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There are some various definitions of nanomaterials as a special class
of materials. In accordance with the physical definition [1], the
maximal size of the structural fragments of nanomaterials must be
equal or lesser than the characteristic dimension of the chosen
physical property or effect. For example, it can be the defect free
crystal size, single domain size, electron free transit, etc. Obviously,
we obtain the different characteristic values of structural elements for
different materials and their properties.

The properties of nanomaterials change as the structural fragment
sizes approache the nanoscale (less than 10-100 nm). This critical
value can be different for the wvarious properties (mechanical,
electromagnetic, optical, and others). For example, the nickel particle
becomes dislocation-free at a diameter of 140 nm and single-domain
at 60 nm.

The simplest definition of nanomaterials is based on size only.
The materials whose structural elemens have dimensions in the 1 to
100 nm range are usually called nanostructured ones (nanophase,
nanocrystalline) or supramolecular solid bodies [2]. It must be marked
that the misorientation between the structural elements or fragments in
nanomaterials should be high-angle [3].

With decreasing grain size the volume fraction of interfaces
(including the grain boundaries and triple joins) increases [4]. The
volume fractions of intergranular and intragranular components
become equals to each other at the grain size about 5 nm. The triple
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junction volume fraction increases markedly for grain size of less than
10 nm.

Many problems of materials science can be solved by powder
metallurgy methods. The powder metallurgy methods are used for
manufacturing materials from powders with an average particle size of
less than 100 nm by a thermal process. The total characteristics of
materials are determined both by the properties of fine structural
fragments and by peculiarities of their interaction. The first products
from platinum powder were made by P. G. Sobolevskii [5]. He
proposed to press the sponge platinum in a heated state.

Interest in nanomaterials is caused by their structural and
functional properties, which are sufficiently different from properties
of their coarse-grain analogs. As the grain size decreases the strength
of the material increases. The microstructural features and
peculiarities of nanomaterials (grain size, fraction of interfaces regions
and their state, porosity and other structure defects) are defined
namely by the fabrication method (powder metallurgy methods,
crystallization from an amorphous state, severe plastic deformation,
etc).

At present time it becomes possible to form the nanostructures
possessing new or improved properties that in turn allows to create the
new in principle devices, constructions, and instruments with the
operating characteristics, being inaccessible with usage of the
traditional material. From other side, the materials with new advanced
characteristics are very important for the modern direction of the
science and technique development, such as space technologies,
ecology and medicine, etc.

It worthy to mention that the possibility to increase the strength of
material owing to the decrease in grain size was firstly pointed out by
A. Griffits in his publication in 1921 [6], where it was stated literally,
that «the material yield limit point can be increased by its
«comminution» up to a theoretical limity.

The wvarious powders are used to produce bulk materials:
nanopowders (with the particle size below 100 nm); nanocrystalline
powders (with the particle size above 100 nm but having a complex
structure containing nanoscale grains); amorphous powders, etc. The
properties of nanopowders are defined mainly by the physical and
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chemical conditions for their synthesis, and therefore it is necessary to
study and develop their production methods.

The main principle of the nanopowder fabrication is a combination
of high rate of the formation of particle centers and small rate of their
growth. The technical and constructional solutions of this problem are
various. The particle size histogram, structure and properties are
defined mainly by the process of formation of particles and its given
conditions. Thus the basic requirements for nanopowder production
methods are associated with the possible selection of variants, which
ensures the control of process parameters to obtain a narrow particle
size distribution and a general reproducibility of powder production
process with controlled dispersion, phase and chemical composition of
the particles.
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Preface. Technological progress is mainly defined by a growth of the
used materials qualities. Now many problems of material creation
with targeted characteristics can be solved by the powder metallurgy
methods, because these materials have some unique properties, such
as porosity, high hardness, special tribological or electromagnetic
parameters, etc. In many cases, these materials are more interesting
from the economical or ecological points of view. At present work the
short survey is presented on the producing and possible usage of some
perspective materials on the base of the consolidated nanopowders
under and for extremes.

The synthesis of nanopowders. At present time there were
developed many methods of nanopowders synthesis. The relation
between a method productivity and a powders qualities is important
for possibility to industrialize this method. The productivity is
naturally decreasing with a rise of requirements to the powders quality
(average size of particles, narrow size distribution function, low
content of impurities, etc.). The mostly wide used methods are
connected with synthesis of oxides, but other variants of metallic
powder production are low productive [1].

Many new branches of technique are connected with materials
based on non-organic high-melting compounds (carbides, borides,
nitrides, etc) having not only the high melting temperatures, but the
high hardness, fire-resistance, corrosion-resistance and so on. To
produce the modern materials with nanostructures in the industrial and
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commercial scales it is necessary to develop some new synthesis
methods or to improve the existing ones. More over, often it is
necessary to produce materials with specific characteristics for
exploitation under severe and extreme conditions. These questions are
partly surveyed and discussed in [2]. Strictly say, there are two
different problems connected with extreme conditions and
nanomaterials: first - one can create nanomaterials for usage in some
extreme or special conditions and second - such materials can be
created under the severe and extreme conditions. Problems and
definitions of such conditions are very interesting itself. In general it
will be useful to study the relations between extreme fabrication
methods, nanostructures and properties of the material.

Very often as a base for the new materials traditional or new (or
produced by new methods) inorganic compounds (carbide, nitrides,
borides, etc) having the high melting points together with other
characteristics (high refractory and corrosion resistance, etc) and
important complex of the electro-physical properties) are used. The
inorganic materials are widely fabricated by self-propagating high-
temperature synthesis (SHS) method. This method was developed by
academician A. G. Merzhanov and coauthors in 1967 year. This
method is an auto-wave (auto-oscillating) process, analogous to a
combustion wave propagation, where the chemical reactions are
localized in a narrow burning zone which is spontaneously spreading
in a chemically active medium [3]. The extreme conditions of the
SHS-process (synthesis temperature of up to 4000°C, temperature rise
rate of 103-10° deg/s, the burning rates of 0.1-10 cm/s) influence not
only on the chemical and phase composition of products, but on the
morphology and size of forming particles.

Methods of nanopowders consolidation. Conditionally one can
distinguish the two main methods of consolidation of nanopowders:
first is connected with pressing of sample at room temperature
followed by sintering, the second (called the sintering under pressure)
Is based on simultaneous pressing and sintering of powders.

