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ABSTRACT This paper presents the results of experiments, structural and morphological certification and mod-
eling of ultrafine and nanocrystalline TiN-Ni “core-shell“ structures obtained during plasma-chemical synthesis
of industrially manufactured microcrystalline TiNi. Experiments on plasma-chemical synthesis were carried
out by recondensation of ultrafine and nanocrystalline powders in a rotating cylinder of gaseous nitrogen. X-
ray phase analysis and high-resolution transmission electron microscopy (HR TEM) showed the presence of
refractory titanium compounds with nitrogen and metallic nickel, which are part of the core-shell structures,
including the metastable, highly deformed complex nitride Ti0.7Ni0.3N of hexagonal modification. HR TEM
studies showed the localization of phases determined by X-ray diffraction and confirmed the “core-shell” struc-
ture on the example of nanocrystalline TiN-Ni fraction. Based on the experimental results, we have developed
a model of crystallization of TiN-Ni “core-shell“ structures under the conditions of a rotating cylinder of gaseous
nitrogen, where the crystallization rate is 105 ◦C/s.
KEYWORDS titanium nickelide, nickel, plasma-chemical synthesis, low-temperature plasma, X-ray phase anal-
ysis, high-resolution transmission electron microscopy.
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1. Introduction

Refractory compounds of titanium in the form of carbides and nitrides find wide application in different fields of
technology. They are extensively used as tool and construction materials, as well as coatings for various purposes [1–5].
Another area of application of refractory compounds, including ultrafine and nanocrystalline compounds of all elements
of subgroup IV-VIA of the Periodic system, is their use as modifying additives in foundry production, improving the
final physical and mechanical properties of products [6, 7]. Various methods for the formation of ultrafine and nanocrys-
talline compounds of both titanium nitride and titanium carbide are amply covered in the literature [8–10]. It should be
noted that all methods differ not only in the instrumentation involved in the preparation of dispersed refractory materials
and compounds, but also in the productivity, which immediately affects the applicability of various synthesis methods,
including their applicability under production conditions. Besides, an important aspect of the formation of refractory
compounds can be the possibility of coating of particles, including ultra- or nanodispersed ones, with individual metals or
their intermetallic compounds. The implementation of such ideas is considered in a number of publications [11–15], and
the works of B. Chalmers (see, for example, [16]) provide a theoretical basis for heterogeneous nucleation, which makes
it possible to form “core-shell” structures, where refractory compounds will act as a core, and the metal phases – as a shell
of nanocrystalline particles.

The most convenient method for the formation of nanocrystalline particles based on refractory compounds with
a “core-shell“ structure, in which metal components participate, is extreme effect on microcrystalline materials, char-
acterized by high rates of evaporation and crystallization. One of such methods is plasma-chemical synthesis in low-
temperature nitrogen plasma with subsequent crystallization in a rotating cylinder of gaseous nitrogen. Methods of
plasma-chemical synthesis suitable for the formation of a large number of ultra- and nanodispersed materials are quite
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widely described in the literature [17,18]. In particular, the final composition of synthesis products depends on the chem-
ical composition of feedstock, processing conditions, gaseous media used for plasma formation processes, cooling, and
transportation, as well as on the consideration of the issues of pyrophoricity reduction.

In this paper, to obtain ultrafine and nanocrystalline TiN-Ni powder materials, we proposed to use plasma-chemical
synthesis in a low-temperature nitrogen plasma, which, in accordance with [19], makes it possible to obtain “core-shell”
structures from microcrystalline powders of commercially produced titanium nickelide under “quasi-equilibrium” con-
ditions. The main goal of the presented work is to form the scientific basis for obtaining ultrafine and nanocrystalline
compositions in the form of TiN-Ni core-shell structures under the conditions of plasma-chemical synthesis in a low-
temperature (4000–6000◦C) nitrogen plasma.

2. Methods

In this work, to obtain ultra- and nanodispersed TiN-Ni “core-shell” structures, the method of plasma-chemical
synthesis was used, followed by recondensation of titanium nickelide TiNi evaporated to the atomic state in a rotating
cylinder of gaseous nitrogen. The crystallization rate under these conditions was 105 ◦C/s. Microcrystalline (∼ 40 µm)
titanium nickelide PN55T45 produced by OAO Polema (Tula) was used as the initial precursor raw material. After
recondensation, the mixture of ultrafine and nanocrystalline synthesis products was transported to classifier 1, a vortex-
type cyclone, and classifier 2, a bag-type fabric filter, where separation into ultrafine and nanocrystalline fractions of
powder media was carried out. Each of the obtained fractions was encapsulated in a mixture of gasoline vapors and
organic components to reduce the pyrophoricity of fine powders, which allows the resulting compositions to be stored
under normal conditions. The technique of plasma-chemical synthesis according to the plasma recondensation scheme is
best documented in [20].

