doubts
that scientific directions established by him will have a long life in the works of numerous
representatives of Macrokinetics School and this will be the best memory for the outstanding

scientist and bright personality, Alexander Grigor’evich Merzhanov.

Organizing Committee of SHS 2013
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1. COMBUSTION THEORY AND MODELING
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HETEROGENEOUS COMBUSTION WAVE X-RAY RADIATION IN CASE OF
NANODISPERSED Ti -B

V. G. Salamatov'”, A. I. Kirdyashkin®, R. M. Gabbasov?, Yu. M. Maksimov?, V. F. Tarasenko?, E.

A. Sosnin?

! Department of structural macrokinetics TSC SB RAS, 10/4 Akademicheski ave., Tomsk, 634021, Russia
% High current electronics Institute SB RAS, 2/3 Akademicheski ave., Tomsk, 634021, Russia,

* Salamvit@yandex.ru

Recently it have been shown that during heterogeneous systems thermal explosion with
condensed reaction products forming the high-temperature gas plasma and intensive
electromagnetic radiation in UV and soft X-ray ranges (estimated quantum energy
of ~4.5+5.5 keV) have place [1-4]. This effect reveals themselves at start stages of chemical
reaction at time range of 10°%+102s. In [5, 6] has been proved that in course of Ni-Al wires twist
combustion the non-equilibrium gas plasma with high electron temperature (more than 30000 K) is
emitted from SHS zone. The temperature value is considerably higher than combustion adiabatic
temperature. And forming plasma includes the metal vapors’ in ground and ionic states.

In current work the additional study of emission spectra of SHS has been carried out in
case of thin layer of nanodispersed mixture Ti + 31.5 (weight percent) B.

It is shown that combustion wave produce emission which give discrete exposure of X-ray
film under Ti (20 pm thickness) and black paper (120 um thickness) protecting screen. According
to high-speed video-camera recording the wave velocity of about 0.2 m/s was estimated. The
stochastic reaction sites (2+5 mm) were observed. Probably these sites are radiation sources that
explain the discrete exposure of the X-ray film.

Photometric measurements of X-ray films is shown that combustion wave spectrum
corresponds to X-ray photon energy from 4.5 to 30 keV, and approximately 28 % of the flow give
photons with E > 18 keV.

It might be supposed that during high-speed heterogeneous reactions in combustion wave
the excitation of free electrons up to 30 keV energy values and higher values have place. The X-
ray radiation is an effect of relationships between these electrons and protecting screen,
correspondingly.

This work was supported by RFBR grant No. 11-03-00688a.
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SHOCK MODIFICATION OF REACTIVE MULTILAYERED MATERIALS

M.A. Dmitrieva, V.N. Leitsin
Immanuel Kant Baltic Federal University, Kaliningrad, A. Nevskogo str, 14, 236041, Russia
admitrieva@kantiana.ru

Processes in chemically reacting systems are significantly multiparametric, and the
macroscopic structure of concentration inhomogeneity of powder systems is the reason for the
significant scatter of the observed conditions of synthesis and structure of the final product [1].
Layered (foil) chemically reacting systems are concentration-deterministic, that makes them an
attractive object of study for construction a theory of multicomponent chemically reacting systems,
and for experimental studies of the chemical processes kinetics [2]. Nature of the mechanical
modifications of reactive medium is defined by the processes of energy dissipation in the local
micro-volumes, characterized by different times of damage, phase transformations of components,
initial conditions of non-stationary processes of dynamic compression, and, in turn, determines the
degree of mechanical activation of the reacting components. The resonant modes of energy
exchange in shock-compressed heterogeneous medium determined the conditions of shock
initiation of chemical reactions in layered materials are studied. A dynamic theory of mechanical
modification of layered materials, allowing predict the structure of the emerging activated areas of
reagents is constructed. The possibility of changes in natural frequencies of microvolumes due to
compression and change of the concentration-phase composition is taken into account. The
feasibility of non-stationary processes of mechanical modifications, under the conditions of the
resonant modes of shock compression is investigated. Evaluation of dynamic characteristics of the
shock compressed reactive compacts allows to formulate a criterion for the onset of unsteady
regimes of shock compaction and run of chemical reactions with taking into account the natural
frequencies of structural elements (including the frequency of Rayleigh waves for multilayered
compositions). The following scheme of investigation is suggested:

1. Determination of Rayleigh velocity of components;

2. Determination of the velocity of applied load;

3. Determination of natural frequencies of the elements;

4. Estimation of possible characteristic size of the texture of damaged material;

5. Estimation of energy balance during the process of shock modification, with taking into account
the incubation time of damage;

6. Estimation of local parameters of the kinetics of chemical reactions;

7. Estimation of chemical conversion conditions.

The simulation of physiochemical processes in the Al-Teflon and Ni-Ti multilayered systems
allow us to analyse the dynamic conditions of shock initiation of chemical reactions. Obtained
results indicate the presence of a critical value of the amplitude of the shock pulse, the overcoming
of which leads to a resonant mode at components and shock initiation of chemical conversions.
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Combustion of heterogeneous systems in a high gravity field is an effective technology for
the synthesis of composite materials [1, 2]. In this paper, we propose a mathematical model for
combustion of a composite sample in a centrifugal unit. The initial layered structure is formed
from mixtures with a different reactivity. The upper part of the sample consists of a mixture
formed during combustion of a low-melting product (thermite mixtures). The lower part of the
sample is a mixture formed during combustion of a high-melting porous product. Metallic melts
(in the upper part of the sample) and high-melting materials, such as carbides, borides, etc. (in the
lower part) can also be used in experiments. The mixture is ignited in the upper part of the sample.
Under the action of capillarity and gravity, the melt flows into the pores, simultaneously initiates a
chemical transformation, and forms a composite material.

The purpose of this study is to find the combustion characteristics of the porous gasless
mixture in the lower part of the sample under conditions of conductive and convective forms of
heat transfer; determine the propagation velocity of the combustion wave subjected to an overload
and the stability, find the optimum conditions for the synthesis of composite materials in the high
gravity field.

The numerical study of the mathematical model allowed us to find the critical conditions for
ignition of the lower part of the sample depending on the overload a/g, porosity mg and parameters
of external heat exchange (Fig.1). The decrease in porosity or centrifugal force below the critical
value led to the fact that the combustion of the upper part of the sample did not ignite the lower
layer. Under conditions of interphase and external heat exchange, the melt in the pores solidifies
before the initiation of a chemical reaction in a porous media. In this case, the melt penetrates into
the pores at a small depth.
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Fig. 1 Critical conditions for the ignition. Fig. 2 The burning rate u vs. the gravity Agrav.
External heat exchange By=0.001 (1); Bx=0.002 (2) Q=0.2 (curve 1), Q=0.1 (curve 2)

Figure 2 shows the numerical calculations for the combustion rate (u) of the lower part of the

sample under adiabatic conditions depending on the overload and porosity. The influence of

overload on the combustion rate can be explained by convective heat transfer from the zone of the

reaction products to the heating zone of the porous layer in the direction of propagation of the
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combustion wave. A similar effect of increasing the combustion rate connected with heat recovery
takes place during combustion of gasless compositions with a heat-conducting element [3]. For
high values of the centrifugal force Ay~ 3, the dependence degenerates u(Agray)=const, which is
explained by crystallization of the melt in the low-temperature part of the combustion wave and
stopping the flow of a heat-transfer agent in pores. A similar dependence of the combustion rate
was obtained in the experiments with the Ti-B system [4].

The work was supported by the Russian Foundation for Basic Research (Grant No.11-03-00136-a).
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The theory of SHS processes considers two alternative mechanisms of the solid flame
propagation: quasi - homogeneous (conductive), and heterogeneous (relay-race) ones [1]. In the
former case, the temperature distribution over the medium particles is continuous, in the latter one
- the temperatures of the neighboring particles differ by a finite amount. In papers [2, 3] the theory
of a relay-race combustion was elaborated in application to the simplest model of a heterogeneous
environment as a chain of individual reactive cells (particles) connected through heat exchange. A
more comprehensive model of a heterogeneous environment was proposed in [4]. In that paper the
experimental study of the solid state reaction wave propagation along the wire (thread) coiled into
a spiral was conducted. In this system, there is a diffusion of heat along the wire, as well as the
relay-race heat exchange between the spiral windings. Such a system is of theoretical interest,
because it allows to track the interaction of quasi- homogeneous and heterogeneous mechanisms of
solid flame propagation. Besides, there is a practical aspect of interest to the system of helical
configuration linked to the issue of the possibility of temperature increase in the reaction zone,
which is especially important for low-calorie SHS systems. For straight wire in which thermal
interaction occurs only between nearest neighbors along the thread, the temperature in the
adiabatic combustion wave may not exceed the valueT, , predicted by thermodynamic arguments.

In the case of helical configuration, heat transfer occurs not only with nearest, but also with far
neighbors, resulting in a direct transfer of energy stored in the products to unburned plots of the

wire, which can lead to a temperature increase in the wave above the thermodynamic value T, .

In this paper, the results of mathematical modeling of solid flame propagation in a spiral
are presented. Analysis have shown that in the model under consideration a mechanism of the
combustion wave propagation is determined by the value of quantity F

S2

Fee—
12(1+ As?)

Here A is the ratio of the characteristic times of heat release and heat exchange between the spiral
windings, s - the ratio of the spiral coil length to the width of the preheated zone of the combustion
wave propagated in a straight wire.

For F <1 the combustion wave has a typical for homogeneous system structure with a monotonic
increase in temperature from the initial value T, up to a thermodynamic valueT, . A spiral wire

configuration manifests itself in the effective thermal conductivity of the medium (A ), exceeding

the thermal conductivity of thread material (A1) and a corresponding increase in the burning rate (
U, ) compared with the burning rate of straight wire (U ):

s = AL+ As?),

U, =U @+ As?)
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The width of the combustion zone (AX; [J A /Uy ) increases with the growth of A ands. With the

rapid interturn heat exchange the heat penetration includes several turns of the spiral, and the
system loses its heterogeneous features. Visually, it is perceived as wave propagation along the
cylinder formed by a spiral, rather then propagation along the individual thread coil. An existence
of similar combustion mode was observed in the experiment [4].

In the case of F >1 (small values of A ands>>1), the regime of combustion named in [4]
pseudo spin is revealed. Combustion zone is much smaller than the length of the spiral coil. The

reaction is localized at the spot with a temperature T_ greater than the thermodynamic valueT, .

The change of the settings A and s is an effective means of controlling the speed and
temperature of the spiral wire combustion. For a fixed value s>> 1 the decrease of A causes
superadiabatic increase of the temperature in the reaction site and the fall of the wave velocity,
which is characteristic of a relay-race combustion mode. Increasing the length of the spiral coil is
accompanied by an increase a speed of the wave and the significant temperature increase in the
reaction zone, when the transition from quasi-homogeneous to the relay-race mechanism of the
reaction wave propagation occurs.

This work was supported by the Program “Combustion and Explosion‘ (#26) of Russian Academy
of Sciences
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SHS reaction in Metal-Gas systems under conditions of forced infiltration of gaseous
reagent into a coflow reactor is one of promising techniques for synthesis of metal nitrides and
hydrides. Similar scheme is being widely used in numerous technological applications such as
production of pig iron, calcination and agglomeration of ores, regeneration of catalysts, oil
extraction by in-situ combustion, etc.

Basic advantages of SHS processes in conditions of forced infiltration of gaseous reagents
have been outlined in several publications [1-5]. One of these is the use of gas reagents diluted
with an inert gas, which favors the elimination of impurity gases dissolved in solid particles of a
solid reagent. Another is the feasibility of regulating the combustion temperature within relatively
wide limits. At a sufficiently high gas permeability of porous medium, continuous autowave
infiltration-mediated technological combustion can be organized on an industrial scale [4]. A
drawback of coflow SHS reactors is a typically low gas permeability of metal powders used as a
solid reagent. Last study showed that this problem may be essentially overcome by using a
granulated mixture of green powder [3].

There are also some gas dynamics problems in conducting of SHS process under conditions
of forced infiltration of gas reactant. It has been shown [6] that, in conditions of forced infiltration
of gas reagent, the planar combustion front may become unstable and acquire the shape of the
Saffman—Taylor fingers. Self-structuring of reaction fronts into fingering configuration in diverse
physicochemical processes is also of current interest for general nonlinear physics. In
technological SHS processes, the effect of fingering instability is exceptionally undesirable since
in this case the conversion of green mixture into product turns out incomplete. In this context, a
theory of such processes must be able to predict process conditions at which the combustion front
retains its planarity over the entire reactor width (cross section) as a prerequisite for utmost extent
of conversion.

The results [6] were obtained under the assumption that the width of combustion zone was
negligibly small compared to that of the reactor channel, which implies an infinitely high rate of
physicochemical processes taking place within the combustion wave. In this work, we numerically
modeled frontal filtration combustion (FC) using the thermo-diffusional and kinetic factors that
ensure a finite width of combustion wave commensurable with the width of the reactor channel,
with special emphasis on planar front stability issues. A mathematical model includes the basic
equations describing FC process [5] and takes into account that during combustion the porosity,
thermal diffusivity, and gas permeability of the medium may change. The time dependent initial
value problem was considered in 2D geometry simulating a slit-like reactor. The results of
computations showed, that at certain conditions the initially planar combustion front is transformed
and takes a form of the finger as Fig.1 illustrates. In particular, a finger effect appears in the case
when a permeability of porous medium increases due to conversion of green mixture into the
product. If permeability of the burned mixture exceeds that of green mixture, a steady planar
reaction front propagation establishes no matter on the ignition conditions.
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Fig.1 Dynamics of the reaction front propagation after a planar FC wave initiation.
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Our recent numerical and experimental investigations [1] have revealed the critical role of
gaseous phases in charge transport during the combustion synthesis of sulfides (CSS).
Nevertheless, it is well known [2, 3] that distribution of electric resistance of solid in a combustion
wave may have the strong effect on the wave mode stability and propagation under absorption of
an external electromagnetic field and consequently under the similar conditions it may influence
on charge transport in CSS also. In this paper we report the experimental results and based on them
theoretical predictions of the impact of solid phases into charge transfer during CSS. Thermal
instability of the CSS front caused by the distributed resistance in solid which turns out as an
alternative way to charge transfer by gas convection. The experiments demonstrated that for
different argon pressures the combustion front velocity by the reaction Zn + S = ZnS doesn’t
exceed ~7 mm/s.

Figure 1 shows the temporal electric voltage (with absolute value of 4 V), electric
resistance and temporal reaction temperature generated by a planar thermal front during the
combustion synthesis of ZnS. Duration of the voltage rise appears to be much shorter (0.2 s) than
that of the voltage decay (0.8 s). We should notice that in each experiments we always measured a
negative potential on the upper electrical probe. The upper probe is charged negatively
independently on the ignition place (top or bottom) as well as on the sample length. These
experimental facts may be explained by generation of a negatively charged gas during the CSS
reaction only. To describe numerically the complex electro- and gas-dynamic features of the CSS
we used two-level approach developed by Markov [4] who investigated cooperative multiphase
processes in the course of Chemical Vapor Deposition (CVD).

While the CSS model equations with the exception of kinetics on a microscopic level are
completely similar to those in the carbon combustion synthesis of oxides (CCSO) model [5] on the
macroscopic level they are strongly different from those. The purpose is that in addition to mass
transfer they describe also transfer of the charged carriers: ions, cations, as well as electrons and
electron holes. The law of conservation of matter in gas phase follows to:

Py
ot

+V (1o, u) = (1= )90
JmaCrO

Here is similar to the quasi-steady approximation in which the fluxes 79 of gas-solid
interaction are determined by the reaction kinetics.
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Figure 1. (a) — Temporal temperature, and (b) - Temporal electric resistance of solid during CSS
(curve 2) and temporal temperature of Zn + S = ZnS (curve 1) measured in-situ.

The simulation demonstrated that the rate transfer of solid components is limited by their diffusion
and is slow, while motion of sulfur vapors, which contain charged ions and electrons proceeds
much faster, forming a vapor cloud charged negatively ahead of the combustion front.
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In SHS practice, gas-solid combustion modes with natural infiltration of oxidant are most
popular. In reality, combustion is always proceed on conditions of heat sink to the environment,
which leads to a decrease in combustion temperature and hence in burning velocity. The presence
of heat sink is known to result in appearance of wave propagation limits, the critical drop of
combustion temperature is a characteristic interval and accordingly the burning velocity decreases
by a factor of Ve [1]. In the theory of filtration combustion, the effect of heat losses was analyzed
only for the case when all sample boundaries are gas impenetrable except for one which is open to
exchange with a large bath of gas [2]. The reaction is initiated at the opposite end of the sample
and all gas to combustion front is supplied from outside (the initial gas content in pores was not
taken into account). It has been shown that in this case two combustion modes are possible, with
complete (a) and incomplete (b) conversion. In case (a), the combustion limit exists in full
accordance with general combustion theory [1] but in case (b) there was no any combustion limit.
At high pressures, the amount of gaseous reactant in the pores becomes sufficient for maintaining
combustion even without external gas supply. Such a situation was analyzed [3] for steady
filtration combustion in adiabatic conditions. The effect of heat loss in the absence of external gas
exchange was analyzed in [4] and the existence of combustion limits was found for both cases (a)
and (b). In view of the above discrepancy, it seemed interesting to revise the effect of heat losses
on the basis of a generalized mathematical model.

The results of analytical solution to the problem are presented in the Figure showing the
dependence (CD; curve) of critical value of parameter R (that defines a combustion mode) on heat-
transfer coefficient o for three initial gas pressures po. At a given level of heat losses (o),
combustion is only possible for R < R (o). The range of combustion mode (b) (ns < 1) is under the
BCD; curves. Transition from mode (b) to mode (a) takes place on the curve BC.
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Horizontal straight line A4C corresponds to the extinction of mode (a). The dashed curve close to
CD; (po = 0.1) corresponds to the boundary of mode (b) within limits of low initial pressure (this
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border approaches asymptotically to the abscissa axis). With an increase in po, the CD; curves at
large R approach not to the abscissa axis but to some horizontal asymptote such as FD3 (in case of
po = 0.7). Position of such asymptotes is defined by some critical value of a for the steady
combustion sustained only by the gas reactant initially located in the sample pores [4]. The larger
Po, the higher is position of the respective asymptote. For a given po, the combustibility limits are
confined by the ACD; curves. Beyond this region combustion is impossible because of too high
heat losses.
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Prospects for production of new materials with improved properties are connected with
obtaining metastable compounds in non-equilibrium conditions. Explosion loading provides great
opportunities to control the creation of such materials. These processes are accompanied by
structural changes and often chemical reactions. As previously thought, high temperatures were a
sufficient condition for initiation and development of exothermic reactions. In fact, the initiation,
subsequent development and total completion of chemical reactions in the shock wave depends on
the amplitude and duration of the shock wave, and high temperatures are an additional contribution
to the development of synthesis. The initial dispersity of the mixture also influences on the
initiation and development of solid-phase synthesis reactions. The lower the dispersity of
components in the mixture, the less favorable conditions to complete the synthesis under identical
loading conditions of multicomponent mixtures.

The purpose of this work is to numerically study the modes of solid-phase synthesis of
aluminum sulfide (Al,S3) synthesis depending on the initial dispersity of the mixture from
aluminum and sulfur and duration of shock waves on the basis of a multicomponent medium
model [1].

Numerically in the axisymmetric formulation we considered explosive loading of a steel
cylindrical ampoule that contained a porous mixture of aluminum and sulfur (AI-S). The
composition of the mixture was 0.65 mass fractions of sulfur and 0.35 mass fractions of aluminum,
which corresponds to the stoichiometric ratio of the Al,S; formation. The action of explosives
surrounding the ampoule was simulated in the calculations by the action of pressure from
explosion products on the horizontal layer of the ampoule. The detonation velocity was 3.3 km/s
on the basis of experimental estimates [2]. The duration of the shock wave was changed depending
on the diameter of the explosive.

In the paper we assumed that the pressure criterion for the initiation of a chemical reaction, and the
rate of reaction depend on the initial dispersity of the mixture. For the powders of aluminum and
sulfur with a low dispersity, we chose the temperature criterion T, = 933 K (the melting point of

aluminum) and the pressure criterion P, = 1.6 GPa. The rate of chemical reactions K, was 240.8
GJ/(kg*s). For the powders of aluminum and sulfur with a high dispersity, T, =933 K, P, =1.0

GPa. The rate of chemical reactions was 280.8 GJ/(kg*s). The initial porosity of the mixture (the
ratio between the pore volume and the total volume) was 40%.

We found that the process of chemical transformations proceeds in three stages, including
an intermediate stage when the reaction stops. Behind the front of a shock wave in the case with a
low dispersity and short time of loading, the reaction stops, since the pressure criterion is not
satisfied, and the temperature criterion for initiation of the reaction is not steel reached. Then the
chemical reaction is again initiated due to performance of the temperature criterion and completed
totally. In the case with a long time of the shock wave action and high dispersity of the mixture,
the reaction proceeds in a two-stage regime: initiation in the passing shock wave due to
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performance of the pressure criterion and total completion behind the passing shock wave due to
achievement of the temperature criterion.

We found out the contribution of pressure to the development of solid-phase synthesis in the lower
part of the ampoule due to the shock wave reflected from the lid of the ampoule, but this effect is
limited in time.
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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 triplex compounds titanium-aluminum-nitrogen is possible too. These
compounds belong to MAX phases which are of great interest nowadays and they possess
unusual combination of properties. On the one hand they are characterized by high electric and
heat conductivity and machinability like metals. On the other hand they are distinguished by high
thermal and oxidation stability like ceramic materials.

The aim of the present work was to investigate combustion modes of the ternary system titanium-—
aluminum-nitrogen depending on the chemical and phase composition of the initial mixture of
solid reagents and the initial pressure of nitrogen.

For preparation of the initial mixture we used powders of titanium, aluminum and
intermetallic powder TiAl. These powders were mixed in the planetary ball mill during 20
minutes. The prepared mixture with the bulk density was placed into the filter paper vessel of 15
mm in diameter and 50 mm in height. Thermal couples WRe5/WRe20 were installed at the preset
destination for measuring the combustion velocity and temperature. The experiments were
carried out in the reactor under nitrogen atmosphere. The burnt specimens were analyzed by
means of X-ray phase analysis and scanning electron microscopy.

Video recording shows that in the system under study we can observe a large variety of
combustion modes depending on the composition of the initial mixture and the initial pressure of
nitrogen. Besides the well-known stationary combustion modes (layer-by-layer and surface
burning), the multipoint (flickering) mode is observed. Sometimes the multipoint mode changes
into the mode of several hot spots. And in some cases we deal with one hot spot moving in a
spiral, so called a classical spin mode.
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Figure 1. Thermocouple readings.
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It is well-known that in the case of the surface combustion mode the stage of the front
propagation is changed by the stage of after-combustion when the samples keep on lightening
due to nitrogen consumption in the internal layers. Besides, a well-pronounced change of stages
was observed in the system under study. After the shining front propagation the sample was
cooled to disappearance of the visible lighting. And then it began shining again with the growing
intensity. In fig.1 you can see the thermocouple readings for the combustion of TiAl and Ti
powder mixture (molecular ratio 1:1) under nitrogen pressure of 2 MPa. The first sharp
temperature growth corresponds to the combustion front propagation. The medium velocity was
2.2 mm/sec. Then the sample was cooled, the external lighting disappeared although the
temperature in the sample axis was above 1000°C. The second stage of the exothermic interaction
was characterized by the temperature higher than that of the first stage. Moreover, it occurred in
the whole volume of the sample. It was proved by the visible lighting of the entire sample and
almost simultaneous achievement of the second temperature maximum registered by the
thermocouples situated 20 mm apart.

To sum up, the carried out investigations of the ternary system titanium-aluminum-—
nitrogen revealed the interesting picture of this process with different combustion modes and put
a set of questions. The answers to these questions should be found in our forthcoming
investigations.
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In conditions of instability, a planar front of infiltration-assisted combustion was found to
split into individual hot spots (cells) propagating in an oscillation mode and leaving behind
combustion products with the imprints of their periodic motion. Discussed are some subtle details
of the phenomenon.

As reported in [1], the unsteady planar front of infiltration-assisted combustion, also known
as filtration combustion, can (in conditions of limited supply of gas reagent) degenerate into
individual self-sustained combustion spots (cells). Qualitatively, the process can be compared with
formation of the cellular structure in gaseous flames [2].

We propose and justify a simple algorithm for the experimental study of filtration
combustion for the experimental study of filtration combustion in a quasi-two-dimensional
approximation. The nonlinear dynamics of cellular structure of the filtration combustion front have
been studied using this algorithm. The pulsating mode of motion of cells of exothermic chemical
conversion was found for the first time. It is shown that instability causes a flat filtration
combustion front to “split” into individual cells of exothermic chemical conversion, which leave
behind condensed products in the form of strips while moving in the condensed medium layer. The
cell can grow and divide or, vice versa, reduce and die.

The titanium powder was used as the condensed porous reagent with a layer height equal to
2,5 mm. The gap between the quartz glass and the titanium layer was 4-3 mm. Atmospherics air
was selected as the active gas reagent. It is known that titanium actively interacts with oxygen and
nitrogen at high temperatures to form condensed TiO, and TiN. The powder layer was smoothed
and slightly compressed. In the presence of gas-reagent deficiency , the rectilinear front broke up
into separate cells of almost identical characteristics size with a certain distance between them.

Figure 1. Top view on the reacting layer during the cellular combustion.
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During the motion of cells, the products of combustion cooled and formed a trace that
different in color from the initial titanium. The brightness of individual cells could vary time in
time and be different cells. A direction of spot (cell) motion is defined by a local temperature at the
edge and conditions of gas supply. Frontal expansion (degenerate combustion) creates a new
reaction zone in front of cell. The instability of a planar front with such structure give birth to a
new cycle of periodic front propagation. The process remind breaststroke swimming: strong stroke
of hands ahead (thermal explosion), movement of hands aside (frontal combustion solid reagent),
and preparation to a new cycle.

At limited access of a gas reagent, the cell tears off from the warm-up zone toward the
direction of a gas infiltration and forms a new cell. We proposed and implemented a simple,
visualy acceptable method of the experimental investigation of nonlinear dynamics of propagation
of the cellular filtration-combustion front for condensed reaction products. We showed the
possibility of occurrence of cellular structure of the chemical interaction as a result of destruction
of an unstable filtration-combustion front. The periodic pulsing mode of the cell propagation was
found.
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A mathematical model of two-zone infiltration-mediated combustion of a porous solid reagent
(Ti) in an isobaric counter flow of three-component gaseous reagent (air) was constructed and
numerically analyzed. We explored structural features, stability issues, and also the influence of
inert impurity gas on the initiation and structure/stability of two-zone combustion waves.

Infiltration-assisted combustion (also termed filtration combustion, FC) is a kind of SHS
processes promissory for industrial-scale implementation. Mathematical model of FC in porous
media was suggested in [1-3] with special emphasis on stability issues.

Since in reality gaseous reagents are mostly multicomponent, this can result in the onset of
combustion modes with spatially separated reaction zones. Multistage combustion of porous media
is controlled by infiltration of gas reagents into a porous body. Moreover, the process is
additionally complicated due to formation of inert product. At the same time, some solid reagents
(such as Ti) are capable of reacting with both nitrogen and oxygen from such a gaseous reagent as
atmospheric air. The process can also be affected by evolved inert gases (such as argon).

In the present study, we explored the structural features and stability of tandem-like double
wave of infiltration-mediated combustion propagating over a porous solid reagent (Ti) in an
isobaric flow of three-component gaseous reagent (air) and suggested an appropriate mathematical
model.

The combustion geometry and top view of the reactor are presented in Fig. 1. During
combustion, gas reagent (air) is allowed to enter inside at rate V through a slit left at the left.

Infiltrating air is assumed to contain nitrogen in concentration ¢,, oxygen in concentration ¢, and
inert impurity (Ar) in concentration ¢, .

0

Fig. 1. 1, first wave zone; 2, second wave zone; U, burning
velocity; V, rate of gas supply; Hj, air gap height; H,, height
of charge layer (Ti powder); and Lo, sample length

Transversal gas motion and temperature profile will be neglected. According to [2], the
measured pressure difference before and behind combustion front was below 10~*atm . This gives
us grounds for applying a quasi-isobaric approach to our analysis.

The analysis of non-stationary filtration combustion modes, taking into account the
multicomponent gas mixture, showed high sensitivity of the filtration front structure to the
concentration of inert gas. It is shown that the accumulation of inert gas components in the area of
the products leads to a change in the structure and in the dynamics of a two-stage front. The
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conditions of control and separation modes have been found. It is shown that increasing the
concentration of the inert gas in the mixture leads to increasing the distance between the reaction
zones in control mode and decreasing the thermal interaction between the high-temperature zones.
This reduces the velocity of the front and temperature in each of the reaction zones. It is shown
that the maximum flow rate of gas is achieved in the transition area from the complete
transformation of the condensed phase to the incomplete transformation. For small values of
porosity, where we have the regime of incomplete burning, the speed of the front, temperatures in
the zones of the two-step reaction front, depth conversions condensed components increases.

Stability of a two-zone combustion wave is defined not only by heat transfer parameters but
also on the parameters of gas supply to the reaction zones. It was established that with increasing
fraction of inert gas in a mixture the combustion front stabilizes.
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Functionally graded materials produced by SHS compaction are essential for civil and
military aplplications including such important area as productioon of high-durability light armour.
The quality of the SHS compaction product depends on its micro-structure and such characteristics
as porosity, mechanical strength and hardness. These properties are strongly influenced by phase
transitions and structure ransformations occurring during SHS of the material [1, 2]. Therefore,
thermodynamic modelling seems to be a promising instrument for the optimization of SHS
compaction-based production method.

The optimized thermodynamic modelling results in better understanding of important
properties of the materials in question as well as allow one to improve the accuracy of their phase
diagram plotting and analysis. The use of databases containing optimized thermodynamic model
parameters lead to more reliable prodictions for characteristics of recently developed and novel
materials.