Nanopowders pressing. The pressing or consolidation of powders
means the densification of powder sample under pressure. The
methods of consolidation of nanopowders are the following: an
uniaxial static pressing, a dynamic magnetic-impulsive pressing, an
isostatic (multifold) pressing, an ultrasonic consolidation, an intensive
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plastic deformation, belts rolling, etc. The variety of consolidation
methods gives many possibilities to produce the different dense-
packed and porous nanomaterials. The density of dispersed powders
depends on many factors, such as an average particle sizes, presence
and distribution of impurities, surface state conditions, particle shape,
strong agglomerate content [1], pressing methods, etc. In order to
produce high density uniform materials, the comprehensive (isostatic)
pressing: hydrostatic, gaseous static and quasi-hydrostatic in special
high-pressure moulds under a high pressure is used. The severe plastic
deformation methods are used sometimes.

As the particle size decreases the density of the pressed sample
increases. Earlier the existence of some critical particle size d¢r was
established (for iron d¢ is about 23 nm), below which the particles
become dislocation-less. Particles are not densified upon pressing
process even at relatively high pressure values (about 2 GPa for iron
powders) [1]. If the particle size is larger they can can be plastically
deformed to the great deformation degrees under pressing. In [1] the
compacts with density about 98% were obtained from Pd, Cu and Ag
nanopowders (produced by a vaporization-condensation method at
pressure 1.6-5 GPa in vacuum) by pressing.

Nanopowders sintering without pressure (free sintering). Sintering
Is a thermal activated (or initiated by an external action) process of
contacting of solid bodies system (or a porous medium) into a more
thermodynamically stable state due to a decrease of the system free
surface area. The sintering is used to produce pore-less or porous
materials (items) from powders at high temperatures. Sintering
includes the heating of powder sample and holding at temperatures
below the main component melting point.

The sintering is one of the very important technological processes
and presents a very complex multi-stage Kinetic process for dispersed
system (that is a powder-like sample), which leads to an equilibrium
state. The powder conglomerate deviations from equilibrium are
stimulated with the pores and non-perfect states of contacts,
concentration distributions, microscopic distortions of the crystalline
lattice. The main driving force of the sintering process is an excess of
the free surface energy. Other parallel processes leading to
equilibrium (recrystallization, etc) are not connected with sintering.
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An analysis of experimental curves demonstrates that there are
several stages of the shrinkage. The most intensive sintering process
occurs at the first stage. Since an active powder particle size growth
takes place for several minutes and finishes with the shrinkage, one
can consider that this is completing with the shrinkage, and the
diffusion role in powder particle size growth negligible. The second
and third stages of sintering are controlled by the diffusion.

The nanopowder sintering process without pressure and at
relatively low temperatures doesn’t allow to produce materials with a
small grain size and without pores. At the higher temperatures the
material density increases but the grain size grows too. The problem in
some manner can be solved by a microwave heating with a high rate
that allows to force a linear shrinkage during the nanopowder sintering
[1].

The two-stage sintering method allowing to make a pore-less
material with the retaining of the grain size is promosing. For the
controlled isothermal sintering of the yttrium oxide blanks the pore-
less material is formed at grain size of up to 400 nm. The controlled
two-stage sintering with overheating to 1250-1310°C and following
sintering at 1150°C allows to reach the grain size about 100 nm and to
avoid the presence of pores in pressed samples [1].

The nanopowders sintering under pressure. At sintering under
pressure, the plastic deformation under external action of particles
takes place, which leads to a sufficient growth of the densification rate
and higher material density and, as a consequence, a increase in the
mechanical properties. At sintering under pressure together with
densification we see the recovery and recrystallization processes. The
increase in the pressure upon sintering can favor a decrease in the
process temperature and hence can retard the recrystallization process
that contributes to the retaining of nanostructures.

In contrast to the free sintering, the hot pressing is carried out
using special and complex equipment. The sintering under pressure is
very effective to fabricate items from the hardly sintering materials
(e.g. from refractory and composite ones). The choose of sintering
method for the given material depends on the components, their shape
and size, process temperature, etc.

Conclusions. It is known that many properties of nanomaterials
are not used as far as possible until now, for example mechanical and
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poly-functional properties of nano-metals, which can be used in the
micro-electromechanical devices from items with sizes of about
several microns. For usual polycrystalline materials in this case the
grain boundaries will be located at the item cross-section and will
decrease its strength.

There is one more problems, relating to the materials science in
general, and we consider it only in common. Let’s remind that by
definition at least one the nano-materials dimension (or some of their
elements, e.g., the grains) must have the nanometric dimensions, and
namely this condition creates the specific characteristics and
properties of such materials and items of them, involving the interest
and curiosity of researchers. From other side, it is clear, that we try to
consider these materials characteristics under various non-usual and so
called extreme conditions, and this process naturally must markedly
change the characteristics under study. This contradiction sufficiently
complicates the tasks of investigation and results and analysis of
results obtained. Are our results relating to the concrete extreme
conditions or they have a more wide and general meaning. By other
words, how the used external (and extreme) conditions of experiments
and testing are corresponding the material properties. In some
situations the results for one special extreme condition set can be
senseless for other situation. More over, we can’t study all
“combinations” of external actions (mechanical stress + irradiation,
for examples).

It is fanny, but the problem, arising in described situation is very
similar to the problems in some humanitarian and political sciences
(such as the jurisdiction, criminal law, etc): where the experts and
judges always try to solve which processes or characteristics we can
name ‘“‘extremal” or even “extremistic” ones and how one can
determine the degree of properties and actions “extreme character” for
make an analysis or comparison. From other hand, just the same
problem is arising in biology and zoology too, where specialists often
are saying, that the experimental conditions are specific and
“extremal” for the tested animals and therefore they can’t compare
their reaction with normal, usual behavior or parameters. Obviously
this interesting problem is very general and “extremely” complex for
the frames of our study, but may be it is worthy to discuss this results
comparison problem for nanoscience especially, because in the most
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cases it is accompanied with an absence of the reference information
about the similar materials.

Besides it must mentioned that until now the researchers in the
field haven’t a system of the standard and specialized measuring
equipment and units, allowing to compare and analyze the results
obtained by various investigator groups in various countries and under
various conditions. This problem has a great importance for
nanomaterials studies in general and especially for studies at extreme
conditions or environments, because such extreme properties and their
measuring methods are usually very rare and has a specifically
individual character by their nature. May be it necessary to collect a
special data base (centralized library of measurements results and
descriptions).
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Composites based on Nb-Si alloying system are promising materials
for the manufacturing of turbine blades for aircraft jet engines [1, 2].
Usually, the alloys of this system are obtained by fusing or sintering
of the components in high-temperature vacuum furnaces [3-5].
Centrifugal SHS-metallurgy is a new method which can be used to
produce nanocrystals of Nb-Si based alloys [6-8]. The objective of
this work was to alloy the Nb-Si based composite by Hf, which
provides solid-solution strengthening of the material phases. Adding
of Hf in the alloys of Nb-Si system is complicated. Our previous
investigations showed that Hf actively participates in the reduction of
Nb2Os which leads to a lack of Hf and an excess of Al in the
synthesized composites. In this work, it is proposed to solve this
problem by replacing the pure Hf mixing component by a less active
HfAIl; intermetallic compound.