The recondensed products of plasma-chemical synthesis were studied by X-ray phase analysis (SHIMADZU XRD
– 7000 CuKα-cathode X-ray diffractometer) and high-resolution transmission electron microscopy (JEOL JEM 2100
transmission electron microscope). The results of instrumental studies were processed using modern software, so the
X-ray data were processed in WinXPOW software packages (compatible with the ICDD database), and PowderCell 2.3
(refining of unit cell parameters). Electron microscopic images were processed in the DigitalMicrograph 7.0 software in
order to analyze profilograms and fast Fourier transform, which confirms the radiography data.

The ultrafine fraction was studied by scanning tunneling microscopy on an SMM 2000 T tunneling microscope
(Zelenograd, Moscow region).

3. Results and discussion

Refractory compounds of titanium with carbon and nitrogen crystallize, as a rule, in the form of cubic face-centered
lattices of the NaCl type. In addition to individual carbides and nitrides, in the presence of both carbon and nitrogen
simultaneously, refractory titanium compounds can be formed during synthesis, including those with the participation of
oxygen, whose lattices are isomorphic to the NaCl structure.

The results of X-ray studies of the ultrafine fraction from the cyclone and the nanocrystalline fraction from the filter
are shown in Fig. 1 and Table 1. So, the ultrafine fraction of the recondensed TiNi from the cyclone (Table 1, experiment 1)
is represented by a mixture of refractory interstitial phases in the form of TiCxNy (x + y ≤1) and cubic titanium nitride
TiN (sp. gr. Fm-3m). Nickel, in its turn, is redistributed between the individual cubic modification (sp. gr. Fm-3m) [21]
and the complex nitride Ti0.7Ni0.3N of the hexagonal modification (sp. gr. P-6m2) [22], being, in accordance with [23],
in a highly deformed state along the (101) direction, which is expressed by the presence of a single reflection on the X-ray
diffraction pattern. Additionally (Fig. 1, Table 1, experiment 1), there are reflections of cubic solid solutions of isomorphic
TiN and intermetallic compounds of the Ti–Ni system: nickelide TiNi (sp. gr. Pm-3m) [24] and hexagonal TiNi3 (sp. gr.
P63/mmc) [25].

The nanocrystalline fraction of recondensed titanium nickelide extracted from the bag-type filter is represented by
nonstoichiometric cubic titanium nitride TiNy (sp. gr. Fm-3m), cubic Ni (sp. gr. Fm-3m) [21] and complex nitride
Ti0.7Ni0.3N of hexagonal modification (sp. gr. P-6m2) [22], which is also in a highly deformed state. The presence of a
small amount of cubic carbonitride TiCxNy (x + y ≤1) in the fraction from the vortex-type cyclone may be due to the
fact that preliminary cleaning of the plasma-chemical installation before the experiment was carried out with powdered
titanium carbide TiC.

Based on the data of X-ray phase analysis it should be noted that although the temperature of plasma-chemical
synthesis (4000–6000◦C) exceeds considerably the melting and boiling temperatures of Ti-Ni intermetallic phases, the
TiNi and TiNi3 intermetallides are present in the recondensed fraction from the vortex-type cyclone (Table 1, experi-
ment 1). This can be justified by both the high flow rate of vortex plasma in the plasma-chemical reactor (∼55 m/s) and
the non-equilibrium of the plasma itself. As regards the disperse composition, it should be noted that the fraction from
the cyclone is much larger and it contains inclusions of spherical shape. This is due to crystallization according to the
“vapor-liquid-solid” scheme providing rounded surfaces of nanocrystalline particles.

Following the description of the X-ray data, special attention should be given to a considerable content of cubic
nickel metal determined from the data of semi-quantitative analysis. In particular, it should be pointed out that nickel is a
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FIG. 1. X-ray patterns of TiN-Ni fractions after plasma-chemical synthesis

TABLE 1. Phase composition and lattice parameters of TiN-Ni fractions after plasma-chemical synthesis