With a view to the theoretical study of phase transformations in the Ti-B alloys and
plotting the corresponding phase diagram, the compilation-optimization procedures were carried
out for metals, compounds and irregular solutions of data bases (PURE, PSUB, SSOL, PBIN PKP)
belonging to the Classical Version Thermo-Calc (TCC) [3]. These procedures involved determi-
nation of the number of the parameters characterising interactions between the elements of liquid
and solid solutions and for metallic compounds and estimation of their values [4]. The obtained
numerical values were entered into the Local Databases (TDB) of the program Thermo-Calc.
According to calculation of the phase equilibriums and the topological analysis for the binary Ti-B
mixture, the minimum temperature for the TiBgg synthesis is 1810 K. This limiting temperature is
also preferable for the synthesis of high-density TiB. The minimum temperature required for the
successful SHS compaction of TiB, was found to be significantly higher (2440 K). In general,
these requirements can be explained by the necessity of the presence of liquid phase in the
compacted SHS product which facilitates the plasto-elastic deformation shrinkage and a decrease
in the closed porosity. As a result, one can obtain a desired high-strength material characterized by
a minimum level of the residual stress ensuring higher resistance to internal structure collapse.

From the viewpoint of energy efficiency, for the optimization of the temperature status of
the SHS compaction product the utilization of the heat released during the synthesis seems to be
quite reasonable. For this to achieve, one needs to minimize the released heat loss before the
compaction stage is complete. Some data on tests of a new press-die which design ensures a
reliable heat insulation of the SHS-product due to its continuous vacuumization during the entire
process of SHS compaction are presented. The rigid porous quartz band provides both required
heat insulation of the hot SHS-product and impurity gases extraction into the vacuum piping
connected to the press-die. The temperature of the walls of used press-die was found to reach only
120-170 °C which is significantly lower than the temperature of traditional press-dies (450-500
°C) heated-up during SHS compaction.
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Obtained theoretical data on thermodynamic modelling of SHS compaction of the Ti—B-based
individual and functionally graded materials are presented. Results of the testing of the new
vacuum press-die for SHS compaction of the Ti—B-based materials are given.

Due to the improved heat insulation and press-die vacuumization, the SHS compaction product
exhibited denser and stronger structure (Fig. 1).

Fig.1. Macrostructure of the functionally graded material

The photo of the fracture surface of functionally graded material obtained under regular SHS
compaction is shown on the left side while the macrostructure of the same material sample
synthesized in the new press-die provided the improved heat insulation and vacuumization is
shown on the right side. The average value for the micro-hardness of the second sample in the TiB
layer is 22900 MPa, in the TiB; layer, 31400 MPa.

REFERENCES

[1] D. Sakhvadze, G. Tavadze, A. Shteinberg, D. KhanTadze, G.Dzhandieri. Method for Application of
SHS - Compacting in Vacuum. XI International Symposium on Self-Propagating High
Temperature Synthesis, (2011), Anavyssos, Greece, 358-360.

[2] D. Sakhvadze, G. Tavadze, A. Shteinberg, G. Dzhandieri, O. Aptsiauri. Issues of Quality Control of
SHS-Compacting Products. Seventh International Conference «Materials and Coatings for
Extreme Performances: Investigations, Applications, Ecologically Safe Technologies for Their
Production and Utilization», (2012), Katsively, House of Scientists of NASU Crimea, Ukraine,
312-313.

[3] B. Sundman. Div. of Computational Thermodynamics, Dept of Materials Science and Engineering,
Thermo-Calc Software (TCC), Royal Institute of Technology, SE-100, 44 (2002), Stockholm,
Sweden.

[4] G. Gordeziani, M. Mikaberidze, E. Gozalishvili, D. Ramazashvili, L. Akhvlediani. Elaboration of
Thermodynamic Computational Model and Calculation of Phase Equilibrium Diagram for Ternary
Ti-8Ni-(0-5)Si System Alloys. Georgian Technical University, Transaction, Ne2(480), (2011), 47—
50, (in Russian).

34



Proceedings of the Xl International Symposium on Self-propagating High-Temperature Synthesis

21-24 October 2013, South Padre Island, Texas, USA

SIMULATION OF SHOCK COMPRESSED REACTIVE POWDER MATERIALS

V.N.Leytsin", M.A.Dmitrieva
Immanuel Kant Baltic Federal University, Kaliningrad, A.Nevskogo str.,14,236041, Russia
leitsin@mail.ru

Exothermic chemical reactions in powder mixtures under shock compression are
considered. The macroscopic structure of concentration inhomogeneity of components and specific
pore volume formed during the preparation of the mixture and pre-compaction is taken into
account. Element of the macroscopic structure is considered as a representative volume of the
reacting medium - the reactive cell. Reactive system is represented by heterogeneous system of
components with defined structural parameters, physical and chemical characteristics. Material of
separate component is homogeneous and isotropic with specified physical properties. A model of
physical and chemical processes in the shock loading reactive powder mixtures [1] based on the
approach that combines elements of discrete and continuum approaches is developed. The
mathematical model is represented by a set of non-stationary problems of thermal balance, shock
modification of the powder material, forced filtration, macrokinetics of chemical reactions. The
basic concept of modeling completed with taking into account the heterogeneity of plastic
deformation of the powder particles, the incubation time of the phase transitions, the kinetics of the
development of powder components damage during dynamic deformation. Thermomechanical
state and phase composition of the reactive medium are considered at the macro and micro levels.
A hierarchy of spatial and temporal structures of nonequilibrium physical and chemical processes
leading to the formation of structures synthesis product, initiation and run of ultrafast chemical
reactions in reactive powder mixtures at the shock pulse front is considered.

Simulation of the shock modification of reactive powder mixture is carried out on basis of
the energy conservation law. The characteristics of the porous medium behind the shock pulse are
considered as effective mechanical parameters of the final state of the powder compact. It is
supposed that during the shock compression the energy is accumulated with a constant velocity. It
is assumed that the dissipation processes can be separated into two states [2]: during pore closure
and afterward. These processes lead to the increase in the reactivity of the reactive mixture —
mechanical activation. At first state the plastic deformation of particles into pores takes place, and
at the second state pore collapse is accompanied by shear localization resulting in destruction of
particles surface layers. The shock pulse energy can be spent on work to eliminate the oxide and
adsorbed layers from the particle surfaces. In this case, the existence of the incubation period of
destruction, instant and current damage level of the particulate material, gives a chance for
adequate modeling of the physical process at the shock pulse front [3]. This approach allows us to
consider initial and the current levels of shock activation of reactive powder components.

The algorithm of the numerical solution of imitating simulation problems is developed on

the basis of the created model, providing the solution of the connected problems of mechanical
modification of a powder mixture during dynamic loading, a macrokinetics of chemical reactions,
thermal balance and a filtration of a liquid phase in view of the kinetics of mechanical
damageability and phase transitions. Every model parameters are refined via the iterations. The
changes of components concentration, porosity, phase states are taken into account.
Product of mechanochemical transformations is a composite material composed of the structural
elements of the initial mixture components and the reaction product. Linear dimension of the
structural elements of the product of chemical reactions depends on the size of the mechanically
activated zones of the particles of the reacting components.

35



Proceedings of the Xl International Symposium on Self-propagating High-Temperature Synthesis

21-24 October 2013, South Padre Island, Texas, USA

The simulation of physiochemical processes in the Ni-Al and Ni-Ti powder mixtures allows us to
analyse the influence of phase transition and the convective mechanisms of phase and mass
transfer on the Kkinetics of different conditions of synthesis processes as well as the conditions of
the formation of the macroscopic structure of physiochemical transformation product.
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The emission of sound waves in the range of 20 Hz - 20 KHz accompanying appearance
and moving of chemical exothermic waves in a mix of organic powders was studied for the first
time at reaction of oxyhalogenation [1] and other.cExperimental device for acoustic diagnostics of
organic SHS (OSHS) processes [2] has been designed and constructed. It includes the specific
reactionary cell placed in the multilayered soundproof camera, the parabolic concentrator of sound,
sensitive detectors, the computer recorder and the spectral analyzer of acoustic signals.

The technique for acoustic measurements at low-temperature interaction (less then 300 °C)
of organic or inorganic powders mixes in mode of OSHS was developed. It includes registration
and processing of signals of the acoustic phon, useful signals from the reacting medium and from
the special acoustic labels entered in a reacting mixture.

Acoustic signals from reacting mix were written, their dynamics was investigated, the spectral
analysis, including differential analysis, - was carried out. Correlations between macrokinetic and
acoustic features of OSHS wave, and also structure of the final product are found out.

It is shown that the acoustic wave emitted from traveling wave of OSHS, have the
spectrum specific to chosen reacting systems. It contains the information about reaction wave
location, character of mass-transfer, cracking of crystals and other processes accompanied by
movement of the reactionary medium. On the Figure 1 the spectra of acoustic emission from a
reacting mix (top figure) in comparison with a phon signal (bottom figure) are resulted.

The possible assumption about the nature of acoustic waves at OSHS, relation of emission peaks in
acoustic spectrum with concrete processes in the wave of OSHS was made.

Preliminary researches of organic crystals thermal cracking (> 15 kHz, high frequency
range), formation of bubbles in reactionary melt and porous structure of the final product (~ 1,7
kHz, low frequency range) were carried out (Figure 2) on the basis of acoustic date.
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Figure 1. Acoustic spectra (intensity, dB — frequency, Hz).
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Figure 2. Microstructure of the product.

The study made has allowed tooffer above-mentioned acoustics techniques as effective in-
situ method for diagnostics and studying of such thin features of OSHS mechanism, which are
unaffected at studying with other traditional methods of research.
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Microwave (MW) energy can be used to ignite combustion synthesis reactions in order to
completely convert reactant mixtures and obtain peculiar microstructures [1, 2]. With respect to
more conventional ignition techniques, the use of MWs suffers from usually poor reproducibility
due to the possible electromagnetic field distribution-related ignition mechanisms. Indeed, ignition
can occur by direct interaction of the reactants with the electromagnetic field, or by their indirect
heating by the use of microwave co-absorbers or due to the possible occurrence of breakdown
phenomena [3]. In the present study, microwave ignition of mixtures of powdered metal reactants,
one of which is aluminium and the remaining one is of ferromagnetic nature (Ni, Co, Fe), was
performed in regions of predominant electric or magnetic field of a microwave applicator
operating at 2.45 GHz. These reactions, when a high heating rate is applied, are usually preceded
by the formation of liquid aluminium, which then reacts with the other elements to form the
corresponding intermetallic phases [4]. The aim of the work is to improve the process
reproducibility and to propose new strategies to optimize the synthesis of high purity aluminide
intermetallics.

Microwave ignition in predominant electric field regions resulted less reproducible than in
case of magnetic field due to arc generation phenomena. In the experimental conditions
investigated, ignition in predominant magnetic field resulted possible and occurred more rapidly,
provided the Curie temperature of the ferromagnetic powders in the load is higher than the melting
point of aluminium. The obtained experimental results were concurrently supported by a numerical
simulation approach, in order to investigate the different microwave power penetration depth (skin
depth) profiles, deriving from the different configurations of the load into the MW single mode
cavity. In this way it resulted possible to predict the microwave ignition mechanism, as well as the
ignition region of the exothermic reaction. With the same approach it resulted also possible to
estimate the different contributions to the overall microwave power densities deriving from E and
H field strength values, thus evaluating which configuration allowed also a moderate preheating of
the reactive specimen prior to ignition. Moreover, despite the lower reproducibility, during
combustion synthesis, and after its completion, it was found that the obtained aluminides can be
heated more efficiently by exposure to electric field, and this can be proficiently exploited to
provide energy to the reaction front, thus altering the products cooling rate and the resulting
microstructure [2].
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Despite a huge number of theoretical and experimental studies on combustion of
heterogeneous condensed systems, the influence of pressure applied to a burning sample on the
parameters of combustion has not been studied so far and still remains unclear. Meanwhile,
applied pressure could be expected to improve contact between reacting particles and thus to raise
the thermal conductivity and heat release rate. Relative contribution from the processes of
mass/heat transfer is a key point in the combustion theory of heterogeneous systems.

In this work, we investigated the phenomenology of combustion in compressed Ti + C powder
mixtures. Ti + C mixtures were prepared from the powders of titanium (PTK, brand, mean particle
size <180 um, >99.5% pure, hereinafter Ti I), titanium (PTM brand, mean particle size <45 pm,
>99.1% pure, hereinafter Ti II), carbon black (P804T brand, <1 um, 99.5%) and diamond (DAGk
20, specific surface 30-60 m?/g). Cylindrical green pellets (¢ = 12 mm, | = 15-30 mm) with a
relative density of 0.6 were obtained under a pressure of 200 kg/cm?.

Compression pressure was varied between 1 and 100 MPa and kept applied during experiment.
A voltage difference arising in the sample during combustion was detected with two electrodes
made of a Ni foil 100 pm thick and 1 mm wide. Propagation of combustion wave was also
monitored with photodiodes via two silica lightguides.

Figure 1 shows burning velocity as a function of applied pressure for Ti I + C, Ti Il + C
mixtures. With increasing of compression pressure, the values of burning velocities are seen to initially
grow, attain their max value, and then gradually decline. The largest value of burning velocity was observed
for Ti Il + C mixtures, which is one order of magnitude greater than that in the absence of applied
compression pressure.

Obtained results can be associated with the influence of several factors. It is known that
combustion velocity is proportional to thermal conductivity of burning material, heat release rate
and inversely proportional to the size of reagent particles. We assume that applied pressure
improves the surface of contact between the particles of heterogeneous mixture. It leads to an
increase in thermal conductivity of samples.

With increasing applied pressure, the combustion temperature decreased as well as the burning
velocity. This was also supported by the data of elemental analysis of end product: with increasing
of pressure, the free carbon content grew from 0.3 to 2.1 wt %.

Figure 2 shows burning velocities for systems Ti 11-C (carbon black) and Ti 11-C (diamond)
as a function of carbon content (P = 8 MPa). Maximal burning velocity was attained during
combustion of stoichiometric compositions. Deviation from stoichiometry leads to a decrease in
burning velocity. In spite of different reactivity of carbon black and diamond, combustion limits
are achieved at the same concentrations of carbon.

Maximum burning velocity for Ti 11+ carbon black is 230 mm/s, and 40 mm/s for Ti Il +
diamond. The difference can be associated with different reactivity of carbon black and diamond,
but critical burning velocities are almost equal. It is caused by increasing warm-up time nearby
combustion limits and by phase transformation of diamond into graphite. Thus reactivity of carbon
and burning velocity are increasing. The transformation of diamond into graphite was confirmed
by XRD and SEM.
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Figure 1. Burning velocity U as a function of applied pressure P for (1) Ti | + C, (2) Ti Il + C mixtures.
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Figure 2. Burning velocity U as a function of Ti/C for Ti Il + diamond (1) and Ti Il + carbon black (2).
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The joining formation between the coating and base or the transitive zone between
materials may happen rarely during the synthesis process on the base. To form the transition zone
additional heat treatment is required. Moreover under such conditions it’s not always possible to
organize steady self-sustaining process. However the substrate that removes heat from the heating
zone may considerably influence on the reaction regimes initiation and layer-by-layer propagation
in the solid phase, similar to the effect of inert inclusions, inert rods, or the joined materials on the
transformation regimes in such systems. Owing to heat loss by radiation and finite quantity of heat
conduction coefficient, kinetic regularities can differ in various parts of the sample that as the
result will lead to nonhomogeneous phase structure of final-product.

In the work investigated two-dimensional model of solid phase synthesis coating on the
substrate under controlled heating takes into account the kinetic and heat phenomena [1]. As a
model system the mix of the titan and nickel. The substrate - steel. The system of chemical
reactions is written according to the phase diagram of Ti-Ni [2]. It is considered in the model that
chemical reactions are decelerated by the product layer. In macrokinetics for reactions of this type
(heterogeneous reactions) are special deceleration parameters [3]. The thermodynamic and
physical properties are known from the experimental date or are calculated by special shape [4, 5].

The numerical decision of the problem on each step of time is run two stages. The first
stage consists of the solution of the problem of heat conductivity by the method of splitting onto
coordinates with the use of linear screw die. The second stage consists of the solution of the kinetic
problem by Euler's implicit method. Function (T )= exp(— Eaj/RT) is displayed in Taylor series

under the temperature from the bottom layer, limiting by composition of first-order of vanishing by

AT =T —TJ_ In this work determines the distribution of temperature and concentrations of
elements and compounds in different time.

Let's discuss the case when the first surface of the base is heated by steady source to
temperature of T,=1200 K steady source. Then the coating surface is heated by the steady source
of the smaller size. So, in figure 1 as an example space distribution of TiNi concentration, which is
basically synthesized, are presented at the various moments of time. The dark area in figures is
maximal value of concentration, white area - the minimal value of element concentration and
transition region is defined by grey color «reaction front. It is seen, that initiation of the reactions
are initially occurred on the surface in the contact with the base (fig.13, a — dark area). Since the
beginning of the heated base to temperature of T=1200 K. Then the initiation reactions are initially
occurred on the surface in the zone of influence of the external source (fig.1, b — dark area). It is
visible that in this variant of processing it is the synthesis process in the entire region (fig.1, ¢ —
dark area). With increase in temperature of the base and or extension of radius of source influence
the second area increases but distribution of elements in the whole reacted area becomes
heterogeneous [1].
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Critical conditions for combustion failure due to heat loss to the environment are examined.
The process of filtration combustion is considered under conditions where a cellular structure of
the front is realized, because the planar combustion front loses its stability and splits into separate
cells of exothermic chemical conversion, which propagate in self sustained mode. The size and
structure of the cells of chemical interaction depend nonlinearly on the governing parameters,
including the rate of heat loss to the environment. Within the framework of a mathematical model
of filtration combustion, the steady state dynamics of the combustion process and the structure of
the cell of exothermic chemical reaction of a powder mixture with a gaseous reagent with the
formation of solid products are simulated. The specifics of the evolution of the cell before
combustion failure as a function of the heat loss rate are studied.

In [1], Ya.B. Zel’dovich formulated the foundations of the modern theory of the effect of
heat loss on the combustion process. He showed that, despite the continuous dependence of the
laminar flame speed in gases on the combustion temperature, the combustion process breaks down
abruptly at a critical temperature, being realized only in a limited interval of high combustion
temperatures. A nonlinear relationship between the rates of heat release and heat loss leads to the
disruption of combustion. In the case of instability of a flat filtration front, again there is a need of
further analysis of combustion failure. The combustion process was investigated using a three
dimensional difference analogue of differential equations in conjunction with an implicit finite
difference approximation and separation of coordinate directions.

In the cellular mode Fig.1 of filtration combustion of porous compositions, heat loss makes
the combustion process concentrate in individual cells. In what follows, we examine the nonlinear
dynamics of the evolutionary process in a cell at various intensities of heat loss within the
framework of a quasi two mathematical model of filtration combustion.

The critical phenomena of distribution of the filtration combustion front under the
influence of external heat loss are of scientific and practical interest. In studying the process of
combustion, it is important to know the region of existence of the front, a factor that determines the
reliability of the process for use in technology.
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Figure 1. The structure of high temperature cells (fields of temperature, pressure, and extent of
conversion).

The structural diversity of self sustaining combustion fronts, which arises due to the
instability of the front, expands the scope of technological applications of the combustion process,
but, at the same time, complicates the analysis of the safety of operation under such conditions.
Various forms of frontal regimes require determining the parametric regions of their existence and
analyzing their sensitivity to thermal impacts. A simplified one dimensional analysis of the
possibility of exothermic interaction in these porous media may turn out to be incorrect because of
a multidimensional cellular structure of the front. This is a rather complex nonlinear problem;
therefore, the present work formulates no simple recommendations. The present study rate
provides information on the possible process involved and outstanding problems.
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It is now well accepted that the functionality of materials such as sensors, catalysts and
pigments, is dependent upon the presence of atomic-level defects such as Schottky, Frenkel, etc
which distort the atomic structure. Controlled defect structure of this type is usually obtained by
doping with specific ions either during synthesis or by surface treatments. In this regard, it would
be beneficial to be able to utilize knowledge of lattice distortion to determine or predict the
performance of a new material. In this paper, we present evidence that atomic spacing of specific
lattice layers, can be used as such a predictive parameter, which can aid in optimizing the catalytic
performance of spinels such as catalysts, pigments and other materials.

The spinel structure is fairly empty and flexible in the accommodation of non-
stoichiometry, and is characterized by an excess of bivalent cations, located at both tetrahedral and
octahedral sites. Cations in the spinel structure can easily be substituted by many other cations to
give multi-component systems, whose crystal lattice properties can be regulated by appropriate
selection of dopant cations.

In the case of heterogeneous spinel catalysts, it is well known that local distortions of the
primary crystalline lattice act as active catalytic centers. The nature and extent of such distortions
depends on the atomic radii of the lattice ions, the type and parameters of the crystalline lattice and
atomic bonds, the size and dispersion of the crystallites, the size and nature of the dopant ions etc.
In the case of spinel nanostructured catalysts for the oxygen reduction reaction, changes in the
crystalline structure of the catalyst with decreasing particle size remains virtually unstudied.
Minor, but functionally significant, changes in the crystal lattice parameters of the active
components of a spinel catalyst are usually caused by introducing various modifying additives,
which increase the number of defects, but a comparable result can also be achieved by transition to
the nanocrystalline state, in which the crystal lattice parameters change because of a sharp increase
in the contribution of the surface forces and the necessity of balancing them. Actually, a decrease
in the particle size of the active component may lead to either a desirable increase in the activity or
to an abrupt decrease of it, which may also be caused by structural changes. This means that, for a
particular catalyst and chemical process, there appears to exist an optimum amount of lattice
distortion that gives high catalytic activity.

Recent studies of nanostructured catalysts for various processes tend to confirm this
observation. For example comparable studies of SHS and solution combustion catalysts show that
decreasing particle size - giving significantly increased surface area - lead to negative result for
carbon dioxide reforming of methane. It has also been observed that, for carbon monoxide
oxidation, reducing nanoparticle size decreases the crystal lattice spacing and decreases activity of
a cerium catalyst. The results indicate that, it may be possible to predict or “tune” the activity of a
catalytic system for a particular process, by appropriate “design” of the crystal lattice. This could
be done by adding specific ions which are known to produce the needed amount of distortion. SHS
and, to a lesser extent, SCS, appear to be ideal techniques for this, since the materials synthesised
by combustion synthesis are often metastable and the atomic lattice remains distorted after
synthesis due to the rapid heating and cooling rates. This has become clear during studies of the
mechanisms of spinel formation in the combustion wave, secondary structure formation in the
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process of further reaction of components and final structure formation in the process of cooling
and is particularly noticeable in the formation of intermediate and non-stoichiometric compounds.
The influence of the existence of distorted atomic lattice on catalytic activity has been studied for a
number of spinel systems. By comparing the published data for SHS and SCS catalysts for various
processes, it was possible to confirm the above conclusion and develop predictive criteria for the
composition and atomic crystal structure giving the highest catalytic activity. Specifically, the
trend of crystal lattice spacing was found to correlate with the trend of the length of the bonds of
organic substances which must be adsorbed, broken on the catalyst surface and recombined with
others for the synthesis of the reaction product. As a result, it is possible to “tune” the lattice
spacing for maximum catalytic activity by doping the material with ions of appropriate radii,
thereby distorting the crystal lattice by the correct amount.

The above method for predicting and “tuning” the functionality of various spinels made by
SHS is also applicable for spinel pigments. By the addition of appropriate dopants, it is possible to
produce almost any colour and hue of the spinel-based pigments, as confirmed from the results of
many years’ work on colour formation in SHS materials. Recently, new systematic studies of
solution combustion synthesis of pigments confirm the applicability of this predictive method for
synthesising a large variety of nano-structured pigments of various colours and hues by regulating
the crystal lattice spacing and particle size. It was found that the major factors responsible for
production of colour in specific spinel pigments, were the type (Co, Ni, Mn, Cr, Fe, Cd, Cu etc.),
atomic size and structure of the dopant and the lattice position in which it enters, which decides the
size and type of lattice distortion. The ionic radius of the dopant metal ion was found to be
correlated to the wavelength of the reflected light from each pigment, i.e. the colour of the
pigment. For example, in the system Co-M-O (where M is the metal ion), the wavelength of the
reflected light was found to decrease monotonically with increasing ionic radius of dopant metal
ion.

It is expected that the above predictive process would be applicable to all types of
functional spinels produced by SHS and SCS with ordered structure and composition. For example
spinel is an important semiconductor material with narrow bandgap which increases efficiency for
photovoltaic systems. Some semiconductor spinels are highly efficient and stable spinel
photocatalysts for visible light catalytic degradation of organic contaminant. These include
ZnFe,Q4, BaCr,04, Cu/ZnMn,04 which have been reported as having photocatalytic activity under
UV and visible illumination. The spinel structure is fairy empty and flexible in the accommodation
of non-stoichiometry, which is characterized by an excess of cations, located both tetrahedral and
octahedral sites. Thus cations in the spinel structure can be substituted by many other cations to
give multicomponent system, whose properties can be regulated by proper selection of the cations,
appropriate adjustment of composition and structure, lattice parameters.
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2. SHS OF MICRON, SUBMICRON- AND NANO-
MATERIALS
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The unique Self-propagating High-temperature Synthesis (SHS) technique allows for an
effective, energetically autothermal formation of different novel materials, including
nanostructural and non-stoichiometric ones, and bearing new phases this all during fast reaction in
the mixture of strong oxidant/strong reducer [1]. This all results from the specific process
characteristics: high temperatures/pressures, short reaction times and very fast quench of gaseous
reaction products during their expansion from combustion zone towards cooling zone. Silicon
carbide as so-called refractory ceramics possesses very interesting physical and chemical
properties, especially in case of its nanostructural morphology this including one-dimensional (1-
D) nanostructures, and nanofibers SICNFs [2, 3].

We earlier investigated a number of experimental systems using the parametric approach to
optimize the SHS production of SICNFs [4, 5]. The commercially available (Sigma-Aldrich®)
reactants were commonly used as the stoichiometric mixture of micrometric silicon and
polytetrafluoroethylene (PTFE) powders. The combustion was carried out in a high-pressure
stainless-steel reactor provided with the observation port to monitor the process and measure the
radiation from the reaction zone [6]. The ignition of combustion with an ohmically heated carbon
tape leads to a rapid (less than 1 s) reaction, resulting in the formation of gram quantities of
sponge-like solid product containing high content of SiC nanofibers having a diameter in the range
of 10 to 100 nm. The nanofibres can be easily isolated and purified using a wet chemical protocol

[5].

It is obvious that the cost of starting reactants distinctly influences the overall process
performance and is one of the barriers in the production of nanomaterials. To improve the
economics of SICNFs synthesis, we propose here the replacement of relatively expensive
commercial reactants by the silicon elemental (as reducer) from waste solar panels and waste
PTFE (as oxidant) powders. Their overall cost is a few orders of magnitude () lower. Thus, such
replacement will drastically reduce the costs of SICNFs production since the operational costs of
energetically autogenic SHS technique are obviously very low. It was found earlier that SICNFs
growth is favored by the presence of the oxygen in the growth zone. Thus, this aspect has been
carefully studied within the present parametric investigations, with the use of carbon oxide (CO,,
CO) combustion atmosphere which proved to be superior during the former exploratory runs. The
use of carbon dioxide (so-called ‘green-house gas’) looks here specially encouraging, both as an
additional source of elemental carbon and of the oxygen which is a component of intermediate
reaction compounds (gaseous SiO). Thus, not only the environmental aspect of such approach is
worth to be mentioned, but also the presented preliminary testing brought very unexpected results:
even so thermally stable compound as CO, can be, under probably partially non-equlibrium
conditions of combustion, atomized to elements.

The diagram (Fig. 1) presents the proposed route to produce silicon carbide nanofibres
using waste starting reactants.
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Fig. 1. The protocol to produce SiC nanofibers from waste PV Si panels via SHS route.
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In the literature nickel oxide reduction was mainly studied at relatively law temperatures
(below 800-900°C) by using C, CO, CH4 or H, as reducing agents. Recently, nickel oxide
reduction was performed by our research group in combustion mode using organic compounds
(polyethylene, polystyrene, melamine, etc.) as reducing agents [1,2] where the process
temperatures reach or exceed 1000°C. It is assumed, that at high temperatures of combustion wave
the main process of reduction took place through hydrocarbon fragments and hydrogen as a result
of reductants’ destruction. In this work the kinetics of nickel oxide reduction by hydrogen and
methane was investigated at T=900-1200°C and P=1-100 torr. The experiments were conducted
on high-speed scanning elektrotermography setup by using Ni wires 100 micron in diameter (NP-2
trademark, purity 99.5%). The latters were preliminary oxidized in air (P=1 atm., T=1300°C, t=150
s) with formation of NiO layer on metal surface with ~6 micron in thickness. Then the oxidized
wires were reduced by hydrogen or methane at abovementioned conditions.

The kinetics of reduction process was investigated by gravimetry, SEM and X-ray analyses
methods. The rate of heat release caused by Ni reduction was also determined by in situ
measurements during the experiments.

It was found that the rate of hydrogen reduction is practically independent on gas pressure,
and the wire weight loss is described by parabolic law (Fig.1la). The SEM examination of
specimens' cross sections indicate, that during reduction a thin and uniform layer of reduced metal
is formed on the surface of wire just at initial stage of the process, which is clearly separated from
the intermediate oxide layer. During the reduction process this layer grows and eventually
incorporates with metal core. Results of experiments testified that the reduction of nickel oxide by
hydrogen occurs via the mechanism of reaction diffusion.

In contrasts to hydrogen reduction, reduction by methane is characterized by existence of a
clearly marked induction period, followed by rapid acceleration of the process. As a result, the
weight loss curve has a S-shaped form (Fig. 1b), which is specific for the topochemical reactions
proceeding via stages of nucleation and growth.
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Fig. 1. Kinetic curves for nickel oxide reduction, T=1230°C.
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a—inHy1-P=2;2-5;3-10;4-100 torr, b—in CH4: 1 —P=10; 2 — 5 torr.