Experimental methods. Mixtures of Nb2Os, Al, Si, Hf, HfAl; and
Ti were used to synthesize the Nb—Si based composite alloyed by Hf.
The method called as “centrifugal SHS-metallurgy” was used for the
synthesis experiments. The experiments were carried out using a
radial centrifugal facility which allows burning high-exothermic
mixtures of thermit type under overloading up to a = 500g. The
combustion process was monitored by a video system which allows to
determine the combustion rate (u), the scatter of the mixture (1) and
the fraction of the alloy yield into the ingot (n2): where u = h/tcomn,
N1 = (Am/mg) x 100%, n2 = (Mexp/Mcar) * 100%, h is the initial height
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of the mixture layer, tcomp is the combustion time of the mixture, Am is
the mass loss of the mixture during combustion, mg is the initial mass
of the mixture, mexp is the experimental mass of the metal product, and
Mcal IS the calculated product mass.

Investigation of the microstructure and chemical composition of
the structural constituents of the synthesis products was carried out in
the Carl Zeiss Ultra plus high-resolution SEM based on Ultra 55. The
phase composition of the final products was determined using DRON-
3M diffractometer with a Cu X-ray tube (A = 1.54178 A) of the BSV-
27 type.

Experimental results. Two types of experiments were carried out,
in which the effect of centrifugal overloading and dispersity of HfAl3
granules on the synthesis process, composition and structure of cast
alloys was studied. The experimental composition of the mixture and
the calculated composition of composite are given in Table 1. HfAl;
granules of the following sizes (dgran) Were used in the experiments: 0—
40, 40-100, 100-160, and 160-300 um. The granules were made from
HfAls ingots obtained by the SHS-metallurgy.

Table 1. Composition of mixture and calculated composition of

composite.
Mixture composition, wt% Calculated composition, wt%

Nb20Os 54.6 Nb 58.5
Al 13.1 Si 5.9
Si 3.9 Hf 19.3
Ti 10.2 Ti 15.6

HfAl3 18.2 Al 0.7

The experiments showed that with an increase of overloading from
1 to 5009 the combustion rate of the mixture (u) and the fraction of the
alloy yield to the ingot (n2) increase from 0.8 to 1.5 cm/s and from 70
to almost 100 wt %, respectively (Fig. 1). With increasing g, the
scatter of the mixture (1) decreases from 10 wt % to almost zero. The
content of Hf in composites significantly decreases, while the
concentrations of other target elements in the alloy change slightly
(Fig. 2).

With increasing the size of HfAl3 particles, the content of Hf in the
composites grows, while those of Nb and Ti decrease. Concentrations
of other alloying elements change insignificantly (Fig. 3).
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The X-ray diffraction (XRD) spectrum of the composite
synthesized using "large" fractions of HfAl; particles (Fig. 4) indicates
3 phases: Nb - the base, NbsSiz, and a small amount of NbsSi. There
are no XRD-peaks indicating other phases based on Hf, Ti, and Al
existing in significant amounts in the produced composite (Table 2).
This leads to the conclusion that they are totally dissolved in the
present phases via atomic substitution.
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The comparison of the calculated and experimental compositions
(Table 2) shows that there is a lack of Hf and Ti and an excess of Al in
the synthesized composite. From the analysis of the integral chemical
composition, the microstructure and the local composition of the oxide
layer (slag) follows that this discrepancy between prediction and
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experiment results from the activity of Hf and Ti in the reduction of
Nb2Os resulting in the formation of solid solutions based on Hf and Ti
oxides. It should be noted that in the slag product Si and Nb oxides are
practically absent, because silicon does not participate in the
reduction, while the niobium oxide is completely reduced.

Table 2. Compositions of composite and oxide product, a = 250g,
Mo = 100 g, dgran = 160-300 um.

Element content, wt % Nb Si Hf Ti Al O
Calculated composition 585 59 193 15.6 0.7
Experimental composition 721 738 3.5 9.5 7.1

Experimental composition of oxide layer 0.5 04 129 6.2 30.7 484

Discussion of experimental results. From the analysis of the
experimental results one can propose the following schemes for the
staged chemical transformation of Nb.Os/Al/SI/Hf/Ti and
Nb2Os/Al/SI/HfAIS/Ti mixtures in the combustion wave:

1. The main leading stage determining the process of combustion
of mixture Nb2Os/Al/Si/Hf/Ti is Nb,Os/Hf — Nb—HfO,. All the other
stages Nb,Os/Al — Nb—Al,03, Nb20Os/Ti — Nb-Ti,0s3, etc. occur in
the confluence mode with the leading stage [9]. Due to high activity of
hafnium, the combustion develops in an explosive mode and is
accompanied by the release of the combustion products from the
reaction mold. The reason for the release is the formation of gaseous
products (metal vapors, suboxides, etc.) in the reaction volume
("champagne effect").

2. When Hf is replaced by HfAls, then the main leading stage is
Nb2Os/Al — Nb-Al;03. All the other stages Nb,Os/HfAl; — Nb—
HfO>—Al>03, Nb2Os/Ti — Nb-Ti20s3, etc. occur in the confluence with
the leading stage. Due to the lower activity of Al and HfAl; compared
to hafnium, the combustion proceeds stationary, at the rate of
0.8-1.5 cm/s, without significant mixture losses. With an increase of
the size of HfAIlz granules, the degree of participation of HfAl3 in the
reduction of Nb,Os decreases, that leads to an increase of Hf content
in the composites.
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Nickel ferrite (NiFe2O.) is an intensively studied soft magnetic
material due to its interesting physic-chemical properties such as
large saturation magnetization, excellent chemical stability, and
corrosion resistance etc. [1]. Nickel ferrite nanoparticles have also
attracted a considerable attention because of their technological
importance in industrially developed areas such as microwave
devices in the GHz region, high-speed magnetic media recording,
as well as catalysts [2, 3]. The unique magnetic properties of these
nanoparticles are critically dependent on the distribution of
divalent and trivalent cations amongst interstitial sites. But, >'Fe
Maossbauer spectra as one of the main technique for determination of
such distribution in the nickel ferrites nanoparticles, has been
relatively poor reported previously [4, 5]. In this work, we have
determined Mdssbauer parameters of mixed spinel NiFe2Oq
nanoparticles, prepared using a gas-phase aerosol levitation-jet
synthesis (LJS) accompanied with the application of a dc electric field
[6, 7]. In this technique a piece of metallic nickel wire was wound
around an iron wire in a volume ratio of Ni:Fe = 1:2 and suspended in
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a quartz tube. This seed was subsequently heated up via the
application of the electromagnetic field of a counter-current inductor
until fusion into an iron-nickel droplet, which first levitated in the tube
and then started its evaporation. The evaporated droplet was blown
down by descending helium gas flow, resulting in its condensation at
which point it was continuously fed with nickel and iron wires at a
pre-set rate using a purpose-designed device in the volume ratio
indicated above. The source wired materials were 0.2 mm in diameter
for the pure nickel wire and 0.3 mm in diameter for the low-carbon
iron wire. Nickel ferrite nanoparticles were finally obtained by adding
a small amount of air the flowing gas upstream of the droplet. The
amount of air was determined by the concurrence of the highest flow
rate with a stability of the synthesis process for the preparation of
nanoparticles with controlled average sizes. During the synthesis
process, an electric field was applied to the condensation/cooling zone
near the levitating droplet as well as in a transverse direction to the
gas flow by means of two thin tungsten rods, anchored outside the
quartz tube, which generated a dc electric field between 0 and
2.1 kvVem™,