Fraction Phase composition (±2 wt%), a, b, c (±0.0001 Å) Ssp,m2/g ρ, g/cm3 d, µm

Cyclone TiCxNy (Fm-3m), (24%), a = 4.3138 14.3 6.4 0.065

TiNy (Fm-3m), (2%), a = 4.2329

Ni (Fm-3m), (19%), a = 3.5234

TiNi (Pm-3m) (17%), a = 2.9986

TiNi3 (P63/mmc) (38%), a = 5.0658, c = 8.4040

Ti0.7Ni0.3N (P-6m2) – not calculated

Filter TiNy (Fm-3m), (53%), a = 4.2330 33.9 6.5 0.027

Ni (Fm-3m), (43%), a = 3.5274

Ti0.7Ni0.3N (P-6m2), (3%), a = 2.9348, c = 2.8996

material for selective filter of CuKα emission [26], which contributes to a decrease in the intensity of all determined phase
components except for nickel itself. At the same time, when comparing the evaporation and crystallization temperatures
of nickel and other X-ray fixed phase components, it can be assumed that the metal shell completely covers ultra- and
nanodispersed particles based on refractory titanium compounds giving rise to a “core-shell” structure. However, if we are
guided by the observance of the Arrhenius law and, accordingly, the “quasi-equilibrium” of processes [19] occurring under
conditions of a hardening chamber, it must be stated that complete titanium nitrides are hardly wetted with nickel melts,
and the wetting angle in this case is 120◦ [27]. In [27], it is reported that in the case of nonstoichiometric titanium nitride
(∼TiN0.7), the angle of wetting with nickel melt decreases to 3◦, which provides coating of ultra- and nanodispersed
particles based on titanium nitride with nickel.

The visualization of the formed “core-shell” structures was demonstrated by HR TEM and scanning tunneling mi-
croscopy of recondensed titanium nickelide fractions from a cyclone (Fig. 2a) and a bag-type filter (Fig. 2b,c). Figures 2a,b
present the total sets of particles, whose average size determined from direct measurements is, in accordance with the dis-
tribution histogram (Fig. 2d), 63 nm for the fraction from the cyclone and 20 nm for the fraction from the filter.

The magnification of individual particles from the filter shown in Fig. 3 allows one to see a multilayer structure of
nanocrystalline particles, in which a layer of metallic nickel is presented as a high-contrast shell and the dark core is
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(a) (b)

(c) (d)

FIG. 2. Results of scanning tunneling and transmission microscopy of ultra- and nanodispersed TiN-Ni
powders: a – STM fraction from the cyclone, scan size 2.8 µm×2.8 µm×87.07 nm, b, c – HR TEM
fraction from the filter, d – particle size distribution histograms

composed of refractory interstitial phases recorded by X-ray diffraction. The maximum resolution images of individ-
ual sections (Fig. 3-6), containing nanocrystalline particles with a “core-shell” structure made it possible to interpret the
individual phase components based on the measurement data of interplanar distances. In particular, in accordance with
the measurements of interplanar distances (Fig. 3) and their comparison with the ICDD data, it was found that a layer
of hexagonal Ni metal (sp. gr. P63/mmc) is formed on the surface of nanocrystalline particles [28]. Fig. 4a [29] shows
a nanocrystalline particle, in which, according to the measurements of interplanar distances, a transition from metallic
nickel to its oxide Ni2O3 is observed, which, in turn, is transformed into the complex nitride Ti0.7Ni0.3N. Fig. 4b shows
monoclinic TiNi and tetragonal titanium nitride Ti2N. Fig. 4c illustrates a nanoparticle whose shape is close to hexag-
onal, and the phase composition, according to the measurements of interplanar distances, is represented by the Ti3Ni4
intermetallic phase of rhombohedral modification.

In continuation of the description of electron microscopic studies, it should be noted that in the nanocrystalline
fraction from the filter of recondensed titanium nickelide it was not possible to display and interpret the planes of re-
fractory compounds based on titanium oxynitride TiN0.84O0.11 or other refractory phases. At the same time, considering
that the X-ray phase analysis technique has a volumetric character compared to the capabilities of transmission electron
microscopy characterized by high locality, the X-ray diffraction and HR TEM data complement each other. Thus, the
refractory base in the form of TiN0.84O0.11 oxynitride can be considered as a refractory core of the “core-shell” structure,
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FIG. 3. HR TEM image of a segment of the fraction from TiN-Ni filter

where the peripheral layers can be represented by both locally positioned intermetallic compounds of the Ti-Ni system
and bulk phases Ti0.7Ni0.3N and Ni reflected by X-ray.

On the basis of the performed studies, it is possible to develop a model of phase formation of a “core-shell” structure
in the process of crystallization of evaporated titanium nickelide in a rotating cylinder of gaseous nitrogen taking place in
a quenching chamber.

The model of TiN-Ni “core-shell” structure formation during plasma-chemical synthesis of TiNi can be substantiated
in terms of physicochemistry by comparing the functions ∆G(T ) (Fig. 5) [30] for all phase components (TiC, TiN, TiNi,
TiNi3) determined radiographically, except for Ti0.7Ni0.3N and Ni, since for the former component there is no available
information, while for individual metals ∆G(T ) = 0. It can be seen from the graphs that intermetallic phases of titanium
with nickel exist at ∆G(T ) values closer to 0 compared with refractory titanium-containing phase components at identical
temperatures. At the same time, Ti-Ni intermetallic phases have relatively low melting points compared with refractory
titanium carbide-nitride compounds.