It was shown that the increase of methane pressure significantly reduces the induction
period, and moves the whole reduction process to the shorter time region. At that, if at pressure
range from 2 to 10 torr the average rate of reduction by methane is lower than that with hydrogen,
then at higher pressures (P=50-100 torr) the rate of methane-reduction exceeds the rate of
reduction by hydrogen by a factor of 10-50.

The temperature influence on the reduction rate by methane and hydrogen has complicated
character and as for methane, sharply depends also on gas pressure.
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Metallic tungsten has an important role and applications in various fields of modern
technology. The most widely used process for producing tungsten is based on a long route from
either ore wolframite (FeWO,) or from scheelite (CaWQ,). Salts are dissolved in acid and
precipitated using ammonia to form ammonium tungstate which is subsequently calcined to form
WOQO;3;. The trioxide is then reduced with hydrogen to form metallic W. In recent years
investigations are carried out towards the development of alternative methods of tungsten
production, especially for direct and one stage reduction of tungsten oxide and it's salts
(ammonium, sodium and calcium tungstates) in combustion mode using combined reducers, such
as (Mg+C) or (Mg+Zn) mixtures. This work is aimed to study the formation mechanism of
metallic tungsten from tungsten (VI) oxide and ammonium paratungstate - APT
((NH4)10W1204,*2.5H,0) at non-isothermal conditions using DTA/TG technique. In order to
explore the phase formation dynamics, the reaction was stopped at preliminary chosen points and
the quenched in inert gas flow products were examined by XRD analysis. Before the studying the
reduction process of the WOz and APT with (Mg+C) combined reducers, it was studied behavior
of binary mixtures (WO3/APT+Mg) and (WO3/APT+C) at linear heating.

1. DTA study of WO3-Mg and WO3-Mg-C mixtures In the WO3-Mg binary mixture intensive
reduction process starts in solid state (T=560°C), with Tna = 570°C and practically finished at
T=610°C, thus till Mg melting point (640°C). XRD analysis performed for quenched from 700°C
products shows the presence of Mo and MgO, which form by the following reaction:
WO;+3Mg=W+3MgO

According to the results of the DTA investigations, carbothermal reduction of WOs till
850°C doesn’t occur. Further studies are carried out with (Mg+C) reducing mixture. In the
WO3+0.5C+2Mg “‘stoichiometric” mixture reduction process starts by Mg in the solid state
(~590°C) and is characterized by Tmax=605°C. The reduction process is practically finished at
~660°C. Mg melting doesn’t take place during all reduction process, but both reduction starting
temperature and Tax Shift towards high temperature range about 30°C.

2. DTA study of APT-Mg and APT-Mg-C mixtures It was shown that in all cases the reduction
processes start after decomposition of APT, which was finished at ~450°C and WO3 is obtained as
a sole condensed product. Further, the magnesiothermal reduction of WO3 takes place upon
heating of mentioned mixtures above 560°C. The intensive exothermal reaction occurs at 580-
630°C temperature range and is characterized with T,,,=600°C. The results of XRD analysis of the
products quenched from 700°C are presented in the Fig.1 (a).
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The addition of carbon to the binary mixture leads to the shift of the reduction process at around

90°C towards high temperature.
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Fig.1. XRD patterns of APT+2Mg (a) and APT+2Mg+0.5C

(b) reactions' products, quenched from high
temperature

CONCLUSIONS

Thus in the APT+2Mg+0.5C ternary
system the reaction starts just after
melting of magnesium. According to the
results of XRD analysis for quenched
products, the reduction process of APT
with Mg+C reducing mixture proceeds
completely and metallic tungsten is
obtained as target material (Fig.1b, 800
°C), unlike to the case of APT+2Mg
binary mixture. It was shown, that in the
WO3-Mg-C and APT-Mg-C systems the
shift of characteristic temperatures essen-
tially depends on the amount of carbon
which in fact doesn't involved in
reduction process. Calculated values of
effective  activation  energies  for
magnesiothermic  reduction  processes
show the increase of activation energies in
the presence of carbon.

1. The magnesiothermal reduction processes of WO3; and APT at low heating rates started and

finished in solid state;

2. The addition of carbon to the binary mixture leads to the shift of the reduction process
towards high temperature. Thus in the case of APT the reaction starts just after melting of

magnesium.
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The feasibility of screen-printing process of magnetic nanoparticles produced by
carbon combustion synthesis of oxides (CCSO) is investigated. In CCSO, the exothermic oxidation
of carbon generates a smolder thermal reaction wave with relatively low temperatures at 600-1000
°C that propagates through the solid reactant mixture at a velocity of 0.1-4 mm/s converting it to
the desired oxides [1, 2]. There has recently been increasing interest in the use of BaFe;,019 and
SrFe;2019 hexaferrite in the recording media applications with the emphasis on high-density
perpendicular magnetic recording where nanocrystalline magnetic thin-film media is required.
Furthermore, the nanoscale magnetic ferrites are of particular interest due to their chemical
compatibility with biological tissues and their unique combination of electronic and magnetic
properties such as very low electrical conductivity, high magnetic anisotropy, high Curie
temperature, mechanical hardness, excellent chemical stability, and corrosion resistivity.

Barium and strontium hexaferrite nanoparticles were produced by CCSO via the following
reaction: MeCO3;+6Fe,03+a(C+0,) = MeFe;,019+(a+1)CO, where Me is Ba or Sr. The high purity
(99.9%) reactants mixture used in CCSO contained 11 wt. % carbon nanoparticles “carbon
acetylene” with the average particle size of 5 nm (surface area ~ 80 m?g) and non-combustible
iron oxide and barium or strontium carbonate reactants. The x-ray pattern of as-synthesized
powders showed that combustion produced almost pure strontium and barium hexaferrite and did
not require further calcinations to complete the reactants conversion. However, an x-ray pattern of
as-synthesized SrFe;;,019 powder shows a low intensity following suggestion that partial
amorphous structure was presented, while for the BaFe12019 powder was well crystalline and had a
flat background indicating that no amorphous phase was present. The lattice parameters of the
barium and strontium hexaferrites were a = 5.892 A°, ¢ = 23.386 A° and a=5.889 A, ¢=23.034 A
respectively (Fig. 1,a,b). The combustion products were predominantly rectangular particles with a
range of particle size of 50-100 nm.

The samples show typical hard magnetic properties originated from high
magnetocrystalline anisotropy (Fig. 1,c). The schematic diagram of the EFD dispenser printing
system is shown in Fig. 1,d. The thin film layers are deposited onto the substrate within a
predefined printed pattern. AFM image of the micro layer presented in Fig. 1(e) shows uniform
strontium ferrite particles distributions and confirmed that the average particle size was
predominantly 60 nm.
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Figure 1. X-ray diffraction pattern and SEM images
of as-synthesized powders at 11 wt. % carbon in the
mixture; (a) — SrFe;2019 and (b) —BaFe;2019; (C) -
Hysteresis loop of screen printed strontium
hexaferrite produced by CCSO; (d) - Screen-printing
system and (e) - AFM image of thin layer of magnetic
SrFe;2019 COMposites.

The synthesized nanoparticles could be used to print permanent magnet structures for micro-
sensors, motors, generators, actuators, and micro electro-mechanical systems (MEMSs)

applications.
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One of the most rapidly developing new direction in the field of combustion synthesis is a
mechanical activation of SHS compositions. Mechanical activation is a process of treatment the
combustible mixture in high-speed planetary ball mills, vibratory mills and other devices in which
the particles of the mixture subjected to mechanical impact with sufficient force for splitting of
brittle and plastic deformation of viscous components [1]. During activation, not only reduces the
size of the reactants but also increases the contact area between them, the contact surface is
cleaning from the oxide films and other impurities, crystal defects are accumulating and all this
leads to a high reactivity of the combustible mixture [2]. Many studies have a direct proof (electron
microscopic images, etc.) that by the mechanical activation it is possible to obtain nanostructure
composites with the size of structural components (phases) in the order of 10 - 100 nm. But even in
those cases where such direct evidence is not provided, after mechanical activation observed a
sharp changes in the properties of the reaction mixtures, for example, decreasing of self-ignition
temperature in hundreds degrees. Furthermore, almost all researchers agree that activation reduces
the ignition temperature of different reactive systems, extends combustion limits, facilitates more
complete combustion and in some cases increase the propagation velocity of a combustion wave.

To explain these phenomena in the theoretical models assumes a hypothesis of a changing
in the activation energy of the reaction due to mechanical activation on a certain amount of "delta
E". However, there are no direct experimental data on the reaction kinetics of the mechanically
activated 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.

Here is reported the study of the kinetics of heterogeneous reactions in mechanically
activated nanostructured composite materials by rapid heating. To provide controlled heating the
high-speed temperature scanner (HSTS-1, Institute of Chemical Physics, Yerevan, Armenia), was
used, allowing heating reaction mixtures up to rates 10* K/min by passing electric current through
samples. Thus, we obtained data on the dependence of the activation energy on the activation time
in the Ni-Al system. The results shown that the activation energy of the heterogeneous reaction
strongly depends on the mechanical treatment of the reactive mixture.
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Experimental and theoretical investigation of electrothermal explosion (ETE) in the Ti-C
system was carried out under conditions of quasi-static compression. The ETE parameters were
found to depend on pressure, electric capacity, ratio of specific resistivity to thermal conductivity
of green mixture and inert environment (TiC).

Experiments were carried as described elsewhere [1]. It has been shown that, at low
compression pressure (8 MPa), the specific resistivity of the sample is several times higher than in
the bulk. An increase in pressure lowers resistivity parameters while at still high pressures (> 240
MPa) the specific resistivities of the sample and bulk differ only slightly and remain intact.

The compression pressure affects temperature intervals of preheating and explosion. Thus
pressure growth shifts the preheating interval toward higher temperatures. At 8 MPa, the sample
temperature rises from 400 K to 1200 K and at 96 MPa it changes from ~ 800 K to 1640 K.

Rise in electric capacity leads to a drop in ignition point and induction period from
switching on to the sample ignition. This time interval includes inert heating the sample with
electric heating source from initial temperature to the point when heat release from chemical
reaction becomes considerable and period of induction of a reaction itself.

A rise of heating rate for the sample causes drop for ignition point and growth of maximum
heating.

The process modeling [2] allows one to determine components of the full time of ignition.
The calculated data agree with experiment.

Fast uniform heating of the heterogeneous mixture (heat sources were placed uniformly in
bulk and sample volume) is a necessary condition for correct measuring the macrokinetic
parameters of ETE.
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This presentation covers the mechanical fabrication of reactive materials and their resulting
properties. Cold-rolling is used to fabricate thick, laminate foils from stacked sheets of Al and Ni,
and the resulting foils are ground into laminate powders of various diameters. The reactive
properties of these foils and powders have been characterized, and in many cases the average
bilayer thickness and the average chemistry cannot explain the observed trends in reaction heats,
temperatures and velocities. To help understand the trends we have gone beyond average values
of layer thickness and chemistry and quantified distributions of the layer thicknesses and the
local chemistries for these samples (Figure 1). In addition, we have used these distributions to
explain variations in the maximum reaction temperatures and the reaction velocities for the foils
and the measured heats of reaction for the particles.
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Figure 1: (a) Micrographs of cold-rolled foils; the rolling direction runs parallel to the layers. (b)
Statistical distributions of bilayer thicknesses according to their local chemistries, measured using
20 micrographs for each rolled sample. (c) Heats of reaction measured for the laminate particles
as a function of particle diameter.
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In contrast, we have used just cold-swaging to form fully-dense, Al/Ni composite
rods from powders (Figure 2(a)) and we characterized changes in the properties of the
rods as a function of the degree of swaging and the chemistry and geometry of the
starting powders. Testing consisted of differential scanning calorimetry (DSC), hot-
plate ignition studies, and velocity measurements. As expected, when the degree of
swaging increased, exothermic peaks in DSC scans shifted to lower onset
temperatures as shown in Figure 2(b); hot plate ignition temperatures decreased; and
reaction velocities rose. We varied the initial chemistry by substituting Al 93 at%-Mg
7 at% powders for Al powders and found that the alloy powders yield lower DSC
exothermic peak temperatures, lower ignition temperatures, and higher reaction
velocities compared to similar compacts with pure Al powders. We also varied the
shape of the initial reactants by substituting Ni flakes for Ni powders but found no
improvement in reaction properties, due to clumping of the Ni flakes during the initial
compaction steps. These observed trends will be described and discussed in detail.
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Figure 2: (a) Micrograph of cold-swaged Al-Mg and Ni powders and (b) DSC scans
of multiple samples following two different degrees of swaging denoted by the
sample’s final outer diameter. Note that additional swaging shifts DSC peaks to lower
temperatures suggesting finer microstructures.
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Borides are one of the important sub-groups of advanced ceramics. TiB; is a transition
metal boride which contains theoretically 31.1% boron. Its remarkable properties are high
melting temperature, hardness, thermal and electrical conductivity, good wear, thermal shock
and corrosion resistance [1, 2]. As a result of these distinguishing features, TiB, is mainly
used in aluminum industry as Hall-Héroult cell cathode, electrode - thermocouple case and
evaporation boat. Other utilization area is the production of various sintered materials such as
armour materials and sputtering targets [3].

Various synthesis methods which are performed to produce TiB, have been reported in
literature. Synthesis of TiB, via carbothermic process of TiO,, B4C and carbon is a
commercially applied process. However, self-propagating high temperature synthesis (SHS)
followed by acid leaching, molten salt electrolysis, powder metallurgy and aerosol processes
are in use as well [3, 4]. SHS process is a prominent method to produce advanced ceramics
with ultra-fine grain size, shorter process duration and high energy efficiency. One of SHS
experiments in the conducted experiments is given in Figure 1.

In this study, SHS processes were performed according to Reaction (1). Investigated
parameters were Mg stoichiometry as 90%, 100% and 110%, process atmosphere as open and
argon atmosphere and effect of MgSQO,4 (2.5% and 5%
addition) as catalyst on the quality and grain size of
synthesized TiB, powders.

TiO, + B,O3 + 5Mg — TiB; + 5MgO
1)

SHS reactions were carried out in a cylindrical copper
crucible. For the experiments conducted with 100% of
stoichiometrically required Mg, amount of charge
materials was fixed at 100 g. Thus, quantities of charge
materials were slightly changed owing to increase or decrease in Mg stoichiometry. SHS
products were leached by using concentrated HCI solutions. Leaching parameters were 9.25
molar HCI concentration, 600 rpm stirring speed and 1/5 solid/liquid ratio. X-Ray Diffraction
and chemical analysis techniques were performed for the characterization of leaching
products.

Figure 1: SHS Reaction
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Figure 2. XRD Pattern of Leached SHS Products Synthesized Under Argon Atmosphere.

Results indicated that purer TiB, powders were obtained with the experiments conducted
under Ar atmosphere particularly for 90% and 100% Mg stoichiometry. Powders which were
synthesized under open atmosphere contained undesired Mgs;B,0s and Mg((MgTi)Oy)
phases. The experiment with 100% Mg addition under Ar atmosphere had vey low level of
Mg as 0.81%. It was observed that MgSO, addition as a catalyst had no remarkable effect on
the synthesis of TiB..
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Silicides are distinguished by many technically important properties — electrophysical,
refractory, corrosion — resisting, wear resisting that make them promising inorganic materials
for different fields of engineering having to do with the use of high temperatures, strength,
wear resisting loads, corrosive media. For example, intermetallic compounds and silicides of
the elements of groups IV — Vla are used as working surfaces of metal tools [1, 2].

Traditional technology of synthesis of intermetallics and silicides is based on the
interaction of precleaned elements and production of a proper metal-cutting tool from
synthesis products.

Apart from traditional technology, in order to solve the problem of producing items of
particular hardness including different cutters, drills, ect., SHS technology has great prospects
as it allows decreasing production expenses due to reduction of technological cycles,
economy of production time and possibility to use instead of cleaned elements their oxides
which are much cheaper [3, 4].

In this work SH-synthesis of refractory materials based on titanium silicide was
carried out at room temperature in the atmosphere of air. The following systems were
studied: TiO; — SiO — Mg, TiO, — SiO, —-Mg. The mixture of the initial components: titanium
oxide, magnesium, silicon monoxide and silicon dioxide was pressed in the form of
cylindrical samples with d=20 mm, h=20-30 mm. XRD analysis was carried out using a
DRON-4M diffract meter (Co-K,, radiation) in the range of 26 = 10-70°.

The results of semi - guantitative X - ray phase analysis of SHS products for systems
TiO, — SiO — Mg, TiO, — SiO, —Mg are presented in Table 1. As can be seen from Table 1,
when using silicon monoxide, the yield of the target product is higher than when using silicon
dioxide.

Table 1 — The results of semi — quantitative X-ray phase analysis.

Systems Products, mass. %
MgO TisSis Mg,SiOs | Si TiO,
TiO, - SiO — Mg 20,6 63,6 15,7 - -
TiO, — SiO,; —-Mg 46.8 37.2 12.2 1.6 2,2

Thus, the possibility of synthesizing a composition material with maximum content of
titanium silicide (TisSiz) up to 63.6 mass % which is easily separated from reaction by —
products under the conditions of solid — phase composition is shown.
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The SHS technique has been extensively applied to produce a great number of
advanced materials such as borides, carbides, nitrides, suicides, and intermetallics [1-3].
When incorporated with thermite reactions based on Al as reducing agents, the SHS approach
represents an in situ procedure for preparing ceramic, intermetallic, and metal matrix
composites reinforced by Al,O3, because such thermite reactions are highly exothermic and
produce a stable oxide Al,O3[1, 2].

Preparation of TiB,-Al,O3; composites with a broad range of phase composition was
conducted by SHS involving reaction of different types. SHS was carried out in the constant-
pressure chamber in argon atmosphere at 1 atm. Aluminum (99,1 % purity), TiO, (98%
purity, anatase, B,O3 (96% purity) were used as initial components. The 2 cm diameter and 3
cm high cylindrical samples made up by the pressed powder mixtures have been used as the
study object. The microstructure and phases composition of synthesized products were
investigated using microanalyses-scanning electron microscope JCXA-733 (JEOL)
«Superprobey» and Hitachi S-4800 FE-SEM, Japan and XRD.

To determine the processes occurring in combustion wave in TiO,- B,O3-Al system
the «hardening» method was used. The wave of SHS process followed by analysis of
partially and completely part of TiO,- B,O3z-Al mixture. In Fig.1a it can be seen that initial
reagents melt, then with boron oxide can be formed the titanium diboride crystals. The
structure of the melt after SHS is a porous, strong material that has in some zones dendrite
constituent and grainy inclusions, crystallized into six membered lamellar formation of
titanium diboride in aluminum oxide matrix (Fig. 1a). Typical SEM micrographs in Fig.1la
shows the grains of TiB, with a small and rather uniform particle size. This confirms the
feasibility of applying the SHS technique to fabricate the soft-agglomerated composite
powders with homogeneous distribution of the components. In comparison with conventional
methods, the SHS-derived powders eliminate the less efficient mechanical mixing of both
components, the prolonged grinding of disagglomeration, and the steps of removal of the
impurities. Therefore, the SHS-derived powders enable simplification of processing ceramic
materials by shaping, sintering and hot-pressing of powder.
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Fig. 1 Microstructure of the products of TiO,- B,O3-Al system produced by the hardening
method: a) microanalyses of zone reaction b) formation of Al,O3 fibers in pores.

Figure 1b shows that the fibrous crystals of Al,O3 have different sizes. The length of fibers is
about 0,5 um and the diameter is 700 nm.
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Solid metals, manufactured on the refractory carbides differ by high hardness,
strength, wear, heat and corrosion resistance. The fields of their application are very broad.
Carbide ceramics are used as constructional materials, refractory materials, for manufacturing
of high-temperature heaters for electric furnaces, tools in the metal industry, etc.

The aim of this work was to study the interaction with hydrogen of Ti, Nb, Cr metals
and carbon based variable composition charges in the combustion mode and getting new
easily dispersible refractory compounds of transition metals. Such compounds are mainly
used as hard alloys. There is also some interest in heat-resistant alloys based on Ti, Nb and Cr
due to the fine allotments during formation of carbides in Ti-Nb-Cr and Ti-Nb-Zr-Cr systems,
which are used for obtaining hydrogen by conversion.

In this work the results of study of SHS-processes in Ti-Nb-Cr-C-H system are
presented. xTi + (1-x)(Nb + Cr) + yC mixture, where (0.6 < x < 0.9; 0.35 <y < 0.7) was
pressed to cylindrical tablet (P = 100 kN) and ignited in argon or hydrogen (P = 2atm). At
combustion in the argon atmosphere, a mutual dissolution of niobium and titanium was not
observed. Combustion products were a mixture of the two, titanium and niobium, carbides
with fcc structure. At combustion of the initial charge in hydrogen atmosphere, in particular,
at high content of titanium and carbon, a full mutual dissolution of titanium and niobium
carbides formed in the combustion front occurred. This leaded to the formation of single-
phase complex titanium and niobium based carbohydrides with fcc structure. In some cases,
in dependence on the ratio of metals and carbon, a small amount of chromium remained.
After grinding and dehydrogenation of the complex carbides, their single-phase character
mostly was saved. In Fig. 1 the X-ray pictures of Ti-Nb-Cr-C obtained at combustion of
charge in argon (A) and of Ti-Nb-Cr-C-H, obtained at combustion of charge in hydrogen (B)
are presented.

In our previous paper [1] the differential thermal analysis of complex carbohydrides in
Ti-Cr-C-H system, have shown that their dissociation occurred at temperatures 360 and
530°C depending on the composition. Differential thermal analysis of carbohydrides studied
in the present work, Ti-Nb-Cr-C-H, showed that their dissociation occurred with one endo-
effect at relatively low temperatures of 330-350°C. Hence, we have shown that the
introduction of niobium into the multicomponent system leaded to the decrease of the
temperature of dissociation of the resultant hydride.
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Fig. 1. X-ray pictures of: A - Ti-Nb-Cr-C obtained at combustion of charge in argon;
B- of Ti-Nb-Cr-C-H, obtained at combustion of charge in hydrogen

It is known that the hydrogen incorporated into the crystal lattice of the interstitial phase
strongly embrittles it and allows easily dispersion. This property is often used in powder
metallurgy for grinding [2, 3]. The multicomponent carbohydrides of variable composition,
synthesized in this work, are easily dispersible to fine carbide Ti-Nb-Cr-C.
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In this report, we are describing a large scale patterning capabilities to investigate the

application of combustion synthesis (CS) to patterned reactant multilayers. Significantly,
patterning enables information on the interactions between individual reactive particles in the
reaction zone, which is difficult if not impossible to attain in powder mixture. The approach
enables quantitative analysis of temperature rise, heat generation and front propagation
during the CS. A number of parameters can be varied in the patterned reactant multilayer
approach including individual layer thicknesses, the number of layers, the spacing between
patterned islands and island size, and substrate choice to control heat losses.
We have studied a self-assembly of diblock copolymer on solid substrates to fabricate
patterned structures. Many types of block copolymers (e.g., diblock, triblock, etc.) have been
used for nanoscopic patterning by several research groups. Here, we are interested in the self
patterning of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) diblock copolymer
which is one of the most common block copolymer studied. We have developed the
conditions to generate a nearly defect-free cylinder orientated PS-b-PMMA pattern. This can
be obtained by utilizing the solvent-vapor annealing which has become widespread recently
instead of high temperature annealing. A thin PS-b-PMMA film (ca. 14 nm) was prepared by
spin coating 0.3 wt % toluene solution of the diblock copolymer on piranha-cleaned silicon
wafer at 2000 rpm for 45 seconds. Then, this thin film was placed in a sealed chamber for
solvent vapor annealing using acetone overnight before characterization. We also tried using
a sputter deposited-palladium film on silicon wafer as the substrate and a comparable
structure was obtained, as shown in Figure 1,a. Furthermore, the selective removal of
PMMA in thin PS-b-PMMA film can be performed to create nanoporous materials (Figure
1,b). In our study, we exposed the thin film to ion beam using our colleagues’ home-made
helium ion beam irradiation system. The irradiation causes the PS matrix to cross-linked, but
not the PMMA domains. Therefore, by soaking the resulting film into concentrated acetic
acid would remove the PMMA moieties; leaving the PS matrix with cylinder orientated pores
on the solid substrate, as confirmed by XPS data in Figure 1,c.

ots si-0

ntensity (Arb.)

Intensity (Arb.)

Figure 1. (a) - AFM images (scale 1x1 pum) of PS-b-PMMA pattern showing cylinder
orientated PMMA embedded in PS matrix prepared on Si (left) and Pd (right) substrates; (b) -
AFM height (left) and phase (right) images (scale 1x1 um) of PS matrix with cylinder
orientated pores with ca. 10-12 nm deep. (c) - XPS data showing C1s and O1s peaks for the
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thin PS-b-PMMA film before (red) and after (black) ion beam exposure. The disappearance
of O-C=0 and C-O indicated the successful removal of PMMA.

Next, the possibility of SLIM process using a commercial Oxford 100 Plus reactive
ion etcher, RIE, was explored. It should be noted that the process explored here is not
“reactive” ion etching but rather a version of ion milling/sputtering utilizing using RIE
equipment. The RIE system used to further study the SLIM processing had a base pressure of
3.75 x 102 mTorr and a process pressure of 10 mTorr. The RF power was set to 70 W with
the resulting DC bias of 250V. It should be noted that the process pressure here is 20 times
higher than the process pressure used in ion milling and while the bombarding ion energy is a
half of what was used in ion milling. This low energy of argon ions is advantageous with
respect to the reduced ion damage of the underlying materials. A 60 nm diameter on a 100
nm pitch dot array transformed into ~80 nm square patterns after being etched by argon
plasma for 4 min. is shown in Figure 2.

Figure 2. (left) A SEM image of ~60 nm diameter, 100 nm pitch dot array on a square grid
formed in PMMA using e-beam lithography. (right) A SEM image of ~ 75 nm length square
patterns on a 100 nm pitch after 4 min etching.

According to recent experiments, we observe that it is more difficult to convert
densely packed square patterns with good uniformity as the structure size decreases, likely
due to the resolution limit of the e-beam writer used.
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Zircon (zirconium silicate) is a major raw material used for production of elementary
zirconium, zirconium oxide, fire-resistant and composite materials, and pigments. There are
numerous methods currently applied to produce new composite materials containing
zirconium and its compounds and having a wide range of useful properties [1, 2]. The
purpose of this survey is study the zircon aluminothermy features when the nitride-containing
composite ceramics is produced in the SHS mode in the conditions of nitric atmosphere at
higher pressures. Related experiments have been carried out in the tubular furnace placed
inside the high pressure reactor. The nitrogen pressure in the reactor varied from 0.5 up to 2.0
MPa. Initially used mixtures consist of aluminum and zircon powders with various ratios. 10
% mass of zirconium powder has been added to all mixtures to provide steady SHS
combustion. The combustion temperatures have been measured by means of the
thermocouple method. The experiments accomplished in the high pressure reactor with
preliminary heating of the samples have demonstrated both steady spontaneous ignition and
steady synthesis for all the compositions. There has not been revealed any noticeable effect of
the external nitrogen pressure on the starting synthesis temperature that is within 850 °C. All
the compositions have shown tendency towards combustion temperature decrease with the
increase in the nitrogen pressure as well as tendency towards combustion temperature
increase with the increase in the aluminum contents (Figure 1a).

- N
Am/m, LK
K -~
*—/ —‘A!% N %
—F .,x ——25% \ ——25%
/ 30% \.‘. 30%
> "~
35% =6=35%
Nitrogen Pressure , MPa Nitrogen Pressure, MPa
N AS

a)

b)

Figure 1. Combustion temperatures (a) and relative changes in the samples mass (b)
depending on the nitrogen pressure and aluminum contents.

The reason is that basic heat generation occurs due to the aluminothermic reduction of

zirconium and silicon, whilst growth of the external pressure sharply increases gas heat
conductivity resulting in increased heat loss and lower temperature in the system. In all the
cases the SHS process leads to increase in the samples weight within 2-4 % mass due to the
reaction capture of nitrogen with subsequent formation of the nitrides (Figure 1b). The nature
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of the mass increase such as decrease in the degree of the mass increase with growth of the
nitrogen pressure seems to be quite unexpected. Peculiarities of a sample mass increase
depending on the nitrogen pressure can be explained based on the results of the X-ray phase
analysis of the SHS products according to which growth of the nitrogen pressure in the
system leads to increase in the oxynitride contents while the zirconium nitride contents
providing basic mass gain decreases increases. Absence of any elementary zirconium and
silicon in the synthesis products indicates that reduced zirconium is extremely active and at

immediately reacts with nitrogen forming nitrides,
and excessive aluminum leads to complete [=

reduction of silicon and zirconium that form

zirconium disilicide through their interaction.

Figure 2 illustrates the electronic microscope pictures

of the nitride-containing composite products
synthesis.

Figure 2. Electronic microscope pictures of the synthesis products: (a) General view and
morphology of composites; (b) Typical microcrystals size.

Figure 2 illustrates long rachislike crystals of zirconium nitride; polyhedrons crystals
correspond to aluminum oxide in the corundum modification. Apart from that, the synthesis
products have certain amount sof zirconium silicide and aluminum oxynitrides. Unreduced
zirconium oxide has been found in the products when the aluminum contents in the system is
less than 28 %. Thus, the results of the study of the aluminothermic synthesis of the zircon
based composite materials carried out in the SHS mode in the nitrogen atmosphere at
increased pressures prove that formed products are high-refractory and chemically inert
materials that are of considerable practical interest for chemical and metallurgical industries.
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SHS is considered nowadays not only as combustion waves in single-phase solid
systems but also as the synthesis in multi-phase systems. For majority of SHS-processes
combustion of metallic components is the most important source of energy and useful
products. That is why the subject of this paper is combustion of metallic particles (aluminum,
titanium, zinc, and zirconium) in different gas-phase mixtures (air, nitrogen, oxygen, carbon
oxides), and application of this process for the synthesis of nanostructured ultra-porous
ceramics. Specific attention is given to the influence of pressure and composition of the gas
medium on the combustion products, their stability and structural macro-kinetics.