Morphology and average particle sizes were examined using a
scanning electron microscope (SEM) CARL ZEISS ULTRA PLUS,
and transmission electron microscopy (TEM) using JEOL JEM100CX
I1. The specific surface area (S) of loose nanoparticles was explored
using a 4-point method of measuring physical adsorption of nitrogen
onto the materials (META SORBI-M). Crystal structures of
nanoparticles were determined by X-ray powder diffractometer
DRON-3M (Cu Kq). Their phase compositions were determined using
JCPDS PDF, Crystallographica SearchMatch, and PowderCell
software. °>’Fe Maossbauer spectroscopy was performed at room
temperature using SeeCo Inc., (USA) spectrometer. Spectra were
recorded using °’Co in Rh foil as a source of 14.4 keV y-rays, which
were driven at constant acceleration mode.

X-ray analysis confirms that all the samples prepared using this
synthesis process were fully crystallized compounds with cubic spinel
NiFe2O4 unit cell parameters, which were in the full agreement with
reference data from JCPDS 74-2081, 10-0325, and 44-1485 (a =
0.83384-0.83408 nm). Fig. 1 compares the XRD patterns of
nanoparticles prepared under similar conditions, but with the different
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electric fields applied to the reaction zone during LJS. An electric
field of up to 2.1 kVcm application has a strong effect on the phase
composition of nanoparticles, leading to the presence of unreacted
iron as well as partially oxidized Fe-Ni alloys. In contrast to those
results, the application of an electric field strength of 2.1 kV/cm™
resulted in almost single-phase nanoparticles.

Table 1. Comparison of selected synthesis conditions and chemical
compositions ascertained from Mdssbauer spectra for the samples
prepared under similar conditions, but under the different electric
fields.

D Selected structural parameters Maéssbauer fitting parameters

d,nm a nm E, kvem? S m?g NiFe;0s,% Fe,% <Hn> T  FexNiix
M13 36 0.83384 O 30.5 75.0 1.6 29.1 Fe2oNiso
M14 31 0.83408 2.1 36.3 81.5 0.9 28.5 FeasNizs
M15 69 0.83400 1.05 16.3 14.0 5.1 23.3 FessNiss
M19 53 0.83396 1.65 21.2 40.0 4.9 22.7 FessNiss

Intensity (arb units)

M19

4‘0 | 5I0 | 6‘0 | 7I0 ‘ 8‘0

26 (<)
Fig. 1. XRD patterns of nanoparticles prepared using aerosol assisted
levitation-jet synthesis (LJS) under conditions of an applied electric
field, kvem™: M13 - 0, M15 — 1.05, M19 — 1.65,and M14 — 2.1.
Miller indices correspond to NiFe;O4 (e); FeNi (*) and unreacted Fe

(+) respectively.

A comparative morphological analysis of particles projections in
all the micrographs allows evaluating the average nanoparticle size
(d), which are presented in Table 1. It was established, that
nanoparticles synthesized under zero electric field tend to have a much
broader size distribution than those prepared under the non-zero field.
In the case of M14 sample, particles has pseudo spherical 14-hedron
shapes with a small scatter in particle size, which follows a log-normal
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distribution (Figs. 2a and 2b), whereas for the M15 and M19
nanoparticles core-shell structures with a shape between spherical and
hexagonal types are evident from the corresponding images [7]. So,
the dc electric field application may aid in controlling the oxidation
reactions [8, 9], also providing the additional control of size,
morphology and phase composition of nanoparticles.

.. S0 -
Fig. 2. SEM (a) and TEM (b) images of nanoparticles M14. Figures
(a) and (b) have the same scale bar values.

Table 1 providing few correlations between the selected synthesis
conditions and chemical compositions obtained from Mossbauer
spectra. Visual inspection of the spectra in Fig. 3 shows that a-Fe
exists in all the samples as indicated by the paramagnetic doublet at
the center of each spectrum. Interestingly, XRD measurements
indicate the presence of Fe in the samples of M15 and M19 only. All
spectra were fitted using a model that assumed the presence of Fe in
three phases: ferrimagnetic NiFe,O4 (i.e. two sextets arising from Fe3*
on both tetrahedral and octahedral sites), ferromagnetic FexNiix (one
sextet of Fe%) and paramagnetic o-Fe (singlet, Fe®). For all the
samples, starting values of bulk NiFe;O4 and FessNis7 were used to
apply the initial model of the observed spectra [7, 10], after which all
the fitting parameters were subsequently allowed to float with the only
constraint being the maintenance of the area of absorption lines ratio
3:2:1. RT spectra and best-fit spectra are shown in Fig. 3.

All the spectra have broad absorption peaks, which are indicative
of the fine particle nature of the samples. For the M13 and M14
samples, the majority of absorption arises from Fe3*, located on A and
B sites of the NiFeO4 spinel, which comprises more than 75% (82%)
of the sample, respectively. These two components have isomer shifts,
(o) at approximately 0.27 mm/s and 0.45 mm/s, with mean hyperfine
fields close to 49 T and 48 T, respectively. The values of hyperfine
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fields observed here are smaller than that of the bulk — 50.6 T and
54.8 T, respectively, which may be attributed to the presence of
collective excitations, arises from the nanoscale dimensions of
particles. The third sextet comprises ca. 23% (18%) of the spectral
area, with o close to zero, indicating the presence of Fe®, and a mean
hyperfine field of ca. 29.0 T and 28.5 T, respectively. We observed
that the large electric field (210 kvVm™) application during synthesis
has a very little effect on the hyperfine field values at the >’Fe nucleus,
In contrast to the magnetic properties of our nanoparticles discussed
in [7]. This field is related to the stoichiometry of Fe—Ni alloys and the
composition corresponds to a nickel content, was 85% and 75%,
respectively [11].