In the process of modeling of the recondensed “core-shell” structures, the quenching chamber is separated by tem-
perature barriers, for which the crystallization temperatures of the phase components recorded in the process of X-ray
phase analysis are used, see Table 2. Note also that in the modeling process account is taken of the boiling points of both
refractory components and individual metals, on the basis of which the individual components of ultra- and nanodispersed
“core-shell” structures are formed.

TABLE 2. Melting and boiling points of phase components in the TiN-Ni system

Component Tmelt, ◦C Tboil, ◦C

TiN 2900 –

Ni 1453 2900

TiNi 1310 –

Considering that the low-temperature plasma in the performed experiments corresponded to the temperature range
4000–6000◦C, the first temperature barrier can correspond to 4000◦C as the lower threshold value of cold plasma. Since
the melting temperature of the initial raw material, titanium nickelide, is equal to 1310◦C [31], under low-temperature
plasma conditions, it is in the state of two metals, Ti and Ni, evaporated to atomic level. It should be noted that the
plasma-chemical installation was cleaned with titanium carbide TiC, the trace amounts of which could remain in the
plasma-chemical reactor. At 3300◦C, the TiC1−x carbide phase and the highly defective TiN1−ytitanium nitride phase
newly formed from atomic titanium and nitrogen crystallize from the vapor phase [32–35]. Thus, two types of particles
crystallize under the conditions of the quenching chamber. Particles of the first type are formed on the basis of tita-
nium carbonitride TiCxNy (x + y ≤1) when passing the first temperature barrier under nitrogen atmosphere. Particles
of the second type are formed at 2900◦C, which corresponds to the crystallization of titanium nitride TiN [36]. The
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(a) (b)

(c)

FIG. 4. HR TEM of particles in the TiN-Ni fraction (a, b, c) from the filter

FIG. 5. Dependences ∆G(T) for compounds TiC, TiN, TiNi3, TiNi
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FIG. 6. Chemical mechanism of formation of TiN-Ni “core-shell” structures

nonstoichiometric state of refractory interstitial phases based on titanium, despite the presence of a sufficient amount of
gaseous nitrogen, is governed by high crystallization rates under the conditions of the quenching chamber. Nickel metal
at these stages is initially in the gaseous state and under these conditions does not react with gaseous nitrogen to form
nickel nitrides. Nickel can partially react with gaseous titanium giving rise to Ti–Ni intermetallic compounds (Table 1,
experiment 1). At 29–13◦C (Table 2), gaseous Ni passes to a liquid phase, which allows intensive interaction with refrac-
tory titanium compounds. The fraction from the bag-type filter contains the complex titanium-nickel nitride Ti0.7Ni0.3N,
which is supposed to be formed in the process of interaction between solid-phase titanium nitride TiN0.7 and liquid Ni at
a temperature of 1600◦C [22] according to reaction.

TiN0.7 + 0.428Ni + 0.714N2 ↑→ 1.428Ti0.7Ni0.3N

A further decrease in temperature is responsible for the crystallization of metallic Ni on the surface of ultra- and
nanodispersed particles and their cooling.

Pneumatic transport under the conditions of the plasma-chemical plant provides the transfer of all crystallized parti-
cles to the vortex-type cyclone, where the heavier, due to the presence of a larger number of phases (Table 1), ultrafine
fraction is separated from the lighter nanocrystalline fraction. The nanocrystalline fraction is concentrated in the bag-type
filter. The mechanism of formation of ultra- and nanodispersed “core-shell” structures is shown schematically in Fig. 6.

4. Conclusion

Based on the results of the research performed, it should be noted in conclusion that ultrafine and nanocrystalline TiN-
Ni powder fractions with a “core-shell” structure were formed in the process of plasma-chemical synthesis of titanium
nickelide in a low-temperature nitrogen plasma. The X-ray diffraction study revealed the phase composition of the powder
compositions, in particular, it was shown that the nanocrystalline powder fraction contains the complex titanium-nickel
nitride Ti0.7Ni0.3N of hexagonal modification (sp. gr. P-6m2). High-resolution transmission electron microscopy was
used to examine the TiN-Ni nanocrystalline fraction, in which the “core-shell” structure was visualized and the presence
of all phase components determined by X-ray diffraction, including Ti0.7Ni0.3N, was confirmed.

Based on the experimental results obtained and their structural and morphological certification, we have developed a
theoretical model of the formation of “core-shell” structures, which shows that the phase and structure formation in the
TiN-Ni system depends on the crystallization rate and the presence of a cooling medium in the form of a rotating cylinder
of gaseous nitrogen.
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