It is known that among molecules forming a condensed particle the surface molecules
are more energetic than molecules located inside the particle. Increasing the part of such
particles (specific surface area of particle) can significantly change physical properties of the
material. The proportion of the surface molecules is equal approximately to 50% for the
particles containing 1000 molecules [1]. The typical size of these particles is approximately
equal to 1 nm. Ratio of the surface molecules is inversely proportional to the particle size. It
becomes negligible for the particles having size of 100 nm [1]. Therefore, for the synthesis of
nanostructured materials, the most important are particles whose size does not exceed a few
tens of nanometers. The synthesis of such ceramic nanoparticles in metal combustion is the
main purpose of technologies presented in this paper. We represent some original
technologies for production of nano-sized ceramic particles and nano-structured ultraporous
ceramic materials. These technologies are based on the methods and installations designed in
ICP RAS to study the mechanism of condensed products formation in combustion of metallic
energetic compositions [2-5]. These installations allow one to examine combustion of single
free particles, and combustion of assemblies and jets of metal particles.

The particle-to-size distribution of the condensed phase of combustion product (c-
phase), typically, has two distinct modes: a submicron (nano-sized) mode and a large mode
which is comparable with the size of initial metallic particle. This is due to the existence of
two mechanisms for metals combustion: the first is the oxidation of the metal vapor in the
volume around the particle, and second is heterogeneous oxidation on the surface of the
particle. To increase the yield of ceramic nanoparticles and to reduce their size we have to
stimulate oxidation in the gas phase, stimulating evaporation of metallic particles. This is
facilitated by reducing the pressure, however, as the results of our investigations, the pressure
can strongly influence the composition of the c-phase. Moreover, the oxidizing gas pressure
and size of the original metal particle impact on the structural macrokinetics forming final
ceramic material after combustion.
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The study of single free particle combustion in the falling combustion chamber allows
to discover mechanism of metallic particles ignition and combustion under controlled
conditions [2]. The experimental investigations of combustion of free aluminium particle in
low gravity conditions [2] first have shown formation of ultraporous nanostructured snake-
like aggregates of Al,O3 —nanoparticles (aerogel), see Fig. 1. In normal gravity conditions,
experiments with single free particle combustion, as well as with combustion of assemblies
and jets of metal particles do not give the snake-like aggregates but other types of ultraporous
ceramics (aerogels). For example, c-phase of Zr- particle combustion product consists of
hollow spherical particles having nano-sized walls (see Fig. 2); c-phase of product of zinc
vapor combustlon in the air con5|sts of the needle aerogel structures (see Fig. 3).

Ty
s

Fig. 1. Macro-assembly of nanoparticles of c-phase of aluminum particles combustion in
80% N2 +20% O2 under 60 atm.

Fig. 2. Hollow spherical particles of combustion products of zirconia particle in 80% N2
+20% O2 under 1 atm.

Fig. 3. Needle aerogel structure, formed during combustion of zinc vapor in the air.

This work has been supported by the Russian Foundation for Basic Research (grants Nos.:
12-03-00999-a, and 12-03-90033 Bel_a)
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Among commonly used ferrites, the oxide ferrimagnetics with a hexagonal structure
are of great interest, in particular, strontium hexaferrite SrFe;,019 (Sr-M) with high values of
magnetization, magnetic crystalline anisotropy field (MCAF), and a high stability of these
characteristics in a wide temperature range.

One of the main ways to control these characteristics is the introduction of various
dopes of paramagnetic cations with an electronic structure different from that of iron ions to
the main composition. For strontium hexaferrite the replacement of Fe**iron ions with a
complex of Co?*Ti*" leads to the significant decrease in magnitude of a magnetic crystalline
anisotropy field and the frequency shift of the natural ferromagnetic resonance, and,
accordingly, the operating frequency shift of radar absorption to the low-frequency
microwaves.

Industrial production of these ferrites is based on the traditional multioperational
ceramic technology that includes, in particular, the prolonged solid-phase sintering of
components at high temperatures.

In recent decades, the Institute of Structural Macrokinetics RAS and the Scientific and
Production Center of SHS (Armenia) have developed new progressive resource-saving
methods for production of ferrites. These methods are based on self-propagating high-
temperature synthesis (SHS) in the mode of filtration combustion of a powder mixture from
iron and oxides of other elements in the atmosphere of reactive gases (oxygen or air).

The purpose of this work is to obtain the complex strontium hexaferrites SrFe;s-ox
Co?,Ti**O1 (replacement interval varies between 0 <x <1.0), and study the phase
composition, structural parameters and fundamental magnetic properties of the synthesized
materials using these methods.

Self-propagating high-temperature synthesis (SHS) in the mode of filtration
combustion does not result in obtaining a single-phase product, the content of the targeted M-
phase is 60-65 vol.% depending on the composition. Ferritization in air at 1200°C for 2 hours
increases the main M-phase up to 75-90 vol.%.

We found that after the short-term (2 - 3 min) mechanochemical activation (MCA) of
a mixture from the reagents in a planetary mill with subsequent SHS, the concentration of a
targeted phase significantly increased and was about 75-87 vol.%. Subsequent ferritization
increases the content of the main phase up to 95-96 vol.%.

After SHS, and also SHS and ferritization at 1200°C for 2 hours, the coherent
scattering regions (CSR) were nanosized. When we obtained the M-phase using the mode of
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MCA + SHS + ferritization at 1200°C for 2 hours, the CSR values were nanosized for most
of compounds, but sharply increased at 1250°C for 2hours.

Thus, the method of SHS in combination with pre-mechanochemical activation and
subsequent ferritization provides a product with a high content of the M-phase of complex
strontium hexaferrites.

The specific magnetization and anisotropy field of strontium ferrites, including the
replaced strontium ferrites decrease with the increase in concentration of the CoTi complex.
In this case they are close to the literature data for powder samples prepared by the
conventional ceramic technology. Thus, the mode selected for obtaining complex strontium
ferrites, including mechanochemical activation allows us to produce ferrites with the
distribution of cations close to equilibrium.

The analysis of the concentration and temperature dependences for the magnetic
characteristics shows that the synthesized oxide ferrimagnetics are promising materials for
thermostable radar absorbing devices and coatings within the frequency range of 20-25 GHz.

We have proposed the resource-saving methods to produce complex strontium
hexaferrites based on self-propagating high-temperature synthesis. These methods reduce the
number of operations and the cost of production compared to the ceramic method.
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The metal-matrix composites (MMCs) have been found [1] to show a unique
combination of properties: high strength and excellent corrosion resistance in conditions of
heavy loading and friction at high temperatures. Due to their attractive functional properties
MMCs are regarded as promising candidates for use in marine and aerospace propulsion
engineering, power engineering, gas/oil transportation, as heavy-current electric contacts,
structural engineering materials, armoring materials, etc. [2]. Three processing methods are
primarily used to design metal-matrix composites (MMCs): powder-metallurgy, pressure-
assisted casting, and high-pressure diffusion. Main drawbacks here are high energy
requirements, complexity, and expensive equipment.

In this work, we attempted to fabricate cast MMCs on the basis of Ni aluminides (Ni—
Al/Mo(Nb)-B, Ni-Al/Ti(Mo)-B, Ni—-Al/Zr-B etc.) by combustion synthesis which combines
the advantages of metallothermy and Self-propagating High-temperature Synthesis (SHS).
Since the combustion temperature of typical thermite-type SHS mixtures is in the range of
2500-3500 K, this technique affords fabrication of cast materials [3]. This work aimed at
searching reactive systems and process parameters that would ensure simultaneous
preparation of both metal matrix and boride filler in a single process.

Combustion was performed at centrifugal acceleration a = 10-400 g. In this way we
expected to (a) improve the yield of target product, (b) remove gaseous byproducts, (c)
diminish the grain size in the product, and (d) make product composition more uniform.
Figure 1 exemplifies the microstructure of cast MMCs. Here dark areas correspond to matrix
material while the brighter ones, to hard filler. The synthesized samples have not been
subjected to additional thermal treatment; the pattern formation took place during the SHS
process (in situ).

Detailed investigation revealed formation of a two-storey architecture of material
microstructure. The first level is formed by a metal/ceramic structure. This is a basic
structural element of synthesized MMCs. At higher magnification we could also discern the
spatially strengthening body-structured units of the metal matrix. The second storey is formed
by intermetallic/intermetallic elements. According to our EDS data, composition of these
deposits is formed by nickel aluminides. Addition of alloying agents into green mixture was
found to markedly change the microstructure and morphology of resultant MMCs. The
Vickers hardness of synthesized MMCs was found to vary between 9.5 and 14 MPa.

The process can be recommended for practical implementation in production of cutting
tools, tribological materials, moulds, and deposition of protective coatings. The present
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results can be expected to make a theoretical background for industrial-scale manufacturing
of new tungsten-free MMCs with valued properties.

Figure 1. SEM micrographs of cast MMCs: (a) polished surface of Ni-Al/Mo(Nb)-B and
(b) fracture surface of Ni-Al/Ti(Mo)-B composite.

The work was supported by the Russian Foundation for Basic Research (project no. 12-03-
00637) and Governmental Program on support of Russian research and educational personnel
in the years of 2009-2013 (contract no. 14.132.21.1595).
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Exfoliation of atomically thin carbon sheet, named graphene, from bulk graphite
spurred great interest in two-dimensional nano-crystals. It was suggested that layered
compounds (e.g. MoS,, WS;, MoSe,, NbSe,, NiTe,, hexagonal BN and WO3) may also be
exfoliated into two-dimensional (2D) thin crystals. Recently we discovered several novel
schemes [1-3], which allow to produce graphene and other 2D nano-crystals (e.g. MoS,,
WO3) and composites (e.g. H;WO4-W, WO3-W, graphene - prorous carbon) using different
self-sustained exothermic reactions. For example, the combustion synthesis of free-standing
graphene flakes (Fig.1a) is based on fundamentally unusual type of self-sustaining reactions
between a refractory ceramic compound (silicon carbide) and a halogen containing polymer
(polytetrafluoroethylene, PTFE) under the inert atmosphere. The synthesis of MoS; 2D nano-
crystals (Fig.1b) have been achieved by controlled ball-milling induced exothermic reaction
between MoCls, and Na,S in the inert atmosphere. Tungsten oxide based 2D-structures
(Fig.1c) were produced by solution combustion synthesis of different tungstates followed by
their further chemical treatment with different agents.

Graphene

Figure. 1 The results of TEM analysis and Raman spectroscopy for different 2D materials produced
by CS: graphene-porous carbon (a), molybdenum disulfide (b) and H,WO,-W composites (c).

We thoroughly investigated the effect of synthesis conditions (e.g. maximum
combustion temperature, heating and cooling rates, pressure of inert gas, used additives, ball-
milling and post-synthesis treatment) on phase composition, crystallinity, microstructural
characteristics (shape and size of flaks) of combustion-derived 2D nano-crystal. It is found
that the most |mportant factors influencing at composition and microstructure of materials

: (e.g. number of layers) are maximum
combustion temperature and the
value of an inert gas pressure. For
example, fine tuning of reaction
conditions allows us to change the
ratio of crystalline and amorphous

Figure 2. The microstructures carbon sheets producEd at
1150 (a) and 1600°C (b) temperatures.
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carbons with different pore sizes (micro- or measo-pores) and their distributions [1,2]. It is
more important that fine control over the reaction temperature also allows to a gradually vary
the thickness of carbon nano-sheets (Figure 2).

We used combination of different dynamic diagnostic techniques (differential thermal
analysis, mass-spectroscopy, infrared temperature measurement, etc.) coupled with high-
resolution TEM analysis to understand the mechanism involved in synthesis of 2D nano-
materials. Those investigations suggest that in SIC+PTFE system tetrafluoroethylene (C,F,)
gas, released due to PTFE decomposition, reduces SiC to tetrafluorosilane (SiF,) gas and
disordered carbon particles with folded “native” graphene layers on their surfaces. The
continuous supply of carbon (in the form of C,F,) enables further rapid growth of “free-
standing” graphene flakes on the surface of those graphene-coated particles. Relatively low
temperatures and used additives in ball-milling induced combustion provide synthesis of
exfoliated 2D MoS; nano-crystals. Other strategy to produce 2D nano-crystals involves
combustion synthesis of layered materials and their subsequent exfoliation by a post-
combustion process. This new pathway provides synthesis of doped 2D nano-materials (e.g.
Zr doped WO3) and self-assembly structures (WO3/W and H,WO4/W) involving 2D nano-
crystals [3]. More details on synthesis conditions, mechanism governing the growth of 2D
nano-crystals and some important applications of resulting materials will be discuses.
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Catalytic systems based on carbon coated tungsten carbides (WC/C and W,C/C) and
molybdenum carbide (Mo,C/C) were prepared by two methods: (1) impregnation combustion
synthesis (ICS) [1, 2] and (2) microwave synthesis (MS) [3]. In the first case (ICS method)
water soluble salts or peroxocomplexes of metal as reagents are used, which on carbon (or y-
alumina) carrier are impregnated. In recent years interesting results are obtained in synthesis
of carbides by microwave heating method [3]. It allows to obtain tungsten and molybdenum
carbides (WC, Mo,C) with grain sizes <50 nm, which shows promising results in fuel cells.
This method has some advantages compared with previous method, it provides:

» uniform heating of bulk sample,
» opportunity to synthesis carbides nanoparticles (particle size <50 nm) and high specific

surface areas (up to several hundred m?/g),
> target end-products purity (absence of wastes like MgO) and high yield.

By MS method MeO3-C, MeO3-C-Al,03 and MeO3-C-SiO, systems are investigated to
synthesis carbides with different phase composition and on different carriers.
Metal powders, as well as their salts (ammonium tungstate, sodium tungstate, ammonium

molybdate) as raw materials were used. It was shown, that precursor’s nature, initial mixture
composition and combustion conditions have significantly affect on the composition of final
products. Optimal conditions for carbides (WC, W,C, Mo,C) synthesis were found. Carbides
also on other carriers, like carbon and y-alumina (250 and 200 m?/g specific surface area,
respectively) were supported.

In the first case (ICS method) carbidization of metal under combustion mode in the

presence of magnesium is performed. In the case of MS carbidization is possible without
magnesium, which solves the problem of leaching, as well as increases yield of process.
Thermal regimes of processes of reducing and carbidization can be regulated by changing
combustion temperature and get products: tungsten and molybdenum carbides (WC, W,C,
Mo,C), as well as systems on different carriers (WC/C, Mo,C/C, WC/AI,O3 etc.). Both
methods have the chance to get nanopowder and homogeneous carbides with developed
specific surface areas.
The obtained carbides catalytic activities were tested for the following reactions: (i) isopropyl
alcohol dehydration (very high activity) [4], (ii) cyclohexane dehydrogenation and (iii) dry
reforming of methane. These carbide catalysts will be applied also in hydrazine
decomposition [5]. Hydrazine catalytic decomposition has two practical importances: as a
fuel for rocket engines

N2H4(g) =4NH3(g)+N2(g), AH=-37.5 kkal/mol (1),
and as a source of hydrogen in the fuel cells
N2H4(9) =N2(g)+2H(9), AH= -22.8 kkal/mol ().

Our prior investigations have shown that phase Mo,C prepared by modified SHS method
performed high catalytic activity [6] in the mentioned (1) reaction at low temperature and (2)
reaction at high temperature.
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SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS OF COMPLEX
OXIDES FOR THERMOELECTRIC APPLICATIONS
S. Lin* and P. Duruewuru

Lamar University, Beaumont, Texas 77710, U.S.A.
* sidney.lin@lamar.edu

Large amount of waste heat (20.90x1015 Btu) is produced by transportation in the US
[1]. Most of the energy heat loss is in the exhaust of automobiles, which can reach
temperatures of about 600 °C. This heat, if recycled, can be used to power various electronic
equipments in an automobile. Thermoelectric materials are compounds that can utilize
temperature differences to generate electrical current. The Seebeck effect describes the
generation of an electrical current in a closed loop when there is a temperature difference
between two leads?. In recent years, the Seebeck effect is used to generate electrical power
for electronic equipment in automobiles from their exhaust heat. Thermoelectric materials are
characterized by their thermoelectric figures of merit, ZT, defined by equation (1):

2
z1=2271 (1)
K

where a is Seebeck coefficient, o is electrical conductivity, T is temperature, and « is thermal
conductivity. Calcium cobaltates (e.g. Ca124C016,0385) are good candidates for
thermoelectric applications in oxidizing environment [3] because their resistance to oxidation
and thermal stability at elevated temperatures. Calcium cobalt oxides have good
thermoelectric properties due to their intricate layered structure, which combines the electron
conducting CoO, and insulating Ca,CoO; substructures [4]. In the work, Self-propagating
High-temperature Synthesis (SHS) was used to produce Ca;24C016,0385 for thermoelectric
applications.

Surface temperature of the surface during the SHS reaction was measured by an IR

thermal imager. Product after SHS reaction was not pure. Reacted pellet was dark grey in the
center and light grey near the surface, suggesting incomplete reaction due to low temperature
on the surface. X-ray powder diffraction of synthesized sample showed no desired product
nor any starting reactant and its oxides. Synthesized product was an unknown compound,
most likely a calcium-cobalt oxide of unknown stoichiometry or lattice constant. Products of
SHS reaction were then heat-treated in air for 30 minutes at 850 °C to obtain pure product and
tested for their thermoelectric performance. At 500 °C the ZT value of the prepared calcium
cobaltate was 0.13. Even though the electrical conductivity was lower then samples prepared
by others, high Seebeck coefficient of our sample compensates for the deficiency.
To improve the thermoelectric properties of the calcium cobaltate small amount of calcium
was replaced by silver. Substitution of calcium with silver resulted in a decrease in thermal
conductivity. The decrease was especially significant at lower temperatures. For example, at
50 °C the thermal conductivity was decreased by 30% for a sample containing 5% of Ag. The
decrease in thermal conductivity is though to be caused by increased rate of phone scattering,
which is the result of the defects introduced by the Ag ions. Silver has different ionic radius
(1.26 A) than calcium (0.099 A) and which causes disturbance in the crystal lattice. The
decrease of thermal conductivity therefore increases the figure of merit (ZT) value.
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DESIGN OF NEW COMPOSITE MATERIALS VIA MASHS

V.V. Kurbatkina®, E.A. Levashov’, E.I. Patsera®
! National University of Science and Technology “MISIS”, Leninsky prospect, 4, Moscow, 119049, Russia
* vvkurb@mail.ru

Mechanochemical synthesis under conditions of intense mechanical activation (MA)
of the reactive mixture is widely used for preparation of green exothermic mixtures to be
used in SHS- technology [1-7]. The advantages of MASHS are related with quickness
reactions, preventing the annihilation of the stored charge of energy. The basic idea of the
application of MA in the SHS process is to increase the reaction ability of the mixture.

At the same time the most important technological problem is a search for optimal
conditions of the MA which allow to produce the desired product of a given composition and
properties. Various authors have proposed methods for analytical calculation of the energy
parameters of MA, but they are based on a simplified scheme of interaction of grinding media
with a mixture of components, and at best can be used for the qualitative characteristics of
MA. The most suitable parameters for evaluation of the MA contribution seem to be amount
of released heat and change in the activation energy for formation of targeted product. From
these data we can determine the amount of heat released during combustion per gram of
mixture and calculate the temperature of combustion. [1-4]. Thus, we can predict the mode of
SHS process for a specific compound or composite material and to conduct evidence-based
selection of the appropriate SHS technology and equipment.

Another important factor is structure of mixture after MA. The structure of the starting
powders during MA as a result of repetitive processes of destruction and cold welding is
changing. Formation of a particular type of structure is determined by the nature of the
components of the mixture, equipment and mode of MA. By changing the parameters of MA
can form different types of structures consisting of
- evenly distributed over the volume components;

- agglomerates of the mixture components which differ in composition and size;

- granules, wherein the components of the charge jumbled practically at the atomic level.
Mixtures of the same composition with a different structure have different combustion rate
and heat evolution. As a result, the microstructure of MA mixtures contributes the significant
effect on the combustion parameters and the final product structure and properties [3-4]. In a
paper the effect of MA on structure of initial mixtures, combustion characteristics, and final
products structure and properties an example of binary and ternary compositions (Ni-Al, Fe-
Al-ZrO,, Ti-Cr-Al-C, Mo-Si-B) were studied.
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TREATMENT OF ACIDIC WASTE SOLUTIONS OBTAINED FROM SHS
PRODUCED TUNGSTEN BORIDES

B. Derin*!, S.Sonmez!, E. Korkmaz*
!Istanbul Technical University Metallurgical and Materials Eng. Dept., Maslak, Istanbul, Turkey
*bderin@itu.edu.tr

Self-propagating high temperature synthesis (SHS) is an alternative production
technique for a variety of advanced ceramics, intermetallics, oxygen free single crystals,
polymers and other organic and inorganic compounds. In the SHS method, after initiation, the
reaction becomes self-sustaining and propagates in the reactant mixture. In case of advanced
ceramic production by magnesiothermic SHS method, the product will certainly contain some
mixture of unwanted compounds. So a subsequent acidic leaching process is unavoidable to
purify the target product. However, waste leach liquor is an environmental concern when it
contributes to groundwater contamination. In our previous study, calcium tungstate was
reacted with magnesium (Mg) and boric acid (B,O3) mixture to produce boride powder by
SHS process according to the reaction 1.

CaWO4 + 0.5B203 + 4.5Mg = WB + 4.5MgO + Ca0 1)

Then, magnesium and calcium containing byproducts (i.e. MgO, Mgs;B,0s and
CazB,0¢) found in the SHS product were leached out by using concentrated hydrochloric
acid (HCI) solution to obtain pure tungsten boride powder.

In this study, the recycling conditions of magnesium, calcium and boron containing
spent liquor obtained after the leaching of above mentioned SHS product were investigated.
Before the experimental study, a computational thermochemistry simulation was carried out
by FactSage to understand the interactions and effects of additives on the present acidic SHS
waste solution. Different precipitates were obtained after the controlled additions of Na,COg3
or NaOH solution to the spent liquor by arranging pH conditions. The experimental flowsheet
is shown in Figure 1. The effects of chemical reagents, pH, stirring speed & contact time and
temperature were investigated in detail. The obtained products were characterized by using
X-ray Diffraction and Atomic Absorption Spectroscopy.
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Figure 1. Experimental flowsheet
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Mo2NiB; AND Mo,FeB, BASED COMPOSITES AND PROTECTIVE COATINGS BY
CENTRIFUGAL METALLOTHERMIC SHS

D.M. lkornikov*, V.N. Sanin, N.V. Sachkova, V.l. Yukhvid

Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences, Chernogolovka,
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Phase diagrams of Mo-Ni-B, Mo—Fe-B, W—Co-B, etc. systems suggest that complex
borides Mo;NiB,, Mo,FeB;, W;NiB;, and MoCoB may come in thermodynamic equilibrium
with a metal matrix of Ni, Fe or Co. This circumstance gives hope for preparation of stable
metal-matrix composites (MMCs) in the form of a ductile metal matrix doped with uniformly
distributed particles of hard and refractory transition-metal borides. Such MMCs have shown
a unique combination of properties [1]: high strength and excellent corrosion resistance in
conditions of heavy loading and friction at high temperatures.

In this work, we attempted to fabricate cast MMCs containing Mo;NiB; (1) and Mo,FeB; (I1)
by centrifugal metallothermic SHS [2] which combines the advantages of metallothermy and
SHS. Since the combustion temperature of typical thermite-type SHS mixtures is in the range
of 2500-3500 K, this technique affords fabrication of cast materials and protective coatings
(SHS surfacing). We carried out a search for reactive systems and process parameters that
would ensure simultaneous preparation of both metal matrix and boride filler in a single
process. Then the above systems were use to deposit protective coatings of ternary borides
directly onto commercially available Ti and Fe alloys during the SHS process.

Combustion was performed at centrifugal acceleration a = 10-400 g. In this way we expected
to (a) improve the yield of target product, (b) remove gaseous byproducts, (c) diminish the
grain size in the product, and (d) make product composition more uniform.

As follows from Table 1, cast MMCs | contained orthorhombic Mo,;NiB, and MoNiy4
intermetallic, and some admixture of MoNi. The material has a clearly pronounced composite
structure. The material of largely Ni matrix is filled with Mo,NiB; particles 20-30 pm in their
size uniformly distributed over the cast material (Fig. 1a).

The MMCs 11 have a Fe matrix impregnated with Cr and Ni in the form of sold solutions
(Fss). The boride Mo,FeB; acts as a filler. Its particles about 10 um in size are uniformly
distributed all over the volume of cast material.

Table 1. Nominal and actual composition of cast MMCs | and 1.

Nominal (wt %) Actual (wt %)

Ni Mo Fe B Al Cr V
| Ni-58Mo-6B bal. 578 - 58 1.0 — —
Il Fe-49Mo-6B-2.5Cr-25V - 491 bal. 58 08 23 25
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Figure 1. SEM micrographs of cast MMC | (a) and (b) Fe substrate with composite
coating.

The Vickers hardness of synthesized MMCs was found to vary between 9.5 and 12 MPa.
This makes such MMCs promising candidates for use in marine and aerospace propulsion
engineering, power engineering, gas/oil transportation, as heavy-current electric contacts,
structural engineering materials, armoring materials, etc. The process can be recommended
for practical implementation in production of cutting tools, tribological materials, moulds, and
deposition of protective coatings. This work can be regarded as the first positive experience of
SHS surfacing of Ti substrates carried out in open air.

The work was supported by the Russian Foundation for Basic Research (project no. 12-03
00637) and Governmental Program on support of Russian research and educational personnel
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MECHANICALLY ACTIVATED SHS COMPACTION OF MOLYBDENUM
DISILICIDE BASED COMPOSITES
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Molybdenum disilicide (MoSi,) has been recognized as a promising high-temperature
structural material due to the combination of attractive properties such as a high melting point
(2030°C), a reasonable density, excellent high temperature oxidation resistance, and a brittle-
to-ductile transition in the vicinity of 900°C. Thus, MoSi, can be used in oxidizing
environments at temperatures that significantly exceed 1100°C, the limit for nickel-based
super alloys currently used in advanced boilers and turbines. Further, MoSi, is non-toxic,
environmentally benign, and suitable for electro-discharge machining. Molybdenum
disilicide, however, has some problems, which can be overcome by adding secondary phases
such as MosSi3 and WSi,. Although SHS of MoSi, has been studied by many researchers [1-
4], change in the stoichiometry and addition of other components decreases the exothermicity.
This problem can be reduced with the so-called mechanically activated SHS, successfully
used for fabricating MoSi, alone [5] or with secondary phases SiC [6] and WSi;, [7]. The
porosity problem of SHS products is overcome in SHS compaction, where the reacting
mixture is compacted immediately after combustion, leading to the formation of dense, non-
porous materials. In the present paper, both mechanical activation and SHS compaction
(quasi-isostatic pressing) are used for the combustion synthesis of MoSi, — based composites.
Molybdenum and silicon powders were mixed according to the desired MoSi,-MosSis
composition in a three-dimension inversion kinematics tumbler mixer and then milled
together in a planetary ball mill. The as-milled powders were compacted into cylindrical
pellets using a hydraulic press. The pellets were ignited in either a windowed steel chamber
filled with argon or in a special die for SHS compaction, where silica powder was used as a
pressure-transmitting medium. The die was placed under the hydraulic press, which was
operated immediately after the end of combustion. The obtained combustion products were
subjected to compressive tests. The milled powders and combustion products were
characterized by XRD and SEM. It has been shown that mechanical activation of the
reactants significantly accelerates combustion and enables stable, self-sustained combustion
without preheating. Quasi-isostatic densification immediately after synthesis led to a 55-60%
increase in the product density as compared with the materials obtained after combustion in
argon atmosphere. XRD pattern of the products shows (Figure 1) that MoSi, is the major
phase and MosSis is the secondary phase of the composite. Most particles have a size of 0.5—1
pm; they are agglomerated and form a three-dimensional network structure (Figure 2).
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Figure 1. XRD pattern of the combustion products. Fig. 2. SEM micrograph of the
combustion products.
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An INVESTIGATION on Co-BASED TERNARY ALLOY SYSTEMS PRODUCED by
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Self-propagating high temperature synthesis processes are one of the highly productive
and economically reasonable methods for the metallurgy industry. The synthesis of materials
(compounds) by self-propagating high temperature takes place as a combustion reaction of
reactive raw materials and the following chemical reaction by heat transfer that allows an easy
production of ceramic and intermetallic materials.

This study covers information about our previous investigations on production and the
thermodynamic aspects of Co-based cast alloys via self-propagating high temperature
synthesis (SHS) methods. In order to reduce the number of examples, the thermodynamic
aspects of the SHS processes were carried out firstly by using Factsage 6.2 thermochemical
software in order to graph ternary phase diagrams and to calculate adiabatic temperatures and
molar composition changes of the cast alloys such as Al-Co-Ni, Al-Co-V and Co-Fe-V. The
initial mixtures were prepared from dried powders, and were calculated to produce the
estimated alloys given in Table I.

Table 1. Estimated alloys compositions of SHS reactions, wt.%

Al — Co — Ni System Al — Co -V System Co - Fe -V System
10.0 Al -65.0Co—-25.0Ni 10.0AI-750Co-150V 375C0-500Fe-125V
10.0 Al -40.0Co—-50.0Ni 10.0Al-55.0C0-350V 25.0Co-50.0Fe—-25.0V
10.0 Al-20.0Co—-70.0Ni 10.0 Al-30.0Co-60.0V 125Co-50.0Fe—-375V

The reaction mixtures were mixed thoroughly 15 minutes in a turbula mixer and

powder mixtures (150 g) were charged into Cu crucible and compacted. Copper crucible was
designed as two pieces; a base plate and a cylindrical part. The cylindrical part has 140 mm
height with 50 mm outer diameter and 40 mm inner diameter. The bottom part of base plate
has 50 mm outer diameter and top part of it has 40 mm outer diameter which is fitted with the
cylindrical part. Cr-Ni 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
self-sustaining and propagated throughout the SHS mixture. The obtained SHS products were
discharged from the crucible after cooling.
The refining process was realized after obtaining SHS alloys by using Edmund Buehler
MAM-1 mini vacuum arc melting system. The maximum 20 g of SHS alloys could be
remelted at a time. By using a vacuum pump, air in the chamber was vacuumed out at 1 torr
(10°° bar), then high purity of Argon gas (99.998 %) were purged into the chamber. The arc
was generated between tungsten (W) electrode and copper base plate under inert Argon
atmosphere. The copper vase plate has a water-cooling-system to prevent to melt or react with
the SHS alloy.