—
()
=
o
—
o
~

Absorption (%)
Absorption (%)

-10 -5 0 5 10

—~
)
-
—~
(=X
=

Absorption (%)
Absorption (%)

[&)] e w N = o
T T T T ) 3

Velocity (mm/s) Velocity (mm/s)
Fig. 3. Room temperature >'Fe Mdssbauer spectra of (a) M13, (b)
M14, (c) M15 and (d) M19 samples. The solid grey lines represent the
best-fit results of the recorded spectra (open circles), with the quality
of fit indicated by residual. Sub-components are indicated as follows:
green Fe3* (light green A site, dark green B site); paramagnetic o-Fe
(blue); Fe? in the form FexNi1x (pink).

Finally, the best-fit model includes singlet at the center of the
spectrum, which indicates a small amount of paramagnetic a-Fe (1.6%
and 0.9%, respectively) within both samples. Interestingly, this key
Mossbauer fitting parameters and deduced chemical compositions are
sequentially compared to the synthesis conditions in Table 1. The
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Maossbauer spectra of M15 and M19 samples clearly indicate that the
predominant phase is the Fe—Ni alloys with less than 50% of material
with respect to the intended NiFe,O4 phase. In M15 nanoparticles we
observed, that ca. 81% of absorption arises from Fe? in FeNi, although
this is slightly less, then in M19 at ca. 55%. In both samples, the mean
hyperfine field of this phase is, approximately, 23 T and indicates that
nickel content is closed to 35 at.%. For the M15 nanoparticles, the
best-fit model indicates, that the remaining content of NiFe;04 is 14%
(40%) and 5% of a-Fe, which are in a good agreement with XRD data

(Fig. 1).
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Introduction. The study of the properties of ceramic composite
materials is one of the priority trends in the development of modern
materials science. Of particular interest is the introduction of a two-
dimensional structure in the graphene composite. This chemically
inert material has unique properties: very high electronic conductivity,
thermal conductivity above 5000 W/mK and an elastic modulus close
to 1TPa, due to the large specific surface area of graphene
plates [1-3].

The method of plasma spark-sintering (SPS) is one of the most
used for the production of composite ceramic materials with a
nanostructure, since it significantly reduces the sintering time. This
makes it possible to avoid thermally activated structure-phase
transformations in the nanopowder and to obtain a non-porous
material [4, 5].

Al,O3 ceramics is the most studied material for a matrix of
composites with graphene due to its wide use as a structural material
in the automotive, aerospace and biomedical fields.

The present study of Al,Os/graphene composites is associated with
the problem of increasing the electrical conductivity of aluminum
oxide. It is assumed that the mechanism of the occurrence of
conductivity can be associated with overlapping of the surfaces of
graphene plates, which form a more efficient network than graphene
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nanotubes, in which the contact is point like and leads to a higher
resistance. When a sufficiently high electrical conductivity of 1 S/m is
reached, this material can be used for the manufacture of complex
ceramic parts by the methods of electric spark machining [6]. The
authors of this paper investigated the dependence of the electrical
conductivity measured on alternating current on the content of
graphene and showed that when graphene is added above 8 wt %, the
required electrical conductivity is achieved. With a graphene content
below the percolation limit the electrical conductivity did not exceed
10-° S/m. The authors of another work carried out similar studies of
the electrical conductivity at a direct current of a composite with
2 wt % graphene and showed that the electrical conductivity was
102 S/m [7]. Such a large difference in the results may be due to
different methods of measuring electrical conductivity. The goal of
this paper is to investigate the effect of graphene additives in the range
from 0 to 2 wt % on the electrical properties of the Al,Os/graphene
nanocomposite in the alternating current measurement process.

Experimental method and materials. Nanopowders & - Al;O3
and graphene were used in the work. The starting powder 5-Al,03 was
obtained by oxidizing disperse aluminum in air plasma (IMET RAS).
The average particle size was 36 nm, the surface area was 35-40 m?/g.
The particles of the original powders are rounded, but most of the
particles are collected in agglomerates. Graphene was produced by the
method of ultrasonic exfoliation by the firm Graphene-tech (Spain)
and was not oxidized flakes whose thickness and length were 3 nm
and 2-3 um, respectively. A mixture of the components of the
composite was ultrasonically dispersed in dimethyl formamide using a
Sonicator Q500 ultrasound disperser at a power of 250 W. The
optimum dispersion time was determined experimentally and was 40
minutes. The resulting suspension was air-dried by heating and
constant stirring for 1 hour, and then triturated in a mortar.

SPS powder mixtures were conducted in a vacuum on a Labox-625
SinterLand in a graphite matrix with an internal diameter of 15 mm.
To reduce heat losses due to radiation and to reduce the temperature
difference between the matrix surface and the sintered object, the
matrix was enveloped by a graphite felt 6 mm thick with a hole for the
pyrometer. Thus the pyrometer measured the temperature of the lateral
outer surface of the matrix at the level of location of the sintered
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object. The sintering regime was chosen empirically for pure alumina
from the condition of obtaining a high homogeneity of compacts with
a maximum average microhardness of their surface [8]. The heating
rate was 100°C/min; the maximum heating temperature measured by
the pyrometer on the surface of the matrix was 1550°C; holding at
maximum temperature was 10 min. To the punches a pressure of
50 MPa was applied. To prevent welding to the mold, the sintered
powder is isolated from it by graphite paper. The thickness of the
sample disk after sintering was 2 mm. The same sintering regime was
also used in the preparation of composites with a content of graphene
by mass of 0%, 1%, and 2%. The electrical properties, the relative
permittivity (&) and the loss tangent (D), in the thickness direction of
sintered tablets, were measured in an alternating electric field from
50 Hz to 100 kHz using precision Hameg 8118 and Agilent 4294A
devices with an accuracy of 0.05%.

Experimental results. Figure 1 shows the frequency dependences
of the electrical properties of & and D of a sintered composite with
various graphene contents. In the absence of graphene (0%), these
dependences reflect the classical behavior of the dielectric - a decrease
in the dielectric constant (Fig. 1a) due to the disconnection of one of
the polarization mechanisms (electronic or ionic) and an increase in
dielectric losses (Fig. 1b). The samples with graphene show the same
dielectric behavior for frequencies above 100 Hz.
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Fig. 1. Dependence of the relative permittivity (a) and dielectric loss
(b) of the composite on the field frequency and graphene content.
O 0%; A 1%; [ 2%.