The phase compositions of the SHS products were characterized by X-ray
diffractometer (PANalytical PW3040/60, Cu Ka radiation) equipment with using X’Pert
HighScore+ software and ICDD, ICSD databases. The morphologies of the products were
characterized by electron probe microanalysis (EPMA, CAMECA SX-100) with using three
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WDS (Wavelength Dispersive Spectrometer) units. Wet chemical analyses were realized by
using atomic absorption spectrometer (AAS, Perkin Elmer Analyst 800). Microhardness
values of SHS and refined SHS alloys were measured by Struers Duramin A300
microhardness tester. A diamond based certified Vickers indenter was used and 0.3 kg (2.94
N) force had been loaded into the alloy surface during 5 seconds. Microhardness and standard
deviation values were calculated within 15 hardness measurements.
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The one stage obtaining of refractory metals from oxygenous raw materials is in the
focus of our current research. Particularly, sodium molybdate, which is an intermediate
product of Mo ore processing and available source, is of great interest for direct reduction. In
our previous work magnesiothermic reduction of sodium molybdate by self-propagating high-
temperature synthesis (SHS) method was performed [1]. Although Na,MoO4+Mg interaction
characterized by sufficient exothermicity, but reaction proceeds partially, moreover, sodium
and sodium oxide formed as unwanted aggressive compounds, which complicate the process
and make it not safe. To avoid from the above-mentioned disadvantages it was suggested
using CaF,, which allowed to overcome the formation of sodium and sodium oxide, as well as
to reach quantitative yield of target product. Thus, the experiments show that addition of 1
mole calcium fluoride to the stoiciometric Na,MoO4+3Mg mixture substantially influences on
the combustion parameters, namely combustion temperature increases by 500°C, velocity —
about 3 times. Moreover, reduction proceeds completely and according to XRD patterns at
optimum composition of green mixture (Na,MoO4+3Mg+CaF,) and process parameters (P=2
MPa) combustion product represent as molybdenum, MgO, CaF, and NaF. Note, that MgO,
CaO and NaF byproducts easily removed due to acid leaching. The aim of this research was
to study the use of NH4F instead of CaF,, which will increase the effective yield of Mo
powder, as well as to simplify the process of acid leaching. In the case of ammonium fluoride,
when using two moles of NH4F combustion temperature increases by 300°C and velocity 2
times compared with just (Na,MoO4+3Mg) interaction. It also promotes the complete
reduction of sodium molybdate leading to the formation of fine molybdenum particles. The
using of NH4F has one more privilege; it doesn’t form additional byproducts, as in the case of
CaF,. The synthesis process is controlled by ambient gas pressure and sample parameters.
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Fig.l. XRD patterns of combustion products of Na,MoO,+3Mg (1) and
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Na;MoO4+3Mg+2NHF (2) mixtures (a) and SEM micrograph of combustion product of
Na;MoO4+3Mg+2NH4F mixture (b).

Thus, the possibility of complete magnesiothermic reduction of sodium molybdate and the
positive influence of various additives was confirmed. Optimum conditions for obtaining
molybdenum fine powder according to initial mixture composition, additive type and its
amount, inert gas pressure, etc. found out.
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Nowadays, nanosized refractory metals (tungsten, molybdenum) have received much
attention in nanotechnology because of their unique physico-chemical properties. However,
the complexity and expensiveness of their preparation methods impede their wide application.

In the work a new, effective method for obtaining of tungsten nanopowder by
combustion synthesis approach was developed. As starting material the intermediate product
of tungsten mine processing (ammonium paratungstate, APT: (NH4)sWs0172,5H,0) was
used. (Mg/Zn) combined reducers were chosen to perform combustion processes in mild and
controllable conditions to obtain tungsten nanopowder.Preliminary thermodynamic analyses
of the APT-Mg-Zn system were performed using the “ISMAN-THERMO” software.
Adiabatic combustion temperature (Tag) and equilibrium composition of the final products
were calculated. Calculations showed that while magnesiothermic reduction of APT is too
exothermic (T, ~ 3100°C), the zincathermic reduction is low exothermic and cannot proceed
in a self-sustaining mode. The coupling of mentioned high and low exothermic reactions
allows to perform combustion reaction in the (NH4)sWs0172,5H,0 - XMg - yZn system in
mild and controllable temperature regime due to varying Mg/Zn ratio [1].

Particularly, decreasing Mg amount in the initial mixture from x=15 to 5 moles, leads
to decreasing combustion temperature 2 times, and combustion wave propagation velocity -
15 times (fig. 1). At 4 moles content of Mg combustion lower limit was observed (fig. 1).
According to XRD analysis of combustion products, one may conclude that x=8 value was
found optimal for APT complete reduction. At x>8 values characteristic lines of tungstates
and tungsten oxides were appeared in the XRD patterns of combustion products. Taking into
account the implication of gaseous products in the process, as well as possible evaporation of
Mg and Zn, the influence of ambient gas pressure on the combustion laws and relative mass
loss (Jm/my,) of the initial ((NH4)4sW5017.2,5H,0 + 7Zn + 8Mg) samples were investigated. It
was shown that increasing ambient gas pressure above P=2 MPa obviate the removal of both
reducers from sample and complete reduction of APT takes place. Note, that ZnO and MgO
byproducts are easily removed by 10% HCI treatment. SEM and XRD analyses showed that
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Fig.1. Combustion parameters of APT + xMg + Fig.2. SEM micrograph of combustion product «
APT +8Mg + 7Zn mixture

(15-x)Zn system vs. Mg amount (X)
combustion product after acid leaching represent as submicron particles of tungsten (fig. 2).

Thus, the possibility of APT reduction by Mg/Zn combined reducers in the combustion mode
was shown, the optimum parameters for the preparation of tungsten fine powder were
determined according to initial mixture composition, ambient gas pressure, as well as sample
geometry and density.
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Composite materials (such as Cu - refractory metal), which are composed of two or
more metals with distinctly different physical properties, are widely used due to their multiple
functionalities in heavy-duty electronic contacts, welding electrodes, vacuum technology,
military fields, aeronautics, portable apparatus and some other advanced fields. These new
type of materials combine the properties of both metals, even leads 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. Among
such type of alloys Mo-Cu alloys have been attracted a great interest in both scientific and
practical points of view. The increasing scientific interest in Mo-Cu alloys is caused by the
facts, that despite the 1) significant difference in lattice parameters of metals (a(Mo) =
0.314nm, a(Cu) = 0.361nm) and 2) the high difference of melting points of copper
(Tcu=1083°C) and molybdenum (Two=2625°C), as well as their insolubility in both solid and
liquid states, they form a material with absolutely new structure, so called pseudo-alloys.
Mo-Cu composites are generally fabricated by Cu infiltration in Mo skeleton or liquid phase
sintering of Mo—Cu powder mixtures. Since the Mo—Cu system exhibits mutual immiscibility
or negligible solubility, Mo—Cu powder compacts show very poor sinterability, even by liquid
phase sintering above the melting point of the Cu. Moreover, in most of the applications,
high-dense Mo-Cu materials with homogeneous microstructure are required for high
performance, which is possible by applying ultra-fine and well-dispersed powders.

In the present work it was suggested a new approach for manufacturing of Mo-Cu
composite nanomaterials via co-reduction of Mo and Cu oxides in combustion mode by
combined (Mg+C) reducers. The magnesiothermic reduction of MoO3; and CuO are too
exothermic (T, ~ 3000°C), while carbothermic reduction is low exothermic and cannot
proceed in a self-sustaining mode. The proposed approach allows to perform joint reduction
of oxides in controlled combustion regime and to obtain Mo-Cu composite material.

At first, for estimating the value of adiabatic combustion temperature (T.4) and
equilibrium composition of the final products, preliminary thermodynamic analyses of the
Mo0O3;-CuO—(Mg+C) system were performed using the “ISMAN-THERMO” software
developed for multicomponent heterophase systems. Calculations showed that reactions in the
MoO3;-CuO—(Mg+C) mixtures are characterized by significant exothermicity and can proceed
in the self-sustaining mode with Mo-Cu single product formation.
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Fig.1 Combustion thermograms of the MoO; Fig.2 XRD pattern of combustion product of MoOs-
CuO-(Mg+C) mixture, P=0.3 MPa. CuO-(Mg+C) mixture after acid leaching, P=0.3 MPa

Based on the thermodynamics, combustion experiments were performed in the MoO3 —
CuO —(Mg+C) system with appropriate compositions. It was shown, that combustion
parameters (T., Uc), as well as products composition and characteristics are controlled by
varying initial mixture composition (mainly Mg/C ratio) and ambient gas pressure (up to 0.3
MPa N,). The analysis of both temperature profiles (fig.1) and XRD patterns (fig.2) showed
the possibility of complete joint reduction of MoO3; and CuO oxides by combined (Mg+C)
reducing mixtures in mild combustion conditions. During the magnesiothermic reduction
apart from the Mo-Cu composites, MgO produces as a byproduct, which is easily removed
from the main product by acid leaching.
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[-sialons are solid solutions with a variable composition (Sis.,Al,O;Ng.;) produced on
the basis of B- SisN4 by replacing Si — Al and N — O (z is the number of substituted atoms of
silicon and nitrogen in the formula of silicon nitride, varies from 0 to 4.2), have a stability at
high temperatures (1500-1800° C), high corrosive, heat-and wear-resistance, high hardness
and strength [1, 2]. Traditionally, the synthesis of sialons is combined with hot pressing of
mixtures from the previously prepared powders of SizN4, AIN and Al,Os3, which causes the
high cost of ceramic materials. For simplifying a process for the production of sialon ceramics
and reducing its cost, it is appropriate to use raw materials not subjected to deep chemical
purification, such as natural silica-aluminia minerals or iron-containing alloys. Especially
attractive materials are ferroalloys containing in the composition both nitride-forming
elements which enter into the composition of sialon: aluminum and silicon.

This paper presents the study of the ceramic composite synthesis on the basis of sialon in the
mode of self-propagating high-temperature synthesis (SHS) using aluminum ferrosilicon
(AFS) as a row material.

Aluminum ferrosilicon (FS65A15) was used as a row material. According to the data
of X-ray phase analysis (XPhA), the original AFS was a multiphase material consisting of
silicon and high-temperature leboit (FeSi,). According to the results of X-ray microanalysis
with the use of the CAMEBAX-MICROBEAM analyzer we found that aluminum was
represented as a solid solution in the phase of FeSi,. The impurity phases were Al,O; and
AlgsFeqs. The results of chemical analysis have shown that the content of silicon in the alloy
is 60.1 wt. %, aluminum - 13.2 wt.%, the rest is iron. The AFS powder was placed in the
cylindrical tubes constructed from a metal mesh 30 + 60 mm in diameter and burned in the
installation with a constant pressure using the method [3], when the pressure of nitrogen was
varied from 1 to 6 MPa.

The experimental results have shown that the maximum temperature of AFS
combustion is 2120+15°C and exceeds the temperature of ferrosilicon (FS 75) combustion by
approximately 100°C. This fact is probably connected with the exothermic reaction between
aluminum and nitrogen in the combustion wave, which leads to the formation of aluminum
nitride with high heat of formation (259.4 kJ/mol).

The AFS combustion product is a multiphase material consisting mainly of B-SizsN4 and FeSi.
A significant amount of iron monosilicide (FeSi) in the combustion products indicates a low
degree of nitration for the products of combustion. To achieve the highest nitration degree of
the synthesized products and obtain B-sialon with a composition of SizAl;03Ns, we added
alumina (a-Al,O3) to the row material in the amount of 5 - 22 wt.%. Combustion of aluminum
ferrosilicon was not initiated after adding Al,O3 in the amount more than 22 wt.%.

A detailed study of the diffraction profile for the combustion products of AFS in the presence
of the Al,O3 additives showed the displacement of all diffraction peaks towards the smaller
angles (20). We found that the increase in Al,O3; additive approximated the parameters of a
crystal lattice to the reference values for B - SizAlsO3Ns and the maximum compliance was in
the case when the Al,O3; additive was 22 wt.%. In this case it is formed almost a two-phase
product of combustion consisting of B - SizAl303Ns and o-Fe. To obtain pure sialon it is
enough to process the combustion product with a weak solution of hydrochloric acid.
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The obtained material (B - SisAl3O3Ns - a-Fe) was tested as a catalyst for degradation of
dissolved organic compounds (phenol, formaldehyde, oxalic acid, etc.) for purification of
waste and industrial water. High chemical resistance of sialon allows us to use a synthesized
material in the most aggressive media.
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Nitride phosphors have been reported to be potential for applications in solid state
lighting. However, presently available methods for the synthesis of nitride phosphors all
require relatively severe conditions such as high temperature, high pressure and long duration
time. In this presentation, we report the development of a new method for the synthesis of a
nitride phosphor (i.e.,CaSiAIN3) based on self-propagating high temperature synthesis (SHS)
reactions. The reactants used for the synthesis include calcium, silicon, aluminum, silicon
nitride and europium oxide. These powders were mixed and pressed into compacts. The
reactant compacts were then wrapped up with igniting agent (e.g., Mg+Fe30,4). The reactant
compact was ignited by electrical heating under a N, atmosphere of 5-7 atm. The CaSiAIN;
phosphor could thus be produced under a low pressure, and a short duration time. We also
investigated the effects on the properties of the product of several important experimental
parameters including compositions and different reaction pressure. The results showed that
the luminescence intensity and wavelength of the CaSiAlIN3 phosphor are affected by
experimental parameters. A typical product has an excitation spectrum in the range of 220-
500nm and a single broadband emission in the range of 400-670nm upon excitation at 380nm.
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Fig..1. Excitation spectrum of the synthesized
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Fig.. 3. XRD Pattern of the synthesized
CaSiAIN3: Eu** phosphor.
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Solution combustion synthesis method is used to prepare Ni catalysts supported on y-Al,O3
pellets with controlled metal distribution as described in Figure 1. It was shown that
impregnation time of the SCS solution onto the pellet determines the distribution of the Ni in
the pellet which in turns affects the catalyst selectivity towards hydrogen production during
ethanol decomposition.

Combustion front

1 min e ST

C
2820
a) b) ¢) d)

Figure 1. Direct Combustion Synthesis of Supported Catalyst: the alumina support (a) is
impregnated with the reactive solution (b), the combustion wave is initiated and propagates
through the pellet in the form of reaction front (c) producing highly dispersed metal in the
pores of the inert support (d) with the desired metal distribution along the bulk of the sample.

Based on an optimization study for the synthesis of pure metals,® an aqueous solution of
nickel nitrate hexahydrate and glycine with a ¢ value of 1.75 was used. A series of y-Al,O3
pellets with a ring geometry were immersed into the reactive solution for different time
intervals ranging from 1 s to 30 min to allow for variations in active metal distribution in the
radial direction. The uptake of the liquid is surprisingly fast and the pellets are saturated after
about 10 seconds of impregnation. Two impregnation times were chosen for further study, 5
seconds and 1 minute representing a partially and fully loaded reactive solution, respectively.
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The combustion reaction was initiated on the pellets placed on the hot plate (~515 °C) and the
reaction propagated in a self-sustained manner along the pellet as a combustion front. Figure
2a shows a sequence of IR images at various times in the 1 min impregnated sample. The IR
intensities measured at the top of the pellet translated to temperature vs. time for the two

a)

combustion

56 s

330 °C

t =1 mm

Temperature, C

300 °C

Time. s

461.3°C

2004C

Figure 2 a) Combustion front propagation as captured by
infrared camera and b) temperature profile of combustion

front in 1 min and 5 sec samples.

samples as shown in Figure
2b. The reaction front for
samples impregnated for 1
min propagates faster and
exhibits a higher combustion
temperature (330 °C)
compared to 5 s (300 °C) due
to shorter impregnation times
and less uptake of reactive
solution, reducing the energy
density of the combustion
mixture leading to a lower
combustion temperature and
velocity.

TEM and EDS data was also
collected and will be
presented, along with reaction
data that shows the change in
Ni distribution leading to a
change in reaction conversion
and selectivity.

It can be seen that SCS of Ni
supported catalyst takes place
via the self-propagating mode

under highly diluted conditions in a compacted porous alumina pellet. The impregnation of
the metal in the pellet is very fast with only a minute required to obtain a uniform distribution
of the metal on the pellet. Shorter impregnation times yields a non-uniform distribution that it
is preserved during SCS, and which affects the selectivity of the reaction when the support
itself is active and this effect can be used to tune the selectivity of the reaction.
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During burning thermite highly-exothermic mixtures with an excess of aluminum in a
nitrogen atmosphere to 2-3% (by weight) of nitrogen is a part of the oxide phase combustion
[1-4]. Adding of aluminum nitride in the initial mixture can increase the nitrogen content and
get cast aluminum oxynitrides with a nitrogen content of 8-10%.

The present study is aimed at obtaining oxynitrides Al-Cr-O-N, as well as the research
of the principles and mechanisms of their synthesis. For the synthesis of cast oxynitrides
mixtures of oxide of chromium, aluminum and aluminum nitride were used. The synthesis
was performed in a laboratory reactor under nitrogen pressure of 0.1 to 16 MPa. Mass of the
initial mixture ranged from 10 to 100 g. The mixture was burned in graphite refractory or
transparent quartz glasses. During the experiments video, thermocouple measurements,
guenching of the intermediate states were taken. The synthesis products were examined by
classical chemical analysis and metallography, X-ray and local X-ray spectrometry analysis.

Visual observations and video, thermodynamic calculations and analysis of the
synthesis products provided a general idea of the autowave AI-Cr-O-N synthesis. After
ignition of the mixture a flat flame front formed, which moved in the mixture at a constant
speed. In the combustion wave the mixture was converted into the combustion products.

After the completion of the combustion process during the subsequent melt cooling the
final product phase composition and structure were formed.

While the experiments the detailed study of burning of CrO; + Al with different
content of AIN (a) in it was carried out. The product of this mixture combustion at o = 0 had
cast look and presented solid solution of Al,O3 x Cr,0:s.

With a increasing from 0 to 60% the linear burn rate decreased monotonically from 7
to 0.7 cm / s and reached a limit burning at a = 60%, and the nitrogen content in the final
product increased from about 1 to 10% by weight. In the interval 0 < a < 25% the single-layer
combustion product had cast form, and at 25 < a < 60% - sintered. The X-ray analysis showed
that, depending on the nitrogen content in the products they represented oxynitrides Al-Cr-O-
N with different nitrogen content in them.

To detail the mechanism of chemical reactions in combustion waves of the studied
mixtures the possibility of burning CrO; + aAIN mixtures was studied. The experiments
showed that the mixture combustion was possible in the range of possible 0.25 < a > 4.
Maximum calculated temperature of combustion was achieved at a = 1 and made 2800K.
Products of combustion mixtures with combustion temperature above 2500 K had two-phase
structure: large particles of chromium nitride were distributed in cast oxynitride matrix.

The maximum content of nitrogen in the oxynitride matrix was ~ 8% (by weight). The
obtained results showed that at combustion of mixtures CrO3z + Al + aAIN, aluminum nitrides
might be involved not only in the formation of oxynitrides (Al-Cr-O-N), but also in the
reconstruction of chromium oxide.
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In our previous work direct zincathermic reduction of MoS; in the combustion mode was
performed by coupling (MoS,+2Zn) low exothermic reaction with (MoO3+3Mg) high caloric
one. At that zincathermic reduction of MoS; proceeds in the self-sustaining mode even at
quite small amounts (starting from ~10wt.%) of high-caloric (MoO3+3Mg) mixture. It was
shown that thermal coupling in this system is distinguished with its unique flavor, such as
selective interactions (MoS,+2Zn) & (MoO3+3Mg) take place that were confirmed also by
preliminary thermodynamic analysis. This fact is caused that Mg has more affinity to oxygen,
but Zn - to sulphur, which makes possible to avoid from the formation of easily hydrolysed
and undesirable sulfide byproducts (MgS, Zng gsMgo 325).

To explore the interaction mechanism in the above-mentioned system in this work model
experiments were performed with initial mixtures at high heating rates. For this purpose, high-
speed temperature scanner (HSTS-1) was used coupled with XRD analysis method of samples
obtained at different stages of the process [1].

The latter allows studying the kinetic features of highly exothermic reactions taking place in
powdered mixtures at fast heating. For performing experiments the powder mixture under
study (5-100 mg in weight) is placed into the mini envelope made from Ni or Ni alloy foil
(thickness: 50-100 pum) and is heated directly by electrical current according to the
preliminary given way. The heating way of the sample is controlled either by the temperature
of powder mixture (T), or electrical power (W). Heating rate of samples can be varied from
10 to 10.000°/min. Temperature range of scanning: from room temperature to 1300°C. The
experiment can be stopped automatically at preliminary given time or temperature with
subsequent fast cooling of samples (up to 200°s) from reaction temperature. The cooled down
samples were examined by XRD and SEM.

The experiments can be performed in vacuum, air and inert gas medium at P<1 atm. (static
conditions). Custom Microsoft Windows-based software and intuitive graphical user interface
have been designed for the current HSTS-1 model.

The behavior of target quaternary (MoS;+MoO3+3Mg+2Zn), as well as ternary
(MoO3+2Mg+Zn), (MoOs+Mg+2Zn), (MoS,+Mg+Zn), (M0S;+M005+5Mg),
(M0S;+Mo003+5Zn) and binary (MoO3;+3Mg), (MoO3+3Zn), (MoS;+2Mg), (MoS;+2Zn)
mixtures were investigated at high rates of linear heating. The experiments were performed at
V;=300--3000°/min heating rates of initial samples in argon medium at 1 atm pressure. In fig.
1 the HSTS curve of MoS; + 2Zn mixture and XRD pattern of sample quenched from point
“A” were brought as example. As it can be seen from the results obtained, physicochemical
transformations can be clearly distinguished on the temperature profile.
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At first zinc melts at ~420°C, then the first exothermic interaction takes place at temperature
range 570+730°C leading to self-heating of the system by ~100°C. At 850°C evaporation of
non-reacted zinc starts and the interaction is continued with participation of gaseous zinc. The
latter leads to additional self-heating of the system and process completes at 1090°C.
According to XRD analysis quenched sample at 1130°C mainly represent as Mo and ZnS.
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It was shown that in spite of simple
thermodynamic nature, the
interaction mechanism for ternary
and quaternary mixtures have quite
complicated character.

Fig.1. HSTS curve of MoS; + 2Zn
mixture & XRD pattern of sample
cooled down from high temperature

(point “A”). V= 780%min, my,=50mg

[1] M.A. Hobosyan, Kh.G. Kirakosyan, S.L. Kharatyan and K.S. Martirosyan (2013). Study
of dynamic features of highly energetic reactions by DSC and High-Speed Temperature
Scanner (HSTS). MRS Proceedings, 1521, MRSF12-1521-0001-05

doi:10.1557/0pl.2013.144.
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The possibility of cobalt powder preparation from sulphate raw material in the double stage
combustion process was investigated. In the present study, cobalt (I1) sulphate crystalline
hydrate (CoSQO,4.7H,0) as precursor and polystyrene (PS) as reducing agent were used. The
first stage of the combustion process is obtaining of cobalt oxide (CoO or mixture of oxides
Co0 and Co304) from Co0S0O,.7H,0, and the second one - reduction of oxides to metallic
cobalt. In order to implement above mentioned two stages in self-sustaining manner, the
reactions thermal coupling approach was applied [1]. The endothermic (decomposition
C0S04.7H,0 - 1 stage) or weakly exothermic (CoxOy+PS - 1l stage) reactions were coupled
with high exothermic NH4NO3+xPS (high caloric mixture - HCM) one.

The self-sustaining decomposition of Co precursor was carried out in metallic boat (in an
open reactor), and the second reaction - in the constant pressure reactor in nitrogen
atmosphere. To measure the main combustion parameters (T and U) thermocouple technique
was used. After the combustion process was over, cooled down samples were examined by
XRD and SEM analyses methods. Simultaneously, the mass losses of burnt samples were
measured, as well as magnetic properties of obtained products were checked.

Combustion peculiarities in the [C0SO4.7H,0 - m(HCM)] and [CoxOy-PS-n(HCM)] systems
depending on the initial mixture composition (amount of "HCM™" additive) and sample size
were explored. The dependences of T., U; and mass loss ([Jm) vs. aforementioned parameters
were determined; combustion regimes, chemical and phase composition of combustion
products, as well as microstructure characteristics were investigated.

It was established that the systems under study are characterized by different combustion
regimes, such as autooscillation and stationary ones. The existence of combustion limits by
the HCM amount in the initial mixture was also found out.

The degree of cobalt sulphate desulfurization and reduction depth was estimated by mass loss
of samples. Complete reduction of metal in the combustion process can be confirmed both by
XRD analysis and magnetic properties of the final product.

In the first stage of the process multiphase products are obtained, basically composed of
cobalt oxides (CoO and Co30,4) and in some cases, small amount of CoSO,. At this stage,
both autooscillation and stationary combustion regimes are realized. In the second stage
(reduction of CoxOy by PS-HCM system), mainly steady-state combustion was observed. At
that at complete reduction, regardless of ratio of CoO/Co30,4 oxides and sulphate content, pure
cobalt powder is obtained. In the Fig.1 the microstructure of the initial sulphate (fig.1, a) and
final product (fig.1, b) are presented.
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(@) (b)

Fig.1. Microstructures of the initial cobalt sulphate (a)

and the obtained cobalt powder (b)

Based on the results obtained, characteristic features of double-stage preparation of cobalt
powder from sulphate raw material in the combustion mode were revealed and the main
parameters, influencing on the combustion laws, composition of the final products and
microstructure were explored. It was shown that complete desulfurization of cobalt sulphate
(first stage) and metal reduction (second stage) may be controlled by varying the HCM
amount in the initial mixture and the sample size.
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Exothermic decomposition of some energetic materials such as cellulose nitrates in filled
polymer systems can proceed in a mode of frontal low-temperature flameless combustion [1].
The distinctive features of the process are the absence of flame, relatively low temperatures
(260—600°C) and incomplete conversion of fuel and release of reactive gaseous products. A
happy confluence of several factors—such as formation of low-temperature combustion wave,
evolution of reactive gaseous products, and the presence of polymer binder—allowed us to
suggest a novel method for preparation of new high-porosity composite materials containing
nanoparticles of some transition metals and their compounds.

We explored the kinetics for formation of Ni and Ag nanoparticles during low-temperature
combustion of cellulose nitrate in ballasted systems by using the method of Time-Resolved X-
Ray Diffraction (TRXRD) [2]. In our experiments, we used the commercially powders of
cellulose nitrate, CooH16N4 (I, d = 20-40 um, nitrogen content 12.6%) as a fuel; a diffraction-
silent nickel hydroxycarbonate, NIOHCO3 (Il, Ni content 46.9%) as a precursor of Ni; and
silver carbonate Ag,CO3 (Ill, pure grade) as a precursor of Ag. Hexamethyldiisocyanurate
(HMDI) was used as an organic binder, Si - as an etalon.

Flameless frontal combustion yielded porous composites containing metal nanoparticles of
Ag and Ni. Our estimates for crystallite size gave L = 5-10 nm in case of Ni and 20-30 nm in
case of Ag. Figure 1a presents the time-resolved diffraction patterns for of I-HMDI-11-(Si)
samples and, at the right, individual XRD patterns taken at some temperatures. It follows that
the combustion process proceeds in the following several stages. First, the green mixture is
preheated up to 100°C ahead of oncoming combustion wave, which is accompanied by
observation, at 20 = 33-40°, of a broad halo from a mixture of diffraction-silent starting
materials. This is followed by a sharp (in 4-5 s) drop of the halo intensity down to zero level
on the background of rapidly growing temperature caused by passing the combustion wave
through the zone of registration. There is also a period (of 1-2 s) during which the entire
material is present in its diffraction-silent state. The Ni (111) line at 20 = 44.5° begins to
appear and grow at temperatures above 250°C. The Ni line is strongly broadened, which is
indicative of a nanosized of the Ni particles. The attained temperature does not exceed 340°C.
The intensity of the Ni (111) line levels-off in 10-12 s after its appearance, that is, at the stage
of cooling down. In what follows, the diffraction patterns undergo no visible changes.
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Fig.1 Time-resolved diffraction patterns.
Left: I-HMDI-I1-(Si), resolution time t = 1 s; Right: I- HMDI —IIl, resolution time t=0.5s

In case for of I- HMDI —I11l samples, a decrease in the intensity of the Ag,COj3 lines gets

started at 100°C and lasts for 4-5 s. In contrast to the previous case, there is no a region of
diffraction silence. Within a period of t = 16-20 s, the phases of precursor and end product
coexisted. The lines of Ag (111) became pronounced at temperatures around 150°C and
attained a maximum value in 15-17 s, that is, when the reaction front passed a distance of 5-6
mm from the registration zone. The combustion temperature did not exceed 350°C. Complete
crystallization of Ag particles is achieved far behind the combustion wave and then the
diffraction patterns undergo no noticeable changes.
Flameless combustion of mixtures containing cellulose nitrate and nickel carbonate was found
to result in direct (without crystalline intermediates) formation of Ni nanoparticles, although
in the course of reaction the material dwelled in its diffraction-silent state for 1-2 s. The
formation of Ag nanoparticles did not involve a diffraction-silent intermediate but the phases
of precursor and newly formed Ag nanoparticles coexisted for a time period of 3-4 s.
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Recently [1], one of us has suggested to use the so-called thermally coupled reactions for
initiating SHS reactions in low-caloric systems incapable of burning in a self-sustained mode.
In this work, we explored combustion in the system (Fig. 1a) involving the highly caloric
(donor) system Fe,O3—Al and low-caloric (acceptor) system Ti—Al under argon. For the donor
reaction, the adiabatic combustion temperature (Ta) is 3470 K [2]. In order to avoid the
melting of initial components and reduced Fe, the green mixture was diluted with MgO
powder. The dilution decreased T,q down to 2345 K and prevented spreading of the donor
compact. In order to provide good contact between donor and acceptor layers and hence
favorable conditions for heat exchange, it was desirable that there would be no shape change
during SHS reaction.

For equimolar Ti—Al mixtures, T,y = 1518 K [2]. However, the thermal effect of this
reaction is insufficient for maintaining combustion in a self-sustained mode and the system
requires preliminary warm-up [3]. In thermally coupled reactions, the donor system plays a
part of external heater for a low-caloric donor reaction.

We measured the temperature profiles in the donor and acceptor layers and at their
interface. The results are presented in Fig. 1b. Readings of thermocouples T1-T4 clearly
show that the combustion front in the acceptor mixture is formed at the donor/acceptor
interface and then proceeds to the center (position of thermocouple T1). Simultaneously, the
burning donor layers promote propagation of combustion front in acceptor from the sample
top to its bottom. Thus burning of the acceptor layer occurred at a slight time lag compared to
the donor one, as was evidenced by video record of the process. According to XRD data, the
target combustion product was TiAl. In other words, thermally couples SHS reactions proved
to be rather efficient and can be recommended for their implementation in SHS practice and
technology.

(a) 1800-
1600
Donor green ]
mixture Locady
O 12004 T4
Abut plate = 1000.]
800 -: T2
600
I nermocouples ]
Wr5/WR20 4001
200 +
Acceptor green ] % J
mixture O . " . , ; . : .
20 25 30 35 40
t,s

116


mailto:alex-linde@mail.ru

Proceedings of the XII International Symposium on Self-propagating High-Temperature Synthesis
21-24 October 2013, South Padre Island, Texas, USA

Fig. 1: (a) Experimental setup and (b) thermocouple readings.
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For various practical applications long-sized items (I/D>>1) obtained by the SHS
method are required [1]. High homogeneity of the items is achieved due to the method of
consecutive forcing of powder thin layers into long-sized forms. The method allows obtaining
structural ordering of powder particles in the compact volume [2]. The dependence of macro-
and microstructure of the final synthesis product on macrostructure of the compact multilayer
sample consisting of structurally ordered layers was investigated. Model mixtures were used:
mixture 1 — Ni+Al bidispersed mixture with nickel coarse particles of the shape close to
spherical (d;~200 um) and fine aluminum (d;<10 pm), as well as Ni+Al bidispersed mixtures
including composite particles after mechanical activation — mixture 2 — 50 % of composite
particles of Ni-Al of coarse fraction (d3~300 um) and 50 % of fine fraction (<125 pum), and
mixture 3 —a mixture of Ni-Al composite particles — 50 % of coarse fraction (d3~300 pm) and
50 % of fine mixture of Ni+Al (d;<10 pm, d2<10 pm). During the experiments axial
densification in a thin layer of H in the cylindrical mould of D (D >>H, D >H, D ~H, D >>
di) was simulated. The size of some single powder samples allowed making 1-6 monolayers
of the coarse component along the sample height (H~d;, H>d;). Structural ordering of the
coarse particles is developed due to the non-monotonous dependence of the sample density on
its mass p= pA M); some extremes of density are observed in Fig.1 (T — “main” maximums).
Such structures are similar to regular packages of monodispersed balls (tetrahedral, etc.) [2,
3].

Multilayer samples were synthesized by sintering or by the SHS method with
preliminary heating from 500°C up to 900°C or under the terms of heat explosion. The
product macrostructure corresponds to the initial structure consisting of nickel particles in the
compact sample (Fig. 2, a) and that of composite particles Ni-Al in the compact sample (Fig.
2, b).

The work was carried out with the support of the Russian Fund of Fundament
Research, Grant Ne 11-03-00572-a.
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Fig.1. Relative density of the layer depending on its mass M and sample surface structure: (a)
“1” — Ni powder (d;~200 um), “2” — mixture 1; (b) “1” — mechanically activated Ni-Al
particles; “2” — mixture 2, “3” — mixture 3; (c¢) Ni powder (d;~200 um); (d) mixture 1; (e)
mechanically activated Ni-Al particles; (f) — mixture 2; (g) —mixture 3.

Fig.2. Ni-Al product structure: (a) — obtained from mixture 1; (b) — from mixture 2; (c)- from
mixture 3.
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For various practical applications long-sized items (I/D>>1) obtained by the SHS
method are required [1]. High homogeneity of the items is achieved due to the method of
consecutive forcing of powder thin layers into long-sized forms. The method allows obtaining
structural ordering of powder particles in the compact volume [2]. The dependence of macro-
and microstructure of the final synthesis product on macrostructure of the compact multilayer
sample consisting of structurally ordered layers was investigated. During the experiments
axial densification in a thin layer in the cylindrical mould of D=4 mm (D/d>>1 D/d; ~14,
D/d, ~10) was simulated. The size of some single powder samples allowed making 1-6
monolayers of titanium along the thin layer height H (D >> H, D > H, D ~ H). The particle
size (d) of the coarse component (Ti) of the narrow fraction (£10%) was 200; 300; 400 pm;
and that of the fine component (B, Al) was less than 10 um. The thin layer was densified by
shift and repacking of titanium particles. Structural ordering of coarse particles in the mixture
is exhibited by non-monotonous character of the sample density dependence on its mass; it
has some density extremes. Thin layers of the bidispersed mixture have some fragments of
structurally ordered package consisting of the coarse component particles. Such structures are
similar to regular packages of monodispersed balls [2, 3].

The synthesis in the structurized samples of Ti+2B and Ti+Al was carried out at
sintering at T=600-1000°C and SHS under the terms of heat explosion or combustion with
preliminary heating up to 450-1400°C. The microstructure of Ti-Al sample (Fig.1, b)
illustrates interpenetration of titanium and aluminum. After SHS initiation three phases were
detected in the product - TiAls, TizAl, Al, Ti. The structure of Ti-Al samples after short (=30
min) sintering is shown in Fig. 2, c. There are three phases in the product: TiAlgz, Al, Ti. The
macrostructure of Ti-Al samples inherits the initial structure of titanium particles in the
compact sample. When the synthesis is carried out under the mode of heat explosion most of
the titanium particles manage to be dissolved in the surrounding melt. The maximum size of
the undissolved titanium particles is 20-200 um (Fig.2, d), the phases of TiAl, TizAl are
present in the product.

Fig.1. Chip, cut (a) and Ti-Al sample microstructure after: SHS initiation (T,=800°C, Tr, =
980°C) (b); sintering (T=1100°C, t=30 min) (c); heat explosion (d).
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Fig.2. Structure of Ti-B compact sample Ti-B (a) and TiB, product after SHS - granules (b)
and polished section (c).

The structure of the final TiB; consists of sintered hollow granules of ~400 um in
diameter (Fig.2). The product is remarkable due to four types of the pores. The first type — the
pores inside the granules (spherical shape, 200-250 um) and between them (irregular shape,
150-200 um). The second — the pores connecting granule hollows with each other (20-50
um). The third — the pores appearing when liquid titanium penetrates into the surrounding
boron (5-10 um). The forth — the pores appearing with the product microstructure formation

(<1 pm).

The work was carried out with the support of the Russian Fund of Fundament
Research, Grant Ne 11-03-00572-a.
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SHS (Self propagating high temperature synthesis) technique has several advantages
including less synthesis times, high quality of the products, simple operation and generation
of fine microstructures for synthesizing a wide variety of materials including intermetallic
compounds, alloys and advanced ceramics as well as their composites. Also SHS process has
many prominent properties compared to the furnace applications such as low energy
requirement and low cost [1, 2]. In a SHS process, the ignition starts the combustion and
propagates throughout the reactant mixture to obtain the desired product. However, the
disadvantages of the process such as inhomogeneous or 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].

Mill scale is a layer of iron oxide which forms on the surface of ferrous materials during
cooling after being processed in hot rolling or continuous casting plants. Mill scale contains
iron (11) and iron (111) oxides, which result in a 70% total iron content in oxide form [5].

This study proposed a SHS process to produce iron based alloys using a mixture of mill scale,
NiO, Cr,03, MoOj3 Al used as a main reductant, Mg and Si added for better Cr recovery.
Before the SHS experiments, a thermochemical simulation was performed to estimate the
effect of precursor compositions on the SHS process. Effect of Al,O3 addition to the mixture
of mill scale and stoichiometric Al amount on the obtained products under 1 atm pressure
were investigated at the adiabatic temperature. With the increase in Al,O3 addition into the
green mixture (%49 Fe,O3; + %25 FeO + %3 Fe + %23 Al), Al contents in the liquid alloy
was decreased, Fe contents in the liquid alloy was slightly increased. The advanced
thermochemical simulations of the reactions were investigated in detail including different
ratios of initial mixtures, heat sinker or reductant additions as well as different initial
temperatures in order to reduce the number of experiments.

The mill scale was utilized in this study is formed in a continuous casting plant and
is of non-oily nature. Other than iron oxides of different valence states, it contains metallic
iron and impurities. In the SHS experiments, a mixture of mill-scale, NiO, Cr,O3, MoO3 and
Al powders were used in order to produce metallic Fe, Fe-Ni, Fe-Ni-Cr, and stainless steel
alloys. The metal oxide powders had over 96% purity and 200 pm average grain sizes. The
reaction mixtures were mixed thoroughly 15 minutes in a turbula mixer and powder mixtures
(approximately 150 g) were charged into Cu crucible and were compacted. 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 self-sustaining and propagated
throughout the SHS mixture. The obtained SHS products were discharged from the crucible
after cooling. Then, SHS products were crushed and grounded.

In the first series of SHS experiments, a mixture of different stoichiometric mill scale and
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reductant aluminum powders were studied. The highest metal recovery was achieved with
using a mixture of 100% stoichiometric mill scale and 100% stoichiometric Al powders. Total
metal recovery was decreased with both the increase in stoichiometric mill scale ratio and the
decrease in stoichiometric Al ratio. The ratio of the lost part due to the scattering was
occurred at higher values when starting with 200 g of mill scale and 57.8 g Al.

In the second series of SHS experiments, heat sinker additives were investigated. Fe scrap
was used as heat sinker. The ratio of the lost part due to the scattering was occurred at higher
values when starting with 200 g of mill scale. Total iron recovery was higher than the first
series of SHS experiment but total metal recovery is reduced.

In the third series of experiment, productions of Fe-Ni and Fe-Cr-Ni alloys were investigated
by using a mixture of Mill scale + NiO + Al and Mill scale + NiO + Cr,03 + Al with using Cu
crucible. NiO addition into the green mixtures decreased the total metal recovery. On the
other hand, Cr,O3 addition into the green mixtures decreased the scattered ratio due to the
lower exothermicity of Cr,O3 reduction.

In the last series, reductant effect has been investigated by adding Mg and Si. 316 and 201
stainless steel standarts selected for this experiments, because 316 series Cr recovery were the
worst of third series of experiments and 201 series had the best Cr recoveries in the same
series. Various charge mixtures were carried out in the last experimental set such as
stoichiometric %5Mg + %95 Al, %5Si + %95 Al, %5 Mg + %100 Al, %5 Si + %100 Al
and %2.5 Mg + %2.5 Si + %95 Al. Both Mg and Si additive positive the Cr recovery the best
result have been detected in stoichiometric 100% mill scale + 95% Al + 5% Si system. The Cr
recovery increased from 61.5% to 69.4% but the same effect was not observed in 201
stainless steel experiment.
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Zinc oxide (ZnO) nanoparticles have been prepared by a flame spray pyrolysis method
utilising a self-sustaining flame with zinc naphthenate/toluene as the starting reagents. The
processing route is described and a particle characterisation protocol presented. The powders
were crystalline, having the wurtzite hexagonal structure. Particles were elongated in the c-
crystallographic direction, with average length ~ 23 nm and width ~14 nm. Sources of
impurities identified by Fourier transform infrared spectroscopy and X-ray photoelectron
spectroscopy are discussed. Results of an in-vitro study of cytotoxicty and genotoxicity of the
ZnO particles in relation to A549 lung epithelial cells are presented; relative contributions of
soluble Zn and particle-cell interactions are considered. The presentation concludes by
comparing the relative merits of flame spray pyrolysis to other synthesis routes for ZnO.
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Combinations of properties of carbon/carbon (C/C) composites, such as low density,
high strength-to-weight ratio, as well as high thermo-elastic stability at elevated temperatures,
make it attractive material for a variety of applications. These characteristics allow using C/C
composites for producing rocket nozzles, noses and leading edges of reentry vehicles, as well
as gas turbine engine components. In addition, the high thermal-shock and wear resistance
that C/C composites possess make them suitable for aircraft brake disks, where temperatures
during harsh landing conditions can be as high as 2000 K. As the demand for such materials
increases, development of rapid and energy-efficient techniques for joining C/C composites
are of great interest.

Combustion joining (CJ) is an attractive method for joining of a variety of materials.
Due to short (seconds) processing time, energy efficiency, simple technological equipment
and the ability of producing joint layers with functionally-graded properties this method has
proved as an effective tool for joining of refractory and dissimilar substances. White et al.[1],
reported joining of refractory C/C composites via a class of refractory materials (carbides,
borides, etc) by CJ. However, a short-term (~30 sec) but high-temperature (up to 2000 K)
preheating of the joint stack was required in order to initiate the chemical reaction in the joint
layer, which affected the composite properties.

Here is reported an improved combustion-based technique for bonding of C/C
composites by using a CJ approach with a reactive mixture of titanium and mechanically
activated Ni/Al powders. The present work focused primarily on validating the concept of low
temperature joining of C/C composites with a reactive mixture of Ti powder and Ni/Al
mechanically activated composites [2]. The novelty of the technique is that use of a
mechanically activated reactive medium enables joining of C/C composites by a rapid and
energy-efficient CJ method by preheating the C/C stack to only 630 K, and produces a robust
joint layer. The influence of the CJ parameters, including temperature, applied pressure and
durations on the quality of the joint layer was investigated. The microstructure, phase and
elemental composition of the joint layer were also studied. Finally, tensile-strength testing of
joined C/C composites was performed.
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Figure 1 demonstrates a scheme of the C/C joining configuration. The reactive
medium stack, i.e. Ti+(Ni/Al)ua+Ti is placed between two C/C composites. Once triggered,
the heat release and high temperature of the Ni/Al reaction facilitates the interaction between
the Ti and the C/C composites, forming a TiC phase and simultaneously bonding the C/C
composites. After the joining process, it is expected that a functionally graded joint layer (i.e.,
C/C-TIiC-NiAI-TiC-C/C) will be produced.

Figure 2 shows typical back-scattered electron (BS) SEM images of a joined C/C
sample cross-section in the vicinity of the joint layer. First, it can be seen at lower
magnification that a crack-free joined layer ~75—100 pm in thickness was produced by the CJ
method. Second, it was observed that part of the resulting interlayer infiltrated ~100 pm into
the porous skeleton of the C/C composites. Third, compression during the reaction forced the
molten reactive medium to bond with the C/C composites, yielding simultaneous formation of
a dense, pore- and crack-free interlayer.

Joined samples were machined to a configuration suitable for tensile-strength testing.
As expected in brittle C/C materials, the rupture occurred without a pronounced strain
difference (¢~0.04) in the course of elongation. In this typical case, the obtained ultimate
tensile strength of a joined C/C sample was ~5.8 MPa. More importantly, the rupture occurred
through C/C composite, indicating that the joined layer was stronger than the C/C matrix.
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This study covers information about our previous investigations on production of advanced
ceramics powders via SHS, sintering and RF magnetron sputtering PVD processes carried out
in our laboratories over 20 years [1].

Boron containing advanced ceramic powders such as BsC, TiB,, ZrB;, W;By were
synthesized via self-propagating high-temperature synthesis (SHS) method using a mixture
containing B,O3 and reducing Mg powders with TiO,, ZrO,, CaWO, and/or C powders
followed by acid leaching. It was found that micron and sub-micron sized boron compounds
without requiring any industrial milling processes [2 - 7].

Obtained advanced ceramic powders were consolidated by using Spark Plazma Sintering
(SPS) technique which is mainly used for obtaining compacts within very short times
compared to other sintering techniques. In SPS technique, powders which are in micro or
nano scale form sintered bodies without causing grain growth which will lead to high
mechanical and physical properties. By that processes, high purity, high density target
materials were produced for PVD systems [8 - 10].

In RF magnetron sputtering PVD system, sputtered atoms from target material tend to move
within plasma and condense on a substrate which will lead thin film coatings. Thin film
coatings would give certain properties to substrate materials such as tribological, optical and
electronic. To obtain these properties, B,C and TiB, PVD thin film coatings were successfully
applied on silicon, glass and steel substrates by using the targets which were produced via
SHS+SPS processes [11]. In this study, the results of conducted researches will be presented.
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Development of new multifunctional coatings for use in mechanical engineering,
aerospace industry, tool production, etc. is a current trend in modern R & D [1]. Protective
coatings [2] combining high hardness, resistance to abrasive wear, heat/corrosion resistance,
and low friction coefficient markedly improve service parameters of numerous machine parts.
Promising candidates for the above role are multicomponent ceramic coatings formed by the
borides, silicides, aliminides, and nitrides of transition metals well-known for their good
chemical, mechanical, and tribological properties. Doping protective coatings with Cr, Al, and
Si was used to combine high wear resistance with good resistance to high-temperature
oxidation [3,4].

The use of multicomponent composite cathodes (targets) made of chromium borides,
silicides, and aluminides (which already contain all necessary elements) for PVD of such
coatings can be expected to markedly simplify a deposition process, to improve homogeneity
of coatings and process reproducibility, and to shorten a deposition time. Required
multicomponent compositions can be readily produced by combustion synthesis using the
technique of so-called forced SHS pressing. One of the most actual problems in the field of
SHS is the investigation of peculiarities and mechanisms of combustion, phase and structure
formation processes during the synthesis of composite materials, as knowledge in this area,
allows effectively control the structure and properties of synthesized materials.

We explored the combustion synthesis of multicomponent ceramics in the Cr—Al-Si-B
system, with special emphasis on the effect of green composition and initial temperature (To)
on combustion rate (Uc;) and combustion temperature (T.). An increase in Ty lead to a
proportional growth in T, and U.. The measured effective activation energies of combustion
(Eefs) afforded to assume that the combustion mechanism remained the same within the range
of To = 293-753 K and to suggest some mechanistic details for combustion of individual
green compositions. Experiments on combustion front quenching in a copper wedge and time
resolved XRD analyses allows us to establish the mechanisms of phase and structure
formation of synthesized products. For green mixtures with low Al content, the combustion
proceeds through solid-state and gas-transport reactions of Cr with Si, B, and B0, [5]
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yielding chromium silicides and chromium borides, with reactive diffusion as a limiting stage.
So, Ee have a maximum value 290 kJ/mol. In case of high Al content the amount of liquid
phase becomes higher, the combustion is controlled by dissolution of Cr particles in melted
Al, which markedly diminishes the energy barriers and Ees = 110 kJ/mol.

The synthesized ceramic composites containing CrB, CrsSis, (Cr,Al)Si,, and CrsAly;
exhibited good physical-mechanical properties and excellent resistance to high-temperature
oxidation.
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Ferroelectric ceramics refers to the category of materials capable to reversible
spontaneous polarization. That includes some titanates and zirconates of a number of elements
such as barium, lead, bismuth, strontium etc. as well as their solid solutions. Thanks to their
unique electrophysical properties ferroelectric materials and items made on their base are used
as high-voltage dielectrics, capacitor materials and as materials for manufacturing chemical
and physical sensors, memory cells, etc.

This paper describes investigating the possibility of exothermal synthesis of ceramic
ferroelectric materials in the BaO — TiO,, PbO — TiO, and Bi,O3 — TiO, systems. Glycine
(C2HsNO,), carbamide (CH4N20) and glycerin (C3Hs(OH)3) were selected as reducing agents
capable to provide conditions required for the exothermal oxidation-reduction reaction.
Barium, lead, bismuth and titanyl nitrate were used as oxidizers and carriers of metal cations
and anions.

The calculation results obtained by thermodynamical modeling have shown that the
combustion temperature of mixtures is 1700 to 2500 K (1427 to 2227°C). However, under the
real synthesis conditions the combustion temperature does not exceed 1300°C due to high
temperature losses with escaping gases and heat transfer to environment. The titanates and
zirconates forming during synthesis are precipitated in solid state.

To produce ceramic materials using a high-temperature exothermal synthesis the
stoichiometric quantities of raw components were dissolved in distilled water followed by a
subsequent mixing with a pre-synthesized solution of titanyl nitrate.

The prepared solutions placed in alumina crucibles and put into a muffle furnace with
temperature of 500°C. After water has evaporated exothermic inflammation of the solution
components with a sharp increase of temperature started. The synthesis duration was in the
range of 4 minutes and up to 10 minutes for glycine and glycerin respectively, which is
considerably lower compared with the temperatures observed by conventional methods of
high-temperature sintering.

In order to investigate phase composition and microstructure of synthesized materials
they were subjected to X-ray phase analysis and microscopic examination. It has been
established that a synthesized ceramic material of the BaO-TiO, system contains a barium
titanate (BaTiO3) of a high-temperature cubic modification as a basic phase in the cases in
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which glycine was used as a reducing agent. The retention of metastable state at low
temperatures can be attributed to the effects of both the synthesis conditions (material
quenching during rapid heating cooling) and space-dynamic factors (high mechanical stresses
between fine grains prevent crystal rearrangement). The analogues data have been also
obtained for materials synthesized in the PbO — TiO, and Bi,O3; — TiO, systems. In both
cases the using of glycine allows to obtain ceramic materials (PbTiO3 and BisTi3O12,
respectively) in high-temperature metastable polymorphic modification.

At the same time using carbamide and glycerin as reducing agents results in that the
phase composition of synthesized materials contains nitrates of metals and titanium dioxide,
while the target product is in the minor quantities. This indicates that the use of these reducing
agents with preset synthesis parameters does not result in achievement of the conditions
required for proceeding the oxidation-reduction reaction between the components in a
reaction system.

The synthesized materials have a fine crystal homogeneous structure that is
characterized by a low density. The microstructure of synthesized materials contains some
crystal elements aggregated in the form of thin plates, dendritic and filamentary formations
(seen in Figure).
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Figure 1. Micrographs of surfaces of synthesized ceramic materials
(a) BaZrO3 (x2000); (b) PbZrO3(x2000); (c) BisZr;O12 (x10000)

Thus, in the course of carried out investigations it has been found that ferroelectric

ceramic materials can be produced by the method of exothermal interaction in solutions. It is
shown that synthesized materials possess high porosity and a high-developed surface.
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Development of novel nano-materials as well as new economical methods to synthesize them
is of high interest due to fast growing demand for inexpensive nano-structures of high quality
for electronics, catalyses, and energy conversion applications. A combustion or self-
propagating high temperature synthesis (SHS), which involves the heat generation due to an
exothermic chemical reaction, has been shown to be a promising economical method to
produce a variety of advanced nano-materials and unique compounds. Because physical
properties of nano-materials significantly depend on their atomic structure and composition,
nano- and especially atomic-scale analytical techniques such as transmission electron
microscopy (TEM) is of high importance. Here we review TEM capabilities in application to
several CS synthesized nano-structures.

We developed combustion synthesis (CS) method for a number of high performance nano-
materials including Graphene, MoS,, FeOy and others. For example, a novel exothermic self-
sustaining reaction between a refractory silicon carbide (SiC) and polytetrafluoroethylene
(PTFE) under the inert atmosphere allows for synthesis of hybrid structure of graphene sheets
and porous carbon nanoparticles shown in Figure la. During this reaction, the
tetrafluoroethylene (C,F,) gas, released due to PTFE decomposition in the combustion wave,
reduces SiC to tetrafluorosilane (SiF;) gas resulting in formation of disordered carbon
particles with folded “native” graphene layers on their surfaces. The continuous supply of
carbon, in the form of C,F,, enables further rapid growth of “free-standing” graphene flakes
on the surface of those graphene-coated porous particles. The High Resolution Transmission
Electron Microscopy (HRTEM) images (Fig. 1, b-c) clearly show that flakes appear to be
single layer or few layers of graphene. The formation of graphene is also confirmed by
Raman spectroscopy (see insert in Fig. 1a). The hybrid structure of graphene sheets and
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porous carbon nanoparticles combine the merits of electrical properties of graphene and large
specific surface areas for porous carbon, and is a desirable structure for applications including
batteries, super-capacitors, and catalysis. HRTEM images of MoS,, W303 and FeOx nano-
structures are shown in Fig. 2.

Graphene

Figure 1 TEM images of graphene — porous carbon nano-structures (a), and graphene flakes
(b,c). Inserted are diffraction patterns and Raman spectrum from grapheme flake.

Figure 2 TEM images of W,0; (a), FeOy (b) and MoS; (c) nano-structures

The unique aspect of this method for synthesis of nano-materials does not require external
energy source, as it occurs in a self-sustained synergetic manner. This method is flexible in
terms of tuning the synthesis conditions, which provide materials with different
microstructure and composition. It is also important that the low oxygen content in the
reacting system allows synthesis of oxygen-free products.
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Despite increasing research into alternative energy, the llithium cobalt oxide remains
the basis cathode electrode material due to the best performance in terms of high specific
energy density and excellent cycle life, so that it has already been commercialized as a
cathode material in commercial lithium ion cells. The theoretical capacity of LiCoO; is 300
mAh/g and practical capacity is significantly lower than theoretical value 150 mAh/g since
concentration polarization occurs within the particle before the entire capacity can be utilized
[1]. In general, reducing the particle size of electrod materials in lithium-ion batteries to nano
domain level overcome this problem. Nanoscale dimensions will provide a short path for the
ion motion in the ionic solid electrodes. Therefore, reactions become faster and batteries can
be charged and discharged rapidly [2].

In this report we describe the behaviour features of the electrochemical performance of
lithium ion battery electrod material (LiC0oO,) produced by Carbon Combustion Synthesis of
Oxide (CCSO) invented by Martirosyan and Luss [3-5]. In CCSO the exothermic oxidation of
carbon (393.5 kJ/mol) generates a thermal reaction wave with temperature up to 800 °C that
propagates at a velocity of 0.1-3 mm/s through the solid reactant mixture converting it to the
desired oxide product by the reaction: 3LiNO3 + C0304 + aC. The major parameters affecting
the synthesis and properties of the LiCoO, are the carbon concentration in the reactant
mixture, type of precursors, and density/porosity of sample, which controls the ability of the
oxygen infiltration to the reaction zone. The release of carbon dioxide CO, generates many
pores producing the synthesized powders friable and loosely agglomerated. XRD analysis and
electron probe microanalysis of as-synthesized catalysts show that essentially complete
conversion to single-phase products was accomplished during the synthesis.

The custom-made pouch-type battery were prepared consisting of the active powder
material (93.5 wt %), carbon black (4 wt %) and polyvinylidenefluoride (PVDF, <1 um)
dissolved in N-methyl pyrrolidinone (NMP) as the binder (2,5 wt %). After all components
were mixed thoroughly, the cast was coated on an aluminium foil substrate; the coating was
followed by pressing and drying at 120 °C for 12 h under a vacuum. The battery was
assembled in glove box using separator membrane with special type of polyethylene. LiPFg
was used as electrolyte with conductivity of 10.5 + 0.5 ms/cm at 25 °C. The charge-discharge
cycles were carried out in the potential range of 2.7-4.2 V using 8-channel battery analyzer.
Fig.1,a illustrated the pounch-type battery consisting the LiCoO, nano-composite powder
producing by CCSO. In the first stage, battery was charged with 150 mA/h constant current
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mode until the voltage raised to 4.2 V. At this point, the charging mode shifted to 4.2 V
constant voltage charging mode and charging continued until the current droped to the 10 %
of initial value (15 mA). After charging, the battery was relaxated for 1 min and then the
constant current discharge with 50 mA was applied until the voltage dropped to the cutoff
value of 2.7 V. The decreasing tendence of charge-dischgarge time of one cycle ( Fig. 1,b) is
indicating that the battery capacitance is also decreasing because initially more Li ions could
pass from cathode to anode and vice versa, but after several cycles not all ions are returning to
their initial positions and therefore the capacitance is dropping over many cycles, which is a
known factor for the rechargeable batteries. The small deviations around 100 % of efficiency
is demonstrated that the cycles showed substantial consistentency over 30 cycles. The specific
capacity had initial value of 200 mAh/g and after 30 cycles the capacity dropped to almost
180 mAh/g showing that over 90 % of initial capacity is preserved over continuous charge-
discharge series as can see from Fig. 1,b. This result is confirming that CCSO synthesized
ultrafine LiCoO, has stable structure and gives opportunity to extract more than 66 % of
theoretical capacitance (200 mAh/g form theoretical value of 300 mAh/qg).

250

200

150

100

Specific Capacity [mAh/g]
Efficiency, %

1 1 1 1 1
0 5 10 15 20 25 30

Cycle number

Figure 1. (a) - Laboratory made pounch-type battery; (b) - Galvanostatic cycle life of the Li-
ion battery using LiCoO, powder produced by CCSO.
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For over the past decades, composites with nano-grained and nano-dispersed structures have
been of current interest because of unique properties exhibited by nanoparticles. Cu—Cr matrix
composites are a novel kind of advanced materials with high mechanical strength and high
electrical conductivity. They are considered to have great potential for their use as electric
contact and brush materials.

The material investigated in the present study is a Cu—Cr composite containing 45 wt % Cr.
This system was chosen because both the elements show low solubility due to positive heat of
mixing. High energy ball milling is an attractive way to increasing the solubility and material
properties.

Mechanical activation (MA) was conducted in a high-energy planetary ball mill using
stainless steel drums and balls in an argon atmosphere. The ball to mill weight ratio was
20 : 1. The milling times were chosen as 1, 3, 5, 9, 12, 15, 30, 60, 120, and 180 min.

MA leads to deformation and multiple flattening of Cu particles, while the Cr particles are
crushed into smaller ones. The initial components intermixed and formed mechanocomposites
consisting of alternating layers of Cr and Cu. MA allows us to obtain composite particles
composed of intermixed (on micro and nano levels) layers of starting Cu and Cr reagents.