The increase in the graphene content is manifested in two ways. At
low frequencies, up to 100 Hz (Fig. 1a), the presence of graphene
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leads to dielectric constant values less than one of the pure alumina
which indicates the appearance of conductivity. For higher
frequencies the increasing in graphene content leads to the rise of the
relative permittivity which means an easy sample polarizability.

The curves for D (Fig. 1b) reflect an almost monotonic increase
with frequency, and are very similar for more than 700 Hz in all
samples. The coincidence of all three curves for frequencies above
700 Hz and their consistency with the curves of the relative
permittivity indicates the prevalence of dielectric losses in aluminum
oxide. The curves from the samples with graphene indicate the
existence of ohmic conductivity below 700 Hz.

The composites conductivity (o) was calculated as the real part of
their admittance: o = 2nfeeo/D. Its dependence on the frequency and
graphene content (Fig. 2) show that from the 0% of graphene the
value of o is quite high. It can be explained by the presence of traces
of carbon due to the details of the SPS method. The growths of the
conductance with the frequency is a quite general trend for the
composite dielectrics [9].
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Fig. 2. Dependence of the composite relative conductivity on the field
frequency and graphene content. O 0%; A 1%; [ 2%.

Conclusions

The effect of the additive graphene and the frequency of
alternating current on the electrical properties of SPS composites is
established. It is shown that at frequencies up to 70 Hz, the addition of
graphene up to 2% to the nanopowder of aluminum oxide can increase
the electrical conductivity of the sintered composite in comparison
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with the value for pure corundum. This is manifested in a decrease in
the dielectric constant and an increase in the dielectric loss. An
increase in the frequency of the current in the region up to 100 kHz
promotes a stronger increase in electrical conductivity, with the effect
of graphene weakening or even absent.

The work was supported by the Ministry of Education and Science
of the Russian Federation, project No. 11.1957.2017 / 4.6; RNF, grant
16-19-10213.
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In this presentation, we will discuss the advantages of fabricating
metal matrix composites by field-assisted consolidation (Spark Plasma
Sintering (SPS) and induction heating sintering) of mechanically
milled powders as well as issues associated with this processing route.
The presentation will focus on the analysis of recent results obtained
by the authors in the area of processing of metal matrix composites
containing ceramic or metallic glass particles as the reinforcement.
The structure formation features and mechanical properties of TiBy—
Cu, TiC—Cu, TisSiC,—Cu, carbon nanotube/TiC-reinforced titanium,
WC-NI, NiW4C—Ni(W) composites and metallic glass-reinforced Al
and Mg alloy matrix composites will be discussed.

Mechanical milling results in grinding, mixing, nanostructure
formation, and generation of defects in the powder materials. When,
in a technological process, one proceeds from the powders to bulk
materials, promising structural states achieved by mechanical milling
should be preserved during consolidation. For this to become possible,
the duration of the high-temperature exposure of the material during
consolidation needs to be reduced to a minimum while high heating
rates and non-conventional densification tools should be used [1].

The advantages of SPS are in enabling fast and efficient
consolidation of powders preserving their valuable characteristics in
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the bulk state. At the same time, the process features imposed by the
powder heating method need to be considered.

During the consolidation processes, in which an electric current is
directly passing through the sample, the particle morphology becomes
an important factor determining the final sintering outcomes by
affecting the development of inter-particle contacts and the probability
of local melting [2, 3].

Our studies have shown that both induction heating sintering and
SPS are suitable for making composites with metastable
reinforcements [4-6]. Indeed, particles of metallic glass with a
preserved amorphous structure played the role of reinforcement in the
Al alloy and Mg alloy matrix composites.

A technologically significant factor in the SPS processing is
carbon uptake by the sintered materials. We have found that the
interaction of materials being sintered with carbon of the graphite
foil/tooling during SPS can significantly influence the phase
composition of the consolidated materials [7, 8].

Future research on the fabrication of metal matrix composites by
consolidation of the mechanically milled powders and properties of
the composites should capitalize on the following findings:

- metal matrix composites strengthened simultaneously through
several mechanisms (grain boundary strengthening, dislocation
strengthening, Orowan strengthening, load transfer) can be obtained
[4, 9T;

- the size and distribution character of the particles of the
reinforcing phase can remain unaltered, if the consolidation conditions
are properly selected (e. g., in electric current-assisted sintering,
melting of the matrix metal at the inter-particle contacts is avoided);

- fully dense composites containing metastable reinforcements
can be produced by consolidation of the powder mixtures [6—8].

When dealing with mechanically milled powders, the specifics of
their behavior during field-assisted consolidation should be taken into
account, such as:

- the sintering behavior is particle-morphology dependent when the
sample is carrying an electric current [2, 3];

- the interaction of mechanically milled materials with carbon of
graphite foil/tooling is more pronounced in comparison with non-
milled mixtures of the same composition [8].
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High entropy alloys (HEAS) contain five or more principal elements
with each elemental concentration between 5 at % and 35 at % [1].
They offer a wide range of properties and are a very promising field of
study [2]. The AICoCrFeNi composition has attracted much research
In recent years because it can easily be compared to common materials
composed of similar elements (e.g., steels or M—Cr—Al alloys).

Elemental powders of Al, Co, Cr, Fe, and Ni with high purity (all >
99.2 wt %, Alfa Aesar) were processed by high-energy ball milling
(Fritsch Pulverisette 4). The particle size of the elemental powders is
heterogeneous. Given that chromium is the hardest material with the
largest particle size, a pre-milling of this powder was also considered
to reduce its size before blending with the other powders. The ratio
®/Q between the rotating speed of the sun wheel (2) and the rotating
speed of the grinding vial (o) was 0.2 and 1 (8.7g acceleration).

The highest ratio «®/Q led to a larger size distribution of
agglomerates with smaller ones. For a small value of ®/Q, the
microstructure is coarse and granular. For a large value of o/Q, the
microstructure is fine and lamellar (Fig. 1a). A complete
mechanosynthesis was never obtained, given the contrasts observed
on the back scattering electron images. X-ray diffraction confirmed
the presence of two phases: a BCC one and a FCC one (Fig. 2). Peak
broadening and intensity decrease were also observed on the
diffraction patterns. For a ratio ®/Q equal to 1, the Al and Co peaks
completely disappear. The milling conditions lead to a structure
refinement and the substitution of Al and Co into the other phases. Ni,
Fe, and Cr may be considered as the host matrices. However, there is
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no significant shift of Fe or Ni peaks positions. Complementary
Molecular dynamics simulations show that the lattice parameter
increases significantly between a pure Ni phase and Ni(Al, Co) solid
solution (+ 3.5%). On the other hand, the substitution of Al and Co
into Fe structure slightly influenced the lattice parameter of the Fe(Al,
Co) solid solution as compared to pure Fe (+ 1%). These results allow
us to suggest that Al and Co atoms substitute Fe or Cr ones rather than
Ni atoms.