The structural evolution during milling was characterized by XRD (DRON-3 apparatus, Cu-
K, radiation). The widths of the Bragg reflections from Cr were found to undergo gradual
broadening (Fig. 1.), while those from Cu widened much faster. For milling time more than
30 min, the width of the Cr reflections increased to such an extent that this phase became
diffraction-silent.
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Fig. 1. XRD patterns of Cu—Cr blends activated for different milling times t (indicated).

Microstructure, crystal structure, and local atom structure were characterized by XRD, high-
resolution SEM, and high-resolution TEM. It has been shown that after 60 min of MA the
grain size of Cr is in the range of only 3-5 nm. High energy ball-milling leads to the
formation of mechanocomposites with small-sized crystallites of C and Cr which can be
expected to show their unique properties.
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While the W/BaCrO4/KCIO, pyrotechnic formulation is widely used for a variety of
pyrotechnic applications (e.g., delay fuzes) [1], replacement formulations are needed due to
the toxicity and recent environmental regulations on hexavalent chromium (exposure < 5 ug
m™) and perchlorates [2]. Condensed phase reactives (gasless or nearly gasless) may be an
attractive alternative for various applications due to their wide range of combustion velocities
and potentially low environmental and health impacts. While some of these reactive systems
have been previously investigated for the production of intermetallic materials (combustion
synthesis), they have not been studied at diameters applicable to those used for delay fuzes. A
typical fielded delay fuze is comprised of a metal housing (e.g., aluminum or stainless steel)
with a microscale channel as small as 5 mm that houses the pyrotechnic or reactive
formulation. At these small diameters, high heat losses can be substantial (particularly for
metal channels) and lead to combustion front instabilities (oscillations, pulsating, etc.) or
extinction. Therefore, the combustion characteristics of such reactions and their stability at
these diameters must be characterized in order to develop fieldable replacement formulations.

In this work, reactive systems such as Ti/C-3Ni/Al and Si/Bi,03/Sb,03 were considered as
potential replacements for the traditional tungsten based delay fuze formulation. The
combustion characteristics were studied in aluminum, stainless steel, and quartz
microchannels.  For the Ti/C-3Ni/Al system it was observed that by tailoring the
stoichiometry a range of combustion velocities (2.1-38.1 mm-s™) was achievable. Likewise,
for the Si/Bi,0s/Sh,05 system a range of combustion velocities (4.4-18.5 mm-s™) was
observed. To observe reaction combustion stability within the microchannel slitted stainless
steel or aluminum microchannels were used as shown in Figure 1B. Combustion temperatures
were also measured in-situ with microthermocouples. Even in the absence of microchannel
induced heat losses, measured combustion temperatures were approximately 500 K lower
than the predicted adiabatic temperatures due to the small scale of these experiments. As
shown in Figure 1A the combined reactive system Ti/C-3Ni/Al can be tailored to propagate at
various microchannel diameters by shifting the ratio of Ti/C and 3Ni/Al. This indicates that
such systems may have broad applicability as delay formulations depending on system
configuration and timing requirements. A predictive model utilizing experimentally
determined apparent activation energies and thermal properties of the reactants is developed
to complement microchannel combustion experiments. This model may provide an enhanced
understanding of how thermal properties, combined system activation energies and heat losses
to the delay housing affect the combustion and reliability.
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Figure 1 - (A) Combustion wave velocity of Ti/C-3Ni/Al as a function composition ratio at
various diameter Al microchannels. (B) Images of the combustion front of a slitted
microchannel to assess combustion stability.

REFERENCES

[1] M. A. Wilson, R. J. Hancox, Pyrotechnic Chemistry. Journal of Pyrotechnics, Inc., 2004,
p. 8-1.

[2] K. Sellers, W. Alsop, S. Clough, M. Hoyt, B. Pugh, J. Robb, K. Weeks, Perchlorate:
Environmental Problems And Solutions, CRC Press Taylor & Francis Group, 2007.

140



Proceedings of the XII International Symposium on Self-propagating High-Temperature Synthesis
21-24 October 2013, South Padre Island, Texas, USA

SHS AND SENSORY PROPERTIES OF BiFe;xMn,O3/BaZri.x Y«O3 PEROVSKITES

P.B. Avakyan, !, G.S. Karoyan®, V.V. Buniatyan®, V.R. Khachatryan', T.V. Vandunts’,
P.S Avetisyan®, N.W. Martirosyan®

! State Engineering University of Armenia, Teryan 105, 0009 Yerevan, Armenia
* avakyanp@xar.am

The field of (bio-)chemical sensor research represents one of the most interesting and
exciting multi-disciplinary topics with a broad range of applications [1, 2]. Y-doped BaZrO;
films are attractive to detection of relative humidity which is essential to accurately measure a
large variety of gaseous species and concentrations since the water vapor may have a huge
impact on the accuracy of other gas measurements especially at high temperature. These
sensors are important for environmental monitoring, industry and human life: food packaging,
air conditioning, agriculture, biological technology and medical services. Sensors with BiFe;.
xMn,O3 are appropriate for continuous controlling composition of hazardous gases (ethane,
methane, hydrogen and other hazardous gas sensors): for a threat detection and identification
within enclosed spaces. Rapidly and accurately identification of hazardous situations to detect
and warn of an occurrence of a chemical incident within enclosed spaces, such as buildings
and transportation facilities is of great importance. These gases are associated with fires and
mining operations, and it is of the highest importance to warn and protect operators from
potential harm caused by overexposure to high concentrations of these gases.

The commercial reagents (from Sigma-Aldrich) with purity more than 99.6% and 1-10 um of
partial size: Bi,O3, Fe;03, MnO, and Fe powder are used to self-propagating high temperature
synthesis (SHS) of BiFe;xMn,O3 (x-0.001, 0.005, 0.01, 0.03); BaO,, ZrO,, Y,03 and Zr
powder for synthesizing of BaZr; Y03 (x-0.05, 0.10, 0.15) [4]. During syntheses of BiFe;-
xMn,O3, the values of combustion temperature and front propagation velocities are
850...1150 °C and 0.11...0.20 mm/s, respectively, when the content of combustible (Fe
powder) is changed from 6% to 14% [3]. In case of BaZr;«Y O3 they belong to 1600...2000
OC and 10...55 mm/s, respectively, when the content of Ti powder is changed from 8% to
16% [4]. Each synthesized product was characterized by X-ray diffraction (XRD) employing
CuKa radiation (A = 1.5418 A).

Mechanical treatment of the SHS products was carried out in a planetary centrifugal mill with
acetone as a milling media and the speed of the platform rotation 600 r/min and the speed of
rotation of milling vessels 1100 r/min, until to obtain particle sizes of 5 to 8 pm. Samples are
sintered in a muffle furnace at the temperature of 760 and 1550 °C, respectively.

Silver or gold ohmic contacts were deposited on BiFel-xMnxO3 ceramic thin films. The
electrical resistance measurements of gas-sensitive elements were carried out under various
concentrations of acetone, ethanol, natural gas and petrol in the temperature range 250 to 450
°C. The gas sensitivity as a function of temperature (up to 450 °C) and the concentration (up
to 10 vol.%) of analyzed gas in the air present in the test chamber is investigated, the sensors
show high sensitivity at temperature of 250-400 °C.

In order to test humidity sensitivity of Y-doped BaZrO; samples platinum contact was

deposited on surface and the electrical conductivity of they was investigated at various partial
pressures of water in the temperature range of 200 to 1000 °C. The measurements showed
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that intensive reaction is performed by samples at 270...300 °C and conductivity is changed
up to 2.5 under water vapor.
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Ceramic materials based on silicon carbide (SiC) have a set of unique properties, such as
thermal and chemical stability, refractoriness and high hardness. Due to these properties, SiC
has a wide range of applications, including abrasives and cutting materials, structural
ceramics and crystals for microelectronics, catalysts, and coatings. The traditional method of
manufacturing SiC is the process invented by E. Acheson in the 19th century and is based on
the reduction of silica SiO, with carbon. The method requires high temperatures (above 2000
K) and long durations (30 - 150 h), which makes difficult a production of nanosized silicon
carbide powders. A modern alternative to the Acheson process could be self-propagating high
temperature synthesis (SHS), which is based on the use of the heat of an exothermic chemical
reaction for production of various advanced compounds. To date, many inorganic materials,
including high performance nanomaterials, have been synthesized by this method. However,
the problem is that the reaction for the direct synthesis of silicon carbide from elements,
Si+ C =SiC + 73 kd/mol,

is an insufficiently exothermic and has a relatively low adiabatic combustion temperature
(1173 K), so that self-sustaining combustion cannot be accomplished in this binary system.
Therefore, SIC can be produced by SHS only by using different types of “activation”
processes, such as, preheating of the initial mixture, addition of chemical activators, or
synthesis in nitrogen or air atmospheres.

In the present work, we report SHS of a submicron nanocrystalline SiC powder from

elements in an inert atmosphere [1,2]. It is shown that initial micro-scalled mixture of silicon
and graphite powders after 15 minutes of high energy ball milling (HEBM) transformers to
the nano-size media of composite particles, which consist of amorphous carbon and
crystalline silicon. It is also demonstrated that self-sustained reaction can be accomplish in
such nano media in argon atmosphere and reaction front propagates with velocity of ~ 5 mm/s
and maximum temperature 1800 K. Under optimum conditions, the synthesis of sub-micron
(50-200 nm) SiC powder with a specific surface area (BET) ~20 m%/g can be accomplished in
the self-sustained reaction.
The influence of HEBM on the combustibility of the Si/C mixture possesses a critical
character: the combustion synthesis becomes feasible when some threshold duration of
milling is achieved. Increasing the power of HEBM (acceleration of milling balls) can
decrease this critical duration by several times. However, an excess of HEBM duration results
in decreasing reactivity of the mixture because of gradually formation of SiC during ball
milling.

Comparison of the microstructures for as-milled (Figla,b) and as-synthesized powders
(Fig.1c,d) reveals that for all investigated conditions the morphologies of the as-milled
reactive Si/C media are essentially the same as that for SiC combustion products. The
mechanism for direct synthesis of SiC by combustion reaction is also proposed.
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Figure 1: Typical SEM images of initial Si+C powder mixture (a,b);
and combustion products (c-d).
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Titanium iron (TiFe) is an attractive hydrogen storage alloy because of abundance in
resources, cyclic property, and reversibility of absorption/desorption at room temperature. In
this study, we proposed a new process to synthesize the TiFe alloy from ilmenite (FeTiOg3)
using combustion synthesis (CS). In the experiment, the effects of the purity of ilmenite and
the reaction atmosphere on the ignition temperature in CS and the hydrogenation properties of
the products were mainly investigated.

Reagent ilmenite, FeTiOs, and natural ilmenite was used as raw materials. IImenite was
first roasted at 1223 K in air to improve the reactivity with hydrogen. The sample was then
reduced to a mixture of Fe and TiO, at 1173 K under 50%-H; gas flow. The partially-reduced
ilmenite and Ca were mixed with a molar ratio of 1:4 and heated in argon and in hydrogen
atmospheres until the ignition due to an exothermic reaction. Table 1 lists the experimental
condition of CS. The product powders were then washed with an aqueous solution of 10
mass% acetic acid so as to remove the calcium residue and the by-product of calcium oxide
and hydride and were finally dried in a desiccator in air at 353 K.

Fig. 1 shows changes in sample temperature with time and its secondary differentiations
during CS. The ignition temperature was strongly dependent on the reaction atmosphere. The
melting of calcium triggered ignition in the

argon atmosphere. In contrast, in the  Sample  limenite Af;iggﬁgre P{:j;‘;ge
hydrogen atmosphere, the ignition was

triggered by hydrogenation of calcium. The ~ R-O1A  Reagent(SN) — Argon 01
ignition point decreased with an increase in ~ R-01H  Reagent(3N)  Hydrogen 0.1
hydrogen pressure because the hydrogenation ~ R-10H  Reagent (3N)  Hydrogen 1.0
rate of calcium accelerated. As a result, TiFe N-01H Natural* Hydrogen 0.1

hydrogen storage aIons were SUCCGSSfU”y * Chemical composition (max.-min. mass%) of natural ilmenite are
synthesized from both reagent and natural  [0;130Fe0 039 0.0 1 T a0, 50, 052
ilmenite. However, the purity of the product  and U+Th(<50ppm).

was affected by thermal history during CS.  Table 1 Experimental conditions for combustion

The product synthesized in 0.1 MPa synthesis of TiFe from calcium grains and ilmenite
hydrogen from reagent ilmenite showed the  powder pre-reduced by hydrogen at 1173 K for 3h.
largest hydrogen capacity of 1.40 mass%,

which was almost equal to the commercially available TiFe produced by melting method, as
its reaction temperature was suitable for CS of TiFe alloy. The product synthesized from the
natural ilmenite showed a lower storage capacity and sloped equilibrium pressure because of

impurities, e.g., aluminum and silicon, in the raw material. The results demonstrated that CS
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has many advantages for synthesizing
TiFe hydrogen storage alloy, such as
lower reaction temperature, high product
purity, and direct powder production.
This method could be applied to develop
a new TiFe production process from
ilmenite ore.
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Fig. 1 Changes in sample temperature with time and its
secondary differentiations during CS. The samples
were heated at the rate of 60 K/min to the ignition
points.
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A combustion synthesis method has been developed for synthesis of Eu?**-doped
Ca,SisNg phosphor and its photoluminescence properties were investigated. Ca, Si, and Eu,03
powders were used as the Ca, Si and Eu sources. NaN3 and NH4CI were found necessary to be
added for the formation of the product phase and addition of SizN4 was found to enhance the
product yield. These powders were mixed and pressed into a compact which was then
wrapped up with an igniting agent (Mg+Fe304). The reactant compact was ignited by
electrical heating under a N pressure of 0.7 MPa. Effects of these experimental parameters on
the product yield were investigated and a reaction mechanism was proposed. The synthesized
Ca,SisNg:Eu?* phosphor absorbs light in the region of 300-520 nm and shows a broad band
emission in the region of 500-670 nm due to the 4f°5d'—4f’ transition of Eu**. Eu,O3 was
found partially unreacted and a certain amount of oxygen is believed to be incorporated into
the lattice of the product phase. The peak emission intensity (~93% of a commercially
available phosphor, YAG:Ce®*") and the peak emission wavelength (571-581 nm) were found
to be lower and shorter, respectively, than that reported in the literature. These are considered
to be mainly due to oxygen incorporation, which not only reduces nephelauxetic effect and
crystal field splitting but also causes a lowering of internal quantum efficiency.
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FIG. 2. Dependence of peak emission intensity (a) and wavelength (b) on the Eu,O3; molar

ratio.
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SOLUTION COMBUSTION SYNTHESIS OF HIGHLY POROUS NICKEL:

DYNAMICS OF PHASE AND MICROSTRUCTURE FORMATION
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Nanoscale metal powders often possess non-traditional mechanical and physical
properties as compared to those for micron sized particles. Such nanopowders found
applications in catalysis, electronics, medicine and other fields of science and technology.
Different methods are used for synthesis of nanomaterials, such as precipitation from salt
solutions, oxide reduction by hydrogen, the gas-phase reactions, etc. A specific class of
approaches for synthesis of the nanopowders is based on combustion phenomenon. Indeed,
the self-sustaining exothermic combustion reactions offer a variety of methods for nano
materials production [1]. One of them is known as solution combustions synthesis (SCS),
which e.g. involves self-sustained reaction in a solution of metal nitrates and a fuel [2].

The composition of the solutions is determined according to the main principle of
self-propagating high-temperature synthesis (SHS), namely, the rule that the heat released in
the process should be sufficient for the self-sustain propagation of a chemical reaction. The
main difference between SCS and the classical SHS is in the microstructure of the initial
reaction medium. For SHS, mixtures of solid powders are typically used with the scale of the
heterogeneity is on the range 1-100 um. For SCS the reactants in solutions are mixed at a
virtually molecular level. The latter simplifies the synthesis of nanomaterials at high
temperatures of the combustion wave.

Although many compounds (mainly oxides) have been already produced by solution
combustion, the reaction wave structure, and dynamic of phase transformation, which take
place during SCS are poorly understood. To investigate these issues, it is rather to use in-situ
techniques that allow one to observe the process under
operando conditions.  Time resolved X-ray diffraction
(TRXRD), high speed micro video recording (HSMVR) and
IR-recording are among such advanced techniques. In this
work, these diagnostics were used to investigate the
combustion wave structure and the dynamics of phase
formation during SCS of highly porous nickel powder by
using the nickel nitrate — glycine reactive solutions.

I nmv v

Analysis of the HSMVR images and IR-movies
allows us to conclude that the combustion wave can be
- divided into five zones (Fig.1). Zone | is the initial gel. Zones
glycine system. Il and 111 together constitute the preheating region. Zone Il is

Fig 1: Structure of the SCS
wave in the nickel nitrate—

149


mailto:nanoceram_misis_ros@misis.ru

Proceedings of the XII International Symposium on Self-propagating High-Temperature Synthesis

21-24 October 2013, South Padre Island, Texas, USA

characterized by the intense release of gases and vapors and can be called the fume zone.
After completion of the gas release, the gel layer becomes continuous again. The width of the
reaction zone (IV) is 0.6-0.8 mm. Then the temperature rapidly decreases, and the zone of

solid reaction products (V) begins.
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Fig 2: The sequences of X-ray
diffraction patterns in the three-
dimensional coordinates time—
scattering angle—peak intensity

the combustion wave.
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Figure 2 shows the results of TRXRD analysis.
The initial gel is amorphous; therefore, diffraction
peaks emerge only once the combustion front
reaches the analysis region (t = 2 s). In the
combustion of the stoichiometric (¢ = 1.0)
mixture, Ni and NiO phases emerge
simultaneously and grow at approximately equal
rates. For the sample with an excess of glycine (¢
= 1.25), an oxide phase is virtually absent, and in
the reaction wave front, a phase of pure nickel
immediately forms. The combustion products have
high porosity, a large specific surface area of 20
m°®/g, and a particle size of ~30 nm.

Based on the obtained results a
fundamental conclusion has been made [3] that the
mechanism of the phase formation in the system
depends on the conditions of heating of the
reaction medium. Indeed, under more equilibrium
conditions of temperature change (20-100 K/min),
the phase that is the first to form in the reaction in
the nickel nitrate—glycine system at any
compositions (¢ = 1.0 and 1.25) is the nickel oxide
(NiO) phase, while at a high heating rates (~10°
K/s) during SCS, a nickel phase forms directly in
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MULTIFERROELECTRIC CERAMICS AND THIN FILMS
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Mn doped (1-x)BiFeOs-xBaTiO3 (BFO-BTO) multiferroics attracted considerable interest due
to their high dielectric constant, large spontaneous polarization, low losses and good
piezoelectric and sensorial properties. Possible applications include tunable microwave
components, high-speed non-volatile memory and piezoelectric devices, chemical and
biosensors, etc. Electrically tuneable thin Film Bulk Acoustic wave Resonators (FBARS)
utilizing electric field induced piezoelectric effect in BFO-BTO enable development of novel
reconfigurable/adaptable microwave circuit architectures [1-2].

In this work Self-propagating High-temperature Synthesis (SHS) is developed for the
fabrication of 0.99[0.67BiFe03-0.33BaTiO3]-0.01Mn compound. SHS is attractive for very
short syntheses time, low energy consumption, and high productivity. In 0.6633(1/2Bi,O3+(1-
K)/2Fe,O3+kFe)+0.3267(Ba0,+(1-K) TiO,+KTi)]+0.01Mn0O,+0, system (where k and K are
the factors controlling the exothermicity) the process of the combustion synthesis (SHS) has
been investigated by computer simulation using National System DAQ and LabView
programs. It has been established that temperature (900-1350 °C) and propagation velocity
(0.5-5 mm/s) of the combustion front depended on amount of combustible (Fe and/or Ti have
been changed from 3.5% to 8%), partial size of the initial components (dispersion was 1-5
um), relative density (as well as pressure of oxygen) and mechanical activation of green
mixture. By controlling these critical parameters powders with the desired/controllable
stoichiometry and microstructure are produced. The phase structure investigation shows no
other phases when the amount of combustible was about 5.5% (Fe-1.5%, Ti-4%).

Conventional ceramic technology is optimised for fabrication of ceramic targets for thin film
deposition. Single-phase BFO-BTO multiferroic thin film FBARs fabricated by pulsed laser
deposition reveal resonance at 4.1 GHz, tunabilty of resonant frequency 4.4%,
electromechanical coupling coefficient of 10% and unloaded Q-factor 220 [2]. These
parameters are highest for the electrically tuneable FBARS reported so far.

Acknowledgments. The authors gratefully acknowledges Dr. Spartak Gevorgian (Chalmers:
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microwave devices.
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The synthesis of NiAl intermetallic has been studied as a function of the granulometry and
shape factor of the reactants, using large Al spherical particles (<100um) or Al flakes
(d=11pm, thickness 250nm), and three sizes of Ni spherical particles (44-144um, 3-7um,
100nm) or Ni flakes (¢=20um, thickness 370nm). Using time-resolved infrared imaging, the
behavior of the reaction fronts are described as a function of ignition time tig, ignition
temperature Tig, maximum combustion temperature Tmax, reaction front velocity V, and
maximum heating rate in the combustion front 7”. From these experiments, the influence of
Al morphology, and of Ni size and morphology is described.

Sample are then analyzed using SEM observations and X-ray diffraction, and using the
Williamson-Hall methodology on our x-ray patterns, the size of diffracting domains of the
products and the resulting microstrains inside the samples are evaluated.

In a second part, the same material is synthesized either by mechanical alloying (reaction
during planetary ball milling) or by mechanical-activated SHS (ball co-milling of the
reactants, shaping, followed by SHS reaction). From these experiments, the evolution of the
granulometry of the reactants during milling, the reaction delay and the evolution of the
granulometry and completeness of the reaction as a function of milling time (up to 9h), ball-
to-powder ratio (15:1, 30:1, 45:1), rotation velocity (250, 350 or 500 RPM) of the planetary
ball mill and atmosphere (air or argon) will be presented.

Results will be presented as milling maps, depicting for each value of the rotation velocity,
showing that the reaction under our experimental conditions, the powder first consist of the
milled reactants, then a progressive reaction takes place, with the apparition of non-
stoichiometric NiAl together with both reactants, followed by a progressive disappearance of
Al then Ni diffraction peaks.

Finally, unreacted milled powders were subjected to SHS reactions, or to global heating at
200, 300 and 450°C, with at first a solid-state diffusion reaction, then a observed thermal
explosion.
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NANO-TUNGSTEN SYNTHESIS BY BALL MILLING AND BALL-MILLING-
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In the ITER tokamak, two different materials are now considered as possible
components for the walls of the reaction chamber, namely Beryllium in the upper part, and
tungsten in the lower part, known as the divertor. Due to the presence of thermonuclear
reactions in this chamber, high energy neutrons (14 MeV) and ions are produced and do
induce sputtering of the walls, generating fine dusts, which behavior must be known for
safety reasons (e.g. in the case of a Loss Of Vacuum Accident (LOVA), due either to an air
leak inside the chamber or a water leak from the wall cooling system). On the other hand,
periodical cleaning and dust removal must be performed to minimize such a risk, and at that
point, possible tritium intake of these dusts must be taken into consideration.

Our goal is here to consider the worst case scenario, and therefore to study the
behavior of the most dangerous particles. In HEPA filters, the bigger particles are stopped by
the size of the mesh of the filter, whereas the smaller particles are trapped by a kinetic effect.
In between, in the 100-150 nm range, the efficiency of the filter presents a minimum, and
these particles have therefore the highest probability to be released in the atmosphere.

Our aim, as presented here is to synthesize with the best yield tungsten particles in
this dimension range, through different means, e.g. planetary ball milling, in dry or wet
(ethanol) environments, or through a reaction between tungsten trioxide and magnesium
(WO3+3Mg—W+3MgO), using different salts as diluents. In this later case, salts and MgO
are removed using 2M HCI leaching for 2 hours at 50°C under stirring, followed by
sonication to de-agglomerate the powders, and by filtration using 3um, 450 nm, 220 nm and
50 nm filters to evaluate the yield ratio of each dimension range.

Results are then obtained by SEM observations, X-ray diffraction, followed either by
Rietveld refinement or using the Williamson-Hall methodology, and SSA measured by the
BET method. The different synthesis methods will then be compared, focusing on the grain
sizes, the polydispersity of the powders, and the residual microstrain, as the defects present in
the lattice may be a sign of an increase of a possible tritium trapping within the metal.
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In a later part of this work, our aim will be, in collaboration with toxicologists from
the CEA, to study the toxicity of these particles, possibly after marking such particles with
gaseous tritium.

COMBUSTION BONDING OF FUNCTIONALLY GRADED W/CU TARGETS
FOR NEW ACCELERATORS

K.V. Manukyan*!, B. Frentz?, Y .-C. Lin®, A.S. Mukasyan® A. Aprahamian®and M.
Wiescher!

@ Department of Physics, University of Notre Dame, Notre Dame, IN, 46556, USA

@ Department of Physics, Concordia College, Moorhead, MN 56562
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A new generation of accelerators, such as the St. ANA accelerator at the University of
Notre Dame and the accelerator in the proposed Dakota lon Accelerators for Nuclear
Astrophysics (DIANA) project at the Sanford Underground Research Facility (SURF), will
produce higher intensity beams than ever previously attained. Beam intensities are estimated
to be on the order of hundreds of pAmps. These new intensity thresholds introduce
significantly higher temperatures at points where the ion beam interacts with the beamline
components, the experimental target, and/or the beam slits. These temperatures are high
enough to destroy the current generation of solid target backings and slits in the beam-line,
traditionally both made from tantalum [1]. Tantalum is traditionally used for targets and slits
in the beam-line because it has a high proton number, making it effective for stopping ion
beams. However, tantalum is brittle, a poor conductor, and, if produced commercially, often
contains impurities (e.g. fluorine) that produce undesirable background and reaction products.
Tungsten, despite its brittleness and poor conductivity, has a higher atomic mass and lacks of
impurities, which make it a promising target backing. In conjunction with tungsten's
properties, copper is robust and a far superior thermal conductor.

In this work we describe a new method for production of the functionally graded targets
that use the advantageous of both tungsten and copper. This method is based on combustion
joining approach [2] and involved the following steps: (i) placing a reactive powder mixture
(such as Fe;O3 + Mg + Fe, Ti + C + Ni or Ti + Si + Ni) in between tungsten and copper
plates; (ii) applying an optimum load force on the stack to be joined; (iii) reaction initiation in
the exothermic mixture; (iv) which provides extremely high temperature for reactive joining
of W to Cu.

Thermodynamic calculations and experiments showed that all reactive mixtures are
able to generate the necessary heat to join the materials; however, it became apparent that
both thermite Fe,O3 + Mg and gasless Ti+C systems introduced defects to the reacted layer
that either did not create a stable join or left a low quality join layer. The major issue is
related to the fact that combustion of both systems in air leads to the release of a large amount
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of gas phases (e.g. Mg vapors, CO;), which causes the material ejection from the reaction
zone. The latter does not allow us to produce joint layer of desired properties.

The self-sustained reaction in Ti+Si system does not lead to any gas phase products
and thus provides the desirable conditions for combustion joining. The optimal reactive
mixture to joining copper and tungsten plates (with thickness of 0.05 — 1 mm) was found to
be 5Ti+3Si reactive mixture diluted with 20wt.% Ni. Other experimental parameters, such as
force load, geometry of samples, thickness of soldering layer (nickel) are also have been
optimized. Targets prepared within the optimized joining conditions results in a join layer
that is free of cracks and pores (Figure 1).

F

Figure 1: The microstructures of the join layer cross-section
We show that the microstructure of samples does not deteriorate through heating to
~700 °C in inert gas for several hours. Moreover, such treatment even reduces or eliminates
small microstructural defects. More details on synthesis conditions, as well as the results of
testing of W/Cu backings under an intense ion beam bombardment will be discussed.
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The ternary oxide system Y-Fe-O represents interesting magnetic properties which
can be sensitive to the crystalline size of particles. There is a major challenge to receive these
particles in nano-crystalline form due to particles conglomeration during the nucleation and
synthesis process. In this report we describe self-propagating solution combustion synthesis,
which can be used to fabricate nanocrystalline yttrium magnetic ferrites. Yttrium ferrite
YFe,04 is a complex oxide compound. Yttrium is considered as rare earth element since it
tends to occur in the same ore deposits as the lanthanides and exhibits similar chemical
properties. The mineral known as yttrium-iron garnet (YIG) contains the rare-earth element
yttrium, has the formula Y3;FesO1,. The rare-earth ferrites similar to YFe,O, are widely used
in fuel cells, catalysts, gas sensors, magnetic materials, and environmental monitoring
application. Yttrium ferrite exhibits soft magnetic properties which can be used in devices
with high frequency applications. Recent studies also show that it has electrical and magnetic
coupling, and shows ferroelectricity near the ferrimagnetic transition temperature around 250
K. It is also a multiferroics, and displays more than one primary ferroic order parameter
simultaneously.

For the synthesis procedure, we used Y(NOgs); x 6H,0 (99.9%), Fe(NOs); x 9H,0
(99%) and glycine NH,CH,COOH, that were dissolved in distilled water. The mixture was
gradually vaporized during heating at 250 °C. The produced soft foam then was ignited and a
light brown fluffy product was received. The molar ratio of Y(NOs); x 6H0
(99.9%):Fe(NO3); x 9H,0 (99%) was 1:2, and the glycine was 3-6 wt. % of the mixture.
Yttrium ferrite nanoparticles were fabricated according to the following reaction:

2Y(NO3)3 X 6H,0 + 4Fe(NO3)3 X 9H,0 + 2.22C,HsNO,=2YFe,04 + 53.56H,0 +
18NO; + 4.44C0O, + 1.11N;

We analyzed the solution combustion of ferrite by thermo-gravimetric analysis to
understand the mechanism of interaction, as well as characterized the combustion products by
XRD and measured magnetic properties over the temperature range from 1.8K to 300K with
PPMS.
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Figure 2. Magnetic hysteresis of the yttrium ferrite

at 5K and 300 K.

According to Fig. 1la, the
decomposition of the nitrides starts at
around 150 °C. Before 200 °C, the 18
% weight decrease is corresponding to
the loss of some water molecules. The
exothermic interaction begins at 200
°C. The overall 77 % weight loss is
due to nitrogen, nitric oxide, carbon
dioxide and water are leaving the
reaction zone. The resulting product
has sharp XRD peaks (Fig. 1b). This is
an indication that after the 600 °C
heating a highly crystalline final
product can be obtained. Fig. 2 is
presenting the magnetic properties of
the combustion product. At 5K, the
remnant magnetization was 9 emu/g

and the coercivity was at a magnetic force of -74 Oe. The saturation magnetization began at a
magnetic force of 3100 Oe, and a magnetic moment of 34 emu/g. At 300 K, the remnant
magnetization was 6 emu/g and the coercivity was at a magnetic force of -47 Oe. Saturation
began at a magnetic force of 7767 Oe, and at a magnetic moment of 25 emu/g. At a magnetic

force of 1000 Oe, the magnetic moment is 24 emu/g.
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The mitigation and utilization of the greenhouse gases CO, and CHj,, are among the most
important challenges in the area of energy research. CO, reforming of CH,4 has received
much attention from both an environmental and an industrial perspective because the reaction
can convert these greenhouse gases into synthesis gas with a low H,/CO ratio.

This paper presents the results of an investigation of cobalt-based catalysts produced by both
SHS and solution combustion synthesis (SCS) for the above reforming reaction. SHS
catalysts were produced from Al, Co304, Al;,O3, H3BOs. In the case of SCS, the catalysts
were synthesised from cobalt, zinc, barium nitrates and urea or glycine as reducers at the pre-
heating temperature of 500°C. Properties studied include microstructural morphology (SEM,
EDAX), atomic structure and phase distribution (XRD), porosity and specific surface area.

The catalytic reaction was carried out at 750, 800, 850 and 900°C using a feed gas of
CO2:CH4N2 in the ratio 1:1:1 and the reaction products were analyzed by gas
chromatography. The basic reaction of CO; reforming of CH, is: CO, + CH; - 2CO + 2H,.
It was found (Fig.2) that maximum conversion of methane and CO, was given by the SHS
catalyst that contained 5% Co30,. The ratio of H,/CO in the products changed from 0.88 to
1.12 and was found to depend on both the catalyst composition and the temperature of
reaction, as shown in Figure 3. Best results were obtained on SHS catalysts (Fig.3) where
conversion of methane reached 84% and conversion of CO, reached 92%, double that of SCS
catalysts. According to the results, Figure 4, the ratio of H,/CO of 0.98-1.02 was obtained on
the SHS Co-Al-B-0O catalysts. The results also show that SHS catalysts are more active, even
when the surface area is 2 orders of magnitude lower that SCS catalysts. This confirms that
the specific activity of SHS catalysts is very high which may in fact increase even more if
their surface area can be increased.
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Figure 4: Conversion of CH, and CO,, Ratio H,/CO by the best SHS Co-Al-B-O catalyst.

CATALYSTS FOR DIESEL SOOT OXIDATION PREPARED BY SOLUTION
COMBUSTION SYNTHESIS
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“"Demokritos”, Greece

“Department of Chemical Engineering, National Technical University of Athens, Greece
gxantho@ims.demokritos.gr

The number of diesel vehicles is continuously increasing due to both the good performance of
modern diesel engine and their low fuel consumption. However, diesel emissions — in
particular soot- are a known danger and various solutions have been proposed to reduce soot
emissions. The most promising is soot capture and subsequent removal by catalytic oxidation
[1]. In the first stage, the carbonaceous particles are separated from the gas phase by
mechanical filtration using a diesel particulate filter, followed by their combustion inside the
filter. However, diesel soot combustion is known to be difficult to achieve satisfactorily,
since this material burns at about 550-600 °C in oxygen, while diesel exhaust gases are
generally at 200 to 400 °C. Therefore, catalytic soot oxidation is necessary [2].

A soot oxidation catalyst usually combines highly active metals or metal oxides with
supports, including zeolites and metal oxides. A variety of catalysts have been examined for
diesel soot oxidation including Pt, molten salts [3], perovskites [4], zeolites [5] and different
metal oxides [6-8] including PbOx/CoOx [9], CsNOs/ZrO, [10], Mo/Al,O3 [11], MnOx [12]
and CeO; [13]. However, most of the commercial oxidation catalysts are based on the very
expensive Pt or Pd. In many cases, the catalytic activity of the support is crucial [14]. Van
Doorn et al. [15] studied several metal oxides on various supports and concluded that Al,O3
and SiO;, had no catalytic effect, while TiO, and ZrO, had moderate activity, and CeO,,
La,0O3, and V,0s exhibited substantial activity for soot combustion. Peralta et al. [16]
suggested that K in K/CeO, catalyst may act to form a carbonate-type intermediate with
partially oxidized soot. These studies indicated that catalysts containing alkali metals, such as
K, show considerable activity for diesel soot combustion [17-20] which is also important in
view of economic and environmental concerns [21].

In the present work, a range of catalysts was synthesised by Solution Combustion (SCS) from
manganese, cerium and copper nitrates, potassium dichromate, chromium (V1) oxide and urea
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as reducer at pre-heating temperatures 500°C. Properties measured include microstructural
morphology (SEM, EDAX), atomic structure (XRD), porosity and surface area. Catalytic
oxidation of diesel soot was studied in air in a reactor using a mixture of 25wt% soot + and
75wWt% powdered catalyst (<20pm) with air flow of about 11/min and a heating rate of about
10°C/min. The results show that the temperature at which combustion initiates depends on
composition of catalyst. Catalysts based on Cu(NOs3), - K,Cr,0; (or CrO3) in urea gave very
promising results (figure.1). Remarkably, the system containing 10% CrO3 gave catalytic
oxidation at a temperature of only 415°C which is as much as 215°C lower than the
combustion temperature of the same diesel without any catalysts (640°C).
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Fig.1 Dependence of soot burning out temperature from the chromium content in the initial
batch Cu(NO3); - K2Cr,07 (or CrOs) in urea

Catalysts on the basis of Mn-Ce-O also were studied and were found to display reduced
activity than the Cu-Cr-O catalysts. The work is continuing with other types of diesel soot.
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Solution combustion synthesis (SCS) is a versatile, simple and rapid process, which allows
effective synthesis of a variety of nano-structured materials. The process involves a self-
sustaining reaction in a homogeneous aqueous solution of oxidizers and fuels [1]. Depending
on the type of the precursors and on the process conditions used, SCS occurs either in volume
or in the layer-by-layer propagating combustion mode. SCS not only yields nano-structured
materials of high purity, but also allows uniform doping of trace amounts of rare-earth ions in
a single step, something particularly well suited for the synthesis of oxide pigments such as
alumina, aluminates, silicates, borates, zirconia and zircons doped with transition metal or
rare-earth ions [2]. Cobalt pigments are of significant importance in ceramic industry due to
their large variety of colours, their unique properties and their stability under chemical,
thermal, and reducing conditions. Colours range from blue, green to pink depending upon the
host lattice and co-ordination geometry. Tetrahedral compounds are blue while octahedral
ones are pink to violet.

Cobalt pigments on the basis of nano-structured oxides and spinels were synthesized by the
combustion of aqueous solutions of stoichiometric and non-stoichiometric amounts of the
metal nitrates CO(NOg)z, Mg(N03)2, Al(NO3)3, Zn(N03)2, Bi(NO3)2, Ba(N03)2, Ca(N03)2
using urea as a reducer. The synthesis was carried out in a preheated furnace at 350°C —
600°C and the products were homogeneously coloured pigments. Figure 1 shows a typical
SEM of a SCS pigment of initial batch Ba(NO3),, Co(NO3),, H3BO3 and urea. EDX analysis
confirms the presence of Ba, Co and O, supported by XRD where BaCoO, and CoB,0, were
identified. Various ratios of those phases in the products gave many shades of blue, red,
purple and violet.

One way of characterising the pigment colour is by assigning the characteristic “a” meaning
“more red” and “b” meaning “more blue”. The mixture of those 2 characteristics gives purple
of violet. Interestingly, these two parameters were found to correlate well with the shift in
atomic lattice spacing, as measured by XRD, as shown in Figure 2.
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Figure 1. Typical microstructure of a SCS pigment in the system Ba-Co-O

Colour spectrum measurements show that there exists a minimum (figure 3) on the curve of
crystal lattice spacing vs concentration of cobalt nitrate composition of the initial SHS charge
which can be explained by the fact that at low concentrations (up to about 20%, the
stoichiometric ratio of H3BO3 and cobalt nitrate for the spinel) B>* (ionic radius 0.23)
replaces Co®* (ionic radius 0.72) which leads to a decrease in crystal lattice of spinel CoB,0..
On the other hand, at 20-70% of cobalt nitrate in the SHS charge, Co®* replace B** and this
leads to increasing of crystal lattice spacing.
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OBTAINING OF MINERAL-LIKE CERAMICS BY SHS COMPACTION
FOR HLWs IMMOBILIZATION.

T. V. Barinova, 1. P. Borovinskaya, V. I. Ratnikov, T. I. Ignat’eva, A. F. Belikova.
Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
Chernogolovka, Moscow, 142432 Russia. e-mail: tbarinova@ism.ac.ru

Neutralization of high-level radioactive wastes (HLWSs), their safe storage, and burial
is a serious task of modern science and technology. Normally, HLWs are being immobilized
by vitrification into various phosphate and borosilicate glasses. However the above glasses
suffer from their low thermodynamic stability and hydrolytic resistance, especially at
elevated temperatures. Alternative approach is the use of synthetic mineral-like ceramics
exhibiting high chemical, thermal, and radiation resistance. Previously, we suggested
producing mineral-like ceramics based on perovskite, zirconolite, and pollucite for
immobilization of the entire set of HLWSs by forced SHS compaction [1, 2]. Thus prepared
host materials exhibited low porosity, reliable immobilization of HLWSs, and good
mechanical strength.

Earlier it was suggested incorporating actinoides into mineral-like Y,Ti,0; matrices with a
pyrochlore-type structure. SHS-produced Y,Ti,O; matrices showed good immobilization
behavior, but insufficient radiation stability. The radiation and hydrolytic stabilities of
pyrochlore-type matrices were found to grow sufficiently in the presence of embedded
zirconium. In some cases when pyrochlore is obtained by the SHS method, metal zirconium
is proposed to be used. This paper offers another solution to enrich pyrochlore structure with
zirconium.

Since actinides can also be incorporated into other mineral-like structures such as
zirconolite CaZrTi,O7, we attempted to synthesize the ceramics containing both Y,Ti,O7 and
CaZrTiO;. With an increasing amount of embedded Zr, such mixed pyrochlore-rich
ceramics could be expected to exhibit good hydrolytic stability, high radiation resistance, and
a higher amount of incorporated Ca’* ions. Due to Ca®* the number of incorporated
tetravalent actinides can be increased. The balance by the main matrix components is
achieved automatically. We used cheap zirconium dioxide ZrO, in our work.
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This work was aimed at SHS production of ceramic matrices for immobilization of
high-level actinide wastes formed at fractionation of HLW and in exhausted weapons-grade
plutonium.

Low-porosity compacts of mineral-like ceramics were prepared by forced SHS
compaction. Cold-pressed cylindrical compacts about 100 g in weight and 48 mm in diameter
were placed into a container filled with sand and ignited from the bottom. A still hot
combustion product was squeezed with an applied force of 2.4 tons.

Synthesis of Y,Ti,O; and CaZrTi,O; ceramics was carried out by the reactions:
6Ti + 4MoO; + 3Y,03; — 3Y,Ti,0; + 4Mo. (1)
6Ti + 4M0O;3 + 3ZrO;, + 3Ca0O — 3CaZrTi,O7 + 4AMo.  (2)

The mixture modeling real HLWSs contained the following oxides (wt %): CeO, 25, La,03
46.1, Gd,03 4.6, ZrO, 19.6, MnO; 3.8, and Fe,0O3 0.9. The amount of the added mixture was
11 wt %.

We prepared three different green mixtures by taking starting reagents of reactions (1)
and (2). When (reactionl):(reaction2) = 2:1, the combustion resulted in obtaining good
ceramics based on Y,Ti,O7 and Mo. Soldered large Y,Ti,O; fragments are seen to be nearly
nonporous in their bulk; the porosity is seen to grow at the interface between the crystallites.
Matrix blocks of cast Y,Ti,O; crystallites contained Mo inclusions. Pyrochlore is seen to
form rounded crystals with circular structure. Brighter areas may have the following
composition: Ca; 1Gdy1LagsCep4Y158Ti1232r10M011MNg 1Fe000646 While darker ones -
Cay 0Gdpsla; 0CeosY125Ti1452Zr36M01 oMng 2Feg 20642. Therefore we managed to synthesize
ceramics based on pyrochlore of Y,Ti,O; composition in which Zr was substituted for 25 %
of Ti atoms.

Dense cylindrical samples based on Y, Ti,O; ceramics with a pyrochlore-type
structure were produced by forced SHS compaction. Synthesized materials were found to
exhibit high hydrolytic stability (R," - “* < 10%g -cm2 d*; [Ca], [Ti] - below the detection
limit) and mechanical strength (above 250 MPa). The open porosity was 2—4 %.
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OBTAINING OF COMPOSITE POWDERS BASED ON SisNg AT
SILICON COMBUSTION IN NITROGEN
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Synthesis of silicon nitride SisN4 by combustion of silicon powder in nitrogen is
known to require dilution of starting Si powder with a refractory compound. Otherwise, the
yield of SisN4 is normally low. Due to a high combustion temperature Tc attained in the
rapidly propagating combustion wave, Si undergoes melting and thus forms an obstacle for
penetration of nitrogen gas into the reaction zone. In order to suppress the coagulation of
melted Si particles, a starting Si powder is diluted, up to 30-70wt%, with the end product
(SisN4). Analysis of the literature and preliminary experiments allowed us to suppose that
there exists an alternative approach to the SHS of SizN,: instead of strong dilution with final
product, we are going to suggest low dilution with organic compounds. It was shown
previously [1, 2] that introduction of organic dopants to Si powders intensified their
combustion in nitrogen gas without any significant influence on the combustion temperature.
Addition of organic compounds improved the extent of conversion. Two types of crystals of
SiC and o-Si3Ns were formed in the combustion wave at the temperature lower than the
melting point of silicon; they created a protective coating preventing their coagulation.

The paper investigates the terms for obtaining submicron and nano-sized composite
powders based on Si3Ny.

The interest to interaction in the system Si-N-organic compound is explained by some
non-metals contained in the system and with which silicon can form refractory compounds
under the terms of SHS. So there exists the possibility of one-stage obtaining of composite
powders based SisN4 and containing SiC and SioN,O. Si3N4-based composites are widely
used due to their excellent mechanical and chemical characteristics and high corrosion
resistance to aggressive metal melts.

Combustion of silicon powders containing organic additives in nitrogen was
performed under nitrogen pressures P(N ranging between 20 and 150 atm. Si powders of
d<50um were used in the experiments. Organic and inorganic additives (D) of different
composition were introduced. Powders were mixed in a porcelain mortar and then charged (in
the amount of 40-50 g) into a quartz tube of 35 mm in diameter. Combustion of thus
prepared samples of bulk density was carried out in a constant-pressure bomb preliminary
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purged with nitrogen gas. Vertically placed samples were ignited from the top with a tungsten
coil via a thin layer of Ti powder (about 1 g in weight). The combustion temperature was
determined (with an accuracy of +50 K) by thermoelectric method using W-Re
thermocouples (VR-5/20) of 100 or 200 um in diameter placed at the sample center.

Combustion of silicon powders containing organic dopants in nitrogen gas under
pressure was found to yield a mixture of a-SizN4, B-SizsN4, SiC and SiN,O. The ratio of
phases depends on composition and concentration of the additive and synthesis terms.
Introduction of organic compounds into the green mixture enables silicon migration into the
gas phase where some reactions take place and form nuclei of crystal phases which are
condensed and result in a solid product as ultradispersed and nano-sized particles forming
slightly bound agglomerates. The additive type was also found to affect the morphology and
final particle size.

Fig.1 Fig.2

Fig.1 shows SiC crystals as long cobweb-like threads gathered in a ball. In Fig.2 a
spherical globule is shown; it consists of SiC crystals as rounded grains of 90 nm in diameter.
In Fig.2 slightly drawn Si3sN4 of 200 nm in size are seen. The crystals were obtained with
introduction of C4H20Si (Fig.1) and CgHjo (Fig.2) into the initial mixture.
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SYNTHESIS OF SILICON OXYNITRIDE BY COMBUSTION OF SILICON-
CONTAINING COMPOUNDS IN THE COMPRESSED AIR
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Due to its excellent mechanical and dielectric properties at elevated temperatures,
silicon oxynitride Si,N,O is highly promising for use as a structural ceramic material.
Compared to silicon nitride, oxynitride exhibits higher heat resistance in oxidative media [1].
SioN,O-based ceramics can be produced by the methods of powder metallurgy, such as
reactive sintering [2], hot isostatic pressing [3, 4], and spark plasma sintering [5]. Silicon
oxynitride (in combination with MgO, Al,O3, Y,053) is also known as a good sintering agent
for silicon nitride and silicon carbide.

Refractory inorganic compounds (including silicon nitride, silicon carbide, and
SIAION) can also be produced by SHS. The synthesis of silicon oxynitride from a mixture of
Si, SiOy, and Si;,N,O (as an additive) by combustion in nitrogen gas at P(N;) = 3 MPa was
reported in [5] while that from a mixture of Si and SiO, (crystalline, amorphous) at P(Ny) =
10 MPa, in [6]. In work [7] was investigated the synthesis of silicon oxynitride Si;N,O from a
mixture of Si, SiO,, and SizN4 by infiltration-mediated combustion in nitrogen gas for P(N,)
=4-14 MPa.

In this work, we investigated the synthesis of silicon oxynitride Si,N,O from silicon-
containing mixtures by infiltration-mediated combustion in air atmosphere under pressure 4 MPa. In
this case, during the burning process silicon interacts with components of the air with the
formation of SiO, and Si3sN4, which then react with each other to form Si,N,O. Silicon
containing mixtures were prepared from powders of Si to SiO,, SisN4, Sio>N,O (the powder of silicon
oxynitride was prepared as described in work [7]). The chemical/phase compositions of product
and process parameters (temperature and burning velocity) were studied upon variation in
charge composition.

It was shown:
to increase the amount of target oxynitride in the combustion products it is necessary to
introduce the silicon oxide as an additional source of oxygen in the green mixture;
to prevent coagulation of melted silicon and silicon oxide particles in the combustion wave it
IS necessary to introduce a refractory diluents in the initial mixture, for this purpose silicon
oxynitride is the best candidate;
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besides the role of anticoagulant the added oxynitride acted as crystallization centers for the
newly formed phase Si>N,O, as the result the more homogeneous product with a high content
of oxynitride phase was obtained.
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THERMAL CONDUCTIVITY OF AIN SHS-DERIVED POLYCRYSTALS
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Aluminum nitride is considered as versatile but challenging material for structural and

functional application because very high thermal conductivity and piezoelectric feature. In
the form of monocrystal or polycrystals AIN is used in electronic devices thus squeeze out
conventional materials like SiO,, Al,O3; or BeO which is harmful for human body.
Aluminium nitride is applied for sensors and heat exchanger to improve their sensitivity and
efficiency. Due to the thermal properties, it is also used in the arms industry as the parts of a
high-power and high resolution radars. The thermal conductivity (A) of polycrystalline AIN
mainly depends on the level of oxygen content dissolved in crystallographic structure,
microstructure appearance and nature of points and linear defects. These factors can radically
reduced A factor from 320 W/mK to 70 W/mK unless they are controlled well at every stage
of procedure.

Preparation of dense AIN polycrystals requires addition of liquid phases for sintering.
Commercially, MgO, CaO, or rear earth metal oxides are used but most promising addition is
Y,0;3 resulting the highest values of thermal conductivity. The AIN grains are usually
covered by thin layer of aluminum oxide therefore during sintering yttria forms with alumina
several compounds e.g. YAP (YAIOs3), YAG (Y3Al5012), and YAM (Y4Al;Og). The garnets
formation promotes densification process but additionally leads to the removal of oxygen
from AIN structure at temperatures above 1750°C. This is related to improving thermal
conductivity and density of polycrystals [1,2].

The aluminum nitride polycrystals were prepared from SHS derived powders. Starting
mixtures were composed with addition of 3,0 wt. %.; 5,0 wt. % and 10 wt. % of yttrium oxide
and next sintered. Relative density of each polycrystals was measured by hydrostatic method
and estimated at higher than 97%. The XRD method was used for phase detection of samples
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after heat treatment. Two phases were detected in X-ray diffraction patterns namely: AIN and
yttria garnets located at grains boundaries. All samples were polished and next mechano-
chemically etched to reveal microstructure details. Microstructure examination supported by
computer add analysis was performed by scanning electron microscope SEM - Nova
NANOSEM 200 and energy dispersive spectrometry EDS. The grain size of the sintered
material was estimated by computer add analysis - Aphelion Image Processing programme.
The results were correlated with thermal conductivity of the samples carried out by the laser
pulse method - LFA 427 apparatus. The influence of the sintering conditions and yttria
additive content on thermal conductivity and microstructure appearance of aluminum nitride
polycrystals was clearly showed.

The LFA measured values of specific heat, thermal diffusivity and thermal
conductivity of polycrystals were collected carefully. The highest A factor was achieved for
samples with addition of 5,0 wt. % of yttria. All polycrystals posed rather good thermal
conductivity ranging from 125[W/mK] to 240[W/mK] at 25°C.

For the obtained sinters thermal expansion coefficients (CTE) were measured. The
CTE values, for the temperature range 40°C-600°C, are estimated to 5,72¢10° [1/°C],
5.41+10° [1/°C] and 5.54+10-6 [1/°C] with addition of 3,0 wt. %, 5,0% wt. and 10 wt. %
Y,03 respectively. The various addition of sintering aids did not influence significantly on
thermal expansion of aluminum nitride.

The microstructure appearance of AIN polycrystals showed very similar shapes of
grains for each content of yttria. To calculate grain size distribution the images were
binarized and next examined by computer add analysis. The 40% of grain population had an
average grain size estimated to 1.0 um. The difference in thermal conductivity of the samples
was explained by specific YAG, YAM or YAP formation. This reaction can reduce the
oxygen content inside AIN grains and this mechanism was showed in details.
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FORMATION OF ALUMINUM-BASED INTERMETALLIC COMPOUNDS WITH
EARLY TRANSITION METALS
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Equiatomic mixtures of Al and the early transition metal powders in Groups IV and V (i.e.,
Ti, Zr, and Hf; and V, Nb, and Ta) were subjected to high energy mechanical alloying.
Blends were subjected to microscopy and differential thermal analysis to systematically
investigate the efficiency of conversion from reactants to products. Each of the Al-X blends
was created by mechanically milling pure elemental powders with 1.5 weight-percent stearic
acid to prevent cold welding to the milling vial’s internal walls during the blending process.
The as-milled powders were analyzed via scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDS), x-ray diffraction analysis (XRD), and differential
scanning calorimetry (DSC) to determine the effect of milling time on the total heat released.
The DSC analysis was performed to measure and determine the total energy released from
the mixtures while being heated to 1000 °C at 10 K/min. The analyses were performed prior
and after DSC to compare the morphologies of the reactants and products, as well as to
determine the bulk phases present in the product as they relate to the equilibrium phase

diagram for that particular mixture.
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Results showed that with increasing milling time the as-milled microstructure was refined.
Scanning electron microscopy of powders milled at 3 and 15 minutes, respectively, showed
the breakdown and evolution of characteristic microstructures in the various binary mixtures.
As determined by the relative hardness of the elemental constituents in each binary mixture,
the microstructures changed from and initially equiaxed to an equiaxed or laminar
morphology. The decrease in grain size was also reflected in the broadening and shifting of
the Bragg x-ray peaks and the appearance of intermetallic phases. Differential scanning
calorimetry of the powders, milled to increasing times, also indicated a shift in the onset and
end temperatures, as well as the shape of the exo- or endothermic events. Particularly, the
milling was found to affect the spatial distribution and interspacing of the constituent
elements, which, in turn, resulted in a significant change of the nature of the formation of the
intermetallic species. The specific and general characteristics of these mixtures are

discussed.

LARGE SCALE SYNTHESIS OF SiC NANOSTRUCTURE BY COMBUSTION

Badis Bendjemil* 2, Djelloul Messadi*, and Dominique Vrel®
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University of 8 Mai 1945, Guelma, 24000 Guelma, Algerie
3LSP|\/I, Université Paris 13 Sordonne Paris Cité, UPR 3407 CNRS, 93430 Villetaneuse, France

SiC Nanostructures with a size of about 50 nm in the form of nanofibers whiskers and
amorphous nanofilament were synthesized from Si/polytetrafluoroethylene (PTFE) mixtures.
The obtained products were characterized by FESEM, HRTEM (together with electron
diffraction) and XRD.

SiC nanofibers (as the filler for polymer, ceramic, metallic and intermetallic nanocomposites)
synthesis and purification has been optimized using boiling in KOH to remove un-reacted Si
removaland thermal treatment in air to burn the residual elemental amorphous carbon and
graphite.

The possible applications of nanocomposites based on such nanofibers would be directly
linked to the remarkable mechanical, thermal and chemical properties of these (1-D)

nanoparticles and, specifically, as fillers in composites.
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SYNTHESIS OF METALLIC MATRIX NANOCOMPOSITES REINFORCED WITH
NANOCARBON BY COMBUSTION
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Combustion synthesis in the electrothermal explosion mode can be regarded as an efficient
method to obtain new nanomaterials. Different starting mixtures of magnesium powder with
various carbonates (e.g. Na,COg3) were tried and the self-propagating reactions were carried
out under both reactive (air) and neutral atmosphere (argon) with an initial pressure of 10 atm
to yield novel nanomaterials. Fe, Co, Ni, Pd, Nd, Ta, Ti, Nb, W and NiO powders were used
as catalysts and their synthesis and purification have been optimized. To increase the yield of
the catalytic combustion, reactions in SHS mode were carried out using NaNs;, Teflon and
Ferrocene Fe(CO)s as a source of catalytic metal nanoparticles. Under the applied
conditions the presence of nanocrystalline MgO, NaF and NaO, in products, confirmed by
XRD analysis even for the reaction under neutral atmosphere, points to the deep conversion
of carbonates. To produce fibrous products the Na,COjz; system proved to be the most
promising one (in other tested carbonate systems, except Li,COg, the content of fibrous phase
was insignificantly small). SEM images show the morphology of the products with some 1-D
nanostructures resembling carbon nanotubes and with core-shell structures made of iron-
based nanoparticles encapsulated in carbon, yielding a nanocomposite with interesting
magnetic properties. Different magnetic metals (Fe, Ni, and Co) can be encapsulated in the
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carbon shell, graphite layers and nanofibers. After the purification procedure, we obtain core-
shell or graphite layers encapsulated by metal magnetic nanoparticles without impurity (e.g.
noncoated iron or carbides, amorphous carbon). The characterization techniques include the
chemical analysis, HRTEM, XRD and FESEM. The VSM and Maéssbauer Spectroscopy (in
the case of Fe-containing samples) will be performed in the near future. A kinetic model of
the formation of pharmacological systembased on a carbon ferromagnet nanocontainer is
given. The obtained novel pharmacological molecular nanostructure could be injected in
cancer tumor cell (prostate) after sterilization. In the near future, the nanocontainer will be
heated by microwave technique at the Laboratoire Central d’Anatomie and Cytology
Pathology of the CHU Annaba. The reaction will be observed in HRTEM.

Keywords: Electrothermal explosion reaction, 1-D nanostructures, Core-shell, Graphite
layers; Nano container carbon ferromagnet, nanofibers, Kinetic model, Purification.

PRODUCTION TECHNOLOGY AND PROPERTIES OF PERSPECTIVE OF
POWDER NANOMATERIALS
M.1. Alymov*

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

The purpose of the consolidation of nanopowders is to achieve full density material
with minimal grain growth. In addition, provision must be large enough to measure the
properties of the resulting material and workmanship of a useful product. Among the main
problems in the consolidation of nanopowders can distinguish agglomeration of
nanopowders, their high activity (pyrophoric metal powders), the presence of impurities,
grain growth, difficulties in the manufacture of long workpieces.

The purpose of pressing nanopowders is forming a high-density workpiece with small
and uniform in size pores, because the density inhomogeneity pressing leads to defects in the
sintered sample. In the diagrams of cold pressing of hanopowders can distinguish the stage of
intense and weak seals, the first stage of slippage and rearrangement of particles, and the
second - the elastic compression of the particles at the contact, plastic deformation and
fracture of brittle plastic particles. Due to high friction, sliding and rearrangement of
nanoparticles is limited and nanopowders are more prone to defects in pressing than
conventional powders. In addition, the nanoparticles are free of dislocations, which hinders
their plastic deformation, so the reduction in particle size leads to a decrease in the density of
compacts with the same compaction pressure.

There is an increase in the sintering density of the porous body, caused by the transfer
agent in the contact area of the particles. In addition to these mechanisms of growth of the
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isthmus between the large particles as the volume and grain-boundary diffusion of the
interface between the particles, volume and surface diffusion from the surface of the
particles, the mass transfer through the gas phase have been proposed for nanoparticles and
other mechanisms: viscous flow, rotation of grains and interparticle slip.

PECULIARITIES OF COMBUSTION AND CHEMICAL REACTIONS IN SYSTEM
Mo-Si-B ADVANCED FOR HEAT RESISTANCE MATERIALS PRODUCTION

E.A. Levashov*, Yu.S. Pogozhev!, A.Yu. Potanin', N.A. Kochetov'?, E.I. Patsera®, V.V.
Kurbatkina®, M.R. Filonov *
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Regularities of combustion 