The powders were then consolidated by Spark Plasma Sintering
(FCT Systeme GmbH HPD 10). The milled powders obtained with
initial Cr were sintered at 1000°C whereas the milled powders
obtained with pre-milled Cr were sintered at 1100°C. No dwell time
was applied in order to avoid grains growth and keep a nano-
structured material.

Sintering allows us to attain a better chemical homogeneity, when
the temperature is increased to 1100°C and chromium is pre-milled
(Figs. 1b, 1c). After sintering, the FCC phase in is not pure Nickel
anymore but Fe-Cr—Co rich. The BCC phase is AI-Ni rich. The
proportion of FCC phase in the sintered samples is the highest (close
to 50%) when the elemental powders are milled with a ratio o/Q equal
to 1 (Fig. 2). Sintering leads also to the formation of two new phases:
an ordered BCC phase (B2) and a tetragonal sigma phase. The sigma
phase is present at 1000°C, or else there are only traces of this phase.

Fig. 1. SEM images (back scattering electron mode) of samples
obtained with the ratio o/Q equal to 1: (a) cross section of an
agglomerate, (b) surface of sample sintered at 1000°C, from initial
chromium, and (c) surface of sample sintered at 1100°C, from pre-
milled chromium.
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Fig. 2. XRD patterns of samples obtained with the ratio w/Q equal to 1
from pre-milled chromium: milled powder and after sintering at
1100°C.

A part of this study was realized in the framework of a joint French-
Russian PRC project (SHEA) between ICB (Dijon) and ISMAN
(Chernogolovka).
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Introduction. Advanced technologies of consolidation of powder
materials, based on various techniques using of electric current pulses
and mechanical pressure, are widely studied in many research
laboratories [1]. The interest in these methods is motivated by their
ability to consolidate a large variety of nanostructure powder materials
to high densities within short periods of time, without having to
increase initial grain sizes. The unique potential of pulse electric
consolidation methods of powders is reflected in the ever-growing
number of scientific publications studying these technological
approaches. The wide range of possible electrical and mechanical
treatment modes of powder has resulted in a large number of these
methods, including high-voltage electric discharge consolidation
(HVEDC, also sometimes referred to as capacitor discharge sintering
(CDS)), spark-plasma sintering (SPS), magnetic-pulse compaction
(MPC), etc. [1-3]. The advantages of these techniques can be
exploited only through the optimization of the consolidation
parameters since excessive energy dissipation during this type of
processing can lead to the instability of the compaction process, to the
formation of an undesirable heterogeneous material structure, and
even to the destruction of the sintered specimens and of the equipment
used. The time dependence of the associated thermal processes at the
interparticle contacts plays a key role in electric pulse powder
consolidation [4]. To obtain materials with required properties, one
has to know the macroscopic processes occurring in the volume of a
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consolidated sample. Indeed, the kinetics of the consolidation of
powder materials in various electric field-assisted methods is
significantly different, and their duration changes from several tens of
minutes for electric-discharge sintering and spark plasma sintering [1-
3] to several milliseconds for high voltage electric discharge
consolidation [4] and magnetic-pulse compaction [5].

In this paper, we report the results of studying the multiscale
physical processes during the powder consolidation by pulse electric
current methods. These physical processes are taking into account
both as a whole specimen and in the particle contact zones. Also, we
describe the experimental equipment for implementation spark-plasma
sintering, flash sintering, high-voltage electric discharge consolidation
and magnetic-pulse compaction of powder materials.

Research method. A mathematical model describing the
multiscale physical processes occurring under the powder
consolidation by pulse electric current methods is based on the
conservation laws of mass (1), momentum (2), energy (3) and the
electrodynamics equations (4, 5) for consolidated powder.

Z+div(pv)=0 (1)
A5 won) (S @

o v2 N T I
Ep[g+7J—dIV[pV{W+7J—(V,O')—KVT}+; (3)
rotéz_%g, rotH = j, divB =0 (4)
F=[j.B], j=0lE+]v.B) (5)

where p — density, V — velocity, 6 — internal stress tensor, € — internal

energy, w — enthalpy, ¢'— viscoplasticity tensor, T — temperature, I -
electrical current density, E, H — tensors of the electrical and magnetic
fields, respectively, B — magnetic field induction, F — Ampere force;
k — thermal conductivity; ¢ — conductivity of the powder material.

The system of equations (1—5) should be supplemented by the state
equations of the powder material and electrodes-punches material. It is
assumed that the electrode-punch material obeys Hooke's law. We
used a visco-plastic material model [13] for the description of the
powder compaction process.
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where: P — compaction pressure, ot — yield stress of powder material,
n — viscosity of a powder material, b — the initial size of pores, po, pm —
initial and theoretical density of powder material respectively, a = pm/
p (¢ =daldt, aw=pm/! po).

Set of equations (1-6) with the appropriate initial and boundary
conditions allows the establishment of the laws governing the process
of powder consolidation by pulse electric current of conductive
powder materials. Preliminary numerical estimates can simplify the
solution of system (1-6) while maintaining an acceptable accuracy of
the results. Joule energy input into the powder sample was determined
by the parameters of the pulse current: amplitude Jo < 500 kA, pulse
frequency o ~ 10%+10° Hz, pulse duration 1o < 103 s. Cooling time in
the consolidated sample is determined by the heat sink in the
electrodes-punches and the die, and depends on the thermal
conductivity of the material of punches and dies, as well as on the
geometrical dimensions of the sample. The duration of the compaction
process of the powder material depends on the parameters of the
pressing system, which creates pressure applied to the consolidated
sample.

The simulation of the thermal processes in the interparticle
contacts has identified the critical amplitude of the pulse current
density, at which there is an electric thermal explosion of contact [4]:

. [2co
Jo oh b (7)

here: jo is the pulse electric current amplitude, < 1, o is the Stefan—
Boltzmann constant, Ty, is the boiling point of the material, p is the
electrical resistivity of the contact spot, and h is the thickness of the
contact area between two powder particles.

Eqg. (7) is obtained from the analysis of the heat balance at the
initial period of time when the pulse electric current density rapidly
increases during the pulse (at its leading edge). The heat balance
assumes the equivalence of the Joule heat generation rate and the heat
dissipation by heat transfer through radiation. Criterion (7) is obtained
based on Eqgs. (1-5) for the temperature of the interparticle contact
zone. If under the maximum value of the electric current density jo, the
contact temperature reaches boiling point (or exceeds it), then this
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results in a contact thermal explosion. Figure 1 shows the
experimental points for SPS of heat-resistant steel (EP-741) powder
(under a load of 102 N between two particles) and the respective
calculated data based on Eq. (7) for the current amplitude at the
explosion contact as a function of particle size [4].

InlJ,
2
Ind

5 6 7

logarithm of particle size

&

—
F o

logarithm of pulse current amplitude

Fig. 1. Experimental points and the theoretical prediction for the pulse
current amplitude J- of the contact explosion as a function of particle
size d.

The simulation results indicate the possibility of the localization of
heat in the interparticle contacts for certain parameter values of the
pulse electric current. An upper critical level has been determined for
the pulse current amplitude beyond which the interparticle contacts in
powder material disintegrate via an electrothermal explosion. For the
implementation spark plasma sintering, microwave sintering, flash
sintering, high voltage consolidation and magnetic pulsed compaction
of powder nanostructured materials we used experimental equipment
available in our lab.

Results of the study. 1. We have done (by SPS) the processes of
consolidation  of  high-strength  high-refractory = compounds,
maintaining the grain size of the powders (Fig. 2):

-

i Br abide (15 min) Zirconium carbid (5 min) (less then 1s)
Fig. 2. Most significant experimental results of the study.
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2. We have conducted successful experiments on consolidation
using spark plasma sintering, and high voltage compaction of iron-
titanium composite powders, of vanadium carbide powders, tantalum
powders, zirconium nitride powders, alumina powders, ferritic-
martensitic steels (ODS) powders with unique radiation-protective
properties, tungsten carbide tools (Fig. 3).

= s : -
”\3‘% " Tungsten carbide-cobalt ' e
WC-Co coating R e R ST o A

Tungsten carbide (WC) tools Tungsten carbide + diamond tools ~ Uranium mononitride
Fig. 3. Most important application results.

We have shown the possibility of manufacturing samples with
relative density of 85-95% for titanium nitride and uranium
mononitride in less than 1 second. The resulting samples had a fine-
grained microstructure with a grain size of about 1-2 microns.

Conclusions. For both techniques (SPS and HVEDC) there is an
upper level for the local Joule heating of the inter-particle contacts
beyond which the processing instability may occur. While for
HVEDC the duration of a single pulse and the amplitude are process
controlling parameters, SPS apparently can be controlled by multiple
pulse on and off frequency. It is shown that an optimum current
amplitude and pulse time are necessary to generate sufficient heat for
producing strong inter-particle joining and to avoid local overheating
phenomena. An important expression for the critical amplitude of the
pulsed electric current is derived. This upper critical level has been
assessed for the high voltage pulse current amplitude beyond which
the inter-particle contacts in powder material disintegrate by an
electro-thermal explosion.

Experimental results to consolidation metal powders, ceramic and
composites powders by electromagnetic methods presage fruitful
results.

The research was supported by Russian Science Foundation
(project No. 16-19-10213).
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In past decades, nanostructured materials have received steadily
growing attention as a result of their peculiar and fascinating
properties and suitability to a wide range of applications, superior to
those found in the bulk counterparts [1]. Among the various
nanomaterials that have been studied, metal oxide semiconductors
(MOS) have attracted increasing technological and industrial interest
due to their properties (optical, magnetic, electrical, catalytic, gas-
sensing etc.), which are associated with their physico-chemical
characteristics such as mechanical hardness, thermal stability or
chemical passivity [2]. NiO has recently surfaced as sensitive
materials for the detection of both reducing and oxidizing gases that
are important from environmental. Besides, NiO nanoparticles exhibit
multi-functional properties, suitable for a variety of applications
including catalysis, electrochromic windows, battery cathodes and
sensors [3].

Nanoparticles were synthesized by a levitation-jet method
(LJS) [4]. In this technique, a metal nickel droplet is suspended inside
an appropriate quartz tube and heated up to melting and vaporization
onset by an electromagnetic field, generated by a counter-current
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inductor and supplied from an industrial HF generator. The levitated
droplet was blown down by an adjustable stream of He/Ar — the main
inert gas. Nanoparticle formation occurs at normal gas pressure. As an
evaporated material used a wire of pure metal nickel (0.2 mm in
diameter 99.9 at. % pure) which, by means of the appropriate feeding
device, continuously feeds the liquid droplet with a given constant
rate. The vapor condensation rate is made equal to the rate of
consumption of the metal wire, which can easily be regulated by
varying the rotation speed of the feeding device rollers through a
stepping motor. In order to synthesize the Ni/NiO nanoparticles, the
necessary amount of gaseous oxygen/air was introduced into the main
gas stream. As-prepared particles were collected on a cloth filter and
hereinafter removed into a particles container.

The crystal structure and phase compositions of the nanoparticles
were determined by X-ray diffraction using a DRON-3M
diffractometer (CuKo radiation). The XRD phase analysis was
performed by the Crystallographica Search-Match and PowderCell for
Windows programs using a Powder Diffraction File database. Powder
morphology was examined by transmission electron microscopy
(TEM) using JEM-1200EX Il (JEOL). The specific surface area of
loose nanoparticles (S) was explored using the 4-point method that
measures physical adsorption of nitrogen onto the materials. BET
analysis together with SORBI-M META device was employed for
that.

The as-prepared nanoparticles were mixed into an ink using the
previously reported method [5]. The inks were screen printed directly
onto the gold inter-digitated electrodes on 3 x 3 mm alumina chips.
They were then treated in a furnace at 600°C for one hour to burn the
organic phase of the ink off and ensure adherence of the powders to
the sensor chips. Following heat treatment, 50 um platinum wire was
spot-welded onto the gold contacts on the fired sensor chips and, in
turn, spot-welded on stainless steel pins in molded polyphenylene
sulfide housings that enabled the sensor’s suspension in the center of
the housing. Gas sensing experiments were performed in an in-house
gas-sensing rig designed to maintain up to twelve sensors at a constant
operating temperature, which may be modified in the range of 300-
600°C via a heater driver circuit, which 1s connected to each of the
sensors’ heater track. The sensors were exposed to a range of nitrogen
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dioxide and carbon monoxide at environmentally-relevant trace gas
concentrations. The gas concentrations investigated here are
significant in air-quality and environmental monitoring and also in
medical and security fields.

XRD patterns in Fig. la shows the reflections of pure
rhombohedral NiO (JCPDS card No. 44-1159) with lattice parameters
of a = 0.2955 nm and ¢ = 